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Abstract

Appropriate modeling of the behavior of engineering materials and joints (or interfaces) is vital for
realistic solutions from both conventional (analytical) and modern computer (finite element)
methods. In other words, consistent material or constitutive models based on the fundamental
principles of mechanics, testing of specimens in the laboratory (and field), and validations with
respect to the behavior in the laboratory and field (prototype), are essential for development of
realistic and dependable procedures for design and analysis.

In the case of utilization of underground space, it is required to develop realistic constitutive
models for materials such as soil, rock and coal, including discontinuities such as joints. Now a
days, numerical methods have been often used for solution of underground space problems
requiring analysis, design, construction, and maintenance.

This paper emphasizes basic, laboratory and validation aspects in the development of constitutive
models. Here a recently developed unified modeling approach called Disturbed State Concept
(DSC), which allows, in the same mathematical framework, various behavioral features such as
elastic, plastic and creep strains, stress path, volume change, continuous yielding, microcracking
leading to softening and fracture, healing or strengthening and different types loadings including
environmental such as thermal and fluids.

The DSC models have been implemented in computer (finite element) procedures for
multidimensional analysis. Typical solutions of boundary value (practical) problems including
validation with respect to laboratory and field measurements are presented here, and the
importance of appropriate and realistic constitutive models is emphasized.

Constitutive Models

A geologic matenal with joints is affected by
a number of factors such as (1) state of stress
or strain, (2) stress path, (3) volume change.
(4) irreversible or plastic deformation, (5)
continuous yielding, (6) creep, (7)
microcracking leading to softening and failure,
(8) temperature, (9) type of loading such as
static, cyclic, repetitive and dynamic, and (10)
rate of loading. Materials and joints in
underground space are influenced by many
of the factors listed here. A constitutive model
for a material should be based on basic
principles that take into account effects of
these factors, as well as validated with
respect to measured behavior of relevant

practical problems. Details of the constitutive

models and the DSC are presented by Desai
-gool)

Conventional constitutive models such as
elasticity (linear and nonlinear), and plasticity
do not handle most of the factors stated
above. The continuous yield models such as
critical state, Roscoe, et al. (1958), and Cap,
DiMaggio and Sandler (1971), represent
improvement over classical plasticity
models, particularly since they allow for
important issue of continuous yielding. The
Hierarchical Single Surface (HISS) plasticity
model (Desai, 2001; Desai et al. 1986)
provides significant improvements over the
classical and continuous yield models; it
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allows for state of stress, stress path, volume
change, elastic, plastic and creep
deformations, and continuous yielding. One
of the important advantages of the HISS
model is that it is general and unified, and
includes almost all previous plasticity models
as special cases (Desai, 2001).

The above models are based on the theories
of continuum mechanics. Hence, it is
assumed that the material is continuous
before and after the loadings. However, many
geologic materials and joints contain
(microstructural) discontinuities initially, and
they grow and/or form during the loading.
Hence, a material model that allows for the
effect of the initiation and growth of
discontinuities, which are often considered
due to microcracking leading to softening,
fracture and failure, is needed.

Micromechanical methods fracture and
damage models have been proposed to allow
for the discontinuities (Desai, 2001;
Muhlhaus, 1995). However, they may suffer
from limitations such as lack of appropriate
tests at the micro level to develop constitutive
models, and spurious mesh dependence in
computer procedures.

The Disturbed State Concept (DSC) does not
depend on micro level constitutive models and
does not cause spurious mesh dependence.
Itis general and unified, and many available
models are considered to be its special
cases.

Disturbed State Concept (DSC)

The DSC modeling approach has been
developed based on significant attention to
the interplay of basic mechanics and
comprehensive (laboratory) testing. The DSC
provides a general and unified procedure to
develop constitutive models for solid
(geologic, concrete, asphalt concrete,
metals, alloys, etc.) and interfaces and joints
in structures and rock masses, (Desai, 2001;
Desai and Ma, 1992; Desai and Toth, 1996;
Desai et al. 1984). A main attribute of the
procedure is that it has a unified basis of
mechanics from which many other available

models can be obtained as special cases.
Moreover, the general framework allows
modeling of both solids and discontinuities
(interfaces and joints), and allows use of
continuum theories (elasticity, plasticity, etc.)
and disturbance that causes microcracking
or healing.

In the DSC, a loaded or unloaded material is
considered to be composed of two or more
phases. For instance, a solid material
element is assumed to be composed of a
continuum phase (relative intact, Rl), and
disturbed or microcracked phase, which can
approach an asymptotic state called the fully
adjusted (FA) phase. Fig. 1. Ifthe material is
continuum (intact) initially, it is completely
in the RI State. During loading, the Rl phase
transforms, and the FA phase is initiated and
grows. The coupling or interaction between
the Rl and FA phase, is expressed through
the disturbance function (D), which is a vital
aspect of the DSC. For initial Rl phase, D is
0, which increases during loading and
approaches unity in the FA state. Fig. 2(a).
The FA phase represents the ultimate state
in the behavior of the material, Fig. 2(b).

DSC Equations

Based on equilibrium offerees acting on the
two phase material. Fig. 1, the DSC
equations can be derived as (1)

da“ =(I-£))c?cr'+ Z)c?cr' + £f)[er'-cr'j(ia)

where a, i, c denote behavior of the observed,
relative intact and fully adjusted phases,
respectively, dD denotes the increment or rate
of D and underscore denotes vector and
matrix. Substitution for the incremental
constitutive models for the Rl and FA phases
leads to

da"=(I- D)C'rfE +DC'rfe'+d2(c7- a")(1 b)

where C and C™ are the constitutive

matrices for the RI
respectively.

and FA phases,



Constitutive modeling of geologic media and joints, and application of numerical methods 19

We now need to define the constitutive
behavior for the Rl and FA phases and the
disturbance, D.

Relative Intact

The material in the RI phase is considered to
be continuous. Hence, appropriate theory,
elasticity, plasticity, viscoplasticity, etc. can
be used to define it. Accordingly, the
constitutive relation for Rl phase is given by

da'=C'‘de" @)

where C can be elastic, plastic, or

elastoviscoplastic matrix. For linear elastic

isotropic material, C js composed of

modulus of elasticity, E, and Poisson’s ratio,
. For elastoplasticity, we need to use a yield
function and flow rule to derive

©)

where C ' is the plasticity part of C .which

can be derived by using classical plasticity
(e.g., von Mises, Drucker-Prager, Mohr
Coulomb) or continuous yield (critical state.
Cap, etc.) models. We have proposed a
general yield function that provides for
capabilities to address factors beyond that
are covered by the foregoing models. It is
called the Hierarchical Single Surface (HISS)
yield function. Most of the previously available
models can be derived as special cases of
HISS (Desai, 2001; Desaietal. 1986).

Hierarchical Single Surface (HISS)
Plasticity

The yield function, according to HISS
plasticity, is given by

f -{-a7-+r7”)L-As,r 7 =01

where J2D <0 second

invariant of the deviatoric stress tensor, pa =
atmospheric pressure constant,

J, =(j| +3R)/p*, J,
the total stress tensor, R = term to include
cohesive intercept ¢, Fig. 3(a), n =
parameter associated with the transition from
compressive to dilative behavior, /-

= first invariant of

parameter related to the ultimate yield, p
related to the shape F in the 1- 2- 3

cr,-cTj-o's space. Fig. 3(b), and a
growth or yielding or hardening function;
simple form is given by

Q

a.

&= ©)

where al and r1j® = hardening parameters,

and ~ = trajectory or accumulated plastic
strains (or work) expressed as sum of

deviatoric ( and volumetric (") plastic

strain trajectories;

M/2 1
+

V3 ©)

where Efj =deviatoric plastic strains tensor

= s f j , <=<= volumetric

plastic strain.

The HISS yield surface can be modified for
associated and nonassociated plasticity and
anisotropic behavior (Somasundaram and
Desai, 1988; Desai and Hashemi 1989).
Here, only the associated plasticity is used
with the DSC. However, the introduction of
the disturbance (D) in the formulations allow
for (a part of) the nonassociative behavior, in
that it includes deviation from normality which
is related to the nonassociative behavior
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Fully Adjusted Phase

The material in the ultimate or fully adjusted
state can be assumed to possess no
strength, strength like a constrained liquid,
or strength like a liquid-solid. The assumption
of no strength is a part of the classical
damage model (Kachanov. 1986); because it
ignores the coupling between the Rl and FA
states, it suffers from certain difficulties such
as spurious mesh dependence, hence, itis
not recommended. The assumption of
constrained liquid is like in the classical
plasticity and possesses bulk strength,
defined by bulk modulus, K. The liquid-solid
assumption is similar to the critical state
model (Desai, 2001; Roscoe et al. 1958). The
critical state is reached when under a given
(initial) mean pressure, the volume of the
material does change after a certain critical
shear loading. According to the critical state,
the strength in that state can be defined by
the following two equations (Desai, 2001;
Roscoe et al. 1958):

= mJ® (7a)
er=<-/I"n(j*/3pJ(7hb)

where m, X and are the critical state

parameters.

Disturbance

The disturbance (D) can be defined on the
basis of observed behavior in terms stress
and strain, volumetric strains, pore water
pressure, and nondestructive behavior such
as shear wave velocity. Interms of stress, it
can be defined as (Fig. 2b):

n.,\iy

D --_f-y-r( 8a)

(T -CT

In the
mathematical form, D can be expressed as

where cr“'s the measured stress.

D=D,[(l-exp(-"",")](8b)

where A and Z are parameters, D" ultimate
disturbance and is the deviatoric plastic
strain trajectory.

When the HISS plasticity for the RI Behavior
is used, the constitutive equation can be
expressed as

da" ={\-D)C*de'+DC de'+dD[a‘-a )(9)

Ce | . . .
is derived by using the yield

function F in Eq. (4).

Creep Behavior

Creep behavior can be important for materials
in underground space. Itcan be incorporated
in the DSC model. A procedure called
Multicomponent DSC (MDSC) has been
developed to handle various creep models
such as viscoelastic (ve), elastoviscoplastic
(evp) and viscoelastic viscoplastic (vevp);
details of the models and applications are
given in Desai (2001).

Thermal and Rate Effects

The DSC model has been extended to include
the effects due to temperature and rate of
loading (Desai, 2001; Desai et al. 1997,
Desai etal. 2009).

Joints and Interfaces

Discontinuities in geologic media, e.g.. rocks
occur usually as joints, which can have
significant influence on the behavior of
engineering systems such as underground
works. Depending upon the geometry,
conditions of a joint, e.g.. filled with gauge,
and the properties of the adjoining rocks, the
mechanism of deformation of joints can be
different from that of the solid media (intact
rock). Often there occurs relative motions at
the joint, such as slip, debonding, rebonding
and interpenetration. Hence, special
consideration needs to be given to modeling
and testing ofjoints. The model for joints by
Goomen, etal. (1968) as the "zero" thickness
element, has been often used. However, it
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may suffer from certain difficulties such as
instability for computation of normal
stresses. The "thin-layer" element proposed
by Desai, et al. (1984) is based on the idea
that the joint element can be treated and
foj-mulated as the surrounding "solid"
elements; however, its constitutive relation
is derived from special (shear) tests in which
shear and normal behavior can be measured
(Desai, 2001; Desai etal., 1984).

When a problem involves, say, "solid"
materials and joints, their deformation
mechanism can be different; however, the
form of their constitutive behavior should be
similar. For instance, it may not be realistic
to model a rock by elastoplastic continuous
yield plasticity, while ajoint as linear elastic.
One ofthe major attributes of the DSC is that
the model for a joint can be obtained from
the DSC, by specializing the framework, Eq.
(2). The yield surface for a joint, as the RI
phase in the DSC, can be expressed, for the
two-dimensional case, as

F =

+acr*h -y (10)

where cr,* = cr, + /?. R = intercept along

-ve <T, (Fig. 4) and is related to the adhesion,

¢’ nand y are the phase change and

ultimate parameters, and a is the hardening
oryielding growth function:

a
a= (11)

which has similar form as Eq. (5) for "solid,"
a and b are hardening parameters and " is
the trajectory of or accumulated irreversible
or plastic shear and normal relative
displacements (Desai and Ma, 1992). The
incremental constitutive equations for joints
are given by

d-l—u - (l_D )d re +£>d|’I +JZ)(r" 'rl)(lza)

dal =(I- D)da, +Ddal +dDJcj: - a:)(12b)

Further details of the DSC for joints and
interfaces are given in Desai (2001).

Validations

It is important to validate a proposed
constitutive model. Validations can be
performed at various levels; (1) Level 1 -
Laboratory Specimen: Here the validations
are obtained by comparing model predictions
with the test data from which the (average)
parameters were obtained, (2) Level 2 -
Laboratory Specimen: The model predictions
are compared with independent set of test
data by using parameters determined from
another set of test data, and (3) Level 3 -
Boundary Value Problem: Here, the
predictions from solution (finite element)
procedure in which the constitutive model is
implemented, are compared with
measurements of piractical problems in the
field and/or simulated in the laboratory.

The DSC model has been implemented in
two- and three-dimensional, static and
dynamic finite element procedures. It has
been validated for the three levels, for awide
range of materials, interfaces and joints, e.g.,
clays, sands, rocks, concrete, asphalt
concrete, metals, alloys and silicon (Desali,
2001). Validations have also been obtained
for interfaces in building-foundations, and
joints in rock and concrete.

In view of the length of the paper, only typical
validations at the specimen and practical
problem levels are included herein. They
include behavior of rocks and analysis of an
underground powerhouse cavern.

Two-and Three-Dimensional FE procedures
with the DSC constitutive model has been
applied for solution of wide range of
engineering problems such as geomechanical
including underground systems,, structural
dynamics, earthquake engineering, fluid flow
tlirough porous media, pavements,
composites in electronic packaging and
motion of glaciers and ice sheets (Desai,
2001; Desai et al.,, 2009). Details of
constitutive modeling of rocks, joints in rocks
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and solution of a practical underground space
problem relevant to the theme of this
conference, are given below.

Examptel: DSC Modeling of Rocks

A comprehensive research was performed to
analyze the behavior of an underground cavern
in the Nathpa-Jhakri hydropower project in
the Himalayas: the descriptions herein are
adopted from (Varadarajan et al., 2001a;
2001b); site plan is shown in Fig. 5. The
rocks at the site include mainly three types:
guartz mica schist (R1), quartz mica schist
with quartz veins (R2) and biotite schist (R3).
The properties of rocks are given in Table 1.

Table 1: Properties of Rocks

Type of Rock Specific Gravity, G

1 Quartz Mica Schist 2.74
2. Quartz Mica Schist 2.83
with Qartz veins
3. Biotite Schist 2.82
Laboratory testing for the rocks was

performed using the triaxial device under high
pressure. Rock specimens of about 5.475 cm
diameter and 10.95 cm length were tested
under a number of initial confining pressures,
3 =0to 45 MPa. Test data for the three rocks
under typical confining stress, are shown in
Fig. 6 for quartz mica schist. Fig. 7 for quartz
mica schist with quartz veins, and Fig. 8 for
biotite schist.

The DSC model was used to characterize the
behavior of rocks. The material parameters
for the rocks are given in Table 2 & 3. Figures
6 to 8 also shows the predictions by the DSC.
The predictions were obtained by two
methods: (1) integration of Eq. (1) starting
from the initial confining pressure, called
single joint method (SPM), and (2) using the
FEM with the DSC model. The finite element
analyses were performed by discretizing the
quarter of the test specimen. Fig. 9. It can
be seen that the DSC model provides highly
satisfactory correlation between the

predictions and laboratory measurements
(Table 4).

Example 2: DSC Modeling of Joints

The DSC model, depicted in Fig. 10, was
applied for various joints and interfaces (Desai
and Ma, 1992). Typical examples are
presented below.

A series of laboratory tests. Types C, A and
B, were performed by Schneider (1976). Type
C limestone joint, represents smooth, Type
A, granite joint, represents medium rough,
and type B, sandstone joint, represents rough
joint surfaces. The model constants were

Dry tJensity KN/'m® Tensile Strength MPa

26.0- 27.6 8.00
26.0-27.4 10.00
26.4- 279 6.00

determined from the tests given in (Desai and
Ma, 1992).

The predictions of the test behavior were
obtained by integrating the incremental Egs.
(12). Figures 11(a), (c) and (e) show
comparisons between predictions and test
data for shear stress () vs. relative shear
displacement (u) for types C, A and B joints,
respectively. In Figs. 11(b), (d) and (f) are
shown the relative normal (v) vs. shear
displacement (u) for (initial) normal stress,
n = 0.61; = 1.38; and = 1.29 MPa,
respectively. It can be seen from Fig. 11 that
DSC results provide excellent correlation with
measurements.

Example 3: Practical Problem -
Powerhouse avern at Nathpa-Jhakri
Hydropower Project

Figure 12 depicts the powerhouse cavern
including the surge and pressure shafts. The
cavern consists of two major openings, i.e.,
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Table 2: Material Parameters for the Three Rocks
Bonding Phase Mohr-
Type of Elastic, E* Ultimate Stress Change  Hardening Disturbance Coulomb
Rock 3R ¢ (MPa)
n K \ Y p (MPa) n ai Til ft z Du f
Quartz
Mica 0.2645 28269 0.2 0.02020.4678 46.99 50 0.13E-13 0.6 220.7 1.339 097 6.38 22.24
Schist
Biotite 0.2597 59320 0.2 0.04290.6431 57.54 50 0.5E-13 0.62 1074 1.111 0.98 1311 34.45
Schist
Quartz
Mica 0.9806 2641 0.2 0.097 0.74 4.73 50 DJI5E-11 0.3 147.6 1.10540.99 6.37 4441
Schist
with
Quartz
Veins
*E=K £a AT 3, 3 = confining stress
Table 3: Material Parameters for Intact and Jointed Rock Mass (Quartz, Mica Schist)
Bonding
Phase Stress
Type Elasticity Ultimate Change Hardening (MPa) Disturbance
v E Y n a. m 3R Du A 4
Intact
Rock 0.2 8591 0.02020 0.4678 50 0.013E-12 0.6 46.99 0.97 220.70 1.339
Rock
Mass 0.2 6677 0.01352 0.3889 50 0.013E-12 0.6 41.9 0.97 220.71 1.339

Table 4: Comparison of Predicted (FEM) an
Boundary of Powerhouse Cavern
Excavation Stage

d Observed (Instrumentation) Displacements at

Deformation (mm)

Stage From To Instrumentation Predicted Observed

No. El. (m) _EL (mj at El. (m) (FEM) (Instrumentation)
1 Widening of Central drift 1024 (A) 10.4 13-18

2 WkJening of Central drift 1022 (B) 12 6-12

3 1018 1006 1022 (B) 0.6 -1.3to+2.5

4 1006 1000 1018(C) 35 1-4

5 1000 975 1006 (D) 23.7 10-45

6 983 975 996 (E) 9.4 1-3

machine (powerhouse) hall 216 m x 20 m x
49 m with the overburden of 262.5 m at the
crown, and the transformer hall 198 m x 18
m X29 m, Fig. 12. The openings are located
in the left bank, about 500 m from the Satluj
River. Based on the measurements and
analysis, the co-efficient of lateral pressure
was found to be 0.8035 for the E-W section
considered here in (Varadarajan et al., 2001a;
2001b; Bhasinet al., 1996)

The National Institute of Rock Mechanics
(NIRM), India, instrumented the powerhouse
cavern site to measure the movements in the

rock mass during various sequences of
excavation (NIRM, 1997). The instrumentation
included mechanical and remote
extensometers. Figure 13 shows
instrumentation scheme for a section in the
middle of the cavern; A, B, C, D denote
various instrument sets at various elevations.

The DSC model was used to characterize the
behavior of the rocks. A finite element
procedure, DSC-SST2D (Desai, 1997), which
contains the DSC model, was used to
analyze the cavern.
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The rocks in the area of the powerhouse
cavern (machine hall) are quartz mica schist
and biotite schist (Varadarajan et al., 2001 a;
2001 b; Bhasin, et al., 1995). However, since
the former is predominant in the vicinity of
cavern, it is considered in the FE analysis.
Also, the rock mass contains joints and
discontinuities, with average Rock Mass
Rating (RMR) and Tunnelling Quality Index
(Q) are 50 and 2.7, respectively (Varadarajan
et al., 2001 a; 2001 b). Therefore, the material
parameters for the rock mass are obtained
by modifying the foregoing intact rock
parameters. The procedures proposed by
Ramamurthy (1993) and Bhasin, et al. (1995)
are used for such modifications. The model
parameters for both the quartz mica schist
and the jointed rock mass are presented in
Table 3. As can be seen, the values of E,
and 3R for the rock mass are decreased
compared to the intact rock.

The finite element mesh with boundary
conditions, Fig. 14, contains 1167 nodal
points and 364 eight-noded isoparametric
elements. The initial stresses in the elements
were obtained by using Ko = 0.8035. The
primary loading is caused by the excavation,
which is simulated in twelve (12) stages or
sequences. Fig. 15. The computer code
DSC-SST2D (Desai, 1997) was used for the
analyses. For each sequence of excavation,
the element and nodes to be removed were
deactivated. In other words, the stiffness
matrices and load vectors of the deactivated
elements were not included in the global
stiffness matrix and load vectors. The
analysis was performed using the
incremental iterative procedure (Desai et al.,
1991).

Results

The FE results in terms of displacements,
strains and stresses were processed through
the commercial code, NISA (1993). Figure
16 shows contours of horizontal
displacements around the cavern. The
maximum displacement of about 42.6 mm
was measured at the face of the cavern. It

decreased to about 9.22 mm at the distance
of 73 m from the face of the cavern. The
predicted displacement by the present
analysis at the face was about 43.0 mm. Fig.
14; the predictions compare very well with
the measured value.

Figure 17 shows the contours for the vertical
displacements. The predicted upward
displacement near the top was about 24.0
mm, while near the bottom, the maximum
downward displacement was abut 12.70 mm.

Table 4 shows comparison between
predictions from the FE analysis and
observations for displacements at the
Powerhouse Cavern boundary, for stages one
to six. Fig. 15. It can be seen that overall,
the predictions compare very well with the
measurements.

Conclusions

The behavior of geologic materials and joints
play a significant role in design, construction
and maintenance of underground space. The
available models based on elasticity,
plasticity, etc. are not capable to account
for the effects of important factors that
influence the material behavior. A new
constitutive modeling approach called the
Disturbed State Concept (DSC) has been
developed that allows for the effects of most
of the important factors. The mathematical
framework of the model is general and
unified, and allows for elastic, plastic and
creep strains, stress path, volume change,
microcracking leading to softening, fracture
and failure, strengthening and healing,
thermal and rate effects, and different types
of loading. Most of the previously available
models can be extracted from the DSC as
special cases. One of its advantages is that
it can be specialized to model joints and
interfaces.

The DSC has been applied successfully to
model behavior of a wide range of materials
and joints: e.g., geologic (clay, sand, glacial
till), rocks, concrete, asphalt concrete metal
and alloys, rock joints and interfaces in
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Fig. 1. Phases in Disturbed State Concept

(a) Disturbance vs. Deviatoric Plastic Strain, ?D,
or Loading Cycles, N
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(a) Stress-strain Behavior and Disturbance, D

Fig. 2. Disturbance and Stress-strain Behavior
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Fig. 3. Plots of Yield Surface, F, in Stress Spaces

Fig. 4. HISS Yield Surfaces for Joint
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Fig. 8. Stress-strain -volume Change Responses and Predictions for
Biotite Schist, 3= 7.5 MPa
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Fig. 9. Finite Element Mesh for Quarter Specimen in Triaxial Test

Smeared” Interface

Fig. 10. Schematic of. Interface Element with Thickness, t
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Fig. 14. Finite Element Mesh for Cavern in Rock Mass
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Fig. 15. Excavation Sequences for the Powerhouse Cavern



Constitutive modeling of geologic media and joints, and application of numerical metfiods

DiSPtPY 111 <:;eonETPv modeling systeh <7.0.0) ppe-'POST noPutE DISPLACEHENT
<mw>
WIEW : -.04255
RANGE: .0
-33.03
-37.79
-42.55
EmC-N1SFt/*DISPLRY
02112
13nP HATHPft-JHftKkRI PQWERKXJSE CftVERH
Fig. 16. Contours of Horizontal Displacements around Cavern
DISPLAY 111 - CEOTrTRV nOKLINC SYSTEM C7.0.B) PRE/POST nODULE DISPLACERCNT

VIEW ; -.0126764

SBSg H I ETRC-NISfIIDISPURY

W a I'n fluC/23499 20:32%04
i | | *IY ROTé

NATHP»"JHAKRI PCftCRHOUSC CAVERN
ROT2

Fig. 17. Contours of Vertical Displacement around Cavern

33



34 Chandrakant S. Desai

Structure and foundation problems. Finite
element procedures, in which the DSC is
implemented, are used to solve 2- and 3-
dimensional problems under conditions such
as dry, saturated, static, cyclic and repetitive
loading (Desai et al., 2001). It is believed that
the DSC can provide general and unique
constitutive modeling approach for a wide
range of materials and joints. Thus its
application potential goes beyond that
provided by other previously available model.
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