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4 WRITING NEW CONSTITUTIVE MODELS

4.1 Introduction

The methodology is similar to that for developing a user-defined model with FISH (Section 2.8 in
the F1SH volume). A model written in C++ is compiled asaDLL file (dynamic link library) that
can be loaded whenever it is needed (see Section 4.9). The main function of the model isto return
new stresses, given strain increments. However, the model must also provide other information,
such as names, and perform operations such as writing and reading save files.

In the C++ language, the emphasis is on an object-oriented approach to program structure, using
classes to represent objects. The data associated with an object are encapsulated by the object
and are invisible outside the object. Communication with the object is by member functions that
operate on the encapsulated data. In addition, there is strong support for a hierarchy of objects —
new object types may be derived from a base object and the base-object’s member functions may be
superseded by similar functionsprovided by thederived objects. Thisarrangement confersadistinct
benefit in terms of program modularity. For example, the main program may need access to many
different varieties of derived objects in many different parts of the code, but it is only necessary to
make reference to base-objects, not to the derived objects. The runtime system automatically calls
the member functions of the appropriate derived objects. A good introduction to programming in
C++ is provided by Stevens (1994); it is assumed that the reader has a working knowledge of the
language.

The methodology of writing a constitutive model is described in Sections 4.2 through 4.5. Support
functions and examples are described in Sections 4.6 through 4.8, and the mechanism for loading
or creatingaDLL isdescribed in Section 4.9. Notethat the DLL must be compiled using Microsoft
Visual C++ (VC++) for operation in FLAC. The C++ source files mentioned here are compiled
using VC++ Version 6.0. At present, the pre-release Version 4.1 of FLAC is necessary for using
DLLscompiledinVC++; itisnot asextensively tested astherelease version, 4.0, and results should
be treated with caution.
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4.2 BaseClassfor Constitutive Models

The methodology described above is exploited in FLAC's support for user-written constitutive
models. A baseclassprovidesaframework for actual constitutive models, which are classesderived
from the base class. The base class, called Consti t ut i veModel , istermed an “abstract” class
because it declares a number of “pure virtual” member functions (which are signified by the =0
syntax appended to the function prototypes). This means that no object of this base class can be
created and that any derived-class object must supply real member functions to replace each one
of the pure virtual functions of Consti t uti veModel . Example 4.1 provides a partial listing
of ConstitutiveMdel (which is contained in file “CONMODEL.H"). Some members of
Consti tuti veModel , suchasutility functions, are omitted from thelisting in Example 4.1; the
useof utility functions(suchasYoungPoi ssonFr onBul kShear ) isself-evident, and examples
of their use can be found in the supplied model source files. Other functions are used by FLAC to
manipulate and interrogate constitutive models; there is no reason for a user-written model to use
or redefine these.

Example4.1 Partial class definition for base class, Consti t ut i veMbdel

class ConstitutiveMdel {

public:
EXPORT ConstitutiveMdel (unsi gned uTypel n, bool bRegi ster=false);
EXPORT virtual ~ConstitutiveMdel (void);

/1 ROUTI NES THAT MUST BE SPECI FI ED BY THE DERI VED TYPE
virtual const char *Keyword(void) const=0;
virtual const char *Nanme(void) const=0;
virtual const char **Properties(void) const=0;
virtual const char **States(void) const=0;
virtual double GetProperty(unsigned ul) const=0;
virtual ConstitutiveMddel *C one(void) const=0;
virtual doubl e Confi nedModul us(voi d) const =0;
virtual doubl e Shear Modul us(voi d) const =0;
virtual doubl e Bul kModul us(voi d) const =0;
virtual doubl e SafetyFactor(void) const=0;
virtual unsigned Version(void) const=0;
virtual void SetProperty(unsigned ul,const doubl e &d)=0;
EXPORT virtual const char *Copy(const ConstitutiveMdel *cn)=0;
virtual const char *Initialize(unsigned uDim State *pst)=0;
virtual const char *Run(unsigned uDim State *pst) =0;
EXPORT virtual const char *SaveRestore(Mdel Save(hj ect *ns0) =0;
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4.3 Member Functions

Any derived constitutive-model class must provide actual functionsto replace the virtual member-
functionsin Const i t ut i veModel . These functions perform the operations described bel ow.

const char *Keywor d() A pointer isreturned to a character array containing the
name of the constitutive model, as the user will refer to it with the MODEL command.
For example, " el asti ¢" would beavalid stringin C++.

const char *Name() A pointer isreturned to acharacter array containing the name
of the constitutive model that is to be used on printout (e.g., resulting from the PRINT
zone command). The name may or may not be the same as that given by the Keywor d
member function, but note that FLAC may truncate long strings on printout. An example
of avalid stringis: " Li near/ el asti c".

const char **Properties() A pointerisreturnedto an array of strings (charac-
ter arrays) containing the names of model properties, with anull pointer to denote the end
of the array of strings. The following array of stringsisavalid example: {" shear",
“bul k", 0}. The given nameswill be those recognized by the PROPERTY command.
Note: The array of strings should be terminated by 0, as shown.

const char *States() A pointerisreturned to an array of strings containing state
names, with anull pointer to denote the end of the array. The names are used on printout
and in plotting to identify user-defined internal states of the model (e.g., plastic flow).
Thefollowing array of stringsisavalid example: {"yi el di ng", "tension", O0}.
Seethevariablentt at e in Section 4.5. Note: Thearray of strings should be terminated
by 0, as shown.

Set Property(unsigned n, const double &dVal) The vaue of dVal
supplied by the call comes from a FLAC command of the form PROP name=dVal; the
supplied value of n is the sequence number (starting with 1) of the property name
previously specified by meansof aPr operti es() cal. Themodel object isrequired
to store the supplied value in its appropriate private memory location.

doubl e Get Property(unsi gned n) A vaue should be returned for the model
property of sequence number n (previously defined by aPr operti es() call, withn
= 1 denoting the first property).

const char *Copy(const ConstitutiveMdel *cm This member func-
tion should first call the base class Copy function, and then copy all essential datafrom
the model object pointed to by ¢ m(assumed to be of the same derived class asthe current
model). In the event of an error, a string describing the error is returned; otherwise 0
should be returned. It is not necessary to copy data members that are recomputed when
thel nitialize() functioniscalled.

const char *Initialize(unsigned uDim State *ps) Thisfunctionis
called once for each model object (i.e., for each full zone) when the FLAC CYCLE com-
mand is given and when the large-strain update is performed. The model object may
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perform initialization of its property or state variables, or it may do nothing. The dimen-
siondlity (e.g., thisis 2 for FLAC) isgiven asuDi m and structure ps (see Section 4.5)
contains current information for the zone containing the model object. A pointer to a
character string should be returned if an error is detected; otherwise O is returned. Note
that strains are undefined when I niti al i ze is called. The average stress compo-
nents for the full zone are available in the state structure; they cannot be changed by the
Initialize() memberfunction.

const char *Run(unsigned uDim State *ps) Thisfunctioniscalled for
each sub-zone (up to ten per zone) at each cycle from within FLAC’s zone scan. The
model must update the stress tensor from strain increments. The structure ps (see
Section 4.5) contains the current stress components and the computed strain increment
componentsfor the sub-zone being processed. The stresscomponentsalready containthe
rotation-correction terms when Run( ) iscalled. A pointer to a character string should
be returned if an error is detected; otherwise O is returned.

doubl e Confi nedModul us(voi d) The model object must return a value for its
best estimate of the maximum confined modulus. Thisis used by FLAC to compute the
stable timestep. For alinear, elastic model, the confined modulusis K + 4G /3.

doubl e Shear Modul us(voi d) The model object must return a value for its best
estimate of the current tangent shear modulus. This is used by FLAC to determine
coefficients for quiet boundaries in dynamic mode.

doubl e Bul kModul us(voi d) Thisisnot used by FLAC at present, but the model
object should return its best estimate of the current tangent bulk modulus.

doubl e Saf et yFact or (voi d) Thisfunctionisnot used at present. It should return
some value, such as 10.0.

unsi gned Ver si on(voi d) The version number of the constitutive model should
be returned. This may be used to deal with the case of restoring files containing objects
of earlier versions of the model, which perhaps omit certain variables.

ConstitutiveMbdel *C one(voi d)A new object must be created, of the same
class asthe current object, and apointer to it of type Const i t uti veModel returned.
Thisfunction is called whenever FLAC installs the model in azone.

const char *SaveRest or e(Mbdel SaveObj ect *ns0) This function is
called when either the SAVE or RESTORE command is given. The model object should
first call the SaveRest or e() function of the base class. SaveRest or e alowsthe
model to save and restore data members of each object. Only integers and real variables
are accepted, so other datatypes must be converted to those. The derived-class function
mustcall nso- >l nitial i ze(nd, ni ) ,wherend isthe number of doubl esandni

isthe number of i nt sto be saved/restored. The variables are then identified by calling
ns0- >Save( ns, var ), where ns is the sequence number of the variable (from O to
nd- 1 or Oto ni - 1, depending on whether reals or integers are being saved/restored),
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and var is the variable to be saved. There are separate functions Save() for pro-
cessing doubl e or i nt variables. The structure of the Model Savehj ect class
is irrelevant, except for the use of the member functions mentioned. It is defined in
“CONMODEL.H.

The model class definition should also contain a constructor that must invoke the base constructor.
If the base constructor is called with bRegi st er, sett r ue, then the derived model isregistered
with FLAC (see Section 4.4). A typenumber (uTypel n) uniqueto the model must aso be passed,;
this enables the correct model to be reinstaled in each zone when a problem is restored from a
save file. It is recommended that a high value of type number be chosen (e.g., 100 or higher), to
avoid conflictswith the built-in models, which start fromtype 1. In all other cases, the derived-class
constructor should be called with no parameters, asintheCl one member function. Initialization of
datamembers may be performed by the constructor, asillustrated in Example 4.2. In this example,
the model’s unique type number isthe integer mMohr Model (see Example 4.4 for itsdefinition),
and the symbols dBul k, dShear etc., are the data members for the derived model.

Example 4.2 Typical model constructor

Mohr Model : : Mohr Model (bool bRegi ster)
: ConstitutiveModel (rmMohr Mbdel , bRegi ster), dBul k(0. 0),
dShear (0. 0), dCohesion(0.0), dFriction(0.0), dDilation(0.0),
dTensi on(0.0), dYoung(0.0), dPoisson(0.0), dE1(0.0), dE2(0.0),
d@(0.0), dNPH(0.0), dCSN(0.0), dSC1(0.0), dSC3(0.0),
dBI SC( 0. 0), dDTEN(0.0) { }
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4.4 Registration of Models

Each user-written constitutive model containsits own name and the name of its properties and state
indicators. FLAC can determine this information by calling the appropriate member function, as
described in Section 4.3. FLAC is made aware of auser-written constitutive model by a constructor
call invoked by a static global instance of a model object — see Example 4.3. The object is
constructed either when FLAC is loaded (for the “built-in” models such as Finn), or when aDLL
is loaded (for external models). Thet r ue vaue of the argument causes the base constructor to
“register” the new model, and add it to the list of models. Only one static registration of aparticular
model should be made; it is convenient to place it in the C++ source file of the model, so that the
model is registered when its corresponding DLL file isloaded. The static instance of the model is
consulted whenever FLAC needs any information about the model or needs to instantiate a copy of
the model (using the Cl one function).

Example4.3 Global instantiation of a model object

static ElasticMdel nodel | nstance(true);
/1 ... forces a constructor call to the nodel registry
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45 Information Passed between Model and FLAC during Cycling

The most important link between FLAC and a user-written model is the member-function
Run(unsi gned nDim State *ps),whichcomputesthe mechanical response of the model
during cycling. A structure, St at e (defined in*CONMODEL .H"), isused to transfer information
to and from the model. The membersof St at e (all public) areasfollows. Not all theinformation
may be used by a particular code; the structure is intended to serve all Itasca codes.

unsi gned char bySubZone Sequence number of the sub-zone currently being
processed, starting at 0. This information may be used to scale accumulated sub-zone
data correctly. For example, if four sub-zones are present (see by Tot SubZones),
accumulated values will need to be divided by four, in order to obtain the average for the
whole zone.

unsi gned char byTot SubZones Total number of sub-zonesinthezonecurrently
being processed, including those from all overlays, if present.

unsi gned char byOverl| ay Number of timesthe volume of the current zone is
represented (e.g., 2 represents two overlays).

unsi gned | ong nttate Mode state indicator flag (or bitmap). Specific bits in
this flag correspond to names in the St at es() member function. For example, aflag
value of 1 (bit 0) representsthefirst state, 2 (bit 1) the second, 4 (bit 2) thethird, 8 (bit 3)
the fourth, etc. Any number of bits may be selected simultaneously (for example, both
shear and tensile yield may occur together).

doubl e dSubZoneVol une Volume of the current sub-zone.
doubl e dZoneVol une Volume of the current full zone.

STensor st nE Strain increment tensor, input to the constitutive model. See Sec-
tion 4.6 for the names of components.

STensor st nS Stresstensor. Thecurrent tensor isinput to the constitutive model, and
the model must return the updated tensor. See Section 4.6 for the names of components.
Note that the components are effective stresses. the zone pore pressure is added to
the direct total stresses (negative compression) before calling the Run() function, and
subtracted on exit.

STensor stnl Stressincrement tensor — not used by FLAC.

doubl e dvRot X Increment of sub-zone rotation (spin velocity multiplied by
timestep), input to the model in large-strain mode. This information may be used by
models that have directional properties that must be updated in large-strain mode.

doubl e dvRot Y Not used by FLAC.
doubl e dvRot Z Not used by FLAC.
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doubl e bDensi ty Density of full zone. Not used by FLAC at present.
doubl e dTenp Temperature of the complete zone (input to model only).
doubl e dTi neSt ep Timestep (input only).

doubl e dppl nc Optional increment of pore pressure produced by the model.
doubl e dPorosity Current porosity of zone (input only).

doubl e dTMUJtil ity Unused at present.

bool bLar ge Trueif the model is currently running in large-strain mode.
bool bTher m Trueif the thermal calculation mode is active.

bool bCreep Trueif the creep calculation modeis active.

bool bFI ui d Trueif the fluid (groundwater) calculation mode is active.

bool bVi scous True if viscous strains are to be computed for the tiffness-
proportional component of Rayleigh damping. This flag defaultsto f al se if not set.
Typically, it should be set t r ue for an elastic increment, and f al se for an increment
in which yielding occurs.

The main task of member-function Run() isto compute new stresses from strain increments. In
anonlinear model, it is also useful to communicate the internal state of the model, so that the state
may be plotted and printed. For example, the supplied modelsindicateif they are currently yielding
or haveyielded in the past. Each sub-zone may set the variable ntSt at e, that records the state of a
model asaseriesof bitsthat can beon or off (1 or 0). Each bit can be associated with amessage that
is displayed on the screen. The string returned by member function St at es contains sub-strings
corresponding to bit positions that the model may set in ntSt at e. The first sub-string refers to
bit O, the second to bit 1, and so on. Severa bits may be set simultaneously. For example, both
shear and tensile yield may occur together. The operation of the state logic may be appreciated by
consulting any of the nonlinear model files— e.g., “CMMOHR.CPP”

45.1 Effect of Various Symmetry Modes

The existence and significance of various stress and strain components depends of the calculation
mode selected in a FLAC simulation. These are examined below (denoting the strain increment
components by ¢;;, and the effective stress components by o;;).

45.1.1 Plane Srain

INput: €,y, €yy, €xy A€ NONZEXOD; €,, €y, €5, AE ZENO.

The Run() function must return oy, oyy, 0y, 0z;.
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45.1.2 Plane Sress

INput: €,y, €yy, €xy A€ NONZEXOD; €,, €y, €x, AE ZENO.

The Run() function must return oy, oyy, oy, and o, = 0. Although €, is not computed (or
used) by FLAC, it may be computed internally in the constitutive function. Thereisno differencein
FLAC 'scalculation (externally to the constitutive model) for plane stress, compared to plane strain.
The condition of plane stressis purely determined by the constitutive model; for example, by using
different coefficients in the elasticity matrix (see below for alisting of the built-in Fortran elastic
model). No equations of motion are performed for the out-of-plane (z) dimension. A user-defined
model may compute an “internal” ¢,., as mentioned above, and accumulate the increments, if the
current out-of-plane strain is needed.

45.1.3 Axisymmetry

INPUL: €, €yy, €xy, €;; A€ NONZEXO; €y, €y, e ZEXO.

The Run(') function must return oy, oy, oxy, 0;;. €, iscomputed by FLAC before calling the
model’sRun() function, based on motion in the xy-plane. The value of o, returned by the model
will influence the motion in the xy-plane computed by FLAC.

4514 Summary

The user-written function should be identical for use in both plane strain and axisymmetry. FLAC
handles (externally to the model) the generation of the four strain components and the correct use
of the returned stress components. Thus, one model will run under plane strain or axisymmetry,
without change or switches necessary.

If a user-defined model is to reproduce plane stress conditions, it should be written accordingly;
the action of FLAC (external to the model) is identical for plane strain or plane stress. The user
may designate a material “property” to act as a switch to invoke plane strain or plane stress. This
isentirely a matter for the model.

Stress-rotation correction termsare applied by FLAC in large-strain mode before the model function
iscaled. The user-defined function should just operate asif it isin small-strain mode.

Thus, there should be no need for auser-defined model function to know whether aFLAC simulation
isin plane strain or axisymmetry. For plane stress, the model can be notified by a user-defined
property switch.
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45.1.5 lllustration of the Difference between Plane Srain and Plane Stress

The following extract is from FLAC s built-in Fortran coding for the elastic model. Notethat it is
the model that determines whether the solution is plane strain or plane stress.

100 el = zx(kk) + c4d3 * zx(kg)

e2 = zx(kk) - c2d3 * zx(kg)

if ( (el.eq.dpc0O0) .and. (e2.eq.dpcO0) .and. necflg) then
nerr = 208
error = .true.
return

endi f

if (pstrss) then
divli = e2 * e2 / el
zx(kel) = el - divl
zx(ke2) = e2 - divl

el se
zx(kel) = el
zx(ke2) = e2
endi f
zx(kg2) = dpc2 * zx(kg)
return

200 conti nue
s11 = s11 + dell * zx(kel) + (de22+de33) * zx(ke2)
s22 = s22 + (dell+de33) * zx(ke2) + de22 * zx(kel)
if(.not.pstrss) s33 = s33 + (dell+de22) * zx(ke2) + de33 * zx(kel)
sl2 = sl12 + del2*zx(kg2)

Rvi sc = dpcl
return
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4.6 Utility Structures

Three structures/classes are provided to assist in writing and communicating with constitutive
models: STensor , Axes andConTabl eLi st , containedinfiles“STENSOR.*,” “AXES.*” and
“CONTABLE.*," respectively. The usage of the structures may be determined from the annotations
in the header files and from examples in the constitutive model source files provided. The only
essential components are the following data members of STensor : d11, d22,d33,d12,d13
andd23. Thesecorrespond to thethreedirect stressor strain components, and the three shear-stress
or -strain components, respectively. (Note that components d13 and d23 are not used by FLAC.)
Tensors are assumed to be symmetric. The structure STensor aso contains member functions
that compute principal stresses and resolve stresses from global to principal axes, and vice versa.
The full source code of these, and other, utility functions is available to the user for inspection.
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4.7 Example Constitutive M odel

Thesourcecodeof all constitutive modelsused by FLAC are provided for the user to inspect or adapt.
Herewe extract, for illustration, parts of the Mohr-Coulomb elastic/plastic model contained infiles
“CMMOHR.*” Example 4.4 provides the class specification for the model, which aso includes
the definition of the model’s unique type number. Note that there are more private variables than
property names (seethe Pr oper ti es() member function). In this model, some of the variables
are for internal use only: they occupy memory in each zone, but they are not available for the user
of FLAC to change or print out.

Example 4.4 Class specification for the Mohr-Coulomb model: file CMMOHR.H

cl ass MohrModel : public ConstitutiveMdel {
public:
/] static
enum Model Num { nmMohr Model =3 };
/'l Creators
EXPORT Mohr Model (bool bRegi st er=fal se);
/'l Accessors
virtual const char *Keyword(void) const { return("mohr"); }
virtual const char *Name(void) const { return("Mhr-Coul onb"); }
virtual const char **Properties(void) const;
virtual const char **States(void) const;
virtual double GetProperty(unsigned ul) const;
virtual ConstitutiveMdel *C one(void) const { return(new NMohrMdel ());

vi rtual doubl e ConfinedMbdul us(voi d)

const { return(dBul k + d4d3*dShear); }
virtual doubl e Shear Mbdul us(void) const { return(dShear); }
virtual doubl e Bul kModul us(voi d) const { return(dBul k); }
virtual double SafetyFactor(void) const { return(10.0); }
virtual unsigned Version(void) const { return(2); }
/1 Mani pul at ors
virtual void SetProperty(unsigned ul,const double &dVal);
virtual const char *Copy(const ConstitutiveMdel *m;
virtual const char *Initialize(unsigned uDim State *ps);
virtual const char *Run(unsigned uDim State *ps);
virtual const char *SaveRestore(Mdel SaveChj ect *nso);

private:

doubl e dBul k, dShear, dCohesi on, dFriction, dbi | ati on,

dTensi on, dYoung, dPoi sson;
doubl e dE1, dE2, dG2, dNPH, dCSN, dSC1, dSC2, dSC3, dBI SC, dDTEN;

b
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Example 4.5 provides the constant definitions used by the model as well asthe global instantiation
of the model, as discussed in Section 4.4.

Example4.5 Constant definition for Mohr-Coulomb model, and instantiation

static const double d2d3 2.0/ 3.0;

static const double dPi 3. 14159265358979;
static const double dDegRad = dPi / 180. 0;
static Mohr Model nohrnodel (true);

The constructor for this model was listed in Example 4.2. Example 4.6 provides listings of the
member functions for initialization and execution (“running”). Note that private model variables
dE1, dE2, d@&2, etc., are not computed at each cycle, to save time. Note also the use of the
St at e structure in providing strain increments and stresses. In general, separate sections should
be provided in every model for execution in two and three dimensions, to allow the same modelsto
be used efficiently in FLAC. Inthis example, the 2D section isidentical to the 3D section. Please
refer to the file “CMMOHR.CPP” for listings of member functions. Pr operti es, St at es,
Get Properties,Set Properti es, Copy and SaveRest or e.

Example 4.6 Initialization and execution sections of the Mohr-Coulomb model

/**************************** I NI TI ALI ZE *******************************/

const char *MohrMdel::Initialize(unsigned uDim State *) {
if ((uDim =2)&&(ubDim =3)) return("lllegal dinension in Mhr constitutive

nodel ") ;
dE1 = dBul k + d4d3 * dShear;
dE2 = dBul k - d2d3 * dShear;
d& = 2.0 * dShear;

doubl e dRsin = sin(dFriction * dDegRad);

dNPH = (1.0 + dRsin) / (1.0 - dRsin);

dCSN = 2.0 * dCohesion * sqrt(dNPH);

if (dFriction) {
doubl e dApex = dCohesion * cos(dFriction * dDegRad) / dRsin;
dTensi on = dTensi on < dApex ? dTension : dApex;

}

dRsin = sin(dDi |l ation * dDegRad);

doubl e dRnps = (1.0 + dRsin) / (1.0 - dRsin);

doubl e dRa = dE1 - dRnps * dE2;
doubl e dRb = dE2 - dRnps * dE1,;
double dRd = dRa - dRb * dNPH
dSCl = dRa / dRd;

dSC3 = dRb / dRd;

dsC2 = dE2 * (1.0 - dRnps) / dRd;

dBISC = sqrt(1.0 + dNPH * dNPH) - dNPH;
dDTEN = (dBul k * dShear * 3.0)/((3.0 * dBul k + dShear)*dEL);
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return(0);

}

/**************************** RUN **************************************/

const char *Mohr Model :: Run(unsi gned uDim State *ps) {
if ((uDiml=3)&&(ubDim=2)) return("lllegal dinension in Mhr constitutive
nodel ") ;

/* store "now info. as 'past’ and turn 'now info off ---%*/
if (ps->nttate & nShearNow) ps->nBtate = (unsigned |ong)(ps->nState nt-
hear Past) ;

ps->nttate = (unsigned | ong)(ps->nttate & ~nBhear Now) ;

if (ps->nBtate & nirensi onNow) ps->nState = (unsigned | ong) (ps->nttate
nirensi onPast ) ;

ps->nttate = (unsigned | ong)(ps->nState & ~“nrensi onNow) ;

int i Plas = O;
doubl e dTeTens = dTensi on;
/* --- trial elastic stresses --- */

doubl e dE11 = ps->stnE. d11;
doubl e dE22 = ps->stnE. d22;
doubl e dE33 = ps->stnE. d33;

ps->stnS.dll += dE11 * dE1 + (dE22 + dE33) * dEZ2;
ps->stnS.d22 += (dE1l1 + dE33) * dE2 + dE22 * dE1;
ps->stnS. d33 += (dE1l1 + dE22) * dE2 + dE33 * dE1;
ps->stnS.d12 += ps->stnE. d12 * dQ&;
ps->stnS. d13 += ps->stnE. d13 * dQ&;
ps- >stnS. d23 += ps->stnE. d23 * d&;

/[* --- calculate and sort ps->incips-> stresses and ps->incips->l direc-
tions --- */
Axes aDir;

doubl e dPri nM n, dPrinM d, dPri nMax, sdi f =0. 0, psdi f =0. 0;

int icase=0;

bool bFast =ps->stnS. Resol topri s(&JPrinM n, & Pri nM d, &Pri nMax, &Di r, uDi m
& case, &sdif, &psdif);

doubl e dPri nM nCopy dPri nM n;
doubl e dPri nM dCopy dPri nM d;
doubl e dPrinMaxCopy = dPri nMax;

/* --- NMohr-Coul onb failure criterion --- */
doubl e dFsurf = dPrinMn - dNPH * dPri nMax + dCSN;
/* --- Tensile failure criteria --- */

doubl e dTsurf1l dTension - dPrinMn;
doubl e dTsurf3 dTensi on - dPrinMax;
/[* --- tests for failure */

if (dTsurf3 >= 0.) {
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if (dFsurf < 0.) {
i Plas = 1;
[* --- shear failure: correction to ps->incips-> stresses ---*/
ps->nttate = (unsigned | ong) (ps->nState 0x01);
dPrinMn -= dFsurf * dSCi;
dPrinMd -= dFsurf * dSC2;
dPrinMax -= dFsurf * dSC3;
}
} else if (dTsurfl >= 0.) {
doubl e dPdiv = -dTsurf3 + (dPrinMn - dNPH * dTensi on + dCSN) / dBI SC,
if (dFsurf < 0.0 &% dPdiv < 0.0) {
iPlas = 1;
[* --- shear failure: correction to ps->incips->l stresses ---*/
ps->nttate = (unsigned |ong) (ps->nState 0x01);
dPrinMn -= dFsurf * dSCi;
dPrinMd -= dFsurf * dSC2;
dPrinMax -= dFsurf * dSC3;
} else {
i Plas = 2;
[* --- tension failure: correction to ps->incips-> stresses ---*/
ps->nBState = (unsigned |ong)(ps->ntState 0x02);
doubl e dTco = dE2 * dTsurf3 / dE1;
dPrinM n += dTco;
dPrinM d += dTco;
dPrinMax = dTensi on;
doubl e dTenp = dTeTens + dDTEN * dTsurf 3;
dTeTens = dTenp > 0.0 ? dTenmp : 0.0;

}
} else {
i Plas = 2;
[* --- tension failure: correction to ps->incips-> stresses ---*/

ps->ntState = (unsigned |ong) (ps->nState 0x02);
doubl e dTco = dE2 * dTsurf3 / dE1,

dPrinM n += dTco;

dPrinM d += dTco;

dPrinMax = dTensi on;

doubl e dTenp = dTeTens + dDTEN * dTsurf 3;
dTeTens = dTenp > 0.0 ? dTenp : 0.0;

}
if (iPlas) {
ps->st nS. Resol t ogl ob(dPrinM n, dPri nMd, dPrinMax, aDir,
dPri nM nCopy, dPri nM dCopy, dPri nMaxCopy, ubDim icase, sdif, psdif,
bFast);
ps->bViscous = false; // Inhibit stiffness-danping terns
} else {

ps->bViscous = true; // Allow stiffness-danping terns
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}

return(0);

}
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4.8 FISH Support for Constitutive Models

Thefollowing FISH intrinsics are available in FLAC to interface with C++ models.

z_prop(zp,p_-name)

This can be used on the left- or right-hand side of an expression.

Thus,

val = z_prop(zp, p_nane)

storesin val the floating-point value of property named p_name in the zone of address zp. p_name
may be a string containing the property name, or a FISH variable that evaluates to such a string.
For example, z_prop(zp,’ bulk’) would refer to the bulk modulus. If there is no constitutive model
in zp, or the model does not possess the named property, then 0.0 is returned. Similarly,

z_prop(zp, p_.nane) = val

stores val in the property named p_name in zone zp. Nothing is stored if there is no constitutive
model in zp or if the model does not possess the named property or val is not an integer or floating-
point number. 1n both uses, zp must be azone pointer and p_name must either be astring or aFISH
variable containing a string.

z_model(zp)

Theintrinsic is used in the following way:

var = z_nodel (zp)

causes the returned variable var to contain a string of the name of the model installed in zone zp.
Otherwise, an integer variable zero will be returned, denoting that no constitutive model is present
(the user’'s FISH function must check for the variable type before doing a comparison).

Note that model objects can only beinstalled in zones with the MODEL command (see Section 4.9).
In the case of a conflict between the name of a built-in model and aloaded DLL model, the built-in
model will be used. However, the use of the DLL model can be forced, by preceding the model
name with the keyword dll. For example,

nodel dll elastici =1, j =1

installsthe DLL version of amodel named “elastic” in zone (1,1).
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4.9 Usingand Creating User-written Model DLLs

Model DLL filesmay beloaded into FLAC whileit isrunning by giving the command MODEL load
<filename>, with the filename of the DLL. Thereafter, the new model name and property names will
be recognized by FLAC and FISH functionsthat refer to the model and its properties. If the MODEL
load command is given for amodel that is already |oaded, nothing will be done, but an informative
message will be displayed.

In order to create a DLL in VC++, it is first necessary to create a workspace. The workspace
will contain projects that are essentially a collection of C++ source and header files and their
dependencies.

A workspace has already been created for the user — “UDM.DSW.” It contains a project called
“UDM.DSP’ that contains example source and header files called “USERSSOFT.CPP’ and
“USERSSOFT.H.” To create a DLL, the user may modify these files, or delete these files and
include new ones. The user should refer to Microsoft V C++ documentation for further information
on how to add and delete files from the project, change the settings for the project, etc. For more
information on particular functions, refer to the additional comments found in the header and
source files.

The user-defined models depend on the following files.
1. axes.h — specifies a particular axes system
2. conmodel.h — utility structure used to communicate with constitutive model
3. contable.h — defines the TABLE interface for general constitutive models
4. stensor.h — symmetric tensor storage

These header files should also be included in the project. These files get all unresolved definitions
from“*VCMODELS.DLL,” towhichthey arelinked throughtheimportlibrary “VCMODELS.LIB.”

The resulting DLL will be placed in the “.\Release” directory. The default name of the DLL is
“USERSSOFT.DLL.” To change this,

1. Set the particular project as active by clicking Project—>Set Active Project.
2. Next, click on Project—>Settings and click on the Link tab. Under category “ General,”
and following it, thereis an edit box to input the output file name and the directory.

An example DLL implementation, which creates the file “USERSSOFT.DLL,” isincluded. This
model isidentical to the built-in strain-softening model. The datafile“ SS.DAT” providesasimple
test that compares MODEL userssoft to MODEL ss.
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