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COMPU7ATIORAL EXPERIENCES WITH VARIABLE MODULUS, ELASTIC-PLASTIC,
AND VISCOELASTIC CONCRETE MODELS

(. A. Anderson
Los Alamos National Laboratory

This mrning wc heard fo~r talks on what a sad state of disarray the con-

stitutive theory of concrete is in. After lunch Professor Bazant showed thut

nurnericdl prediction of cracking in concrete is on questionable foundation and

illustrated examp”les that support his claim. Finally Professor Gerstl~ illus-

trated that you cannot rneasurc concrete strength properties rtliably--even

UrIdCI-the best of ?abol-story conditions. Now what J am expected to do is to

show you how to calcu:ate the inelastic response c, a complex concrete strut.

tJ--eswithin 10 percent of its actual behavior:

Six years ago the Reactor Safety Research ?ivision of the Nuclear

2,-Q4‘.+t{’~”yCrmrnission (NRC~ approached the Los Alamns National Laborat~)ry to

rtevrlap a comprehensive concrete structural analysis code to predict the

stz”ic and dynamic Mhavior of Pr(’stressed Concrete Reactor Vessels (PCRVS)

that serve as tn~ containment structure of a High-Temperature Gas-Ccmled

F/oa~~or. The PCRV is a complex concrete structure that milst be modeled in

three dimensions and posscses oti~er complicating features such as a steel

liner for the reactnr cavity antiwr,hsn cable-) embtqded vertically in the PCR’4

and w?L)P5 rircumferpntially on th(’outside of the PCRV. The cables, or ten-

f14rl’,,are :1~..IPfor p~-ostve<s!ng th~ rcartor vess~l, in J$ditiun to develupinq

t~l~rfm;litatinn(ll Capl)!lilltyto predict illt.l~qticthree dimt+nsional c(]rllret~

‘,tl”l~-tljr,~lt)OllJ,iol, k~t W(’It- to v(’rlfy ttl[lcadt’ rt+spnr~,tj,lg~)fl>td~c~lnlt,f)tl,(l

~~p(’rim’ntf.on ccmcref~ st~uctllr31 b~’havior. My prescrrtation is directed at

r,)laOIr)qt?)v ), p~~?pllt t,~pl1lc~nrvs in tt]lsfotl(~d}’iclo~ml~~~ltJvc!lficdllof]

effort.

The cod!’ 1 am gning to discu:,~ i~ ca;l~d NON$flP c Jnd 1s d greatly modl.

flt’d~rrsi(ul of tl)lN“,,,7F i(~!~ d~’v(’lnpcdin the Civil l’ngirll’~’’’lngllt?partmt’nt

of thr [!r~.:’l~lty of CallfO~”lllJdt ~ol”hl>~oy, lhc modlflcationb to the codtI

that ha~.,,I)rvnm~,ltlov’?r tho p,l>l~lx ,yr,~r-sincludtj:

(~’ Irlplem(’nt(ltion antiverification of three cuncr~te cunstitutive

mndpls: tw(lt]nl~’ir~d(’~)(’n(irntmortt,lb--an orthotropic, v~ri~lbl(jmodulus reill-

forcd concrrtv modl’1 di’v(’lopedby the Air Forc~ Uc~pons I.aboratory md thr

~h~n and rhcn mori(’1discuss+d this morning-- and tlw aging viscoelastic crrrp

modt’1of Bazant.



(2) Incorporation of a multi-node tendon element and a membrane element

for representing prestressing cables and steel liners in reactor vessels in

addition to 3D is~parametric elements for representing concrete behavior.

(3) Development of pressure and gravity loading capability, cylindrical

coordinates Opticns and incorporation of an out-of-core soli F- for the NOI;SAP

code, which makes possible the analysis of complex concrete structural prob-

lems.

I will discuss the constitutive models in a little more detail. The vari-

able modJlus model smears together representation for steel reinforcing and

concrete behavior and forms a composite stiffness model for the concrete ele-

ment. It is often called an orthotropic variable stiffness model. hnat It

does, effectively, is that when you strain the concrete, it changes the stiff-

ness of the element according to a nonlinear elastic type model. It al-m cal-

culates cOmpoSite stiffness of the steel and concrete and it does cracking

based on a stre~s criterion that Professor Bazant was talking about. The

model also accounts for bond interactions between steel and cclncrete.

The Chen and Chon model is one of the code models also. Initially the

elastic-plastic mode? for concrete w~s very attractive to us. The reason is

Khat one of the disadvantages of the variable-modulus mode, is that you have

t~ store a lot of variables at each integration pnint. For d three--

~lir’~~ns+z~al alalys+s using isoparamet~. ic elements and USJIIy the minimum of

~iqht integration points per elenwnt with ?2 variables to store per integra-

tion point, it just tak~s up a lot of tim~? arida lot of storage to spool

thiflqs in and ol~tontn a storagp disc. Mhereds for the elastic-plastic mudvl.

yr);~’r~qot?ing cinwn to a smaller- nurnbt~rsof varlabl~s (14) that you must stu).e

p~’r lnt~grat inn pnlnt and the time and storag~ r~quirtwnt’ntsare that much IPSS

rtjatrictive.

Thr other mod~l wc put in the NON!5AP cod~ was a ~ret’pmodel based on the

l(olvin chain that Professor Hazant ha~ d[’v~loprd. This niddel is an aging vis-

c.ocla~t.ic cr~v’pmodel. It was f~lt to hc important whm wc started this pl.o-

gram to put this crrrp rapahility it~lJwaIIs~Ip!~stress~d concrete r~actor vPs-

s~ls arc prestrossed c)vt~ra long pf’riod of timt}and if the cu,lcrete creeps,

th~n the trlldllnsw~lich havr rffeclrd thp pli’str(’k~illg will relax and some of

the cap~bility of ‘.JIcv~:,s(Ilwill br lost. It wds felt lml~ortant to bu al)le

to prrrtirt.these rfff’cts rrliahly.



Once you get into three-dimensional analysis, one of the things that you

have to do is to develop a way to represent (a) th~ structure that you’re

modeling and (b) all the data you get back from an analyses. We dev~ioped or

imported a preprocessor C..U and a post-processor code for NO?lSAP-C. The

former developc three dimensional meches of complex configurations. Finally

NONSAP-C stands for Nonlinear Stress Analysis Program-Concrete. Not very

original, btlt it reflects the fact that it’s basically the NONSAP code with

extensive modifications.

I now want to ~how you some of the capabilities of the NONSAP-C code.

Figure 1 illustrates a t~ndon element. With it you can tape a structure and

wrap through nodes a tendon of arbitr~ry--well not arbitrary--as many as 20

nodes and tie various p~~ts of the structure together. It was not a particu-

larly theoretically cumbersome thing to dt,velop. It’s a free-s; ip element

although WCIhave modified it tc do certain typ~s of bonding alz~. It’s a

uniq.w feature of tnis code.

FiglJre 2 illustrates a membrane element that supports, for thin metal

sheets, only a plane stress state (no bending stresses) and it can undergo

elastic-p?astic material behavior.

Figure 3 shares the three-dimensional isoparamet~ic continuum element used

in NONSAP-C which can be us~d with the th)t?econcrete material models di%-

C{JS~Pdp’-evi~osly. This elemnt can he combined WiLh the tendon and membrane

elmcnts tr prociice the crmlposite elempnt shown illFig. 4, and which will be

u~pd in dn t~i~!y<is that will bc shown later. Shown is a concrete element

with a Iiner r)I the irl<irtoof th(’~lemwlt, and som~ post tensioning tendons on

thp ou!~ide.

UC d“fla kct clfte..!p’-oblcms and I want to talk tn you about these

bi’ca:ls~ I th!vk they at-~’im-ortant. Figure 5 shows a rcinforc~d concretp

plat~-- simply supported on three sides and free on *he rcm~ining side, It is

a squarp pldt~, 10 mrters OIi a side and half a meter thick and il.was rein.

fGrc~d il:~irl(,au,loutsid(. N“w WP dld this problem c~rly on in thr gamr since

the computer results for th(~ultima!e load can b,’compared with the rctultl of

the yip~d line thmry,

Figure 6 illu!,trat~~ fh(,refult of our ~dlculat ion, The limit load is

shnwn, mId h~IVP tl:(~curve ccmws right up to the limit load, The code very

clos(’lyprmiicts the limit load. In this kind of code development ex~rcise we

wantf’d to cnncontrat~ on tht’calcul~t!ons that you cannot do with other codvs,



and one area that is up in the air is predicting failure loads. Presumably

many codes could predict an elastic behavior of these reinforced concrete

structures, but we wanted to be able to predict their nonlinear behavior

reliably. Figure 7 illustrates the crack pattern that was developed in the

plate and it looks pretty good as far as the yield line deformation mode is

concerned.

At the University of Illinois Structural Engineering Research Laboratory,

Professor Sozzen did an extensive series of experiments cm model concrete ves-

sels. The length to height of each cylinder was a factor cf about two, and

each had a flat head. Some of them were penetrated in the head region. All

were internally pressurized and then tested to fa!lure. These vefsels have no

reinforcing in the head area, and that is where they failed. So if you #ant

tc test out a constitutive law for concrete, it makes sense to try to sim~late

the behavior of these experiment~l vessels using your constitutive model. If

you mask the response with steel /presumably codes can calculate the behavior

of steel), it is not as good a test as doing a calculation on a pure concrete

structure. Idecalculated t$e cracking of one of the vessels (PV-27) zmd the

crack pattern appears in Fig. 8a. Tbe vessel failed--it was loaded to

failure--and a portion of the head blew out, Our crack patterns, it you took

a limit, sim:llates how it actually failed in the experiment. Figure 8b

illustrates the crack pattern looking clownon the top of the vessel (and hCre

you can see the penetration). Again the top is aimo.t completely cracked.

In Fig. 9 we plottd the pres$ure versus the central deflection. This wa~

the disconcerting part of th~ +ole exercise. We calculdtt’d the elastic

behavior correctly, but wc ccmla calculatp very little change in the slopr of

thl~curve until at this point (shout In mrqapirscal) thr vessel failud, By

failure I mean the cod’ ct’~ses to converge when it does its nonlinear calcula-

tions, Whe[lProfessor Sozmn did the expcrimentq the lnad cotltinuocitc in-

crease until at about 16 m[gapascals the vessel failec. There was II Iargr

amount of apparfmt ductility in thr!actual vessel twhavior. Unforturlatrlhy,W(I

have not been ,]hle to resolve this problem. W[ltri~d the calculation with

other cJdPs such as th~ ADINA and wr gt?t basically the sarlwresult--an urld~’l-

prediction of the ultimate load capability and the ohservud cuctlllty of th(’

unrcirrforced vessel. It app~drs that there is somrtillggoing on to giv’.Lhc

app~arance of much more ductility in the urrrcinforced v~ssel arid lhiityou call

not g~t, a basic agrr~mrnt with codl’calculations !hdt tvnpluy thl’ctmmonl.y

~ccep!~d constitut.iv~ models.



I will now show you some creep calculations. Figure 10 illustrates a sec-

tion out of the cylindrical part of a concrete reactor containment building.

It is a sector of the building and on the outside it is post-tensioned with

cables. In the calculation we post tensioned the cables at time = 90 days and

then let the structure creep. Figure 11 illustrates how well the code calcu-

lation agrees with a hand calculation based on shell theory. Good agreement

is seen. ,!OW the creep model in the code is aging so that if you apply a load

at 90 days, you get a different response than if you apply a load at 10 day~

or at 200 days.

How do we dc analysis of complex concrete structures? Figure 12 illus-

trates a model of a real structure--the Zion containment building. There is a

steel liner on the inside and the tendons on the outside. Figure 13 shows our

mod~l of the tendons laid out on the dome. They arc on a triangular grid, and

they tie into the side wall vertical tendons which are also prestressed.

With a mesh generator you can generate your mesh and take a look at It.

If ncw?s are out of place, you can move them arcl’nd. Figure 14 gives you afi

id~a of what comes out of a mesh generator before you do the analysis on the

structure. FiglJre 14 does not show t! ! steel tendons. Figure 15 shows the

response of the dome to initia; post tensioning after 90 days, and Fig. 16

shows a deformd configuration of the dome.

At this point I’d like to summarize our findings. The Nuclear Regulatory

commission sponsored this work. 1’11 use one of their nok pet expr~ssions

“lessrns lrarnd” and discuss the lessons we learned from this code develop-

rrti’ntl?Y.PrciSP.

1, Nnnline3r computational analysis of complex concrete structural

hl!lavio~ is very difficult, time-consuming, dnd expensive wllell~hc effects of

ctwlrrcttcr~cking ,IfidCrlJShing and reinforcing yield are taking plac~,

2, !Iltimatc load bc!lavior observed on tests on unreinforced concret~

prrssure v~ssels are not predicted by the usual concr~te consti~utive model”,,

all.boughcrack pa!t~rrl~ wrre pr~dict(ld adequat~ly.

i-, In iidili[ion t,(Isp~lnding a lot of time on doing t~~sicexperiments to

dl’lcrmin~ cnn<litutivl~ prop(’rtir$ of c,lncrrte, 1 think it’s important th~t

som[’bod.vput< tl)qcthrr d sl’rirs of exprrim(’nts on real concrete structural

III(I(IP]Swll(’re t4(h struct(lro is in hiaujal or tr iaxial stress an[jwhere at l~lil$t

Y’UIh,~v[lWIV(II.,11 differ!.nt porci~nt~grs of relnfurcing. It would be necessary



to test the structures to failure. The structure should be carefully instru-

mented and the response carefully measured. Then contracts should be let to

all the brave souls who want to calculate the inelastic response of the struc-

tures with their own cdti~or constitutive models. Then we can see who can

predict the inelastic behavior most accurately. Until

that we are going to be threshing around for ye;’; acd

closer to the solution of practical concrete structura”

Thank you.

QUESTIONS

we do something like

years and not be art

prob” ems.

Scheyer: I was wondering about the numericjl algcrithm. Do you have any

trouble when you’re solving problems over days, hundreds of days?

Anderson: Are you referring to the creep problem? (Yes). We have not ha.

finy problem with that. tie take fairly large time steps and the numerical

algorithm perfo ms stably. I’m sure that this algorithm is in other codes

also.

Question: In your attempt to replicate experiments did you change your mesh

size?

Anderson: Yes, we did it on one of the unreinforced axisymnetric vessels

without the penetrations. Paul Smith did !nanyof these calculations.

Smith: We played all of tho games in mesh size and the problem remains in

modeling th~ postfa ilure behavior of the concrete. The mesh size seemed not

to help us very much as we refined it. As we refined the mesh it had no

eff~ct on the cluctilil

Anderson: Because we

be sonw other physics’

modeled by that const

y of the vessel.

are so far from the observed ductility, there’s got to

mechanisms that are goiny on that are not correctly

tutive model.

Question: !lidyou have a strain-softrning range?

And~rson: No. We did not have a softening portion in the curve. The curve

goes up and approaches ,]11essentially flat response.



Shah (U. of 11, cc): Would cracking have helped?

Anderson: I don’t think so. What happens in an unreinforced vessel is that

once you start cracking you’re essentially removing material from the

structure, and I wolJld expect that YOU should have early catastrophic failure

because your competent sections are getting smaller. You’re not going to get

much more material strength-- enhanced capability as with Professor Bazant’s

problem discussed earlier. Only if you have reinforcing can you get

significant stress readjustment and then further calculate upwards along the

failure curve.

Bazant: What I would like to point out is that with a strength model (which

is very difficult to do in a code but not in theory) one should check the

incremental stiffness matrix for many combinations of loading and unloading.

As for example, in a certain model, let’s say cracks propagate to the right.

One element in front is cracked and now the one above is also cracked in

parallel, So if you never check the possibility of stiffness changes with

loading or unloading you may think everything is okay but you may find ~uL

that everything concentrates into one crack with a sharp edge. However, this

requires the code to check many combinations of loading and unloading and the

number of combinations is preposterous, but a code that doesn’t check this

actually misses these unstable rearrangement effects which happens in practice

of course.
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Fig. 9. Experimental and computed pressuru-defl ection curves for FV-i?7.
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r:---:. IL. Themal cylinder hoop strain-time results and the inner surface.
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Fig. 16. Color tone views reconstructed from the finite element
mesh.


