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TheComputational Mechanics thrustareaspon- alfornling, and automobile crash dynamics. The
sors research into the underlying solid, structural, next-generation solid/structural mechanics code,

and fluid mechanics and heat transfer necessary l'araDvn, is taGeted toward massively parallel
forthedevelopmentofstate-of-the-artgeneralpur- computers, which will extend performance from
pose computational software. Thescale ofcompu- gigaflop to teraflop power.

tational capability spans office workstations, ()ur work for 1_'-92 is described in the follow-
departmental computer servers, and Crav- ing eight articles: (t) Solution Strategies: New
class supercomputers. The DYNA, NIKE, Approaches for Strongly Nonlinear Quasistatic
and TOI_AZ codes ha\'e achie\'ed world Problems Using DYNA3D; (2) Enhanced Enforce-

fame through ourbroad collaborat_rspro- ment of Mechanical Contact: The Method ofgram, in addition to their strong support of Augmented I,agrangians; (3) ParaDvn: New Gen-

der ._, on-going Lawrence lJ\'ermore National erationSolid/Structural MechanicsCodesforMas-
Laborato O' (LLNI3 programs. _,\'eral tech- sivelv Parallel I'rocessors; (4) Composite Damage
nology transfer initiati\'es have been based Modeling; (5) I IYDI<A: A Parallel/Vector Flow
on these established codes, teaming IJ,NI. S_@er for Three-l)imensional, Transient, lncom-

i:t_ analysts and researchers with counterparts pressible \,'isct_us Flt)_r\,'; (6) De\'elopment and Test-
_J_ / in industry, extending code capabilit.v to ing of the TRIM3D Radiatk)n Heat Transfer Code;

specific industrial interests of casting, met- (7) A Methodology for Calculating the Seisrnic Re-
sponse of Critical Structures; and (8) Reinforced

Concrete 1)amage Modeling.

Gerald L. Goudreau
Thrllst A tea Leader
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Solution Strategie. New Apwoaches
for Strongly NonlinearQuasistatic

. ProblemsUsingDYNA3D

Robert G. Whirley and
Bruce E.Engelmann
Nllch'arE.'rt_losi_,_'sE1b,,ilmeri14_
MechmficnlEllk'itmerillk'

The analysis of large, three-dimensional, strong, ly norllirlear structul'es tlndel" quasistatic

loading is an important component of many programs at l_awrence IJ\,ermolv National

Laboratory (LI,NID. The most widely clsed formulation for this type of problem is an implicit

solution process with a lineariz.ation and iteration approach to solving the coupled nonlinear

equations that arise. Our _vsearch investigates an alternative approach, in which an iterative

solution method is applied directly to the nonlinear equations without the use era linearization.

Thi._ approach alleviates some of the difficulties encountelvd when linearizing nonsmooth
phenomena such as mecl-_anical contact. The first iterative method explored is the dynamic

relaxation method, which has been implemented into the IJ._NL DYNA3D code, and com-

bined with software architectulv and computational mechanics technology developed for

explicit transient finite element analysis, l_lvliminary analysis lVstllts air presented heir for two

strongly nonlinear qLlasistatic pr(_blems to dem(_nstrate the promise of a linearization-

free approach.

|ntrodu_l;ion number of lar_4e increments to step through the
simcllation, with the increment size chosen by the

Many programs at l_awrence ]J\'ermore Na- analyst to satisfv accuracy and converD.,nce re-
tional I.aborator\' (IJ NI.) u._en_nlillear finite ele- quirements. An implicit analysis code must solve
merit structural analysis to ,guide engllleerin_4 a ct_tipled system (_fnonlinear algebraic equations
projects. Applications include the determination at each step, usually by a linearization and itera-
of wc'api)n compoileilt response,to a \,lriet\, _t titan pr_lcedure. lhis Iinearization leads to a ¢()l.i-

strLICtLIl'Cl] <111cl[i'lt'lTIl_l] t'llVil'Olllllellt_; the _tuct\' (fl pied %vsIelll ot [ii'leal',3l_ebriliceqLlatit_l'i5 that mLISt

stresses in iluclc,ai" t:LleI transp(/rtati(_il casks; nnct [_t' _<,kedal each iteration ot: each step in the
the simtllati(in o1: the formiil,_ ot _._heei il_c'ial part_ ,llialvsis. fypic,_llv, the iteratilln process is contin-

to (_ptimize pr(icessin_ ]._ill'alllc'tel'h <lllCtminin_i/u tlett within a step until S(illle t'OllVel'_ellce illei.1-

• waste. 'i'hese applications share the clllllll-lill-i t;e<l- _tll't' is satisfied, then lhe _olution is ad\,anced to
tui'esof{_ein_ti'iree-ctiil"ieilsioll<'il (3-1)),qua_i_latic, the nt'xl _tc'p.
(illtl strtln_l>' nilnline<lr, <inci illush'alc, wide tl._t' (ll Ixplicit mc'thocts ,li'c' lypically cised l(li" hi_h-

' thi,_type otCtllllptltel" analysis, tl't'tltlt'llCV tl\'n,lllliCS, \v,lve pl'Opa_ation, _.llld im-

Nonline,_r finite elemc,i_t struc'lui',_l ,malvsis pacl _r_lblems. "lhe I,I,NI, I)YNA21) 3 arid

il-letl-lods ll-lav bt' divided into twl_ cate_4(_iies:ira- 1)'_'_l\]! ).1C_lCtt's,'irt, ha,_c'd(_l_ail t'xplicit fi}rmulci-

plicit mc,thltcisand explicit nleth_cts.Implicil mt,th- li_n. In ct_illiast to implicit metllods, explicit meth-
ods are typicall\' ust'cl t;(_i"cluasist,_lic and llct_tist'alai'_eilunll_c'rofsill,lliillcrernentstilstet'_

' Iow-t_recluei_c>• ctvn,_n_ic prilblems. The 1,1HI, thl'(1ti_h ,l pri_l_lem,wiih the incremellt size cho-
NIKI';21)I ,_i'ictHIKE31)2 code,_are based _n an ._enaul_maticallv lo,_ali_t\,stability i'eciuii'e131ei'lts.
implicit fornltilatioll, l'his approach LlSeS,1small ]'his stability recluirt'nlellt essentially diclaies thai

,(nt;inl,+,_;l<_ R_,,,_,,t_h l)_,t_'l_l)m_'nt ,itlf/ J'l:l /Ifl_!io/jl ,:, Thrust Area Report FY92 2=1



Computational Mechanics .:. Sol_tion Strategies: New Approaches for Strongly Nonlinear Quasistatic Problems Using DYNA3D

tile time increment size must be smaller than tile static solution is obtained. Although this approach
time it would take a stress wave to propagate isoften used by engineering analysts, it does have
across the smallest dimension of the smallest ele- several disadvantages. First, the best rate of load

merit in the mesh. An explicit code does not solve application to minimize dynanlic effects while
coupled equations at each step, and therefore the keeping the analysis cost tolerable is not known
update from step to step is nltlch faster than in an a prh,i, and often requires some experimentation.
implicit code. Also, it is important to minimize artificial osciila-

In practice, implicit methods have worked well tions in the solution when history-dependent ma-
for strongly nonlinear quasistatic problems in two terial mc_dels such as plasticity are included, and
dimensions, but have encountered difficulties on this further complicates the choice of analysis pa-
3-I) problems. These difficulties can be attributed rameters. Finally, this approach obtains only an
to three primary factors. First, large 3-D contact approximate quasistatic solution, and the amount
problems, especiallysheet-fomlingpr(_blems, have of error due to dynamic effects requires some
large matrix bandwidths due to the large contact effort to quantify.
area between the sheetand tool surface. This large These observations suggest the alternate ap-
matrix bandwidth translates into high computer proach followed in our work. The basic lineariza-
memory requirements and expensive linear solu- tion and iteration paradigm is abandoned, and an
tions at each iteration of the nonlinear solution iterative solution method is applied directly to the
process, dN,cond, strongly nonlinear problems of- n(,llineareqLlatic_ns.Thisnlethod iscombined with
ten contain discontir_uoLis pherlomena that are much of the conlputatiorlal rnectlarfics techrlology
diffictllt t() linearize. For example, in a contact and software architecture developed for explicit
problem, the interface pressure abrtlptly changes transient dynamic analysis to produce a code that
from zero when two bodies are separated to a solves the nonlinear problem directly by using a
finite value when the bodies come into contact, large rltlmber of rather inexpensive iterations, and
Obtaining an accurate linearization of stlch abrupt without solving a coupled linear system. The essen-
changes isdifficult, and this is maniDst in the code tial elements of this approach and its development
as slow convergence or nonc()nvergence of the in the I.I,NL DYNA3Dcode are described below.
linea riza tion and itera tion p roced u re w ithin a step.
Finally, when solution difficulties are encountered Progress
in a large 3-D problem, it is much more difficult to
troubleshoot the model than it would be in a simi- In FY-92, we developed an iterative quasistatic
far two-dimensional r,lodel. Often there are few solution capability in DYNA3D, based on the dy-
clues to suggest wh, the iteration procedure is namic relaxation (DR) method. In addition to the
I_aving difficulty co_lverging to a soluti()n. The implementation of the basic DR procedure, a load
development of a m:_re robust solution strategy incrementation framework hasbeen incorporated
for strongly nonlinear quasistatic problems is the int(_ DYNA3D that allows a true quasistatic solu-
primary objective of this efhvt. Lionto be obtained at a load level before the load is

One approach to improving the perfonnanceof increased for the next increment. In addition, a
implicit methods for large, 3-D, strongly nonlinear spectrum contraction algorithm has been imple-
quasistatic problems focuses on the solution of the merited that greatly improves the efficiency of the
large linear system that arises from the linearization method. Also, extensions have been developed h}r
and iteration approach. An iterative method, such the rigid-body mechanics forrnulati()n and the treat-
as the use (ffa prec(_nditioned conjugate gradient, is ment of b(_undaJy c(}nditi(_nsto acconmlodate non-
one approach to soh'ing the linear system. This linear quasistatic problems within the DYNA3D
approach was investigated in the LI_NI, NIKE3D framework. The resulting code is now being used
code, _ and cLllminated in the de\'elopment of an as a testbed to evaluate the overall robustness and
iterative solver now used in the production code efficiency of the DR nlethod, and t() study ira-
version. Although this approach reduces memory provementsin the f(_rmulatk)n, contactalgorithms,
requirements and may reduce CPU costs for the and adaptive damping procedures.
linear equation solution, it does nothing tc_improve

the convergence of the nonlinear iteration. Overview of the DR Approach
An altema tixe a pp r_ach for difficult q uasi sta tic

problems is to use an explicit transient dwlamics In the DR method, the equations governing a qua-
code, and apply the loads so sh_wly that the dr- sistatic analysis are first transformed into those
namic effects are negligible, and therefore a quasi- governing a dwlamic system. The nonlinear cou-
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IIN II

pied equations for a quasistatic problenl may be 12 I I 1 I Figure1. Variation
written as in thenumberofnor-

p(x0)= f, (1) _ 10 malizediterationsre-quiredforconver-

where p is tile internal noclal force vector resulting '_ 8 gence,relativeto
themagnitudeofthe

. from stress states in the finite elements; x0is the . dampingfactorin
nodal displacement solution; and f is a vector of '_ 6 thedynamicrelax-
externally applied loads. An associated dynamic _ ationmethod.

problem may be written as _ 4
Z 2

M_ +C_( + p(x)= f, (2)
0 I 1 I I

0 100 200 300 400 500
where dots denote differentiation with respect to Damping factor (10-s)
time. With the appropriate choice of mass and
damping matrices, M and C, tile solution of the
dynamic problem as time gets large approaches estimates must be used for the lowest eigenvalue,
the solution of the quasistatic problem, i.e., which can vary greatly througllout a nonlinear

simulation. When insufficient dampir|g is used,

lim x(t) = x,. (3) iterates will oscillate around a solution and reach it
t-+<<> very slowly. Too Illuch da mpi ng will d rama ticaIly

Tile iterative scheme is defined by applying retard convergence, especially for problems that
the explicit central difference method to integrate include large rigid-body motions such as tile Ill()-
the dynamic equations in time. tion of the sheet in sheet-forming simulations. Re-

The success of the dynamic relaxation iterative suits thus far indicate that adaptive damping
method to solve highly nonlinear quasistatic prob- approaches, based on tile evolving physics of tile
lems depends on many factors including thespec- problem, may prove most effective for highly
ification of mass and damping, as well as tile nonlinear problems. Figure I shows the variation
development of an incremental loading strategy, in tile number of iteratk)ns required to converge

relative to tile rnagnit-ude of damping in tile DR

Spectrum Contraction algorithm. The graph depicts the strong influence
of damping value on the number of iterations re-

Tile efficiency of the DR method may be ira- quired by the DRmethod to converge to a solution.
proved by contracting the spectrum of the global The automated determination oftheoptinlal damp-
equations. This is easily accomplished by proper ing value is a subjectof ongoing investigation.
choice of the mass matrix M in Eq. 2.Tile construc-
tion of the mass matrix should not dominate the Cantilever Elastic Plate Example
computation, and thus it should be based on con-
veniently available quantities. In our algorithm, To demonstrate some essential features of tile
the mass matrix is constructed from an assern- new quasistatic solution capability in DYNA3D,
blageofelementcontributions. The massmatrix of an elastic cantilever plate was subjected to an ap-
each element is scaled so that all elements have a plied moment on the free end. The problem was
uniform critical time step, and thus information solved with two magnitudes of applied load: one
flows throughout the mesh at an optimal rate

II IIII I III

during tile iteration process. This technique has X\\\\ _ _ _ _ _ I I i _ _ I / i'
. proven quite useful in accelerating the corwer-

gence of tile DR method.

. Damping __.__TTTII_II//iliT-DTile type and amotlnt of damping can also _1_
significantly affect convergence. For linear sys- Rgl_re2. Theinitialandfinaldeformedshapesofacantilever
terns,optimaldampingdependsontheboththe plate subjected to an end moment. Theupper figure corr_
highest and lowest eigenvalues of the system. AI- spendstoasmallload,and the lower figUre to a larger load. The
though bounds on tile highest eigenvalue arereadi- solution toeach oftheseproblemswas obtained using only one

lyavailable from tile elementeigenvalue inequali_, loadincrementwiththeDRmethodinDYNA3D.

Engineering Research Development and Tecl_nologk o:o Thrust Area Report FY92 2-3
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Enhanced Enforcement of Mechanical
Contact: TheMethod of Augmented

. Lagrangians

' Bradley N. Maker Tod A. Laursen i
Nuclear Explosives El_,qneerh_e, Duke Universih/
Mechanical E_igineering North Carolina

We have introduced the method of augmented Lagrangians into our stress analysis codes,
NIKE2D and NIKE3D. This approach provides a simple and effective enhancement to the

penalty method for enforcing contact constraints. Also, by using augmented Lagrangians,
accuracy is determined by physically motivated convergence criteria, independent of the

penalty parameter.
II I I IIIIIII nnulu

Introduction dis_'ibutions that balance the applied loads are
obtained.

Contact L_b,veen defl_rmable b_Ktiesoccurs corn- This simple example highlights the nonlinear
monly in mechanical systems. Stress analysis codes nature of the contact problem. Indeed, the defor-
that are applied to muiti-body systems and assem- marion of each body may be large, generating both
blies must accommodate this contact to be useful geometric and material nonlinearities. But themore
to design engin___,rs.Our NIKE and DYNA finite fundamental nonlinearity in the contact problem
element codes have a widely recognized capabili- arises from the discontinuous manner in which
t_,to capture the mechanics of contact in complex the contact area evolves. Since the surfaces are
systems, as the models in Fig. 1 demonstrate. The faceted, the contact area grows or shrinks in dis-
results of this re._arch effort have further enhanced crete increments. These abrupt changes in contact
ourcontact algorithms by introducing the method area are sharp nonlinearities, which complicate
of augmented Lagrangians into NIKE2D and the equilibriumsearchprocess.

3NIKE_D.

In the finite element methcKl, bodies are dis-
crerized into as_mblies of elements whose bound-

aries are described by a _t of node points. In this The constraint algorithm u_d to minimize pen-
context, mechanical contact conditions act to con- etration in most finite element codes, including
strain the node points of one body from penetrat- our own, is the penalty methcKt. This simple but
ing the boundary surface of another. Figure 2 effective approach introduces penalty springs be-
represents the diKrete contact problem in two tween the two bodies wherever penetration oc-
dimension,¢. Driven by the action of externally curs. As the penetration increases, the springs are

' applied loads, a single node point from the 'slave' stretched, generating forces that oppo_ further
bcxty penetrates the boundao, of the 'master' bcKly, penetration. The springs act unilaterally, i.e., when
This penetration is identified by a search algo- the bodies ,separate, the penalty springs are re-
rithm, and activates the constraint enforcement moved, allowing gaps to open.
algorithm. As the contact constraint is enforced, One obvious drawback of the penalty methcKt
penetration is minimized, and stress and deforma- is that penetration must occur before any con-
tion are induced in each body. This deformation straint forces are generated. Thus, in the equilibri-
may cause other slave hcf.desto penetrate the mas- um state, where each penalty spring is properly
ter bc_,ty, which in turn activates additional con- stretched to balance the applied loads, the two

straints. As this iterative process reaches bodies are interpenetrated, and the exactcontact
equilibrium, the proper contact area and pressure condition is violated.

EngJneer,ng Research Development and Technology ":" Thrust Area Report FY92 2-7



Figure2. Enhancedenforcementof mechanicalcontact. (a) A searchalgorithmdetects penetrationof the master bodyby
the slavenodepoint. Thepenalty method introducesa sprini_of stiffness k betweennodesS andM. Whenstretched, the
springgeneratesinterface force F= kd. (b) TheaugmentedLagrangianmethodappliesFas a static force onnodesSand
M, anditeratively augmentsthis force, i.e.. In+1= Fn + kd_until a convergencecriterion is satisfied.
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ParaDyn: New Generation Solid/
Structural MechanicsCodesfor
Massively Parallel Processors

Carol G. Hoover James D. Maltby
Natiolud Eneli_yResearch Nuclear Test E11gim.eritlg
Supercomlntter Cetlter Mechmlical EllghleeriiN
Computath)_ Directorate

Anthony J. De Groot Robert G. Whidey
Ellgi,eeril N ResearchDiv/s/o, Nuclear ExplosivesE,@zeerilz_
ElectrollicsEilgi_leeriJlg Mechmlical E_Nilieerillg

The objective of this work is to develop DYNA3D for massively parallel computers. In this

last year, we have worked with the DYNA2D program on a Thinking Machines CM-5
computer to develop strategies for distributing the data and parallelizing the finite element

algorithms. We are using the experiences gained with DYNA2D to guide the parallelization of

the algorithms for the much larger and more complex DYNA3D. We have measured perfor-

mances comparable to Cray Y-MP speeds for a DYNA2D test problem on systems with as many

as 512 processors. The performance results show moderately large communication times

relative to computing times, particularly for the global force assembly (scatter). We attribute this

performance to the early developmental releases o. the CM-5 software.
in lUlll InllB

Introduction computer is a I(_-prcx:c,s,_)rsystem with a peak lx,r-
ti_rmance of l (_IFI_OI_per pl'oces_m The motivation

l,k'centadvancc_inmicroproct_,'s_rchiptechnol(_ for developing a parallelizc_:l vel,-sion of the solid
bw and parallel computer architecttm_s am revolu- mechanics programs (1)YNA and NIKE) is the po-
tionizing the concept of supercomputing. Vtx:tor tential in the next three to five year,'s for running
supercomputer architecturc_ have mach___Jtechnolo- applications that air larger by hvo or thrc_,ordel,'s of
bY.limits fllat preclude the ordel_x_f-magnitude wr- magnitude than are possibleon \'_x:torsupercomput-

formance improvemenks exl_x'ctedfor the massively el,'s. lllis would allow simulations of hundreds of
• parallel ardlik_cttnrc_.l A massively paralM comput- millions of elements rather than a few hundn._.t thou-

er is an arrangement of hundred.Is to thousmds of _-md elements with DYNA3D.
micropax:es:_ interconnected with a high-spt_:l Figure 1 illustrates the speed and storage re-

• internal network (currently up to2N)megabytt__/s), quirements for typical advanced applications in
Typical rnicroprocc_r peak spt_,,ds range fl'om a metal forming, materials science, earthquake sire-
low of 10 MFLOPS per processor to a high of ulations, and crash dynamics. Notice in Fig. 1 the
ICX)MFLOI_ wr p]'(Kt__r for piwlined (v_vtof increased complexity of the models for points in
like) processors. Performances between 10 and the upper right portion. These applications are of
ICXIGFLOI_ are possible t(_.iay on systems of I(XX) high value in government research and for their
processors. By comparison, the latc_t vector super- impact on industrial competitiveness.
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Computational Mechanics .:. ParaDyn: New Generation Solid/Structural Mechanics Codes for Massively Parallel Processors

Year ' Progress
1992 1994 1996

100 GW 'l 1 I I ]........ The DYNA3D program is nearly twice the size
_b of DYNA2D, and timethree-dimensional algorithms10 GW -- ...................... _ff-

T, Tb (e.g., for contaCtstrategybetweenslideexperimentSUrfaces)are more.a,_..1 GW -- Mb -- elaborate. Our is to with con- '
I version techniques, parallel language paradigms,

100MW - E._ C -- and alg()rithm parallelization with DYNA2D rath-
10MW - C C, _ erthan with DYNA3D.

The development of a parallelized versk}n of a
1 MW -- M -- large vectorized program necessarily proceeds in

I" I ] ] ] steps. The first and most ted ious step is the conver-
102 10a 104 105 106 107 sion of array storage. Tit{, storage allocation for a

Performance(MFLOPS) distributed-menmory massively parallel computer
Figure1. Advanced applications for massively parallel pr_ is dramatically different than for acommon-nlem-
cessors. The data represents systems as follows: O1_serial computer. Careful analysis of reused
E = earthquake simulations: (a) bridges, buildings and oth. storage, detailed conversion of array layout, and
er structures, and (b) full Bay Area earthquake simulations, pa ra meteriza Lion of the element vector block length
c = crash dynamics simulations: (a) automobile comp@, absorbed well over one third of our effort. A bene-
nent simulations, (b) automobile/barrier simulations,
(c) multiple automobile crash simulations, and (d) aircraft fit of this work and of the following Liming analy-
crashsimulations.M= metal formingapplicatiomi: sis has been timeinsight we have gained into
(a) two-dimensionalsimulations,and(b) three-climeilsional techniqLleS for greafly reducing this sameeffort for
simulations. T = tribology and nanometer.scale machining timeDYNA3D conversion.

simulations: (a) large-scale (10 to 100 million atoms) mo- _]]mecompuLafionallyex]Tensivestepin timeDYNAlecular dynamics simulations with no electronic structure
(ab initio) calculations, and (b) hybrid molecular dynamics algoFiLImm is the element-by-element force evalua-
and continuum mechanics models with billions of particles,/ tion, The vectorizoJ version of this element pr{x:c_s-

zones and electronic structure calculations with million par. ing translat(__readily into the data parallelparadi_nT1
ticle molecular dynamics. Projected times for the next gen- on the CM-5. We have completc_ia da_l parallel
erations of systems are given along the top of the plot. versiolmof the forceupdate and time integration for

III iiii IIIII IIRI I I i lll llll mill I1|1

Table 1. Timing for the 7 cycles of an elasticplastic bar impacting a rigid wall. There are 32, 768 elements in the
64<_-512 mesh. Results are for a 512.processor CM-5. t Thegather time is associated with the block processing for multiple
material and element formulations. Thescaffer time is associated with the global force assembly step. The parallel
reduction time accrues for calls to an intrinsic parallel library routine.

June 1992 November 1992

l}r{}cess{}r CPU time 29.3",, 20.8 _,,

-- _tl IGather/scatter Lime 33.8% 24 ..... ,

Pa ran el Red u ction s ().8' _;, ().7' I,,

Front-end to process()r time 36.1% 54.()%
l_tals 183.7 s 0.962 s

NCM-5 elapsed time for / cycle. : 2.03 s

Time per element-cycle (November 1992): 9 his for the 512 processor CM-5

6 _s for the Crav Y-MP

The abm'e results d_} n{)t include the use of vector

software. At the time _}f this printing {_ur timing

restllts for the CM-5 ha ve im prc wed t_. 732 _.ls

per element time step.

t IJisclaimer Inl "lhinking Machim's C,nl,,.'alion. l h,,.,rr, .idl_ m'rf,a.r,I t,_ona h,.t i'e'#_hu!o/'lie .i#_l;#a;'_' il']ll'#'¢'till' i'#ut#l_l_i,i_',l_,nl ln'lli",,tl,#,4
fun, h_utalih¢,md lh,' 1,,,,I,ur, r..-.arl/t,_t,r,4ml,"ql_l<,,' Ill,'( .\l ; i_'ll]li"¢,t,n"Hill/-."ltg_ *,,ti_rm','rdr_',,'has m,t had th,'t_,','lcf)tol,,f#lmi::,_li,,t,,r
pi'rlDrllhllh i' ll/lllll,_' ,llhl. i _#l_i'i/lli'lltlll. I, lli_l lip( ,'_,,l_,'llIl rPllr,',,i.llhll lP!' of llh, lh.lh n'llhlll, i' i}f l]l,' t)dl Pi'r,h,ll i}f/llt_ ,,HfiiPtlrr.
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(a) (b) Figure 2. Partition-

At__"__"", ing of a standard....•", '_:_, " __ _ three-dimensional

_-'_,-'_-_;_+c_ ;_ _ i_.k.k_ mesh for an automo-l_; ' _..,_-\-_ \ , _ . v _, ' ._,.\-_ bile piston; (a) the

'--7-:-' ._2-_::t_:l_:i 1 _..... .-_ eme,,tmesh.(,)_he

processors, the

_'_ processors. (d) the

partitioning of the
x ..... piston mesh for eight

(c) " (d) processors.

....l<"-.,._. 4 '.>c._4

,, + ' re.7,.,

1>_>ill('l,),-.lit<)l)_l_'i,),_li,1>i,)-.li_i)),ltl,)),ll i))()lN,t,-.\\<, I1(,<,,lilllillllh ,iti_)lltilil(,_ \',l, li,l', (' llll',i<_lll't'_l,llt
c]ll)_' ,i ,-,l<lllct,lr<t h,<_t<,l_', ,i I_,lr )ll/t><l<1i)1)- ,i ri_,,i<l _.iill_'\<_'<_-,i\!'l\ I_i,._l_I<)l ,I I>,ll,lll<_'_t c,il<,ll,llic,I. _.",_'

_x,_lt,tlir 1i111i111,_,,/1_<1t>l'rl_>il/I,ll/<_',ll/,il',<-,i<_. Ii,l\ _' <_)ll,ll_l,l,ltl'<t ',\ i11_< llillt_lihlli_li/,ll ,ill<ll\ <,1'-, ,il

I_,/I,lll<ii_l.." il_' t_,lr, illl'l ,lil<l ,-._,ll,lr <,tl<lil,tli,_il Illiill..ilG.', \l,i<ltiil_"_ I_),iil,ll\//'tlll' il/ll_,ll,ll/<(' ii_ lll_'

lilll_,t\ill_lll,l\x_)rl..lill]_,i<_,,-,<_,illi,iI t_)r_,ili, h,ill ii<-,t, tlliliil_.,_ t()l tl_i,_ h,_t i_i_)lq_,lll. I1_' <tl,\_'h_t_il_')ll _)t

_)1 ,i lll,l<-,<_i\_,l,, t_,li<llll'l <<)llit_illt'l \1) tllll_,tl,lll<_,<l _.\,_h,ill<-,(fll\\,ir<'_ll_tl<i._<()li',ifih'i_,lll<t<()llllllllllll,i-

t_i.i)l,i(,lli \x ilI1_ ()i_lil_tii_h,ili<)i)liili<,<.,,\<,,_,<lii_)t< ,11 li,)il tit_)<irh.,<-,l()i lll,/<+_)\,'l_,t,,lr, lll('l "-,\._1('i11'-,i_ ill iI_

<til,lli()l_tiill/,<_t>il,\<,ill..lll_,<t<,<_ii,lt_l_,li)l<,,il<_t_l'<,<t i)ll,ii/_\ \\('liil<llll, llll),'it_'\,('r,lltql,l-h'<,l\_'r<_iiil/'_()t

lit_<_t,il,<tict_,,tl)\ \lil_t,ll_l'_,l,lx\.(ii_tll_,t \l _>.lll_, lll_,..()tl\\,lr_,.ll<_('<ti_()\\l>\ iil_'<<)i_lt>,ill\,_ll, llv<.l<-,,t\ill

t>l'rl()illhlll< _',lll,ll\ <,i'-t_)<)l, I'l._l<_\l,l/,l<, l_l'_'il _,tl_,< <Ihlll,._j ' 11_("_' i,"-,llll <-,II t ) h),lli i)l'tl,'l <it lii, l_.',lliltlct('

li\_,il_l_ri)\i<tiils-tl_,l_r<,,il.._t_)\\il()ill<li<t,,x,i)-i,tii_l/,,-.. II_i .... ()ll\\,lr_'ill,i\ l_t,,i\,lil,il_ll,h_li_t\ill_iillll('il_'\t
11_, ill_)<_i \,/Ili,lt>l_, t<,,tlill<, ,)I I)1,_1<_\I i<_111_,,i\,iil tlll_,_, 1_),.ix lil_)l/lll<_ \\ill/ tll_' i)_,\\ \l,r<_h)ll_ ()1 lll_'

,ll>itil', <)1 lilllill,,., <l<ll,i tlll_)lil.tll_)tit lilt, t,l<).,,;l,ilil, ,._)iit\,ir_,,_\_,<,\t>_,,l l_)_,\_<,_,<t-,ilL,..l_,t,r_,_,_<_()rt i,l\

I/,>lll llt)t_,'rh,\('l <_il}_r()illJlii,.-.,i_)t\ I)1_))i)_ti\ i_lti,il ( <)llt,('rl_)riil,til(<"-.l<)i,i'-,iil_.',l('ill, il('ii, ill>r()l_ll'il/\\ illl

I()I'_IN.\\ "_t,lt('l/l_'lll<_. I',x_)tilllili" ,ill,tl\'.l'<- ,ll< ' ,i r_".'tll,lr h_l)_)h))',\. \1 lil_, lillh'()l llli<-, t_lilllill'," _ltlr

<_l/_\\ll ill l,ll_lt' I. II1<, t_'il_,rill,lil<(' <litt_'l_'ll_' ill lill_iili..r(,,-.illl<-.l(,r Ill_'( \I ,ll,l\_'iil)t>l_)\t<t h).7">_!l'-,

il_, It\_)illll'-. i'-. ,/ <<)llil_ili/'<l _,1t_,<i <,1 tl,ii<t\\,il_, I,_'rl'l(,lli_'lll liilll"-q('t,.

._ltll\x,li<,< Ihlll?.',l'<_,il il_' \rill\ I Ill.ill I'_,ltl)lili,lll<<, <,_,\l,i,il I,,<lllli<llil,<. II,i\_, I>(,(,1t <t<,\<'1<)t>_':tl()r

({()ll/t_tilill,,<" I._<,,-,/,,ir< I_( _,)ll_,l,lll, t,_,\(.i,it t,i_j..l,ill/ t),ll,iil< ill,,; lli('<_)llil,tll,ill<)lhil \\_)ll..,illl(,ll)t t_l_)c_"_

il_ill;" ti/,li17'_t'_ iil'-.l_ii('<l I_\ lll_' I'1,_1<,",I _t,ll i'_ti<'-. '.,)l<_ t\llil_' ll/lillllllllll)" ttl<' <_liilllltllll<,ilh)ii lil)lt'.

I1_, ,fl_<,<,<l,l<lli_'\<'<t l_i ()111 llt_,._l I_'<l'til IIII/ i'. \\_',li_' t<"-flilli._,,I r_'<lli'-i\_'<-,l'_',li,ll I>i'->l'<li()ll ll'<ll

<)il/i< i<)_,,,<Hlcl'-, I,_'l t'l/,lil_'llt _\< t<'. \\ Ill, it I.-,<()111 l/l<lti(, x\ ittl ll_l_,l. ,lll)!('ll<_i()lhil l/It"-,lll"-., tX(' Ihl\<'

t_,ll,ll_I<'ll)llt/'_,II_'t_l'()l_"_<,_)t 't \ll'l,,'il(_iiil,tillL'<,l ,l_'\_.'l<,t'_',t,l 1)i*'lll,)<t I()l\ i<_tl,illlill.'.'_(ll<'l_'<-iil{",,,i'_

f_ III1< I( ).->l,,,))_tl'-_ t_t'l ,'il.'lll/'l!l < \< It' '.11<)\\IIill I i_,. ]
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ComputationalMechanics-:. ParaDyn:NewGenerationSolid/StructuralMechanicsCodesfor MassivelyParallelProcessors

Future Work dement, at least one shell element, one contact
algorithm, and solid/structural mechanics capa-

We will continue to use DYNA2D to experi- bilities needed for three large-scale demonstration
ment with algorithm parallelization. In this next problems. The demonstration problems include
year, we plan to investigate: (1) message-passin,_ the sinlulation of a nanoindentation problem, an
and data-parallel versions of selected contactalgo- aLltomobile/barrier simulation, and a weapons
rithms, (2)a data-parallel and message-passing penetration application.
hybrid system soft_,are model available in the
next year from Thinking Machines, and (3) paral- Ac_klllOWl_l:lgeml__rlt
lel _able lookup and sort algorithms, which are
appropriate for contact algorithms. We will begin We gratefully acknowledge the Army High
the conversion and parallelization of DYNA3D Performance Computing Research Center forpro-
and develop kernel algorithms for DYNA3D for riding CM-5 omlputer time for this work as part
further evaluation of parallel programming para- of their General Plan for Developing Struch_lral
digms and architectures. Analysis Programs for Advanced Massively Par-

DYNA3D is an 80,000 line analysis program allel Computers. Funding for computer time was
including ten finite element formulatk)ns (solid supported by, or in part by the Army Research
elements, shells, and beams), 35 material models, Office contract number DAAI,03-89-C-0038 with

equations of state for hydrodynamic models, sex'- the University of Minnesota Army High Perfor-
eral algorithms for contact at arbitrary interfaces, mance Computing Research Center. We thank
and a list of additional boundary conditions and Earl Renaud from Thinking Machines Corpora-
mechanics algorithms, all of which make the pro- tion for his advice and cooperation.
grain one of the most widely used tools for nonlin-
ear structural response simulatkms. Our plan cwer t. B.13h(_ghosian,Cc,nimt. Pltl/s.4, 1 (19cJO).

the next threeyears for demonstrating a prototype 2. H.D. Simon, C_,nputiJo,,5vsh'ms i_ Eu._,,im.eriJtk,2
massively parallel version of DYNA3D includes (2/3), 135(lc)_Jl). La,
implementing an eight-n(_de solid (continuum)

2-14 Thrust Area Report FY92 .:. Engln(_er_ng Rt, sea_ch Do_el_)l)ni_)nt anl,' le(lln(lt()g_
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Composite Damage Modeling

Edward Zywicz
NuclearExplosivesEngiJleering
MechanicalEngineering

a

A progress damage model for continuously rehlforced, polymeric-matrix composites is

being developed and implemented ill the hnplicit fhlite element code NIKE3D. The constitutive

model replicates the discrete laminae with an equivalent homogenized material prior to the

onset of damage. Failure criteria eventually h,igger damage evolution laws that track individual
failure mechanisms within each lamina and degrade the stiffness and strength of the laminated

composite. Failure criteria and damage evolution laws are currently being developed, as well as

numerical procedures, to efficiently address the multilayer nature of laminates. This work will

allow analysts to simulate the redistribution of load as the composite materials degrade and,
therefore, to design minimal mass composite structures.
|i i ill iii ilni iiiilU

Introduction ual life and strength. At the same time, the mate-
rial model must be numerically efficient and

Continuously reinforced, polymeric-matrix resolve the complex lamina behavior within each
composites offer substantial weight savings over laminate region modeled.
conventional materials, such as steels and alu-

minums, and at the same time provide equal or P_
superior mechanical properties. For example, at
Lawrence Livermore National Laboratory, con- A continuum-based framework has been as-
tinuously reinforced graphite/epoxy (Gr/Ep) sembled to represent composite behavior. The
composites are used in lightweight earth-pene- approach uses conventional 8-node, solid iso-
trator weapons, advanced conventional muni- parametric, 3-D elements with conventional
tions, and enhanced nuclear safety systems. 2 x 2 x 2 Gaussian quadrature. Element stresses
Commercial applications of Gr/Ep composites and stiffness are calculated in the usual way at
include high-speed aircraft, automobile drive each Gaussian point; however, the constitutive
shafts, bicycles, and tennis rackets. Currently, evaluations use homogenized material proper-
components manufactured with continuously ties that are calculated uniquely for each ele-
reinforced, polymer-based composites are de- ment. During initialization, the 'virgin' elastic
signed very conservatively or must be tested properties of all laminae present within each
extensively, because the failure response of the element, which can vary between one and two
material is not fully understood. To overcome hundred, are homogenized and stored along

this barrier, a composite damage model is cur- with element-level, strain-basect, failure criteri-
rently being developed and implemented in the on coefficients. Throughout the analysis, the
implicit finite element code NIKE3D. 1 small-strain, finite-deformation (total-Lagrang-

A progress composite damage model per- ian)-based constitutive relation continually up-
. mits analysts to simulate the complex three-all- dates the element stresses, using effective

mensional (3-D) response of composite stiffnesses and monitors for failure initiation,
components in both subcritical (e.g., dings in an prior to the onset of damage.
aircraft wing) and catastrophic (e.g., car crashes) Element-level failure triggers an in-depth lam-
loadingenvironments. Tobe useful, thedamage ina level or microanalysis. The microanalysis
model must accommodate a wide range of fiber checks for failure, and tracks and ewflves indi-

layups, track damage evolution based upon in- vidual damage mechanisms for each lamina
dividual failure mechanisms, and predict resid- present in the element. Furthermore, it degrades

Engineering Research Development zlnd Tect_nology 4, Thrust Area Report FY92 2.:lL5
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the individual lamina stiffnesses and calculates any twosystems fora specified displacement field.
a material tangent matffix. Tile updated stiffnesses The kinematicsassurned in theeffective long wave-
and tangent mah'ices are then homogenized for length solution are, with the exception of the
use at the element level, through thickness shear sh'ains, identical to an

The two-tier homogenized approach provides &node, rectangular, isoparametric brick element
a rational and precise mechanism for tracking and fiw small strains. Therefore, the finite element solu-
integratingthecomplexresponseofdamaged lain- tion reflects the same behavior assumed in the
inated composites.For undamaged material points, homogenization. Thus, the effective properties rep-
the homogenization technique, which incorporates resent precisely the varying lamina orientations,
bend ing and coupling effects,yields accuratesolu- and the stacking sequence,'elatesbehavior, i.e., the
tions at asubstantial computational savings, since bending and coupling responses.
laminate integration is performed only in initial- Equation I allows approximate, but very accu-
ization. Traditional methods use single elements ,-ate,element-level integration with conventional
or integration points for each lamina or homoge- Gaussian quadrature. With (_.= 0.25, the maxi-
nized material property and neglect bending and mum normalized error in any single stiffness or
coupling effects. Efficiency in the undamaged re- force term is lessthan 8.4x 10-_.Although smaller
gion is very important since,in general, only small values of(y.reduce the integration error, they intro-
regions of typical composite components reach duce other undesirable nunwrical problems. By
critical load levels.To date, the element homogeni- restricting individual laminae to be orthotropic,
zation technique, a conservative, element-level, o,fly 19coefficients per pair of Gaussian points are
strain-based failurecriteria flw fiber-direction strain necessary to describe CIJ(z), independent of the
to failure, and a micro-lamina-level subintegration number of laminae present.
scheme have been developed, implemented, and
veri fled. Failure Criteria

Element Homogenization and Accurate, strain-based, element-level failure cri-

Representation teria minimize computational costs by postpon-
ing, as long as possible, the use of expensive

tqonlogenized stiffness functions 2 are used in microlevel analysis. Ciiteria must be conser\'ative
the element to represent the total sub-laminate toensurethat failure initiation isnot missed within
response. Within all ek, n-ient, the homogenized any of the sublaminae, and thus, a criterion is
local stiffness Ct I(z) is given bv needed for each failure nlechanism.

Laminate strengths are inherently limited bv
c _(:) = c__ _cl_: _c__cos{_: ), (I) the extreme stresses and strains that the individual

fibers and matrix can sustain. Since fibers are typi-
where Gl_t, ClI, and c_I are element-based stiff- callv brittle, one convenient and commonly used
hess matrices, z is the normalized distance from criterion base_ damage initiation or failure upon

the element's centi'al plane, dnd (X is a constai-lt the nlininlunl and maximunl fiber direction
used to minimize element integration error. To strains. 4 A ct_nser\'ative, element-level failure cri-

determine GI/, ClI, and c_I, all laminae present teflon based upon fiber direction strains was for-
in an element are identified. Next, rising the mulated. Tensileand compressive failure initiates

closed-form long wavelength solution of I'aga- when

no,_thecurrentlan-iinastiffi_essesare'integrat- [ [ )2, [ ]i__
ed' tllroLigh the element thickness, yielding the a max0, _'s---L _ ma×0, _2__
effective extensiorlal (A), coupling (B), and bend- It# lt;

ing (D) ma ti'ices of tlle c,lernc,ilt. l'llis appi'oac,l 1 [
+ ,. )'i__L i'i2 }I ._.41_--I (2)

treats each elernent as a unique sul:>laminate, max i ,, ,"2 ,--_/jl 41/'_Using tl-lesaille long wavelength prtK'ed l.ii'c!, Eq, 1
iSintegrated. The resulting extc,nsiona], coupling, and

\'it)uS ones and n-ianipulated to yield G_,_, cl _, .nin(0 _'_ _"", , t-b nlin 0, ""

and _._1directl\' in tern-is of the actual lamina , t t1 "_ J/

propertic's,,,lt' local geometi'y, f ",-' ",__!-'t 4l_-,---,,'_ -. (3)
TI-iisapproacl-l,aswel-ia\'erloted,-erlsuresidc, n- + minl,-i v) i'_ j 41_'_ 'tical net l-i-iid-sl.lrface f(.)rces alld i-i-il;.)lllellts bl.,tweeil
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r_ll i iNBUll

respectively, where Figure 1. 3-D finite
element discretiza.

a = max{cos 2 0 i } (4) tion of the Internally
pressurized thick.

I, = max{sin2 0i } (5) walledcylinder.,4• quarter section is
represented here.

CI = max max 0, - (6)
, (I. i

c 2 = min rain 0, - ' (7)
(l. i

In these expressions, c_l, c22,and el: are the in-
plane strains, ex[: lessed ill timeelement's natural
coordinate system; c_ and c): represent the COnl-
posite's tensile and compressive fiber-direction
strains to faihJre, respectively; and 0i is the angle .......................

between the fiber direction (in the i-th lamina) and 8r(r= r i) 8r(r - r0) Table I. Baseline
tile ]-axis of tile elenlents' nahlra] coordinate. Tile and 3-Dcalculated

radial displace-
value of [JposifiOllS the failure surfaceand is bound- Baseline 1, l 12 x l 0-4 8.294 x 1()-_ ments. *With 'in-

ed by 1/2 _<_ <_3/2. For arbitrary layups, the 3-D l.l12x 10-4 8.297x10-4 compatiblemodes'
optinlal value is [3= 0.785.Equations 4 through 7 3-D* 1.110x 10-4 8.260x 104 tumedon.
are evaluated using all lamina present within the
elenlent. In 8-node brick elements, the failure crite- Future Work
ria, Eqs. 2 and 3, need be checked on only the

'upper' and 'lower' element surfaces. Additional failure nlechanisnls are necessary
before component responses can be realistically

Internally Pressured Thick-Walled tracked beyond initial failure. This requires that an

Cylinder element-level failure criterion as well as damage
evolution relationships be developed for each

To demonstrate tile new model's ability to pre- mechanism. The lamina-level constitutive laws

dict the elastic response of a laminated composite must ezlsure solution convergence with nlesh re-
material, a thick-walled composite cylinder sub- finement, include all mechanisnas, and permit in-
jected to an internal pressure was analyzed. The teraction between the various modes. Ill the

cylinder was axially constrained and had an in- inanaediate future, development efforts will focus
side-to-outside ratio of ri/r. = 3/4. Tlaere were 72 on tile predominant failure modes, namely, tensile
Gr/Ep plies randonaly oriented with their fibers in and compressive failure, delamination, and in-
either the axial (0°) or hoop (90°) direction. The 3-D plane shear failure. Development of the evolution
quarter model used, shown in Fig. 1, contained laws will use both nlicronlechanical models and

only 60 elenlents, i.e., 12 circumferentially and 5 non-traditionalexperimental results.
radially oriented. Radial displacements on the in-
ner [_Sr(r= ri)] and otlter [6r(r = r0)] surfaces were 1. B.N.Makeb NIKE3I)Llser_Manltal, Lawrence Liv-

compared to a baseline solution and are listed in ermore National l,aboratory, IJ\'ermore, Califor-
Table 1. The baseline solution was obtained with nil, UCRl:MA-I()5268 (1991).

' an axisyrnmetric, two-dimensional nlodel thatcon- 2. E. Zywicz, Inl./. Nmn. Mdh. En,k,.35, 1031(]992).

tained 1152 elements in tile radial direction. It 3. N.J. l'agano, "F,xact Moduli of Anisotropic Lami-
modeled each lanlina with 16 elements. Calcula- hates," Mechanicsc?fComp(_sih'Mah'rhds 2, Aca-

• tions were perfornled with and without inconl- demic l'ress (New hbrk, New York),23(lq74).

patiblenlodes.Overall, tlaereisexcellentagreenlent 4. R.M. Christensen, ]. Cmnpos. Mater. 22, q48

between tile axisynlrnetric baseline and tile 3-D (1_)9())
honlogenized solutions.
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HYDRA: A Flow Solver for Three-
Dimensional Transient, IncompressibleY

• Viscous Flow

' Mark A. Chdston

Nuclear Explosiw,s Engineering
MechanicalEngineering

This article describes the current effort to develop a high-performmlce flow solver for
addressing tile incompressible class of complex-geometry transient flow problems that require
very-high-resolution meshes. The code development effort is described in terms of the algo-

rithm-to-architecture mapping issues involved ill both vector and parallel supercomputcrs. An
example problem showh'lg the application of the current code to a streamline submarine hull is

presented to demonstrate the class of problems being considered.
H i m ira, ill ,, iJl! i

Introduction portant flow-field features such as vortices and
regions of separated flow, which directly influence

This work ispart ofa collaborative effort involving vehicle lift and drag. In addition to the high degree
the M__v,.hanicalEngineefingand Physics Depal_nents, of spatial discretization, the temporal resolution is
and Military Applications at [_awrence Liven-note also demanding, requirhlg the efficient mapping
National Latx_ratory (LLNL). The development of a of the flow-solution algorithm to current vector
high-perfonnance, thret._limensional, transient, in- and parallel supercomputer architectures to make
compre,asible, viscous flow c_Kleis being undertaken such simulations practicable.
primarily to study submarine performance ill a fluid For the solution of the time-dependent Navier-
dynamics serkse. The effects of flow separation and Stokes equations with complex geometry, it isesti-
vorticity Ul:X_nvehicle lift,drag, and ultimately stc_er- mated that computers with memory sizes of 1000
inD are of primary inter___t.The final goal is to provide to 10,000 million words and performance rates of
a design simulation kx_l that will help to rt._.iucefile 10 to 1000 GFLOP's (1 GFLOP = 1 billion floating

cosily submarine design cycle, point operations per second) will be required. To-
While this effort addresses one of the National day, a fully configured CRAY C-90 vector super-

Grand Challenges of Computing, simulating flow computer provides a peak performance rate of 16
fields about vehicles and in turbomachinery, this GFLOP's with a memory size of 256 million words.
computational fluid dynamics (CFD) capability is In contrast, a fully configured parallel computer
unique because it also finds application within such as the Thinking Machines CM-5 provides a
multiple dMsions at LLNL, the Department of peak performance rate of 120 GFLOP's with 4096
Energy, and in U.S. industry. Applications include million 64-bit words of memory. By focusing on

• the study of casting processes, heavy gas disper- the rapidlyevoMngparallel computing platforms
sion, and flow in the planetary boundary layer, andmakinguseofadvancednumericalalgorithms,
There is also immediate application in industries the goal of rapid simulation of complex geometryI

critical to U.S. competitiveness in the world econo- flow simulations for desi[_l may be achievable in
my, such as the automotive industry where CFD is the near future.
behlg used to augment engineering desihm in the
areas of vehicle aerodynamics, heating and air PI'OI_I_
conditioning, and engine and underhood cooling.

For the full-body, transient flow simulation of a The current finite element code for solving the
submarh-le, it is anticipated that upwards of one Navier-Stokes equations is based primarily upon
million elements will be required to resolve ira- the work of Gresho elal., I-4 making use of ad-

Engineering Research Development and Technology o:o Thrust Area Report FY92 2-19
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vanced solution algorithms for b(Rh implicit and tafi(_noftheci_k, suitablef(wthelanlinarflowregirne.
explicit time integrati(m. In the case of the second- In the ca_, of the vo:torizc_t velsion of the ox:te,

order fl'actional step algorithm:_.4 (implicit), a con- element()l-x, ratii)nsarc, bh_cked int()gr(iups(lfcontig-
sistent-masspredictorinconjuncti(in witha lumped uoi.ls, data-indel.x, ndent operati()ns by using a sire-
mass c(Irrector legitimatdy decouples the vel()citv plified d(imain-dcv(/mpositi()ll stratel-,O't() group the
and pressure fields, thereby reducing both memo- elernerlL'<This approach restllLs in a c(Kie that is
rv and CI_U requirements rdative t() traditional, completely vect(irizt-_J,yielding performance con>
fully coupled soluti()n stratt-,gie:< The consistent- parable to I)YNA3D for the time integration (if the
mass predict(_r retains phase speed accuracy, while momentum equations, lq()we\'er, the._)luti(in to the
the lumped mass c(irrector (projectil_n) maintaills pressure P(_isson(Iperator limits the overall _x,rfi/r-
a divergence-fl'ee \'elocitv field. 171_lththe predictor mance of the c(_Je,taking tip t()95% of the CPU time
and the corrector steps are amenable to s(flution per simulati()n time-step in pn)blems with stn_ng
via direct or prec()nditioned iterati\'e techniques, prc_sure-\'el(x:i_.'c(lupling.
making it possibl,, to tune the algorithm to the lk'cau._'theelementdatastructurc_f(,thevectof

computing platform, i.t-,.,parallel, vector, (_rsuper- izoJ version of IqYI)I_,Aare adjustable, they are al_
scalar. The second-tiMer projection algorithm can u_'d flit the SIMD (CM-2/CM-B) implementatitln,
accurately track shed vtlrtices, and is amenable t() where elernent-level operations are 1,x,rformed in a
the inc(vporati(in of either simple or complex I(K'k-stepparaiMfashion. F(irtheCl_,AYarchitcvture,
(multi-equatit_n) turbulence submodels appropri- the \'t-'ct(,"bl(_cksize, is c()nfigured as 128 (hvice the
ate for the dri\'ing applicatklns, length of the vector pi}x,line). In the ca._,llf theCM-2/

The explicit _llution algorithml, 2 Nlcrificc.'s_)me CM-2(X), the element block size is c(,_figured as a
of the pha_-sl_x't_J acctlrac\" of the flactional-step multiple of the n3irfinltlrn \'irttlal pl'(t%._,sir ratk_ (4)
algorithn_ for the _ke of rnininlizilig nlenloiK, and andthenunlL_.'r(lfavailable pn_ccssingelements.For
CPU feqLlifelllellt_, However, the nl()nlentunl eqLla- the CM-5, the block size,is configtlred as <111integral

tions arc, still clc;oupk!cl in the explMt algorithm, multiple (if the pl'OCC%_)lvtt't()r piD,line length and
While N}th the diffusive and CoLlrantstabilih, limits the IILinll%,r of availab e pl'(t'c_sii,N enabling procc_-
ml.istbertsl_xrted in theexplicitalgorithm, balancing ._}r pipelinoJ ol_x,rations in conjunction with SIMI)
tell._.lr diffusivitv i,2 is Cl.._,dtii Ic._'n the rc_tricti\'e parallelism.
diffusive stabilih, limit i11the t-'xplicitalgorithm. 11_is, In the SIM1) (CM-2/CM-B) \'ctl.'si()llof the c(Kie,
in combination \vith singlc>]:x)ir_tintt._rati()nand hour- data de].x'ndence in the elenwnt blocks may LK,re-
glassstabiliz_tion, makt-_the explkit algorithm very _@t-vlusinghardwarc_4xvificc(immunicati(in/c(m>
efficient computationally, and N_'cau._,of this, the bining ol.-_trationsfor the parallelized as._,mbl\' of
explicit algorithm was cho_,n as the initial f(K"usof element data to n(_:taldata. Insteadof data del_x,n-
the parallelization effort, dency, the c(insh'aint on ct(lil_ail-_decomposition in

The fl'actional step and the explicit alg()iithms the SIMIJinlplen_entati(in reqtlirc_tl_at the elements
both rely upon the implicit._)lution of a linear system iX' grotl]_n_t'] ina spatially contiguotls illallner t()mini-
arising fr()nl an elliptic owrator. Ii1 the ca._ (if the mize the deleterious efM:ts on ].xtrf()l'nlance (If (ifl:-
fractional stepalgolithm, this.'_ltltion isu:<,dt()proj__vt procc.'s_)r c(_rnmurficati()ll, t-hlwe\'er, txvau._' the
an intem_cdiate velocih' field tll a divergence-free ._m_e data strtlcturcs arc tl_,d for the vect()r and

space. In the explicit ._}lution strateb,,3',the elliptic S1MD \'ersklns(if HYI)RA, it is possible to appropri-
ol_x,rator apwai.'s in the prc.-;sure Pois_}n equation, ateh' I'cv(,ffigure the block size filr each architcvture
which is tl_,d to advance the pn_ssure field in time. for the ._ke (if bK,rfom_anct-,. In effort, the element

Ik'caLl_' the linear s\'stem ._lver isa key c(_mponent grouping strateg3, pr(wictc.'sa mecl_anisrn t_laccount
of the alg(_rithm-to-architecture mapping for both for variati(Ins in granularih.' across superc(imputer
algorithms, it has Lx.,ennect_,"r;.',kli_'t(I de\'&lp m(Kii- architc_cturc.,sranging fr(inl vecti)r to SIMI) t()Multi-
fled, toni' lgate-gradient iterati\'e iI ""'s_,ve_. , that mini- pleins{ltlcti(in MtllfipleData (MIMI)),
mizethe inlpact()n 111e111o1_'rct ltlirenlenLsand allow ik,4allV alternative dolllain-dL_(inlptisJti(in alga-
tile natLIra]data paralh_,lismof elenwnt-level pl'(t'css- r thins are a\'ailable, including n_eth(_ctstilat consicier

ing t_)kx, exploited. For both the explicit and the thegraph_lfthefiniteelementm___hrwhensubdMd -
projcdion alg(mithms, n(i additklnal st_,'age is re- ing the physical domain, and are not restricted t()
quirc_.if(ir theelliptic ()l_'K'l'atoritself,n]aking tile cur- logically regular l'llc%ht.N, [.;_Vmatching the domain
rent conjLigategradient._ll\er cs._,ntiallymatrix-frc__', dec(inlp(Mti(/n strategy t()tilt.'SU__XTCOIllpUtel° archi-

l)urhlg thepastyear,our efft_l±_ha\'e I._.t,ndirt-t-t- tct'tLIl'e, it will {_.'possiblet_ maintah_(iptimal i_x'rttli--
ct] primarily towards the vt_:torand data-parallel (ir nlallce on \'cx:tllr,SIMD, and MIMD machino_.
SiMD (Single lnstrLictil),_Multipk, Data) h_plemen- t tYI)I4A has [xt!n written clsingstandard, UNIX

i



HYDRA:A FlowSolver for Three-Dimensional,Transient, Incompressible ViscousFlow o:0Computational Mechanics

III II I IlI

._fftware-development kxfls, enabling the c_x.ie to be (a) Figure1. Results of
sinMtaneouslv developed in FOI,ITRAN 77and FOR- ,t_i--rr-i.mz,_,,,._.._ calculations per-
TRAN 90by making Ll_' of colnpile time configurati(_n __:_t formedonsimpflfied

of Lhe_t_,al'e. lhis approach has made it possibleto _ submarine-hullcon-
provide HYDRA in a form suitable for computing figurations,showing

platforms including workstations, and CRAY vector z (a) themesh usedin• the computation of
and Tlllnking IMachilleS SIMD sLipercolllpLitel'S. The "]--- X the flow field;
top-down dc_i_,mand botton'-up implementation have Y 0.82

, l'ec]Llil'edthe dcsi#l of a memorylllalla_elllellt pack- //-i _ pressure;(b)isosuffaCeSandof
age that makc_ it possiL-fleto perform d,olamic. IllelllO- (b) ¢ i 0 (C)theisosurfaCeSx.velocity,ofry allocation on a SJllgle proces.'-;or work,_tation, ----.,

multi-pr(x:essor CRAY, or on the proces_)m of the -1.V4
CM-2/CM-5 with asingle interface definition.

z 1.18

Application (oY"Lx t
Currently, initial calculations are being performed

on a range of simplificnJ submarincMlull configura- 0
tions, llle top frame ill Fig. 1 illLIstrates file mesh u_,d

Z

in the computation of the flow field around a stream- y--,Lx
line submarine hull at a Re_qlolds number of 8_),

ba_'d on the hull diameter. A 1/4 symmetly mt×iel

has bc_en tl,_.t, restllting in a lllc_h with 18,(XX)ntKies Kalabilib' ill terms of the rnc,,sh l'eN_ltlti(_n, nltlltiglid

(16,0(X)elements) or 72,(X)0degrc_.s ()f fre_:l()m, liwv- acceleration can pr(wideenhanct_J com'ergence ratc_

tank conditions were impo_t on the computational by effectively damping the low-tacKle error c(_mpo-
domain to simulate the can' when the vehicle is nents via coal_,grid corrections. It also fitswell in the

nloving stra igh t ahead, current para llel-c(Kie arch itc_cture.

l,_stlrfac__s of pressun'e are shown in the middle While the current, \'o:tor-bl_x:king, domain<ie-

frame of Fig. 1 Ibr the initiall\, divergence-free and composition algorithm is adequate h," \,t_'tor stlper-

potential flow field, At the leading edge of the vehicle, computels, robList dc_:(_n_position techniques yielding

a stagnation point is apparent, with the pl't,'SsLire element-t_-procc_wassignn_en_thatminimizec(}m-

decreasing in the streamwi._, dii'c_-tion along the hull mLinications overhead are neces,_l y to achieve peak
of the \,ehicle, Nearthetrailingedgeofthesubmarine, perh_rmance rateson both SIMDand MIMDparallel

a low prc_stlre %ubble' is plv_'nt title to the accelera- architc__'tLIr__s.The rtvtlr.'-;ive spectral bi_,ction 7 aiD}-
tion of the fluid as it tric.'sto turn and flfllow the rithm, whichu_.'sthe._:ondeigen\,ectorofthen_esh

strearnlir_e stlrface o{ the hull. In the b(_ttorn frame (_f conrwcti\'i_, grap]l, i,'-;ctlrrentlv being in\,c,,stigated as

Fig. 1, i_surfac(_ of the x-vdocitv are shown. At the a candidak, for perf_rming d(_main dt_'(m_p(_sition.

inlet to the domain and the far-field boundary, a

tlnih)rlll x-vek_:itv has bcvn impo._,d to simulate 1. l'.M.(;_vsho, g.l.Chan, 14.1.1xv,andC.I).Ups_,_,hfl.
tow-tank conditions. The bLIbblcs at the front and /.Nlma'_:Ah'lla_,l.,Iluids 4,5_7(lug4).

back of the straight ._'ction of the hull corresD_ndto 2. I'.M.(ht'sll(_, S.'I. (,_]1d11,R.I ,. I,_', and C.I ). Upson, IHI.
I{_:ations where the fluid has been accelerated to track /, N_lme_:A,'h'lh_,tsIlHfits4, _ I_J(I_J,'q).

the ContoLIl_ of the vehicle hull. At the surface of the 3. I'.M(,;reshl_,/nt. l. Nimrod:A'h'th,,,l._I'h#hts11,587(IO-_1)).

hull, no-slipboundal?,conditionshave[xvnin_po,_'d. 4. I_.lk,1(;i-esh_ and S.'I. Chan, IHI. 1.Nmuc_: Mdh, ds
• Iluhts 11,587(lC_,;()).

Future Work
5. I:.S.lk'ckman, '"l+heNflutk,_ (_fI ,inear I,iluati{,_s b\,

Futtu'e effort,_ will addrc,,ss two key issuc_: the flwCt,_jtlgatc'(;radientMetl_l}d,"Ahflh,'n,flica/Al,'tti-
' ,_,/>M'I )i,_'ihfl C_,ut_Hh'rs1, _2(I U(_5).

acceleration of the ._flution t(; the linear system, aris-

ingfi'on_ thc, prc_surel_(fis._,_(_perat(_r;al_cl theinclu- ¢_ I<.M,I:irenci,/h'mrnt-/,l//.h'n#_'_fl I_rm,l, tili_umb_Ti'dt

sion of the rectll_4,,'e,spectral d(_n_ain-decompositior_ mq,,', l(,' l m:,4c.'q(ah',U'(hmizc_tI inih' I.h,mrnl Audl/,,i.,,iu N_,_i/inrm.';,,h,/,_l,tt-;tru_tHra/Ah'd_,uuc,, 'h.l ). lhe-
strategy for SIMI) architecturt.'s. The pre._sure coi]1- sis,Starff{,'d Universit\, l'al_AIt_,(_'alif,,-nia (lU_4'b.
pLitation currently relic,'s upon a data-paralM, ele-

7. t 1.1). Simlln, "l'arliti(_nirLq tit LllTMltlc'ttlrc'd I_l't_b -
rrlerlt-bv-element diagollallv scaled, rnatrix-free leius flu liar, lllc,I [>i'llc-t,,,.,,,illg,"('m,t,uti_b; <ql/sh'lll,_
c-tlnjLigategradic,ni ,_,lh,c,l.While tlfi._apprilacll riflers m l n_,,in,vri,_,\,2 (2), 135(I cju] ). L_l

lt_,qln_'_'_nF R_,_,t,,l_, #, llr_>!,,pm_,, t ,_,u I_,, I,_ir_l,_l.t_ ¢ Thrust Area Report FY92 2-21
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Development and Testing of the TRIM3D,

RadiationHeat TransferCode
A

James D. Maltby
• Nucl_:_rTestEngineering

MechanicalEt_ineering

We have developed a new code, TRIM3D, to solve radiative heat transfer problems involv-
ing a participating medium. The code uses a Monte Carlo formulation to solve problems with

absorption, anisotropic scatterhlg, and specular boundaries. It is designed to work with other

codes to solve coupled radiation/conduction/thermal stress problems, and has been verified

against known analytic solutions.
i i i ii ill ii _11 -

Introduction Lawrence Livermore National Lab')ratory
(LLNL). The current working version of TRIM3D

Radiation heat transfer problems invoMng a solves tiwee-dimensional (3-D) radiation heat

semi-transparent medium that participates in the transfer problems in absorbing, emitting, and
radiative exchange occur often in areas such as anisotropically scattering media. Problems may
high-power optics, crystal growth and glass man- be solved that are non-homogenous and non-
ufacture, coal fumaces, annealing ovens, and anal- isothermal, and material properties may vary
ysis of fuel fires. Unfortunately, these problems with wavelength. Boundaries may be diffuse,
are often difficult to solve due to the complex specular, or mixed, with direct.ional reflectivity
nahJre of the radiative transfer equation. A Monte and transmissivity.

Carlo approach to radiation heat transfer prob- 3lie code has been verified against a se les of
lems without a participating medium has proved analytic problems with absorbing or scattering
very successful, resulting in the computer code media and specular boundaries, with agreement
MONT3D. 1,2The objective of this research was to within the statistical accuracy of the simulation.
develop a Monte Carlo code to analyze radiation Currently, no other code exists that can handle

heat trmlsfer in the presence of a participating participating media problems of this complexity.
medium.

The resulting code, TRIM3D, represents the Theoretical Formulation
state of the art for radiation heat transfer analysis,
and is also the first production code with detailed TRIM3D generates a matrix of direct exchange
participating medium capability. The addition of areas (DEA's) that describe the radiative interac-
TRIM3D to our code suite allows the solution of tion among all surfaces and volumes in an enclo-
coupled radiation/conduction/thermal stress .........

problems with a level of detail not previously _ R_'urel.

' a tta ina ble. [ INGRID ! TRIM3Dcodeflow.Tempera.
tureoutputfrom

Progress TOPAZ3DIs
passedthrough

During FY-92, a working version of the corn- REMAPto
puter code TRIM3D was developed and given NIKE3Oforsolu-
preliminary testing and verification. The tlonofradlatlon/conduction/
TRIM3D code is formulated in a similar manner thermalstress
to the successful MONT3D non-participating problems.
medium heat transfer code used by programs at

Engineering Research Development and Technology o._ Thrust Area Report FY92 2-23
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sure. The net excllange between any two surfaces 1.0 ........
or \',,flume<,may be described: _, I I I I I I

i0,9
TRIM31)

(.) , ; a .s, s, (I, 4 I'/ (surfacetosurface) _ 0.8 _ _ Analytic --
: c_s, ,_ll (,1_4 I_ (surface to w)lume)

n ,_, ,_,'l (!_4 - 'lp4 Iw)lume Io volume). = 0.7 _° \_ 0.6 - --

1his matrix is then passed to T()PAZ3D fi_r _ _ "

s(;luti_n (if tilt! coupled radiati(m/conduction "i 0.5 -- _ -
problt'm. Since the nlatrix of DEA's is tenlpera- .Ei0.4 -- _
turc,-independent, b(_undarv c(,lditit_ns and tern- _ _.

peratures in ,in analysis may be changed with(_ut 0.3 -- _
re-running TRIM3I). This appr(_ach has been
very succt'ssful with M()NT3I)and FOI_AZ3I), 0.2 I l I 1 1 I
resulting in a large savings in computer time. 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5Dimension'ess _ptical depth
File temperature t_utput fronl T()PAZ31) nlav
then bt, passed tllr(_ugll 14t:!MAI_ to NIKt'ID f()r Figure 3. Analytic verification of TRIM3D for isotropic scat-
s(fluti(>n _f radiati_m/conducti()n/tllernaal stre_s teeing.
proMems. The code fl(wv during tilt, st_luti()n of
such a problem is shown ill Fig. 1. The mesh If the rnaterial prl_pertiesclaangesignificantly
generat_rlN(;141l)and post-processorTAUP, US with wavelength, as is typical with gas-radia-
are also used. tion problems, a band-wavelength nl<_delis avail-

FldM31)sinlulatc_thermal radiatk)n bvenlittillg able. This nlt_dc'l splits the wavelength range
a large numt.x,rof mon(__,nergetic photons fn_m each into separate gray bands, with a sc,t)arate sinlu-
stUf,lCt,andv_lunle.lllc._'ph(_tt_nsaretract,dthr_ugh lation perband.
multiplt.reflc'ctit_nand/(w,<atterirlgevenLsuntilthev 5urfilces c(_nsist of 4-ru_dc' shell c'lenlents, de-
areab_wbedinan(ithersurfact,(Irv(_lume.Thel)tiA',_ generating t(_ triangles. V()lumes are represented
are tllt'r_calculatc_.| from ttlc_' ptltltorl taints. Ftlr a as M-n(it.tc,bricks, with triangular prisms and tc'tra-
given I'(_w(_fthe I)t!A nlatlix, ht,dra as subsets. I_(_tllSl.lr{actts,1110_.'()lClilat,s art,

de,signed fi, mesh c(_mpatibility with IN(;1411)
s, s, A, _, ,\',/,\;, and T( )I_AZ31). Material properties ,art' assumed

X, -_, 4 l', ,, A',,/N, , constant within a single t'lenaent,but any nl.lmbc,r
(if nlatc,rials nlav bt' defined. In thi,snldllllt'r, II()ll-

wilt're S, i i_ tile llUillbc'r (if: pilot(ins t'nlitted by h(inl(igt'/l(iUS pr(iblt,rns Ill<iV be s(ilvt'tt.
i_'lt,nlc'nti and abe,orbed b\' elenlent i, and ,Hiis tilt,
iltl nlbtT emitted b\' element i. Analytic Veii fieation

i

Figure2. Analytic 1.0It i 1 I I 'IRIM31) has bt,t'n \'t'rific'd agaillsl a .<;C'l'ic'sof

vertfl,_ationo# [_ participating mt,ctitilll heat lral-iP, t:t,r prilblC'lllSrRIM3Dforpureab- 0.9 -- with kn(iwn analvtic: sOltlti(ins. 'lh(itigh tilt' aria-TRIM31)
sor_ion. _ lyric 5<_1ulit,lS are ()llti-ctiii'lt'/lsii)rlal, tht'v wert'

0.8- X -- Analytic -- simulatt'd with a 3-1) gt'inllc'h'y wilh spt,ctllar

_0.7 ......... nlirr(_r_;(ill f(tl_lr sidt,_. ( )piical dt,pth.,, tl'()lll (1.I t_
\

%

i X l(i wen., lestt'd, with gli(id <lgl't't'lllt'llt lhr(lugh-
0.6 .......... ()Lil the t'rltirt' range..%talc' (if tht' rc,sult._ (it this- \: verificatii>n tirt' qlllwn in Figs. 2 ,lnd 3 fill" FLirt'o

'i 0.5 -- _ "- abs(_rpti(_nand is(_tropic <,cat((,ring, respc,cti\'c'-
.! 0.1 ..... _ _ Iv. i\grt,t.illt,nl with lhc.analytic <,(_ltlli(_ilin b(_lil
l_ _ C<IP,t'_ is Vt>I'V g(il)d,

0.3 .... _ ..... An addiii(.lal n?_ultfi(.ll this vurificati(_n was

0.2 I i i 1 _ that tlw speed (_flilt' c()dt' appears t()dt,crt,a_t,()nl)'
0 0.2 0,4 0.6 0.8 l'.O Iinc,arlv with (_ptical dt.pth, arid that even at dn

Dimensionless optical depth '(_ptic<llly thick' dt'pth (>f l I), tilt' .',pt't'tt is practit al
_n a f4O'N w_wk.stati__n.
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DevelopmentandTestingof the TRIM3DRadiationHeatTransferCode + ComputationalMechanics

Future Work Once the code is released, we intend to collabo-

rate with groups inside or outside LLNI_ to test the
One of the difficulties in verifying a participat- utility and accuracy of TRIM3D on experimental

ing medium code is the small number ofpn_blems problems. This will provide valuable feedback on
with analytic solutions that exercise all the code code robustness and performance on large pmb-

• features. To address this problem, a symposium lenls, as well as on which features are most useful
was held at the 1992 American &_ciety of Mechan- to the analysis community.
ical Engineers Heat Transfer Conference to assess l?,ecause TRIM3D uses a Monte Carlo formula-

' the currentcapability for solvingnon-gray, aniso- tion, it is very well suited to the new class of
tropically scattering, multidimensional radiation massively parallel computers. A test version of
problems. Thirty-four benchmark problems rang- TRIM3D will be developed for whichever parallel
ing from one to three dimensions at optical depths computer becomes available at LI_NL,and its per-
from ().1 to 10were specified. _These problems will formance will be assessed. If successful, it should
be solved using TRIM3D and should provide a provide a good example of a production-parallel
good platform h_rverification of thecode features, application.

Additional features are planned for the produc-
tion version of the code to simplify the solution of I. l.I). Maltbv and I'.l. Bums, Nmm'l: Ih'at 7hmsti'r9

large problems and make the code more 'user (2),(1001).
friendly.' A complete user's manual, including test 2. R. Siegel and J.R. I towell, 77tcrmolRmtialiontfi'_fl
problems, will be produced for TRIM3D. In addi- 7h,ls/i'_,4th ed., Hemisphere I'ublishing Corpora-
tion, all the solved analytic and benchmark prob- tion {Bristol,l'ennsyh'ania), 19c12.
lems will be organized into a quality assurance 3. T.W. 'Ibng and R.I). Hkyocypec, "Sl.ll11111arvOll
manual for code validation purposes. Comparison o1:Radiati\'e l tear Transfer Solutions

fi_raSpecified l'roblem," l )c_'elolmlcntsill Radiatipc
lfi'nt 7)'mtsfi'l,t I']'D203(New Ytwk),1c)_)2. L_

Lnt41t_et._!,Jg R_,sen_ch D_,_{,/(_flnl_,nl ,st;d T_.ctlnol_,_ + Thrust Area Report FY92 2-25



A Methodology for Calculating the Seismic Response of Critical Structures o:oComputational Mechanics

A Methodology for Calculatingthe
Seismic Responseof Critical Structures

David B. McCallen FrancoisE.Heuze,
. NuclearTestEngineering LawrenceJ. Hutchings,and

MechanicalEngineering Stephen P. Jarpe
EarthSciencesDeparhnent

We are developing a methodology chain that will allow estimation of tile seismic response of

critical structures to large earti-tquakes. The methodology consists of three distinct steps: genera-

tion of synthetic bedrock motion at the struchare site due to a postulated large eartilquake;

nonlinear finite element analysis of the soil profile at the site to transform the bedrock motion to

surface motion; and linear/nonlinear finite element analysis of the stnacture based on the predicted

surface motions. Progress in all steps is reported here. Our ultimate goal is to allow accurate, site-

specific estimates of structural response for a specified earthquake on a specified fault.
i i i i

Introduction his coworkers have led the development of the
empirical Green's function technique and dernon-

Our computational simulation of the seismic strated the utility of this method using Loma Prie-

response of a critical structure is illustrated in Fig. 1. ta earthquake data. 2
To envelope the motions that might be obsera,ed at The transmission of earthquake motion from
the structure site, the seismological portion of the bedrock through the soil to the soil surhce can
methodology develops a suite of possible earth- result in significant modification of the bedrock
quake rupture scenarios for each hult that can motion. Traditionally, the nonlinear behavior of
contTibute significant ground motion at the site. the soil under strong seismic motion has been
Field instrumentation is placed on bedrock at the modeled with 'equivalent linear' methods, which
structure site, and over a period of time, bedrock iterate with a linear model to approximate the
motions due to micro-earthquakes emanating fi'om nonlinear response of the soil deposits. The classi-
the causative fault(s) are recorded. These record- cal computer program SHAKE 4has typically been
ings serve as empirical Green's functions, which used to perform site-response analysis. SHAKE is
characterize the motion at the structure site loca- operational at Lawrence Livermore National Lab-
tion due to slip of an elemental segment of the oratory (LLNL), but such equivalentlinear models
hult. By appropriate summation of the responses cannot describe theevolution of pore pressureand
due to each element of the fault rupture zone for a predict liquifaction; i.e. they cannot perform
given rupture scenario, the bedrock motion due to "effective-stress" analysis which we deemed es-

, slip over a large area of the fault (corresponding to sential for this project. So, the effective stress non-
a large magnitude earthquake) can be estimated, linear finite element program DYNAFLOW s has
By considering a standard suite of 25 possible fault been obtained from Princeton University. As part
rupture models, which characterize the different of the methodology development and validation,

manners in which the fault rupture can propagate the DYNAFLOW and SHAKE programs will be
across the total fault ruptltre zone, a suite of 25 applied to the Loma Prieta earthquake data ob-
acceleration time histories are generated. The suite tained at Treasure Island, California. The Treasure
of time histories is representative of the maximum Mand site consists of saturated soils that exhibited
ground accelerations that could beexpected at the liquefaction during the Loma Prieta earthquake.
site for a given size earthquake. Hutchingsl,2, 3and Site-response calculations are being performed by

Engineering Research Development arid Technology .:. Thrust Area Report FY92 2-27
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Shear wave Figure 3. Photo-
velocity measurements graphs showing
(performed by CalTrans) (a. b, and c) experi-

mentation and field
work for the Painter

Street Bridge site:
and (d) illustration of
finite element model.

, '_ ' Seismic
•_. :, instrumentation

:.:":.:'i...... :" package
..' '_':.... :" ' :,. placement

, ,,

:. :;i: mr% ' _,il :..

i J{t'dl'tltk
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)rilling o f four bore holes
(performed by CaITrans)

(b) (c)
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I )_'11,ll_ct tl_,.' I',_il_h'r "-',lr_.'_,,ll}ri,.t_,,' I¢..,llh_=_ (_,_, Figure4. Regionof

I"i_. 2J. _)tlliIl:_ (ht' I,II_',t'<_{_II {11('_('_}1( )t i_',, tJl(' I ',lilll- i;. _ t Arcala aftershock locations

_r f tr_,t Ihict_, trtl_lLlrt \:1 I_ l._ll ,lllih ' x i_- (_ used for measure

' ment of empirical
I, =ill, \,illl I:lh r, iI ,1_, I. i ,_1_ rlti _II ,l_ tl_c _r,N r I I ureka (hl,,ithlrl lit Green's functions
_1 1.2_ iinlt"_ tl_' ,l< c_'h'i,lli,_l_ ctll_' I(_ ),41,i\ it\. I I_'<_t' Ilunlblllt I;,lv

(I('t'(llll I11 l_il)ll PtI

lllt',l<-,tll't'tt <Icet'lt'i',llit lil<_i't'i_i'('<_t'lll ll_t' I<li'_t'q <i<ct'l- ;7: :.:.L: : :_;'.. nuc le,lr pillver pI,lnli
' ('/'(il i( HI'-, t'\/'l' lib ',i'_ll I't't t ill ,111\ _I I'i Itl t II't' cttl I'i11_ ,111

i',/rtllllli,ll,.(,. I'li<ll I<> il_' .\t_ril c',li'lhcltl,ll_('<_, \ll
C ,_lN'i_, 1'5_iil'4,1ll. ,ll_<t ( ,tltlctl" ',lit Ihlcl c( lil<_li'ii< lt'ct

<l<t<'l,_ih'ct lil_ih't'll'l/It'l_l il_<_<l<'l_>t11_<'I '<lil_l('i_li't't'l

l_ri_t<:<' ,-i[_llll/It'lli ,_\ _,ti,nl (<_t'c'I"ig. 3 I _, , )<lllct hit{ t '1- , ,,\tler,fl_.<k,_

t<>l'il_<'<t<l<'t,lil<'<t t,,_r,_<,tc'r,_t_<ti,,<_<,_ tl_<' ct\i_<tiil-
z h)

-, t

it I'/'<_t_tiil<_t' _.)Ilift' _\_lt'll/. <-'iil_(' ,IIIt'klt'l]_i\t' .';i,', .--

Illil<h'lil_ i'tt<irl ll,l_t </In,,l<t\ I_l,l'll il_iti,ll_'<t_>l_li_i<_
II Ill

l_licl:4<', ll_<' I,_i<'<4 _('1 _1 <lii,ll,.( '<, \\,1 <_,l t ,iltiitllli<_
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Computational Mechanics .:..4 Methr)dolo:_;_' for C_lculittln_J, the; .Sol.spite:R(>sl_()n.s(;()f Cntlc_fl .%ttu_.'tut(:s

l,r_,nnlr<_.'-,L_r(,dt(ll't'J_lll mi<:r(_,<_rlh_llh_k_rr,l,_n,_i-
Faultruptureplane RuptureModelMPE00 in:4In)nllh_,fntlllh_<lli()n_inJit,itr_linHg.4 l_,l_,tl

0.6 (_n thr t'nIpiricnl (;rct,n',, ttlndi_n_ ()bi,linrtl trt)nl

0.2 thr_, mt,<_,_tnrt,n_,nt.<,,_\'nthL,ti_.l)rd r_)_k-_r__unLt-ul__-
'_ --.0,2 ti()n tirilr Ili.'-,l_)ri_.'sIl,lvt' r_'t(.,i_ll\' brt,rl _t'rlrr<lh'tt bv-0.6

-1.0 i lutchin_,, ,_nclI<lrF>_,h_r,I n_ilnl_rr ()t r<lrth_ll,lk_,L,, '
'< 5 10 15 20 25 30 _lrlG->lt___II',_irlt(,r,4lrrt,t,.,it_,,.,vnlllrtictinlc,hi,,h_ri_,s,

,.., Rupture Model MPE03 t,,lc}i b,l_',.t_i'i ,1 ctitfrrunt t,_lill rutlllrr tm_t-),_,_ti()n

@,_ _ 0.6 Int">,lr,_lMI(_Illr _t'iMrl_)h_,4ic,iIw(,'k, tinilt' fit,-

0,2
'_ -0.2 rrl_,nln_h,linF, _t llit, I',lirllrr Sln'ul l-,ritl,,4_'/,Ibtll-
"_-0.6 _i mrnI '+,,',,I_'l_h,ls prt)_4rrs_,_'tlinh_ tl_, ii_nlint',lr

-1.0 J ' I J rt,Kim_.,.I"()r rl()rllirlr,_r tim_' I-iist_)rv,lrl,ll\'<,r'-,,ll_'5 10 15 20 25 30
',ut_cr_tl'tillu i/', pih' t( )tin_t<lli( )n, <_nlt,_t-_pil _,l(l_ rnl-

.-. Rupture Model MPEI6 l_,lnkl]lcnl <,<>ilm,_<,<,_,<,h<l\t, l_t,cn m(_tlrlult ,is

= 0.6i!i_i.____

0.2 . n_lnlil_l',lr h\<q(,rt,Ii_ brll,_vi_)r i)t Ihr <<)ilt,n_l_,_nk-

'_ -0.2 merits hm, I_r_,rl t,xt_crJi]]ci]l,lllv ictrllliiit,_t ,Is,_ \rl'v
-0.6

"_ -1.o J I J i imp(iri,lllt l,/chu' in thr tt\'n,_l]_i< i'l,<_t_lll_<_rlit ii_r
'_lt....__ <: 5 10 15 20 25 30 bricl_4r:',\'_,h'lll. '*l'' Ihc, t_rlnl<lrv ()l_irt'ti\r _>t t_ll-

<qi'tittiil_ ,l _trl,lilrct, thrrl,-_timrn<,i_)l_,ll il_liltt,I id

Rupture Model MPE08 II_t'l_i'ict)4t'/<,_)il",\"_lt'l/1 w,r-, l_,_lh)w ill\ tll't_()l',l[ii)ll"_ 1.0

_,_lc...___j_ "_ 0.6 _>tth(' t'ttt,tt _,()t il(inliill,,_r ,,_il <,littil(,'_<,,_ilct ",<)il

0.2 nhl_,<,. Ir, lltJtilln,II tinih, i'll'int,ill mllcl_,l<_ I(ll tl_i<,
"_ -0.2 "
l lxpr lit l_Ii(t_4_', _vllich ,lrl' tl,,t,_t ill bl'i(t)41, ttr<,i:4n

'_ -0.6 nntl ,li_,ll\<_i <, c,llcul,lli(in<,, I_t,_lc(l the' <,_)il 111,1_,%
_, -1.0

5 10 15 20 25 30 atilt tllr <,_il <,tittnl,<,<_i<_il,i_i'c<_c,l_t_,_tlw Iillt',lr \'Ira,-

Rupture Model MPE04 tic, ,lmplitti_h,-inJc,t_t,l_ch,ill <,priil)4<,. Wt' _h'_i_t_'tt
hi tl'tlllt,lh' thl' _trt,lih'ct finite' i,It,n/t,lll ml_h,I <it

_ 0.6

i-0.2 : + litin,<lntt,lt_t_l',' nl(lli(illttirt'tl-
Ix' hi thr bin, t, (ll the' i/lllctl'l ,_I lhi <, i'h'\,_ii()ll (<,_'t'-0.6

'_ -1.0 17114.3). I Ili<_,lt_pr_ _,l<h i_,:4h,cl <,t_( !tunli,II <,_>il _,lrtlt'-

5 10 15 20 25 30 tuft' irlh'l,lclilu_ i,ttc( Is t_clwt,/,n ll_, pill,,, ,lntt <,_ilTime (s)
brh_w tl'_i'-,It'v¢,l.,liltt t,r,.,v{'ilI'-,r,.ti,lti(._ ,_1t,n{,r_,.,'

Rgure5. Rvesam- it<]nil\'. At t]lc' rc,cltlt,_,l (it I It'tizt,," tilt' (IX)l rr- vrrlic,lllv b<wk illI(i lilt, ,,llil. I hiwt,\'t,r, il_h,l<ltli(lll

plefaultrupturesce- c'c,nll\, ctrilk,d I:(lllr I-I()lC,h_k,<,<itthe,I>,linh,rSlrl,t,l I_clwi,t,n thu ,,_il ,111_tpill'<, l.vpic<_ll\'ill ttll% in lhr
narloswithresultlnt ._Jl.c'(_c'c'Fig. 3),ll]tt tx, rf()rrl_t,tt ch_wl_-tl(q_',',hc, lr- h_p t_,'li_r_ _1 thr t_ih,<,,,illct t'l]Ci'_V I(_', lhl'(Iti_hP_iitler Street time ' -
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r_,tric,\'rct trim llIlt. ' biirt,h_llc,,, <lntl I Ic,tl/t, h,/s t()l]- i-_,lh'tt b\ the' n(illlJllt,ilr h\,<qt,rclic Ix,h,l\'illr <)t lilt,
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illl ii i

a sinlple Romberg-Osgood constitu tive model was _,Approach Figure6. Simple
used to model the s_fil Tile material parameters embankment nonlinearsoilchar-
were setsuch that the I,tanlberg-()sgo_ld Ilvstere- soil acterizationforfinite
sis lo_lp WOLIId yield mOdtllLis degradation and element model.

danlpin_ cu ryesvery sim ilar to _,ed's I-_standard-
ized curves, Tile procedure for deternlinin_ the
14amberg-K_)sgoodparameters tu approxinlate giv -
ell nloCttlh.ls de_radati(lll alld danlpillg ctlrves was, I i i
developed by Ueng and Chen. I _Tlle nlodulus and
danlping curves obtained [l'Om the Rall-lberg.-Os- ,[ 1.0 _ ....
good ctlnstituti\'e Illode] fit with Uc,ng arid C_]lell'S
technique areshown in Fig. 6 along with tile origi- I
Ila] cLirves (If Seed The shear stress-strain behav- : ""

Jar generated with tilt, fitted Ranlberg-(')sgood
model iD the NIKE3I) finite element pr_lgram is _ 0.s - ',,NNX"
also sliliwn in Fig. 6 _= ",.N.

have been I_anlberg-Osgood nlllde]

A number of time history analyses -- Seed-ldri,_ssarldcurve
carric,d out with the detailed bridge/abutrneilt ia

ti

i modelshownin Fig. 3,aswellaswithsimple I I I
, redtlced-t)rcierstick lllodels tlf the bridge.4 'Fhe 10_ 10-3 10-2 10"1 10Shearstrain(%)

bridge Jnstrl.lnlentatioll l'eCfil'ds ft)l" the April 1992 30
PetMia earthquakes have not vetbeerl completely I 1 I
processed by the CDM(;; thus, the illeasLired free ---llanlberg-Osgilod model
field illtitions were not available to apply til (11.11" ,.., -- Seed-ldrisssandcurw.' ..._
model prior to tills repill't, ttowe\'er, free field and _ 20

° ",7"bridge-response data fllra magnitude 5.5 earth- '_
quake of November I cj86were available and were _ ,"

used tll examirle the accl.lracv (if the finite element "_ / I
"10 -- ### --

'Fhc' 1986 fl'ee-field acceleratk_n time IlistcIrieswere used as input motion to the base (if the bridh,e
system models. The, model response predictions 0
were compared ttl the acti.ial bridge response data 10-4 10-3 10 -2 10 -1 10
nleasu red by the CI)MG briflgu instru rnenta ticin Shearstrain(%)
array Since tile details _lfall of the response pre- Soil stress-strain behavior
dictions are given elsewhere, I-ionlv all illustrative 3.0 t I I
exanlp]e of the I'espllllse predictions is provided -- --NIKI:31)

Ilere. The detailed model resp(illSe I__redJctions f(ii 2.0 -- (l_,amberg-Osgood 4 #l ....

tile absolute displacement at cilannel 7 (tl'ansverse ,-. modeli _'.

motion at n-lid-span) are shown in Fig. 7. Figure 7a ._ 1.0 -- // / ......,., I / I
shows the resp(illse (if tilt' detailed model when a _I 0.0 -- / I /
linear elastic still model is tlsed, and mass- and m / / ".i,

stiffness-proportional 14ayleigh danlping is used _ -1.0 -- / i y r
to provide apprliximatelv 5',,,damping in the first : i .//-''7,_ "_

• _ /.I' trarl:_verseand longitudinal modes of the bridl4e -2.0 --
systenl, Fill'the Iinearallalysis, still pi'_lpertiehwere
setequal tll the small-strain soil properties estimat- -3.0 ..... 1 1 t
ed by Iteuzu and Swift friiill field illeasLirelllelllS. -0.010 --0,005 0.000 0.005 0.010

Two observati_ns can be made: (1) tilt' frequency Shearstrain (rad.)
content Of tile bridge model is significanllv to(i
high w henthe snla II-strainsllil pniperties aretised;
alld (2) the anlplitl.lde of tilt' i'espiln,<,eprediction is
too large relative to the nleastlred response. l'he
bridge responsepredictilln using the detailed nllld-
el w i th tile Ii(in]i near 14amberg--()sglit id ,_i I nlod el

[,ll_s_Jt'_'_#l,q l?#,'_l',/_h [,,)_,vi'lr_litn_'#lt ,l_lil 1_'_ hn_)l{_l=_V ":" Thrust Area Report FY92 2-31
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lilt i i i i

Rgure 7. Response Ch. 16 Ch: 10 C h. 8 Ch,, 6 Ch,. 5 Ch. 19

(a) Iinearand "*"-('h. 15 "N_Ch,]1 .... [-_ [_'_ ................."_L _----- -Ch. 18
(b) nonlinear models. Ch 9 II I I Ch. 7 Ch. 20

Ch 17 ' . . I I 3IiL__ , Ch. 4' t'n. I. "-,, Ch. J
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is sllow13 in Fig. 7b. This nlodel also ust'd IllaSS- anal\'sis ttl transttWlll bedrock ill(Ition tt/ soil stir-

t_l't_l._tll'titlll,llRavlt,ighdanlping, inwhich tllc,ciilnlp- fact' Illtltitln. Specific tasks thai we intc, nd til pc'r-

illg in the t:irst tran._\'t, rst' nloclc' wils set to 1()",,. l'lle t:ornl c_ltll'ill_ tht, nc,xt vt'dr include,:

nonlinear nlt>dc, l exllibiL_ ._ignificant inlt_rtwc, nlent (1) U._., tit !.lit, i]onlinear model ill the [_i'idgc'/

o\'c,r the, Iint,ar lllOdt'l. l*ht, nonlint'dr nltldc'] dis- a[_utnlc, lltSVSic, nl l:opredicttilc' rt'._ptlll._..,ol:tllc'

plays appropriate sot:k,iling and t'llC'l't_V dissipation bridge til ti_c'April lC_-J2I>t'troliat,al'tllciCl,lkt'.
ill tilt_' ._V._tt'ill, such ihal tht, t:rt'qut'ncy contt'nt allot "lllt, prt'dick,d rt,._ptln._., will be, t'onlpart,d to

,lillpli[-tltiC, drc, lllOl'C i't'l__rt'sc'ntdlivt' tfl: tht, ,lclual thc,acklalLll'ict_t,l'C_p,.'_ll._.,lllt, aStll'l._.|b\'Cl. )Me;.

strtlctl.ll'al i'c,sptln._t,. Thise,wtllquake sl itluld II,l\'t' rt'._ultt'd ill signit:-

icant nt)nlinuar buha\'itw tll: the bridgc,/abut-

FutureWodl lll(?llt .<4VSII21ll,dllc'J this<mal\'siswill allow us to
t:urther \'eli k' t:ht,abil it\' ill: thent_lllint,ar nit ttt, I

5ignit:icai_tI._ro_i't'sshd._[_t't'll i]lddc' in tht,._tud\' to dccurdtc'lv predict bridge/abutn_t, nt rt,- '
of tilt, I)dilltc, r _trt't'l t/vc, rcrtissing site. Cit)ll._t-I'tlc'tit_ll St_ltlllS_?.

tll: the sc,isnltllogical mt_cic'l and tilt' strl.icturill illt)ct- (2) l}a._,,d till IllCdStlrt,ct (.;rt%'ll'S I:Ullc'titlllS, tilt' ._'iS-

t'l II,_\'e bt,t'n Qm_plt'tt, d, and calculatitlns ha\'t, been n_t4tlgical nlt_.tel will _t'lltTdtt, d final ._ciitt' ot25

_t, llCriltt,d with both llltldc'ls./\dd it-it/nal field nlc,,_- tilllt, Iliskwit's ftw tilt, April lc_-)2i>t'tl'tlli,_ Illd_lli-

ClI'C'lllt'il tS tit (; I't't'n's t:tl Ilt'l it iI is ll't i111Irtih lrt, nlicrt l- luctt,-7 t,,l rthq tiilkc'.

t',lrthquakus will cl>nlintit, ltl t, nh,lncc' ihc .<,lit, (I) ll_t,[_._.h'tlck-nltltitlntinlt, hi.qtlrit._will[x, tr<ln._-

seisnltllt_gital nlt_dt'l, ,1no| la[_tlr,lhw\' t'xpt'rinlt'lll,ll ttwillc'ct it> surl<lCt, Illtltillll wifll a ._itt<i't.'sptlll._. '

data will iill_l'tWt' the still ch,ll',lcit'riz,itit_n ill file anal\'sis,dllct tilt' sulk, tit surt:ilct, [Jillt' hi.qt_rit._
finitt' t,lt, nlt,nl illt_dt'l tfl tht, [_rict_t'/,li_tlllllC'lltS. l'ht' will [_t'Ct/lll}_al't't| to tht'actual tro.' field Illtl!.itln

site-soilcll,_r,lcturii,ltit_nwill ,_lsoallt_wsitt'-rt,spl_l_su Illt',l.%lll't't't ,_ttht' siteb\' Cl )M( ;.
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(4) 1tlc, suite of prc_.tictc'dfree,t:ic,ld I'l._pt_n_ will t(,'nia, Ik,rkc,lL'v, t'alif_wni,1, I,k,D_rt 1:.l-]4t."72-12

I.x' run thrt_ugh the structural m_Ktel, and I'C- (1_72)

sD_n_,statistics will tx, ct_mpal'ed tt_ the actual _. 1.1I. I're\'_sl,/)1 NAIl,( )IV, l l<_'r',_ADmml, I)eF>arb

I'esp_n_, fl'_m thL, April 1_-;2 lllagnittldt_-7 mr'hi _t t'ivil lingim,ering, I'rincet_n Liniversit\ '
earthquake. ( Ic)__2)'

The ultimate fioal t_t _ur pl'_j_,ct is toalh_waccu- (_. B.N. MakL,r, R.M. I:ert'nc/, and I.(.% I lallqui._t,

rate sitt'-speci I:icesti ma tc,st)f structural rc,sl.-_()nst, tt)l NIKII.t1 ): A N()JHiu(,m,Imt_IMI, I 7m,(.-1)imritsi()unl
a spc,cifk, d __'arthquakc, on a _pecific, d fault, tk_r l iuih. I.h'mcnt (.'_d_'ti,r .c,(_lidmM ._h'mlm'nl A,.Icc/Im_-

' practical al:_plicatk_ns of this metht_d_fl_gv, it will it,, (/srr ADmm/, I,awrc,nce l.ivermtwe Nati_n,ll- I.al_r,H()r\', I.iverm(_re, (',_lit:t_rnia, UC.'I41.-MA-
be, essential t_ decide ht_w the structural ent4inec'r 1()_2(_,_(I_)t)l).

may best u_e thc, inf_wnlation pr_)\'ided bv the, suite, _ , ,_
of time histories dc,\'c,l_pc,d by the _c,ism_flt_ical s. I).IL ,McCalh.,n, K.kl. I,,t_m tad, and (;.I.. (.;_)ud-n.,ati, "l)vnamic I<eH;x_n_e_fl-a l,tt,inflwct,d C_,_-
portion t_f the study. It will _en_,rally be impractical cry,k, B_,,-( ;irdc,r Bridt4_,," I_n,k'im'rrm,_;I,_'_'_mh,
to pc'rt:ornl 3,?-5time, Ilist_l'v allalvsc's (t)i n_orc' if I)_,c,_,h_t_m_.uhmat "l{'_lm,_h_.\,l/,I,<lwrc,nct,I.i\'c,rnlort,

nlLlitiplc' filtllts/nlclltiplc' I'tllgttll't' Zlilll.'s aft' C-OllHid- N,Hilln,ll I .alxlr,Ht_rv,I .i\t,rn]llrt,, Calitilrni,_, L!CRI .-
c,rc,d) fola large stl'tlCttll'al nltidcq. It is Ilt'Cl.iSSal'V to q3H(_8-cll,2-12(lCJC)._).
c-onsolidatc, the, inf(li'nlatil_n o[_tainc,c| friln_ the,tinlc, H. I't,i's_ilal c<_minulficali_n belwt'_,n F.I \,u/ell JNI .)

histt_rit,s into a silllplil:ic,d ftn'nl (c'._., ,.Irc,prc,sc,nta- and Kt,nnc,th l(flc, (CI X)'I ) (IcJcJ]).

rive' ic,.£ponsu spc,ctrtlnl and cori't,sl._lndill _ single' cj I.C. Wil._n, and B.$. lan, A._;CI:/./J_,_,.A.I_'_/I.l )h,.
time, history) to achic,ve practical application. 226 (_), (I <JC)ll).

The' I>aintc,r ,£trc,c,tsite, study will allt_w a critical
IlL 5.1).Wi,i'nc,r,].l, lie,ok,and M.B. Ix,vh_t,,tmihqlmkl'

c,valuation of the accuracv _)i the n_c,lhod thai is t;,_. _llht._l#'tl(t.l )1t#1.15,(IcJHT).
beint4 dc,\'ell_pc,d, and a dcHllOllStl'atiOll ot()tll" tech- l I. I:.ILI It,uit, ,ulct 14.1>.Swift, ._ri_mi_I,M)'mli_u ,_lll<tlr_
nolo_y in all sc,t4mc,nts tfl the! n_l_,th_ct_flol4ychain. ,tt th_'I_ii#th'r ._trr_'lIh'i<!k'_'.qih', I,_i_,ih'll, C_Uilbr#lfit,
It will also pl'{wide an oppt_rtunit\' for interacti_n I.awrrnce I.iverrn_,'L, Nati{_nal l.,flx_rat_,'v, IJvt, r-
betwec'n stl'Uctural analysts and seislmflot4ists, s_ m_,'_,,(..,_lif,wnia, LJ(.'I41.-II)-1()85_)_( I_,"-)2).

that appropliat_, pl'_)cedures f{_i"using the c,arth- 12. I I.B '.:,,ed,I,LT.W{_nl4,l.lkl. Idri._s,aml K. li_kimatsu,
quake grt)tlnd nlotion in structural I'espt)llSc, cal- Al,_dulimM I )mut_m%I mhw_h_rl )lt#mmicAu_llil_i_(it
i."clia titinscan bedc,veIt_pc'd. C(_l#_'si<_#lh'_.g(wl_,I;ai'd_qtlilkt' Engineering Rt,sc,arch

tt,ntc, r, Lll_ivei'_it\' iff (.7,_lit_)rni,_,Ilt,i'kt,lc,\', tTalitlw-
........................................................................................ " " i '_
I. I.. I tutchin)4.,,,ADdl'liu\ >17m'thqtmkrtTr_wm_tAl_ti<lu nia, I_epill't I:t..k(. - 4/14 (lOiN4).

_(,ithm#l:m'lhqunk_'._lnlt/l_tlhnlI)#'(_.,_'#'<ltllfI.A|I)._'_ :%'J 1.3. 1.._.{.k'nl4,and !.t. Chc'l_, t,):ul_uhflfi_ml I_r_wnlmc
17tnt l_ltili:_'_Imlfira-t#/ ( Trn'#l',I mlitfi_#t_,I .,_wl'c,ncc' ti*r l h'h'rmim#l\, I)mmm'h'r<,#_lI_,m#tl_rli,_( ),_,,_l)_tITDt,_-

t-_rni'_'LTCRl-ll)-II)'_ill(lCJC'_2)' ,,l#,_ ._trniu, l awr_,nc_, I.i\'c, rm_r_, N<lti_nal

"_ I.. I lutchinl4_, I_;ul/..'4_.i<m_.._.Am. 81 (_), (IC)<Jl). I .ab_,',lii,'\', I.ivc, rlm,c,, C/,_lif_,-nia, L.KIRI-II )-

.3. 1..I lutchin_4_,I. (Tc_Fhll.I,_'_.95 (B2), (lc)cli)).
1.1. I).B. Mctallc'n and K.,kl. 14_m_,t,ld,l)l/#mmi_ I,_'

4. I>'B.5chnabt,I, t I.B.5t,t,d, <llltt 1. I.V_,lllt'l',_l IAI_I _/_llll>_'_'l<_17,'i_#t{Jr__',tt'_)ma'h', /i_).t-(7mfi'r /hiJ,_,_',
..I t_mtufl_'r I_r_tTrm#tl{_rl <_rlltqu_#w' I_",lJ_)#z_'All,till I.,lWl'cnct, l,ivt'Fnlol't' _,1tioI],11I.,fl_llratlli'V, l.i\er-
_i_ _l Ihlri:_#thllll/ /.fll/l'/'l'l/ _lt_>4, I:,_rlhciuak_' milre, t,_lil:lirlfia, LitRl.-11)-11lil_4l)(lCjcJ2). Ll_
17;n_4inc,c,rin_414c,<,_,al'chtt,niei', LJni\'_'r_itv lit C,lli-

t _l;:7_l_'_'tint_' R_,<_l.,t_h /)_'l_>/_lpm_'l_t ,tnd _._ /Itl(_t<),ui 0:, Thrust Area Report FY92 2-33
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Reinforced Concrete Damage Modeling

SanjayGovindjeeand
' GregoryJ.Kay

Nuclear E._7_losivesEngineeriJ_
, Mecha_ticalEll,_ineeriny,

Tile modeling of reinforced concrete stTuctures is currently performed by empirical codified
formulae and linear elasticcalculations. This state of the practice, howevel, can lead to both non-
conservative designs on the one hand and to over-designed and costly structures on the other.
This wide range of outcomes arises from the lack ofan adequate constitutive model to describe
the behavior of concrete as it cracks under applied lotds. This report briefly describes work at
I,awrence Livermore National Laboratory in the development of an appropriate constitutive
model forconcrete damage.

iiii i ii iiii ......................

Introduction the progression of damage induced by arbitrary
three-dimensional (3-D) loading histories in corn-

In the modeling of reinforced concrete struc- plex 3-D geometries. Because of these require-
tures, the current state of the practice involves the ments, the model has been developed as a 3-D
use of codified empirical formulae and linear cal- damage theory that issuitable for large-scale finite
culations. While these methods am very useful, element calculations.
they can also produce unwarlted results. When Such thinking is not new to the modeling of
using empirical formulae, there is risk involved in reinforced concrete structures. IThis original work,
applying them to a situation that is not absolutely and almost all that has followed since, has been
identical to the tests from which they were de- confined to two-dimensional (2-D)problems. Un-

duced. In particular, formulae for limit loads scale der seismic excitations, however, one must look at
in a rather non-linear fashion and nltlst be applied the more general sittlation that inchldes 3-D ef-
with care and experience to avoid a non-conserva- fects, because of the high likelihood of complex
rive design. On the other hand, one does not want loading paths. There does exist a handful of 3-D
to have to over-build a structure and hence make it models.2,3,4However, none of these models is suit-

overly costly because of uncertainties in modeling, able for the present problem. The first two models
A vast improvement to the design cycle is ob- and others like them are only suitable for isotropic

rained if some of the empirical formulae currently compressive type behavior, and the third, while
used are replaced by analytical models. The main promising, still requires some development. The
unknown that most of the empirical formulae try present model takes advantage of the insights and
to address involves the behavior of the concrete developments of this previous work and extends
itself as it cracks under various loading conditions them to a new framework for damage modeling.
with different reinforcement patterns. Thus, the The framework we have developed most closely
thrust of our work has been to develop a constitu- resembles the framework proposed by Ortiz. 4
tive model that describes the behavior of damag-
ing concrete. Because this work is being perfolmed P__
for the Computational Earthquake Initiative at
Lawrence Livemaore National Laboratory (LLNL), Progress h_r FY-92 has been made on many
the level of complexity of the model has been different aspects of the problem: choosing an ap-
chosen to be commensurate with that needed to propriate class within whicll to develop the rood-
model critical sections of large reinforced concrete el; developing the features to incorporate into the
structures under seismic loading conditions. This model; developing appropriate numerical algo-
requires the constitutive model to be able to track rithms to efficiently perform finite element calcu-
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lation_; and deiernlinin_ h_.')v,.'ruint_)rcin_ hilr_ _tn.,.'-;_-_trilin bt'havic,r like that in Fig. 1 (Hh.,n

should bt' m_dcled in ct_nitinctioi_ with the, crilck- _t, ilc'ratt, ill-pt_,_c,dl_l_tlnctnr\'-\'illtlt, problt, nls. _
ing cllncrt,lu. While lht,lt' ai'c' st,\'ui'<ll wil\'s <ll'lluntt lhi._ is<_tlt,,

t:t_l, ttlllCl't, lt, the illosl phv<,icilllv rt,alisiic _ne i._

Model Class and Peat ures the iliHitln t)t c't_ilStl'ililliilg lhc' <lllltltlllt (it"t'nt'l't_v

ctissipilit'd ill the' ._vstc'nl oil a pl.'r-tlnil-\'t_lunlc l
_l()ctt,I cla,_s i'ult, rs hi the, basic st\'le _1 lhe inllct- [_asi._ll_ c,qual ih<lt dis,_it_ah,d on a t_t,r-Linit-ili't'<_

el: pla,_ticii)'-Iik_' or danl,_14t,-Iik_,,lil t_laslicii>'-Iik_ , [_asis wht,n ripening nuw crilck fact,._.+l'hi._ l)'pc

mllctuls, nl<llt,ri,_l unhl,lctinl4 hlkus t_l,_cc, elilslicallv _t ctln<_lr<linl i'usult._ in lhc, <lPt_t,,li'<lnct' (if a ch<lr-

with <! .slitTnc,ss Uclu<ll IiI ihu inili<_l clil,stic siitt:nc,ss ack, ri,_lic lenl4th in Ihe nlllclt'l I()rnlul,llilln. I:llr

tit_lht' nlait'rial (Pil_. la). ill ,l d<_nlal4t,-Iike lll(ictt'l, lhe dt'\'uh)pnlcnl lit tht, pro,st'hi mlldel, the con-

, nlillt, riill LiIlhlildin_ iilkes pI,wc' el<lsiicilllv with a tiI1LILIIll I(ll'1111.ll<ltil)ll n WilS tlSt'd h_ rt'llttt,r the

ctut4i'<_c|t'dstit:t:ncss(Fig, lb). l'he plasticii>,-like nl_d- t_i'csuni foi'n_ul,_tion well-posed I;llr boih ihe plas-

c,lshil\'t,<strong,lt_pt,<ll t:oi'<lnuinbc, rlltri't,ilsl_n._, l_tii ticiiv ,lnct ctilill<lgt' nloc|t'l c]<_sst's.

nlililllV bc'c'<ltlSc'iht, ir ,lll4orilhmic t_l'Opt,l'tic,s al't, Ill lilt, ctOillilin t)t_c|iln_il_u nli)dt, l._, tht,rt, is a

i't,ilst_rlilbh,wt,II tlllctt'l'Sllitict ,lnct ill't, I<ll(}wn itl bt, wide' viiiit,l\' IH Illlittt,I c'hoict'<_.r() c-hiiiisc the ,lp-

suital_lc, ttll • finilu t, lt,nlt,nl c,llclllnli_n._. Illc, trtlt, t_ropri<lit, i)nt, tlSti,lll\; i'c,quire,s ,1 lair illllOulll (if
buh,l\'iorotcr<lckii_t4cllncrt, tt,, h()wt,\'c,r, i't,st,nl|_lt,._ in._ighl int(i tilt, nlicromt,ch,lnical int,chilnisnls iH

Ill()l't, chl.sc,lv dam<ll4c,-Iike mlldc, I bc,h<lvior, lhe llb._t,i'ved ct,llna_t, ant| their rel<ltion._hit_ Ill lhe

Nc'vt, rlIht'lt,,s._,al iht, but4inilin_4 ot_ihis project, li't't' Ullt'l'_)' den._il\' _t the nl<_iuri<ll. In ihe c'<i,_ei_t

we, u,_t,d a plasiicit\'-like modc, I lo t,xanline slmle ctlncrt'lt, with Ml_ciu I-, !1-,and IIl-l)'t_c, crilcks, such
ot: tht' nunlt'ric,ll and iht,_retic<ll issLit's ihal are intol'nl<liilln isntllil\'<lililblt,.l'hc, rt, ltlrt,,st,vt'r, ll gt,n-

uniciuc, hi matt, ri<lls dist_l<l)'inl4 slfltc, nint4 [_eha\'- t'ral h)'ptllht'st,slllc'tlnlinuunl illt,cll,lnic's h,l\'t, l_t_,n

il)r like thai shu_._'n in Fill. I. lht, nl,_ in tlSt, t)l thi._ tiscct instt,,lct hi _4unur,llt, <1Clllnplt,lt' nl_dcl.

nliicit, I tzl,issWa_ hi t'x,lnlint, till' i._._llt'ifl ilI-p_,_c'ct 'l'hc' [_,lSit" prt, lilist, ill lhc' Illllclt, I is thai ihe

l_l)unctarv-\'<lluu pi'l_blt, n_s. M,_ieri<lls di,_plil)'in,t4 ct,li11,1/4t,si,lic, _t ihe innltu'iil] will l_, rt, t_i't,suntuct
, hv lhu r,lllk 4 .glit:t_nt'ss It,llSill" tit" the illaleri<ll.

Figurel. Material (at I tt'nct', ,is is kllO\VI1 it) (It't?tlr ill ()iht, r ct<lmil_4ing
unloadingin _vslt'lll_,: the' 'ulasiic ._iitl:nt,_._' of tilt, nl,litu'i<ll i_

(a)plast/city-Iike all¢_v,'_.'di¢__'\'_1\'_' with thu I,._aclin_ hi_t¢_rv. Io

and(b) damage-like ctt,tt, rinint, the c,\tilLlii()n law t_()rlhis ctc';i',lctt, ct

modelclasses. ._iilflless, the ili)li()ll lit nlilxinlUlll di._sipali(_n is

tist,ct. i() List' lhi._ idu<i, l)llt' tirsl ptl,slul<ltt's rt'-
slrictiilns till tilt' ,Ic|nlissil_lt' stl't's._ill" slr<lin ._i<llt,.n

lit lhc in<lh, rial. I:tll" lhu ct!ntrt'it,, Iwtl rt,._irictions

arc t_ltsiuli_lt,ct. Ihe firsl rusiriclion .shllu._ lhal
lilt, ill)i'lllill ii',lClitlns ,_ci'l/._scr<lck,_ in lht' svslt'n_

nltl._l [_t, [_ehm' ,1_ivc, n criiic,ll \'<llut' ,1lid ih<ll the

crilic<ll \'<llliu c,\'lll\'t,,_ ,is the ct<li11<l_t,incrt,ilst,._.
lhe .gt'ctlnct rusiric'iit_il si,llc,_ lhal lilt, ,silt'ilr lrnc-

i iillll._ ,lc'l't_s._c'l'<lCk._ill lhu sV$1t'lll Illtl._l [_t' l_t'l()_,.\'(b)
<i _4i\'cn crilic,ll value, wl;ich <llsl_ c'\'l_lvt's wilh

tlitll4rt's._ing ct,1illn14t,.Crilck,_ ill'c, <l.gStllnt'd 1onu-

tic,ate ill the inilierial whun lhu ill,l\inlunl prin-

cip<_l._ii't's,_ <1i<1point cxccuds ,_ ,gi\'c'13 \',llut,.

LJsin)4 lhese I\v_ rt,sli'iclillns <_ilcttilt cllilcupl lit

Inilxii_lunl dissitlalion, <in t,\'tlltlli_ln I<_\' t'iin l_t,
dt, ri\'t'd tl_r lilt' r<ink _l siit:fllc'ss it,llstlr ill lhe

Inilit,ri,ll ih<li _4i\ es lht, cllrit,cl ,lili,gtlil'tltlic slruc-
ttlrt, hi ihu d<lin,ll4ud sli flnt,s._ tt,n._l)r.

'l 'l_eot ht, r cttin li i1<in l t_hun(Illlt'lll _h1_4icil I It',l ill I't's

lit cr,lckill_ t'lllltrt, it, thai Illivt' I.lt't'll illtTilrptll',llt'd

..... intl) the in_)del <!re'.
$irain (I) l'hu c'hlfict' lit: ru._lricii_ns on lilt' <lctinis,si-

[_lt, ,nllt,_s slillus in lhe nlaturial t_i'(l\'ictc,._
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for Mode I-, I1-,and Ill-type crack growth Reinforcing Bars
(damage c,v(llLIlit Ul).

(2) The notion of crack closun.,has bc,enin- Since using fixed rebar bars (i.e., compatible
cluded by monit(_ring the tractil_nsacnl,,s dNplacemellts butween concrete and rebar) gives
crack facc,s. When the traction across a reasonabh.'results, t,_datu cInlv a small elfort has

, crack I:acc,becomes cumprc,ssive (nega- beendevoted torebar issue_.()ur resultsare, h_lw-
five) and the shear traction.<,are below ever, slightly n_ln-conser\,ative. 1o address thi._,
their critical value, Ih_.,matc,rial be,haves scirne preliminary w_rk has bc,en done on rebar

' as through it is undamagc,d (Lip to the releasemethods, l:_rce-and damagc,-basudslide-
compressive yield limit of the ctlncrete), line releasemethods h,we bec'nu.,-,ed,as haveb(tnd-

(3) l'hc, noti_n of shear retention i_ btlilt int(_ link elements, l"hu damage-based slideline reh.,ase
thum/Idel by limiting lht, anliltlntl_fshear has been toLIIld tO be' SLipt,l'i(Ir i{i the fllrce-based
ctt,gi',ldaii(lll allowed in the_\,.qenl, model and |he bond-link elenlent I:or ,lt;c'tlr,lc'V

(4) The ._tlfk,nillg e\'lli\c,s with an exponen- agilinstt,xi_t,rinlenta] data. ! I()wt,\c,i, thu bt,sto\'c,r-
tialcharack, r. all r'(ibtistnt,ss filr I:hc'._('Illc'll'l(Ic|s (aflt'r the fixed

(._) l'hedanlagee\'olutilln isanisolr(l|_ic, rebar model)i._ gi\'en b\, the bond-link eleinent,
which is a ntldt'-(in-ll(_dt, c(_ntaci elenlc'nt with a

Algorithms dNplacenleni-based releaselaw.

Thc,algl_rithmic implt, nlt,nt,ltitln llfthe Im'lIpo._._J Examples
m(_.|elin a finite element _,lt:ing has invoh't_J the
dt,veltIpn_ent of ._.,\'eralnovel algl_rit.hnl._.(if tllit,- ] \vii exanlt_lc'._are ,_h(iwn t(i partially dc,nl()n-
most inlportance filr ._ofleningnll_Jels ha._bt_.,nLhe strail, the propused n]odel. The first example in-
deveh_pmentlira characteri._fic-lengthinterl:_oh_fi_li_v(flve._the 3-point bending of a lightly reinfilrcL'd
._-henle for }I) pi'oblenls. WhilL' an interl._lllalion beam; the second e×anlple involves the 3-point
_'heme for 2-I) problem._has Ixt,n prt."_,'nk,d/'a bending llt:a heavily reinfllrced I._eam.
._h-aightf_rwardexten._ionofthi,_methttttll}l)lead._ in the first example, the beam i._ 12 feet long
to ._ingLilarcharacic,ri._ticlengths for certain crack with a14x 20 in. ci'(is._section tl],lf c(intain._two #14
orientation._.In oLIrwork, anew ii_tel'polatillnmefll- rt,[_ll'Sin tl_c,lower fiber._.The load detlectioi_t'LIrVt'
I_.t ha._[-,,_,,ndc,vel_lF_,dthat d(_._ ntll ha\'t, thc._, at nlid-._pan is.q_own in Fill, 2.()\'erall agreenlent
._ingularitic_and vet remain._faitht:ul to the original i<_._c'c,nt(i be,cluilc,_411(id.At point (A), tht, concrek,
ch,_r,_cteri._tic-iengttlidea. stai't._ t() Cl',lCk, add h),ld is t;r_lll.,4tt, rrt, d intil tht,

The _ther algorithmic issLic,sthai have been i'ebar._.(._racking progrc'._._c,._Lip through the cros._
addi'es._eddual with local and global integraii_ln ._ec'tionwilh illort' load being trall._l:t, rl't,d inl(i the
alg(Irithin._. (in the h_cal le\'c,I, a concave (a.,, i'ebar._until at p(lini (I}) the rebai'._yield. These
(ipposed to c(in\'ex, a._in i_c,tal pla._licity) opti- ob._c,r\'afi(ins fron_ the ._imLilathln are con._i._tei_t
mizatitln pi'oblen_ g(l\'t.,lll,_ lhe ._tre._splfint cal- with expei'imental ob._er\'atilln._.,_
c'tllati(_n, I_eCilLiSe o1: the c(incave nature' lit: the _ ......... _ _

problenl, a tlnicll.lt' ,lll.%trv{'rtO thc' stress t:_oint 40i 1 -I-- i I I Flgme2. Loadde_
caicLilali(in c|t)c,,_not exist; [he,reart' twi) {illSWt'l'S, I flection curvesat

III mit_spanforbeam

with (Ine being inad n_i,<_,<,ible.I t(iwe\,er, by pick- ii i with two #8 rebars/n

ing a ._Llitablc'slai'ting valtlt,, lhe SllL,ss p(fint 30 - • • thelowerflbers.The
algorithm can be made to alwa\'._ pi'_/duce thu damage initiation

admissible <ln._wt,r. ()11the glob,li level, tl_enoll- _ point(A)andthe
i linear balance equatiiin.s tit thu [_tiLiildilr\-v,lJtlt, _. pointofyield(B)are

t_roblum ha\e multiple bit urcatil_n path.',thai Iic, _ 20 marked.
u\trc'nlt, lv close to t,ach other ,lnc| C'<ltlSt' glllbal

ct,ilvt, rgc,,lcc,d itficLiltie.,,. [tl cirefill1 re'ill these, o [_i • I)alawell-knilwn cxii1Vt,l'gt,llt't, difficulties, an aggres- 10 ....

,i\e, <1titonla tic tinle-sle,_,_in< ,,the,nit, ha.,,beu,, li , ._iil,ulation
dc,\'c'h_ped.The _cheme u.<,eslugarilhmic-ba.,,ed
time stc'_ clintrlll in coniunctilll_ wilh a _pecial
i_,,c.illaling n(lrn_ ct_leck..l.hecim_binatiiln (H the._e o..l . I l i [0.0 0.1 0.2 0.3 0.4 0.5
twil ideas greatly c'nh,lncc'._ the a[_ilii\' (_l the, Deflection (in.)
ghlbal siH\'ei'._to achie\e eqLiilibriLim.
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t inl, -- _. t t t

Figure 3. Loadde- [- I ......-1 ::- i- _: .....F ....... Future Work
flection curvesat I

withfour#9rebars stresspoint algorithm more robust andefficient.
in the lower fibers In addition,a fewnew features will beadded,such
andtwo #4 rebarsin 100t---- _" .. • • •_"
the upperflbers. The "_ / / .••,•. - ascompressiveflov¢of the c(_ncreteandcrossing ,

point (A) and the re- _ 75

bar-concretelnter. ] l .g_" Acknowledgements '
face failure Initiation l-- ,,_ • Data --
point (B) are 50 / _ The authors wish to acknowledge Dr, B. Maker"

marked. ]A '¢_• ----" Simulation of LI_NL, Prof. R.L. Taylor of the University of

25 ]--_'• ...... -- Califc_rnia, and l>rof..I.C. Sirno of St<lrfford Uni\'er-
It' sit\r' for their help and interest in carrying out this

0-_ I I l 1 work,
0.0 0.1 0.2 0.3 0.4 0.5

Deflection (in.)
1. Y.P,. I,t,lshid, Nt,. t31._,,,l )vs.7, 334 ( lt)f_,_).

2. I).C. l)mcker and W. l'rager, (.).Aplq. Math. 10, 157
in the second example, ttle be,_,mis 12feet long (IuS2).

with a 12x 21.75in.cross section that contains four
#'4rebars in the lower fibersof the beam and hvo 3. 1-:.I..l)iklale, gi(_and 1.5.Sandier, 1. fi_tk,.M,'ch.97,

#4 bars in the upper fibers of the beam. Addition- u3S (lUTl).

ally, there are #2 stirrups every 8.25 in. along the 4. M. ()rtiz, Ah,ch. Mat. 4,(,7(lt1_;5).

length of the beam. Figure 3 shows the load dr,flee- S. I../. 51uv_,, h._l¢,t'I_rot,a,_,',_tio,,I._,cali.:ati(,,apld l_)i,:,-
tion CLIFVUat mid-span for the experiment" and the t_vrsi_m in 5(?fh,mn,,,,,qolids,I'h.l). l)isst'rtati_wl, l)elft
c,dculation. At point (A), the Q_ncrete starts t(, Ulli\'ersit\'tffTcchnuh}gy(lUt)2).

crack, and there is a large h_ad tran'4er to the _t (_. 1.Oliver, htt. ]. Ntmtvr. Aleth. f)t,,,. 28,4hl (1tt88).
rebar,. The #4 rebars d() not carry much ot the

7. S. ( ;o\'incijee and ].C. fiimo, ]. Mech. Pin/,..q(_li_t,39,
load. Vertical cracks develop ah_ng the span ,rod ,_7(luUl).
grow upwards and towards the centerline tff the

beam. At point (I?,), the calculation deviates fr{_m s. N.tt. Burn.,, and C.l: _,i.,,s, Univcr,',ity _t Ill•hiS',
the data because rebar release was n(_t included in Civil t-lpg.%tudic.,, S1_5No. 234, (It)(_2).
the simulation, u. B. I{rt,,,lt,r ,lnd ,,\.(._'.,%:ort:lt,]i.,,,].Ant. Co_l(l: hist. 60,

-ql ( I t)e,3).
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