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Abstract

In analysis and design of structures subjected to earthquakes, the cyclic and dynamic nature of the response leads to
complications. Material models need to account for cyclic plasticity, including deterioration and eventual failure
due to low-cycle fatigue. A cyclic damage plagticity model MAT_DAMAGE_ 3 (MAT_153, LSTC 2007) is
implemented to combine Armstrong-Frederick/Chaboche nonlinear kinematic hardening, isotropic hardening, and
Lemaitre isotropic damage evolution based on continuum damage mechanics. By appropriately choosing
parameters, this model can reproduce an approximation to the widely-accepted Manson-Coffin low-cycle fatigue
rule without of cycle counting. This makes it possible to model the decrease in the material’s ability to deform
inelagtically. The material model is applied to assess the behavior of a steel structure subjected to deterioration and
failure.

I ntroduction

In seismic-resistant design, structural engineers are increasingly interested in prediction of
inelastic response using nonlinear dynamic analysis procedures. It has been common to assume
ideal ductile behavior for structura members. However, infinitely ductile models may not be
adequate for seismic or other abnormal loading conditions, as inelastic demands will likely lead
to deterioration and possible failure of members. These weakened members will in turn influence
dynamic response and overall system stability. For structures subjected to earthquakes, the cyclic
and dynamic nature of their response leads to further complications in that material models need
to account for cyclic plasticity, including deterioration and eventua failure due to low-cycle
fatigue.

The effects of sudden onset, quasi-brittle fracture are not considered in this work. It is assumed
that a separate fracture-mechanics-based analysis would be carried out on individua fracture
critical regions. The research presented herein includes situations where members rupture due to
materials reaching and exceeding their ability to develop further inelastic deformations, either
under monotonic or cyclic loading.

Steel braced frame structures provide the focus of this investigation. Experimental data for a
Special Concentric Braced Frame (SCBF) subassembly subjected to cyclic lateral loading are
summarized, followed by a review and evauation of material models commonly used for
structural steel. A cyclic damaged plasticity material model is then formulated and implemented.
Finally, the new material model is used to compute the behavior of braced frame subassembly.
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Special Concentric Braced Frame Experiment

The two story specia concentric brace frame tested by Uriz and Mahin (2005) is shown in Figure
1. The frame suffered extensive damage to the braces in the lower level, to the columns at the
base of the building and in the beam-to-column connections at the first floor level. A variety of
behavior was observed, from yielding, local buckling, local tearing, brace fracture, column local
buckling, and connection fracture (as reported in Uriz and Mahin, 2005). This specimen
provides a good test of the ability of a computational model to predict behavior associated with
members undergoing bending and axial load, lateral buckling, and local buckling, and rupture.

In the experiment, global lateral buckles formed in the lower level braces, with local buckling
occurring near the brace midspans (Figure 1b). This resulted in a weak lower-story response,
with nearly al inelastic behavior and damage concentrated in the lower level. This led to the
complete rupture of the braces during the first excursion to the design level (Figure 1c), with
failure of the lower level beam to column connections occurring soon thereafter (Figure 1d).

ﬁh‘\‘ S e S L
a) Test setup for SCBF

c) Fracture of brace d) Fracture of connecti
Figure 1: SCBF experiment results (Uriz and Mahin, 2005)
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Review of Material Modeling For Structural Steel

For structural steel subjected to a severe loading history, such as a strong earthquake, it is
recognized that several stages of behavior commonly exist during the course of member
deterioration. Initidly, it is assumed there are no macroscopic cracks, thus no stress or strain
singularities associated with the material. The material is then loaded non-proportionally and
cyclically under stress and strain histories of varying amplitude. Deterioration develops due to
material and geometrical nonlinearities. Large plastic deformation and energy dissipation results
in progressive failure of the material. Eventually, macroscopic cracks may initiate and extend up
to size of the member.

19-22



10™ Inter national LS-DYNA® Users Conference Material Modeling

Damage resulting from plastic deformation in ductile metals is mainly due to the formation of
microvoids, which initiate either as a result of fracturing or debonding of inclusions, such as
carbides and sulfides, from the ductile matrix. The growth and coal escence of microvoids under
increasing plastic strain progressively reduces the materia's ability to carry loads, and can result
in complete failure. A proper modeling of this micro-void nucleation and growth mechanism is
needed for the prediction of ductile failure in steel members and structures. In the context of
continuum mechanics, coupled plasticity and damage models may be needed.

Modeling of plasticity

Isotropic hardening and/or kinematic hardening are commonly used to describe the plastic
behavior of metal-like materials under complex loading conditions. Prager (1956) and Ziegler
(1959) initiated the fundamental framework used for kinematic hardening rules. Armstrong and
Frederick (1966) developed a nonlinear kinematic hardening rule that generalized its linear
predecessor. In this model, the kinematic hardening component is defined to be an additive
combination of a purely kinematic term (linear Prager/Ziegler hardening law) and a dynamic
recovery term, which introduces the nonlinearity (fading memory effect of the strain path). The
Armstrong and Frederick rule was further extended by Chaboche (1986, 1989), where an
additive decomposition of the back stress was postulated. The evolution equation of each back
stress component is of the Armstrong-Frederick type. The advantages of this superposition are a
larger strain range can be realistically modeled, and a more accurate description of ratcheting is
provided. These features allow modeling of inelastic deformation in metals that are subjected to
cycles of load, resulting in significant inelastic deformation and, possibly, low-cycle fatigue
failure. Discussion of these plasticity models can be found in Lemaitre and Chaboche (1990).

Models of damage and fracture under monotonic loading

Two alternative approaches are generally considered for material failure modeling: local
approaches and global approaches. The local approach to fracture can be defined very generally
as the combination of (1) the computation of local stress and deformation values in the most
loaded zones of a component or structure, and (2) predefined models corresponding to various
fracture mechanisms, such as cleavages, ductile fracture, fatigue, creep, stress-corrosion etc.
(Rousselier, 1987). Many models have been developed since the initial studies of McClintock
(1968) and Rice and Tracey (1969). Most local models can be written in the form of stress-
modified critical plastic strain:

Damage evolution D =J.F(O-)G(épl)
Failure criterion D = D,

where F is the stress modification function, G is the plastic strain function, D represents the
damage in the material, and D is the critical damage at failure. For example, the model of Rice
and Tracey (1969) can be written as

Fo)=exp(L5p/T) Gls")=£" = %Ep' 50

where p is hydrostatic stress, & is von Mises stress and £” is equivalent plastic strain rate.
For porous metal plasticity, i.e. the GTN model developed by Gurson, Tvergaard and Needleman
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(Gurson 1977; Tvergaard and Needleman, 1984), together with the sophisticated yield function
they developed, the void growth part is given by

Flo)=1 Ge")=4" =" :1
where £ isthe volumetric plastic strain rate.

For the ductile damage model proposed by Lemaitre (Lemaitre, 1992; Dufailly and Lemaitre,
1995), which is based on continuum damage mechanisms (CDM) introduced by Kachanov
(1958), the damage evolution function becomes

where Sis a material constant with energy density units, t is a dimensionless materia constant,
and Y isthe interna energy density release rate, calculated as

YzleeI D ;¢
2

where D? isfourth order elasticity tensor and ¢ is second order elastic strain tensor.

Predictions using the Rice and Tracey (1969) and the Lemaitre (1992) models have been
previously compared. The equivalent plastic strain at fracture versus stress triaxiality have very
similar trend. In the case of proportional loading (Rousselier, 1987) and non-proportional
loading (Marini et al., 1985), the two models give similar results. Recently, Steglich et al. (2005)
investigated the relationship between the CDM and the GTN models.

In contrast to local approaches, global approaches are based on asymptotic continuum mechanics
analyses. Under some situations, single- or dual-parameter models can uniquely characterize
crack tip condition. Well-known single-parameters are stress intensity K, J-integral, and CTOD
(crack tip opening displacement), and a well-known dual-parameter formulation is based on the
introduction of the T-stress that characterizes the crack tip constraint. All these parameters are
defined at the global level of the crack medium, in the framework of fracture mechanics. They
are applicable to a number of situations in which it is not necessary to know the exact state of
stress, or of damage, in the vicinity of the crack tip. On the other hand, this approach may prove
to be deficient, either because of the size of the cracks, because of a pronounced overall plasticity
during ductile fracture, or because of loading history effects. A systematic comparative study of
local and global models was reported by Xia and Shih (1995) using a representative volume
element (RVE) method. It was shown that the size of elements representing the crack in local
approaches is the key parameter linking local and global approaches.

Local models of damage and fracture under cyclic loading
Local approaches to modeling damage and fracture under cyclic loading are examined in this
section. They are compared to the Manson-Coffin rule for low cycle fatigue. The Manson-
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Coffin rule is a popular model for low-cycle fatigue due to its simplicity. Generaly, it is written
inthe form

A
Je=ellen ) ®

where 4¢p/2 is the amplitude of plastic strain, N is the number of cycles, ¢'s is the ductility
coefficient and c is the ductility exponent. In 1953, Manson recognized the form of Equation (1)
relating fatigue life and plastic strain, and suggested that the magnitude of 1/c was “in the
neighborhood of three” (Manson, 1953). Coffin showed that for practical purposes the fatigue
property c is approximately equal to -1/2 (Coffin, 1954) and that ¢'; is related to the monotonic
fracture ductility & (Tvernelli and Coffin 1959). In fact, c commonly ranges from -0.5 to -0.7 for
most metals, with -0.6 as a representative value.

Despite a large amount of work to generalize this law to multiaxial states of stress (Morrow,
1964) and to complex histories of loading (Manson et al., 1971), it remains a model generaly
limited in its application to uniaxia periodic loading. Still, a wide variety of structure tests,
component and material specimens have demonstrated the general validity of the Manson-Coffin
relation, and the range for the coefficient c cited above.

Not much attention has been given to the possibility of incorporating damage into cyclic
plasticity by means of micromechanics. Recent works on porous metal plasticity are those of
Leblond et al. (1995), Besson and Guillemer-Neel (2003) and Cedergren et a. (2004). They
introduced nonlinear kinematic hardening into the GTN model. As far as continuum damage
mechanics is concerned, Pirondi and Bonora (2003) introduced unilateral conditions to model
stiffness recover in tension-compression cyclic loading. Kanvinde and Deierlein (2004) extended
the Rice and Tracey (1969) model to incorporate a cyclic void growth model.

Lemaitre (1992) has arelatively simple modification for damage evolution in cyclic loading

Y.
D= [g} "  0,>0
0 otherwise

where o is the maximum principal stress. So damage does not accumulate when al principle
stresses are compressive. This damage evaluation rule is used in materiadl MAT_DAMAGE_1
(MAT_104, LSTC 2007). In materidl MAT_DAMAGE_3 (MAT_153, LSTC 2007), it is revised
for smpler implementation as:

YTy P 1
o-ls| ¥ 2o @
0 otherwise

It can be shown that this simplification has negligible effect for most states of stress.
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It is worth mentioning that although the critical equivalent-plastic-strain approach (F(s)=1,
G(é n ):Ep' ) can be used in proportional loading, it is unsuitable for cyclic loading. As
illustrated in Table 1 (and approximately in Figure 2), fatigue life (number of cycles to failure)
will tend to be underestimated if large strain amplitude data is used to calibrate the parameters
(by afactor of 4 in the table). Conversely the fatigue life will tend to be overestimated if small
strain amplitude data is used to calibrate the parameters. This is one inherent, and important,
drawback of applying the critical equivalent-plastic-strain criterion to cyclic loading. The other
drawback is the triaxiality-independence of critical equivalent-plastic-strain criterion; the effect
of triaxial constraint on the initiation of rupture is awell known phenomenon.

Depending upon cycle counting schemes, the rule only increments the damage state at the end of
each cycle. Thisis not suitable for a fatigue life of afew cycles; it does not allow material point
fracture until the end of afull cycle. Continuous damage models can resolve this difficulty by
accumulating damage continuously. Because the basic trends predicted by the Manson-Coffin
rule have been verified for most low-cycle fatigue data, it is meaningful to use the Manson-
Coffin rule as a reference and to compare results predicted by specific continuous damage
models to those from the Manson-Coffin rule.

As a comparison, the simplified continuum damage mechanics model in Equation (2) is
evauated for low-cycle fatigue and compared with the Manson-Coffin rule. A uniaxial-stress
single-element model is subjected to a series of constant amplitude strain cycles with several
amplitudes of maximum strain. These cyclic deformation histories are imposed until rupture of
the material occurs. In this way, standard Manson-Coffin type plots can be prepared for the
analysis results and these can be compared directly with the ideal experiment Manson-Coffin
criteria. The results are shown in Figure 2. Predicted results agree with those computed with the
Manson-Coffin rule, with the ductility exponent ¢ ranging from -0.5 to -0.7; i.e., corresponding
to typical values for metals. The simplified CDM model in Equation (2) is chosen as the damage
evolution model for MAT_DAMAGE_3 (MAT_153, LSTC 2007). It is believed that some
underlying relationship should be satisfied when continuum damage models match the Manson-
Coffin relation. This suggests deeper investigation is needed.

It should be noted again that the low cycle fatigue criterion based on critical equivalent-plastic-
strain results in a fixed ductility exponent ¢ equal to -1. As such, it is not able to predict the
correct trend of low-cycle fatigue for metals. Thus, while the effective-plastic-strain criterion
can be calibrated for a particular material and specimen configuration subjected to a specific
loading protocol, the same failure criterion might not be expected to work at other locations
within the same structure, or for different loading histories.

Table 1: Simpleillustration of the difference between predictions of number of
cyclesto failure for an ideal experiment following the Manson-Coffin relation

Test of Calibrated to large strain amplitude data Calibrated to small strain amplitude data

prediction Strain amplitude cy’(\:llL(jeTg?;i?Lre Test/EPS | Strain amplitude cy’(\:lILéTg?;i(I)Lre Test/EPS
T . S ) - i
E5s mocaion | 008 o i —T 2]

* EPS - critical equivalent plastic strain criterion
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Figure 2: Fatigue relationships for CDM model (Eg. 2)

Formulation of A Cyclic Damaged Plasticity Material M odel

The multi-component combined isotropic/kinematic plasticity and the damage evolution model
based on continuum damage mechanics are used to formulate MAT_DAMAGE_3 (MAT_153)

Thetotal strain rate ¢ iswritten in terms of the elastic and plastic strain rates as
=& +¢"

The elastic behavior is modeled as linear isotropic elastic
6=D%:¢"

where D? represents the fourth-order elasticity tensor

DY =x1®1+ 2ﬂ(| —%1® 1)

and ¢ and &® are the second-order stress and elastic strain tensors, respectively.
The plasticity model is pressure-independent. The yield surface is defined by the function

F=6-0,=0
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where o, is uniaxia yield stress, and ¢ is the equivalent Mises stress, with respect to the
deviatoric effective stress
s, =devlo]-a=s-a

e

where s is deviatoric stress and « is the back stress, which is decomposed into several
components

05=Z:05j
j
The equivalent Mises stress is defined as

5(s)= 35 s = |3
7(s)= 3555, = sl

The model assumes associated plastic flow

e 29 41-3% 413 hax
Jdo 20 2

where dA isthe plastic consistency parameter, and n isthe flow direction

>
Il
Ql |

which is not a unit vector and its norm

2
-2

For the von Mises criterion, dA=2",and £” isthe equivalent plastic strain rate

- 2; -
el = |ZgP:gP

3

where " representsthe rate of plastic flow.

The size of the yield surface o, is a useﬁ-defined function of equivalent plastic strain £, for
materials that either cyclically harden or soften.

_ —pl)
o,=0,€
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The evolution of the kinematic component of the model is defined as

. 2. = =
a, =§Cjep' AL :[Cj”‘Vj“i]gpl )

where C; and y, are material parameters. The recal term y,a jép' introduces the nonlinearity

in the evolution law. The law can be degenerated into linear kinematic by setting only one a
component and taking ¥ =0. Note that a two-component kinematic hardening model equivalent

to Equation (3) is adopted in materid MAT_ANISOTROPIC_VISCOPLASTIC (MAT_103,
LSTC 2007).

Finally, the damage variable increment is updated as

2 p 1
—|Ag" g sgEPand=>-=
AD = [s} ¢ F T 3

0 otherwise

where p/o isthe stress triaxidity, £ is damage threshold, Sis material constant with units of
energy density, and Y isinternal energy density release rate.

Application of Damaged Plasticity Model

Finite element analyses were conducted to assess the ability of the damaged plasticity model to
simulate the hysteretic behavior of steel braced frame assemblages under cyclic loading. The
focusison prediction of local buckling and the evolution of damage due to low-cycle fatigue.

A finite element model was developed for the braced frame subassembly described previoudly,
using shell elements. The choice of shell elements instead of solid or beam elementsis simply to
reduce the number of degrees of freedom and computational time. For a steel structure, solid
elements are more computationally expensive as more solid elements are required through the
thickness of the brace tube to capture the combined membrane and plate actions. Beam elements
assume plane sections remain plane during deformation and the sectional coordinates of each
integration point remain constant during the course of an analysis. This makes it impossible to
model local buckling of atube-section brace using beam elements.

Crack initiation and propagation is modeled by element erosion (removal of shell elements).
Mesh convergence is examined below using progressively refined FE meshes. Both equivalent
plastic strain and the damage variable are convergent when the element size is at the scale of the
shell thickness. After crack initiation, the gradients of both equivalent plastic strain and the
damage variable are much higher. Mesh sizes larger than the material characteristic length will
result in a larger energy release rate at the crack tip (Xia and Shih, 1995). In addition, larger
element sizes will blunt the crack front to an unrealistic size. However, it turns out that before the
crack tip behaves inelastically, the strength and stiffness of the brace member have significantly
deteriorated due to lateral and local buckling. Therefore, although there is an overly ductile
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behavior locally, the crack front blunting due to use of large element sizes has less influence on
overal behavior of the structure. A choice of shell element size at about the shell thickness
achieves an overall model that is simple with reasonable accuracy.

In the model of the braced frame subassembly, the top-level displacement is prescribed as the
boundary condition. The base is fixed and some out-of-plane constraint is applied at points
around column ends and beam midspans, as they were in the experiment. The analysis results
are shown in Figures 3 and 4. Crack initiation and propagation is captured (Figure 3a and 3b);
buckling and fracture of brace is accurately modeled (Figure 3c). In addition, the simulated
damage and fracture at the beam-column connection matches the experiment (Figure 3d). These
simulations show that the cyclic damaged plasticity model is reasonable and useful for damage
evaluation in steel structures. Figure 4 shows the base shear-roof displacement hysteresis curves
for the experiment and numerical analysis, respectively. It is observed that strength, stiffness and
deterioration in overall behavior of the braced frameiswell simulated.

a) Crack initiation b) Crack propagation

c) Damage and fracture of brace d) Damage and fracture of connection
Figure 3: Numerical result with damaged plasticity model

19-30



10™ Inter national LS-DYNA® Users Conference Material Modeling

: o : o
200 éj 200 )ﬂ 7( -
T, - . 7, AT
3 - T = = 7/&?/
3 -200 éﬁ 3 -200 Z
V- i
-400 -400
5 4 3 2 4 0 1 2 3 4 5 5 4 3 2 A 0 1 2 3 4 5
Roof displacement (in.) Roof displacement (in.)
a) Experiment b) Numerical ssimulation

Figure 4: Load vs. roof displacement for brace frame

Concluding Remarks

The feasibility of a cyclic damaged plasticity model to simulate accurately the behavior of a
severely loaded steel braced frame that exhibits local failure of members or connections due to
yielding, local buckling and low cycle fatigue has been illustrated. The accuracy of the present
finite element analysis depends upon the material constitutive relationships, and in particular, the
parameters used. The development of efficient methods for identification of parameters and
obtaining more experimental datafor calibration are needed.

Acknowledgements

The work preformed in this investigation was funded by the Consortium of Universities for
Research in Earthquake Engineering as part of the CUREE-Kgjima Joint Research Program on
Earthquake Engineering. The authors gratefully acknowledge the funding for this project from
the Kgjima Corporation, and the leadership of the Joint Oversight Committee in helping define
the direction and scope of the research efforts undertaken. In particular, the authors would like to
acknowledge the collaboration of Dr. Y oshikazu Sawamoto on this work through sharing of test
data, providing advice and a thorough review of the models and results obtained. The assistance
of Dr. Patxi Uriz in providing data on braced frames and helping interpret prior test results is
gratefully acknowledged.

19-31



Material Modeling 10™ Inter national L S-DYNA® Users Conference

References

Armstrong, P. J., and Frederick, C. O. (1966). "A Mathematical Representation of the Multiaxial Bauschinger
Effect." CEGB Report, RD/B/NN/731, Berkeley Laboratories, R& D Department, CA.

Besson, J., and Guillemer-Neel, C. (2003). "An extension of the Green and Gurson models to kinematic hardening.”
Mechanics of Materials, 35, 1-18.

Cedergren, J., Mdlin, S,, and Lidstrom, P. (2004). "Numerical modeling of P/M steel bars subjected to fatigue
loading using an extended Gurson model." European Journal of Mechanics - A/Solids, 23, 899-908.

Chaboche, J.-L. (1986). " Time-independent congtitutive theories for cyclic plasticity.” International Journal of
Plasticity, 2(2), 149-188.

Chaboche, J.-L. (1989). "Constitutive equations for cyclic plasticity and cyclic visco-plasticity." International
Journal of Plasticity, 5(3), 247-302.

Coffin, L. F. (1954). "A Study of the Effects of Cyclic Thermal Stresses on aDuctile Metal." Transations, ASME,
76, 931-950.

Dufailly, J. and Lemaitre, J. (1995). "Modeling Very Low Cycle Fatigue." International Journal of Damage
Mechanics, 4, 153-170.

Gurson, A. L. (1977). "Continuum theory of ductile rupture by void nucleation and growth: Part | - yield criteriaand
flow rules for porous ductile media." Journal of Engineering Materials and Technology, ASME, 99, 2-15.

Kachanov, L. M. (1958). "Time of Rupture Process under Creep Conditions." levestiva Akademii Navk SSSR
Odtelemie Tekhniheskikh Nauk, 8, 26-31.

Kanvinde, A., and Deierlein, G. G. (2004). "Micromechanical Simulation of Earthquake Induced Fracturesin Steel
Structures." Blume Center Report TR145, Stanford University, Stanford, CA.

Leblond, J.-B., Perrin, G., and Devaux, J. (1995). "An Improved Gurson-type Model for Hardenable Ductile
Metals." European Journal of Mechanics - A/Solids, 14, 499-527.

Lemaitre, J. (1992). A Course on Damage Mechanics, Springer-Verlag.
Lemaitre, J., and Chaboche, J.-L. (1990). Mechanics of Solid Materials, Cambridge University Press.
LSTC (2007). LSDYNA® Keyword User's Manual, Livermore Software Technology Corporation, CA, US.

Manson, S. S. (1953). "Behavior of Materials Under conditions of Thermal Stress." Heat Transfer Symposium,
University of Michigan Engineering Research Institute, 9-75.

Manson, S. S, Halford, G. R., and Hirschberg, M. H. (1971). "Creep Fatigue Analysis by Strain Range
Partitioning." Symposium on Design for Elevated Temperature Environment, ASME, NASA, TMX.

Marini, B., Mudry, F., and Pineau, A. (1985). "Ductile Rupture of A508 Steel Under Nonradial loading.”
Engineering Fracture Mechanics, 22(3), 375-386.

McClintock, F. A. (1968). "A Criterion for Ductile Fracture by the Growth of Holes." Journal of Applied
Mechanics, 35, 363-371.

Morrow, J. D. (1964). "Cyclic Plastic Strain Energy and Fatigue of Metals." Symposium, ASTM, Chicago.

Pirondi, A., and Bonora, N. (2003). "Modeling ductile damage under fully reversed cycling." Computational
Materials Science, 26, 129-141.

Prager, W. (1956). "A New Method of Analyzing Stress and Strains in Work-hardening Plastic Solids.” Journal of
Applied Mechanics, 23, 493-496.

Rice, J. R, Tracey, D. M. (1969). "On the Ductile Enlargement of Voidsin Triaxia Stress Fields." Journal of the
Mechanics and Physics of Solids, 17, 201-217.

Rousselier, G. (1987). "Ductile Fracture Models and Their Potential in Local Approach of Fracture." Nuclear
Engineering and Design, 105, 97-111.

19-32



10™ Inter national LS-DYNA® Users Conference Material Modeling

Steglich, D., Pirondi, A., Bonora, N., and Brocks, W. (2005). "Micromechanical modelling of cyclic plasticity
incorporating damage.” International Journal of Solids and Structures, 42, 337-351.

Tvergaard, V., Needleman, A. (1984). "Analysis of the Cup-cone Fracturein a Round Tensile Bar." Acta
Metallurgica, 32(1), 157-169.

Tverndlli, J. F., and Coffin, L. F. (1959). "A Compilation and Interpretation of cyclic Strain Fatigue Tests on
Metals." Transations, ASM, 51, 438-453.

Uriz, P., and Mahin, S. (2004). " Seismic Performance Assessment of Concentrically Braced Steel Frames."
Proceedings of the 13th World Conference on Earthquake Engineering.

Xia, L., and Shih, C. F. (1995). "Ductile Crack Growth-1. A Numerical Study Using Computational Cells with
Microstructurally-based Length Scales." Journal of the Mechanics and Physics of Solids, 43(2), 233-259.

Ziegler, H. (1959). "A Modification of Prager's Hardening rule." Quarterly of Applied Mechanics, 17, 55-65.

19-33



Material Modeling 10™ Inter national L S-DYNA® Users Conference

19-34




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


