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I ABSTRACT

!

This report describes the NONSAP-C finite element code and its
application to the nonlinear structural analysis of three-dimensionali

concrete containments under static, dynamic, and long-term loadings.
Features of this code that allow for easy application to realistic
concrete structural problems are discussed, along with the various4

material models used to represent plain and reinforced concrete, for
both time-dependent and time-independent behavior. Applications of
the code to analysis of conventional reinforced concrete structures
and to the structural analysis of prestressed concrete reactor ves-
sels (PCRVs) and PCIN models are illustrated. Comparisons of the
code predictions with previous numerical solutions to these problems
or to experimental data are made. Input instructions for the
NONSAP-C co3e are described in the report.'

I. INTRODUCfICU

Concurrent with the development of computing machines with expanded
memory and faster execution times has been the development of numerical
methods for solving nonlinear physical problems in two and three dimen-
sicns. In the area of structural mechanics the analysis of reinforced
concrete structures has in the past been treated in an ad hoc fashion
with the use of numerous approximations (such as elastic or perfectly
plastic behavior) to represent the behavior of the reinforced concrete.
The develognent of fast cmputers with large memories, together with
nonlinear finite element methods and codes, has rendered such approaches

obsolete. It is the purpose of this report to describe a finite element
code that has been nodified at the Los Alamos Scientific Laboratory
(IASL) for the structural analysis of reinforced concrete pressure ves-
sels and containments.

1
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I Analytical procedares that are accurate for prediction of the stress
1

! and deformation fields of hamogeneous continua encounter numerous diff1- 1
1a

j culties when applied to reinforced concrete structures. Among these i
s !

difficulties are the incorporation of the nonhamogeneous behavior caused |
1

) by the presence of the reinforcement, concrete cracking, nonlinear con- |
' 1
; crete crushing, the effect of triaxial stress on strength, bond slip, and

'

dowel action across a cracked section. Consequently, although early |

} attempts at modeling the behavior of reinforced concrete structures i

| relied cn an elastic finite element analysis,1,2 the preponderance or

| research in this field in the last five years has been concerned with
! modeling the renlinear behavior of reinforced concrete structures by use )
"

{
of the finite element method.3

! Representaticn of the composite nature of reinforced concrete pro-
ceeded historically with the use of separate finite elements (initially, ,

1:
constant strain triangles) for the reinforcement and concrete.2 More i'

recently, with the widespread adoption of isoparametric finite elements
1

! to represent complicated geometrical shapes with a small number of ele-
ments, the emphasis has changed to a " smeared" element stiffness repre-,

sentaticn.4 In this method the mechanical and geometrical properties
'

'

i

of the plain concrete and the reinforcement are integrated over the |.

finite element to provide a utress state-dependent element stiffness,
7

) which can include yielding of the reinforcement and cracking of the
i concrete.

] Undoubtedly, the nest important and difficult nonlinearity in the
analysis of concrete structures is' crack formation and propagation.
Concrete cracking is accounted for by introduction of a crack oriented i

,

1 \

; perpendicular to the maximum principal stress direction whenever the '

! stress state at the point in question satisfies the cracking criterion. I
The constitutive matrix is subsequently modified to prevent transmission j

of normal tensile stress across the crack plane. The cracking process is

,
carried out pointwise (at the integration points for isoparametric ele-
ments), and an integrated element stiffness, reflecting the reduction in

.

a stiffress caused by the presence of the crack, is determined. Unfortun-
ately, the extreme material "sof tening" of crack formtion can sametimes

i

J

||

2'

,

J
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!; cause numerical difficulties. Finally, since incremental equations are

] usually employed, progessive crack growth can be followed using this

j method. Reference 5 is an up-to-date survey of analysis methods for
j PCRVs, including a discussion of the numerical treatment of cracking in

| concrete.

Various theories have been advanced to describe the time-independent
behavior of concrete under multiaxial compressive stress states. These
theories include elastic-plastic theories, the nonlinear orthotropic

'

theory, and the endochronic theory. Again, Ref. 5 provides an excellent
summary of the various theories. Characteristic of the attempts at
formulating constitutive models for concrete under multiaxial stress

states is the difficulty in obtaining experimental data; in this regard*

6the data of Kupfer, Hilsdorf, and Rusch for the biaxial strength of
concrete has been often used to support theoretically derived failure

i criteria for elastic plastic representations of concrete behavior.
Hcuever, a difficulty with elastic-plastic constitutive models is that

they do mt model the nuterial anisotropy observed experimentally in
concrete under stress, nor do they correctly model the dilatancy in
concrete undergoing deformation.

For predicting time-dependent behavior of concrete under long-term
loads, viscoelastic models have been used and continue to be applied in
finite element analysis ccdes. Again, Ref. 5 presents an up-to-date
summary of recent developments in the use of viscoelastic theories to

represent concrete creep including attempts to account for temperature
ard moisture changes.

This report is concerned with a description of the NONSAP-C code that
has been developed at LASL for the structural analysis of reinforced

concrete reactor vessels and containments. The NONSAP< code is based on
the widely used Nonlinear Stress Analysis Program (tKNSAP) ccde with
extensive modifications made at IASL to incorporate time-independent and
time-dependent concrete constitutive relations, an out-of-core solver for
large systems of linear equations, an elastic-plastic membrane element to !

represent the behavior of cavity liners, and numerous other capabilities !

to ease the difficult task of analyzing three-dimensional reinforced
,

|

! 3
:
|

!
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A companion mesh generator code, ItEN,8 and. concrete structures.
~

graphics co3e, MOVIE,9 are also available and serve as pre- and post-

i processor codes for NONSAP-C. The NONSAP code was selected as the

; vehicle for the concrete structural analysis code because it included
; both dynamic and static analysis capabilities, it used the desirable
; isoparametric finite element formulation, and it possessed a modular

structure, thus making straightforward the incorporation of additional:

material models. Also, a great deal of flexibility for the user is
2

provided by the different options (e.g. , equilibrium iteration and stiff-

{ ness reformulatim) in NONSAP for solving the nonlinear discretized

equations.'

Sectim II of this report discusses the material models for concrete*

that are used in the NONSAP { code. Nonlinearity of the stress-strain3

relatim caused by inelasticity of the concrete and steel are treated in

one time-independent model by a variable modulus approach with ortho-
;

! tropic behavior induced in the concrete due to the development of differ-
d ent tangent moduli in different directions. Concrete cracking at inte-

graticn points of isoparametric elements is handled in the usual
way.3,5 In a second time-independent model , concrete behavior is10

! characterized by elastic-plastic constitutive relations in which the

concrete is assumed to be a continuous, isotropic, and linearly elastic-

!, plastic strain-hardening material with stress states limited by a failure

j surface that is quadratic in I and J2 (Iy 2
and J are the firsty

|
Invariant of the stress tensor and the second invariant of the deviatoric

: stress tensor, respectively). In the tension-tension region of the

failure surface, stresses are limited to small values because of the<

! contracted nature of the failure surface there. In contrast to the

! variable modulus approach, the elastic-plastic model incorporates biaxial
'

strength data; however, there is no provision for crack formation in the
elastic-plastic model. Finally, a viscoelastic concrete model based on

11the work of Bazant is described for the time-dependent behavior of

concrete. Again, cracking is not taken into account in the current
versicn of the viscoelastic model.

4

4
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| Secticn III of the report contains a summary of the capabilities of
! the NONSAP-C code. Numerical implementation of the material models, the

out-of-core solver, the elastic-plastic membrane element, and the

; NCNSAP-C thermal capability are described in this section. Also de-
' scribed here are the internal mesh generating capability of the NONSAP-C

code and the requirements of the computing system for execution of the
NONSAP-C code.

In Sectial IV of this report is summarized the current state of
application of the NONSAP-C code to analysis of the static and dynamic
behavior of some typical concrete structures, including comparisons of
the code predictions to experimental data. All of the problems analyzed
are maleled as three-dimensional structures. The nine test problems

'
described in Section IV were chosen because they exercise the various
opticns or concrete material nodels of the NONSAP-C code that may be
required in concrete structural design or in the safety analysis of
concrete structures. Noteworthy of the results from the variable

modulus-cracking concrete model is the variability in the predictions of
the NONSAP-C code with the experimental observations of the failure of an

unreinforced PCRV end-slab model that was tested to destruction at the
Structural Research Laboratory at the University of 111inois,12 with
the worst agreement being the prediction of the ultimate pressure load
and the concrete ductility at failure. Comparisons of structural re-
spcnse are also made between the two time-independent concrete models -
the variable modulus and elastic-plastic models - for a concrete cube
under various multiaxial stress states and a thick-walled ring under
internal pressure. Finally, the results from numerical simulation of the
creep behavior of the Oak Ridge National Laboratory Thermal Cylinder
were in fair agreement with the experimental observations. ;

Appendix A of this report contains the user instructions for the
NONSAP-C code. The authors have attempted to incorporate input instruc- |

tions for the added capabilities (concrete material models, pressure
boundary conditicns, body force loads, and membrane element data) that

!

are consistent with the input instructions of the original NONSAP code.
,

5 |

|
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Also described in Appendix A are the instructions for a restart anal-
4 |

ysis. Appendix B contains a summary formulation of the membrane ele- !
1

j ment. Appendix C contains brief descriptions of the INGEN mesh genera-

| ting code ard the MOVIE.IASL graphics code and shms how these codes can j

| be Osed with the IONSAP-C code. )
e

'

I II. CONSTITUPIVE MODELS FOR PIAIN AND REINFORCED CONCRUTE

Nonlinear constitutive relations for concrete under short-term loads |
a

have taken four basic forms. The earliest of these is the isotropic j
I

j. variable modulus nodel, wherein bulk and shear moduli are expressed as

j functims of stress invariants and fit to experimental data.14 A
,

. recent develognent for concrete application has been the endochronic
l5model that expresses the bulk and shear moduli as functions of

i " intrinsic time". Intrinsic time is a measure of the length of the path
traced throtqh strain space by the deformation process. A third approach
has been the elastic-plastic method with a yield surface and incremental

|,

elastic-plastic stress and strain relations derived by the procedures of j
i
j classical plasticity. Section II.A below discusses one such elastic-
j plastic model that has been proposed recently for describing the in- I

) elastic behavior of concrete and that has been incorporated in the

) PONSAP-C ccde. This model does not yet take into account the presence of
reinforcement nor does it treat cracking explicitly; it does, hwever,

simulate biaxial strength effects that have been observed experinentally
in concrete. A fourth model described in Section II.B is the ortho-1

! tropic variable modulus model; this nodel has also been incorporated in
I the NONSAP-C code and accounts for the presence of reinforcement, non-

linear cmcrete behavior, and cracking. Finally, Section II.C briefly
'

describes a viscoelastic constitutive nodel ,ll that has been imple-5

mented in the NONSAP-C code for long-term thermal creep of concrete .

i The usual finite element representation of Reference 16 will be used
throughout this section. Thus v will represent vectors, and M will
represent natrices.

4

j 6

.
.

1
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A. Elastic-Plastic Model of Chen and Chen
Ductile behavior of metals has been explained as the motico of dis-

locations present in the metal; the notions are driven by shear stress
ard are unaffected by hydrostatic pressure. Mathematical theories based
on the physical theory of dislocation notion employ a failure (yield)
critericn that is unaffected by hydrostatic pressure. These theories
have gained general acceptance in the engineering comunity and are
fairly cormenly applied in the stress analysis of inelastic structural
systems. The situation for concrete, on the other hand, is more ecmpli-
cated. The considerable difference (i.e., a factor of ten or more) in

tensile and conpressive strengths of concrete under uniaxial stress, the
finite strength of concrete under hydrostatic tensile stress, and the

| effect of biaxial stress on the strength of concrete all contribute to

the need for a much note general failure criterion. An elastic-plastic
theory for concrete nust also take into account the nonlinear relation-

ship between stress and strain that is observed for ccmpressive stresses
well short of the failure stress as shown in Fig. 1.

n

ULTIMATE STRESS FRACTURE POINT
- ~ ~ >

INITIAL
DISCONTINUOUS

STRESS

9
V Wen %

N fk
R 4 5'

4

I
1

|

|- -! STRAIN

PERMANENT DEFORMATION
'

Fig. 1. Ccapressional stress-strain behavior of concret%
7
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An elastic-plastic constitutive relation for concrete under general

three-dunensional stress states has been proposed recently by Chen and
Chen,10 in which the concrete is assumed to be a continuous, isotropic,

and linearly elastic-plastic strain-hardening fracture nuterial. In this

theory, an initial discontinuity surface, subsequent loading surfaces,
and a failure surface for concrete are defined, and elastic-plastic

stress-strain incremental relationships are derived using the classical
theory of plasticity. Figure 2 illustrates the failure and initial

# 2

"
&; : 7 * 32

FAILURE SURFACE
/

INITIAL
DISCONTINUOUS

'
SURFACE

/

\ /
Y
/

f /INTERSECTION
LINE /' ~ N /

'

w|#'s /- COMPRESSION ZONE

TENSION-COMPRESSION
ZONE

[
# 3

Fig. 2. Failure and initial discontinuous surfaces in triaxial stress
space.

8



discontinuity surfaces in principal stress space for this type of
material. The failure surface is presumed to be dependent on the first
stress invariant, I (pr p rti nal to the pressure), and the second

1

invariant of the deviatoric stress tensor, J , of the quadratic form
2

:

J ~ I # I + ~3 ^ Il"T (1)2
~

'

where A and T are material constants that can be determined fran the
2concrete tensile and compressive strengths. When K =3 a good fit to

biaxial concrete failure data is obtained as shown in Fig. 3. The failure
surface, Eq. (1), is similar to one originally developed by Saugy.17

7 /f;2

Compression 1.0
- o

l "i/f'C

Experirnental Data:
O.

o Elastic Lirnit

o Failure Initial
Discontinuous

IHEORETICAL: Curve

Failure Curve
3

8
| m

m
* {O o

E ly o
i

'O 1

Fig. 3. Failure and initial discontinuous curves in biaxial principal
stress space with experimental data from Kupfer et a L (1969) .6
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Constitutive relations for incremental stress {d o} in terms of incre-;

mental strain {d c) are derived fran References 10 and 18, based on the

normality rule of plasticity as applied to the initial discontinuity andi

18the subsequent loading surfaces. Specifically,one obtains
<

|
'

i(do} [Cep] { del , (2) I
=

where[C lis the elastic-plastic matrix defined by |ep,

;
- 1

1,

_.

~

1-v-wZ v-wZ ~" ~"yy 12 13 ~" 14 ~" 15 16

22 23 24 25 26 !1-v-uZ "~"Z ~"Z ~"Z ~"

: l
1-v-uZ ~" -wZ ~" '

33 34 35 36
l

[C l * (1+v ) (1-29 ) 1 - ""Z ~"Z ~"Zf ep
2 H 45 46

!

SYMMETRIC 1-2v
"Z

2 55 ~" 56
i

| l-2vwg
_

2 66 _
4

(3)
!
i

~

In DI. (3)

'

2 mH (1+v) (1-2v) 2 2i 1 2
2) \ n J +3p2 (4)(1-2v) (2n J +3p + 9vp +-=

22 E

,

1,2 6, (5)f.f , i, jZ.. == ...

1J 1 j
|
|

.b

l 10

__
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where

f) (1-2v) (nS +p) + 3vo=
x

f (1-2v) (ns +p) + 3vp=
2

f II~ ") IU8 +p) + 3vp"
3 2

(1-2u)ns )f =
4 g

(1-2v)nSf =
5 x7

f (1-2v)as=
6 yz

and

1-yIm =

1n =

,

7 +
0+"Tp n1=

where n = 0 in the ccmpression region of the failure surface and n = - 1/3
in the tension-compression region of the failure surface. In Eq. (6)

S,S,S Sxy, Syz' 8 represent the components of the devi-x y g xz
atoric stress tensor. 'Ihe constants a and 6 are given by (for K = 3)

A - ^, u o"
2 2 (8)

T - T
O

2 2N T A T~

o u u o
b *

2 2
T ~ Tu o

in which A,A'To' "Ud T are the material constants * thatg u u

|

| * (Note that in Eq. (1) if T = Tg,then the loading function reduces to the
initial disccntinuity surface of concrete. If T =T then Eq. (1)u
beccrnes the failure surface of concrete.)

|

|

11
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i

| are f unc tions of f ' ' f ' f ' t ' f ' f ' M , and fg. Here,
c c t

! f c' E't and f'g denote the ultimate strength of concrete under
.

j uniaxial compression, uniaxial tension, and equal biaxial compression,
! respectively,while f ' f ' E denote the initial yield strength of

c t bc

{ concrete under the corresponding loading. The constants A , A ' Tg u o' l

! and T assume different values in the compression and tension-
u

! compression regions.

For the compression region (I f 0 and J2+I/ 0)
|{ 1 l

<

i

2 2 f,2i A Y _ 7 g
; _

bc c u bc _ y 1

o , =
'

I fc 2f -T f' 2T' - 1
he e c bc

i (9)
1

l 1 2 T'be(2 - T'e)1 2 Y Y (2T -Ybc) bc be c (_u)( _fo)
t , ,

f c 3 (2 f ~fc) 3(2f ~ 1}bc bc
,
,

1

J

|

| For the tension-campression region: (Either I 2 0 or J2+I!y l

| 3 2 0)
{
*

i

I I

; A Y -Y A 1 - l'o t
,

_
c t u

_

2
,

; f' 2 f'
'

c c
I

,

| (10)'

! Y T 2

(h)2 /6
6 (f I "= I ,

tc e
i

5

where (-) denotes the nondimensionalized quantity of the corresponding

; term with respect to f' 'c
,

I

i

a

,

12
,
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The three-dimensional incremental relationships between stress and!

| strain, Eqs. (2) - (7) from Reference 8, have been incorporated into the
?ONSAP{ code,

j The input parameters to the model are the elastic properties of the
i concrete, the ultimate strain, the three parameters (tensile, compres-
i sive, and biaxial strengths) of the failure surface, and the correspond-

ing parameters for the initial discontinuity surface. Typical data for a

high strength concrete for PCRV use are given in Table I below.

! 'No modifications have been the inclusion of a quadratic hardening

; curve, which defines the incremental loading surfaces between the initial

! discontinuity surface and the failure surface, and a modification to "

l

return the stress state to the failure surface once the failure surface,
i

| is penetrated. For the former situation the hardening curve is given
: explicitly by
1

!
,

-

(T -T o) (T -T 'uu
.

4

1

TABLE I

COtCRETE PROPERTIES USED IN TEST PROBLEMS

6Modulus of Elasticity (E) 26.000 MPa (3.8x10 psi)
,

Poisson's Ratio (v) 0.20

Compressive Strength (f'c) 46.0 MPa (6800 psi)

Tensile Strength (f't) 3.1 MPa (450 psi)

Ultimate Strain (c ) 0.003
u

Biaxial Compressive

Strength (f'g) 1.16 f'c=

13
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;

;

;

where 6 is the " failure" strain associated with the failure surface

stress parameter T u, and T is the initial discontinuity stress,

g

parameter.'

; When the failure surface F ({a} ) = T is penetrated, the stress
4 u

| state is returned to the failure surface by solving

{

F ({c} + x[Cep] {6t}) =T (12)u;
.

i

for the scaling parameter X, (0 < X < 1) where {a} is the previous
j stress state, {6c} is the incremental strain change, and [Cep] is the
j elastic-plastic matrix.

j B. Orthotropic Variable Modulus M3 del for Concrete

The orthotropic variable modulus model of Ref. 9 has been adapted to,

j the NONSAP-C finite element code. For this model, orthotropic axes are

{ defined by principal stress directions prior to formation of cracks.
Ciack formation is determined by comparing each tensile principal stress

j oj in turn against the fracture criterion
<

c > f ~ (f /f') (min [0,c3,c lk}' (13 )i t. t

,

1
!

! where f't and f' are uniaxial tensile and ccmpressive strengths andc

| 3 kc and te the principal stresses mutually orthogonal to c .
i

When a crack forms, the concrete tensile stress is released and
redistributed. The orthotropic axis normal to the crack is fixed during;

'

subsequent deformation.,

A composite integrated stiffness and strength representation is
derived for the reinforced concrete element shown in Fig. 4. In Fig. 4

;

!

;

J

l 14
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Fig. 4. Cracked concrete element with reinforcement.
*

(x,y,z) represents the global coordinate system and (1,2,3) represents
the axis of orthotropy with 1 being the coordinate perpendicular to the
cracking plane (i.e. ,1 is the weak direction) . The incremental consti-

19
tutive matrix (see Eq. (2)) for stresses in orthotropic coordinates is
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1
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;

where;

t

.

(1-v) v
O=! " "

(1+v) (1-2v) 1-v'

.

:t

and where v is a conposite Poisson's ratio for steel and concrete. 'Itm,

I shear noduli G.. i, j = 1, 2, 3 are assumed to be given by
; 13,
.

E . E ./ [ (1+v) (E.+E.)]. (15)G.. =

LJ 1 J 1 J

1

The values for E. in Eqs. (14) and (15) are a cmite of variable
1

| steel arri concrete noduli,

E. bE A +E .A ., (16)=
1 Ci C1 S1 S1

.

1 16
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.

where A amd A are relative areas of concrete and steel projected
ci si

upon the l'th orthotropic face, E and E are tangent moduli of the
d si

concrete and steel, and b varies frm 0 to 1 to account for bond degra-

dation across a crack.
Following the development of Ref. 20, the triaxial strain state is

reduced to " equivalent uniaxial strains", ;

c / (1-n), (17)e =
1 1

where

(oj+ k}/Ui'r =

In this fashion the tangent noduli E and E of Bg. (16) are ob-
g gg

tained from postulated uniaxial stress-strain behavior for concrete and
steel.

The equivalent uniaxial tangent modulus for concrete varies, depending
on whether the concrete is cracked or uncracked, in tension or ccm-

pression, or under loading or unloading.
To describe the nonlinear stress-strain behavior of uncracked con-

crete in ccmpression, the loading tangent nodulus is taken to be

I

|

2)2E /E [1 - R ]/ [1 + (E/E -2) +R= ,

d sc .

,

where

l

e /c (18)R =
g f

17
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and

E f'/C* 'sc f

where c is the uniaxial failure strain, f' is the uniaxial failure
f c

stress, and E is the uniaxial elastic madulus of concrete. For uncracked

concrete in tension or for unloading and reloading in cagaression, the
elastic modulus is used. For uncracked concrete, b in Eq. (16) equals
one.

%e value of the equivalent uniaxial strain at crack f6rmation is

stored for use as a crack opening and closing criterion. For concrete
| with a closed crack, the uncracked modulus is used in 4. (16). For

concrete with an open crack across which there is no steel, one percent
| of the elastic modulus is used. Where there is steel across an open

| crack, the elastic madulus is used for the concrete fraction. We factor

| b in Eq. (16) is a sinple model of bond development across a crack and
.

'

varies linearly from one to zero as the stress sustained by the steel
approaches its yield stress.

The steel portion of Eq. (16) is elastic until yieldir4,whereupon its
modulus is set to one percent of the elastic value. The 6 teel is assumed
to unload and reload elastically.

Following Reference 19 the three-dimensional constitutive relation
described by Eq. (14) for incremental stresses,in ternn of incremental
strains in orthotropic coordinates,has been programed as one of the
material models in the Not2 SAP-C finite element code. Input parameters ,

for this model include the elastic properties-of concrete and steel, the
tensile and conpressive strengths of concrete, the steel yield stress,
and the percentages of the steel reinforcement.
C. Concrete Creep ?bdel

A viscoelastic creep model based on the theory described in Refer-
ences 11 and 21 has been incorporated into the NONSAP-C code as a three-

dinensional traterial trodel. The creep cmpliance function shown in 4

18

.
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(19) for corrrete in uniaxial stress is expressed as the Dirichlet

serieu with temperature-dependent coefficients shown in Bg. (20), )
!

c(t) -t (t) J(t, t') do (t ' ) (19)=

o

N

{ (a + b T) (1 - exp(t' - t)/T ], (20)J(t,t') = +
p=1

|

' where t is the time frcm casting of concrete, T is the tenperature in
degrees Celsius, E is the Young's modulus for concrete, T are constantsp,

called retardation times, and (a p , b ) are coefficients that represent ay

creep conpliance depending linearly on tenperature.
An eight-year study of multiaxial creep behavior of concrete is

sunnarized in Reference 22. During this investigation, strains were
;easured in cylindrical specimens subjected to a variety of multiaxial
loading conditicns, three curing times, two curing histories, and two
curing temperatures (24 C and 65 C) . Experimental data were taken
for as long as five years. This experimental work is particularly impor-

|
tant because the various test conditions rouchly approximate the condi-

| tions for concrete in a prestressed corcrete reactor vessel (PCRV) . The
results obtained in this study were fit to a five-term Dirichlet series

j of the form shown in Eq. (20). Retardation times differing by decades

| were arbitrarily selected in advance. The values obtained for the

Dirichlet series parameters are shown in Table II below. The experi-
I mental data were for concrete loaded 90 days after casting. Figure 5
l

| illustrates the closeness of the fit between the Dirichlet series repre-
sentation of Fq. (20), using parameters given in Table II and the
experimental data of Ref. 22.

19
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Fig. 5. Creep functionals for as-cast concrete at 24 K and 65 K,together
with Dirichlet series approximations.
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: TABLE II |

j VALUES OF COFFFICIDMS IN EQ. 20

! Series Retardation Time a b
6 6Term t (days) (x 10 ) (x 10 )2

i
; 1 1 0.0169 0.00036
j 2 10 0.0206 0.00047
3 3 100 0.0308 0.00118

! 4 1000 0.0797 0.00077
5 10000 0.0741 -0.00070:

!

4

I l

: III. SlM4ARY OF ?ONSAP-C CAPABILITIES

! This section describes the capabilities (e.g., elements, material
models, solution methods) of the NONSAP-C code. Briefly described are those
capabilities that have been carried over directly fran the NONSAP code;
background theory and detailed description are provided here and in the
previous section for those capabilities that have been added to the NONSAP-C
code specifically for the analysis of concrete structures and prestressed
concrete reactor vessels.

The equations of notion for an assemblage of nonlinear finite elements
have been derived previously and are of the form

[M]t+At(U} + [c]t+At ;) , t[K]{ ul = uAt{R) - t(p) , g)g

where

constant mass matrix[M] =

[C] constant damping natrix=

[K] tangent stiffness matrix at time t=

t+At{ R} external load vector at time t+Lt |
=

t{p) nodal force vector equivalent to the element=

stresses at time t

{u} nodal velocity vector at time t+At=

t+At{{i} nodal acceleration vector at time t+At=
;

|

| {ul nodal displacement increment.=

21 I
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The code NONSAP-C obtains solutions to Eq. (21) by various approximate
means. ,

!

A. Program Organization i'

The ccrnplete solution process in program NONSAP-C is divided into
I,

three distinct phases, j
'

j Input phase

The input phase consists of three steps,
,

| a) The control information and the nodal point input data are read |
2

; and generated by the program. In this phase the equation numbers for the

; active degrees of freedm at each nodal point are established.
; b) 'Ihe externally applied load vectors for each time (load) step
.

are calculated ard stored m disk.
'

c) The element data are read and generated, the element connection
arrays are calculated and all element information is stored on disk. |;

t

Assemblage of Constant Structure Matrices,

Before the solution of Eq. (21) is carried out, the linear structural

stiffness, mss, and danping matrices are assembled and stored on disk.

1 In addition, the effective linear stiffness matrix is calculated and

stored.
Step-by-Step Solutioni

'During this phase the solution of Eq. (21) is obtained at all time
points. In additicn to the displacement, velocity, and acceleration
vectors (whichever applicable), the element stresses are calculated and
printed.

It need be noted that these' basic steps are independent of the
.

element type used and are the same for either a static or dynamic anal--

ysis. Hcwever, only those matrices actually required in the analysis are |
|

assembled. For example, no mass and danping matrices are calculated in a |
static analysis.

,

j 1. Central Memory Storage Allocations. For the analysis, the finite
j elements of the emplete assemblage need to be divided into element
4 groups accordire to their type, the nonlinear formulations (see Section
d

| B), and the material models used (see Section C). One element group must

consist of the same element type, must use one nonlinear formulation, and

i

22
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only one specific mterial model (which may, however, have multiple sets
of material properties). The use of element groups reduces input-output
transfers during the solution process, since the element data are4

retrieved in blocks during the solution of F4. (21) and during element
stress calculations. Figure 6 shows the manipulation of element group
data during the solution process. The data for each element group are
read from and written to a ccxamon block array A. This array resides in

; the amall core memory (SCM) of the CDC-7600 computer. Tables III, IV,
and V show the storage allocation within this array for the three element
types. The number of elements that can be placed within an element group
is governed by the IDEST storage locations assigned in the main program
to the ccxunon block array A.

TAPE 1 TAPE 2 TAPE 9

LINEAR ELEMENT NONLINEAR ELEMENT NONLINEAR ELEMENT
GROUP STORAGE GROUP STORAGE GROUP STORAGE

NL
3

Linear Element L Nonlinear Element Nonlinear Elementg gGroup 1 #
Storage Group 1 y g Group 2
Locations /' \

Linear Element Nonlinear Element Nonlinear ElementNLGroup 2 ,L Group 2 2 Group 22 f| Y N

. . .

. . .

. . .

. . .

I
l

l

I Linear Element L Nonlinear Element NL Nonlinear Element/"L| Group "NEGL"/ Group "NEGNL" #NEGNL Group "NEGNL"
/ A

K Sequential reading and 7
writing during time integration

Fig. 6. Auxiliary storage organization for element group representation.
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j

B BLE III

TRUSS EUME2TO DAB SN

STARTI!G LE2Cni ARPAY DESCRIPTIW

m-S

N10l=1 !Dt4AT E Young's rnialus
N102 NOf4AT DW Density

N103 Nut 1AT APa Cross-sectional area
N104 NtNMAT STPAI Critical strain

N105 6*NUME W Element conne:tivity |
N106 6*NtNE XYZ Ncxlal coordinates J

N107 NU4E MFrP Material properties of
set number

N108 tDE PINIT Critical axial force

N109 NWE IPS Stress output switch
N110 !CCU*tutiAT PROP Material properties

TABLE IV I
|

MmBRANE ILDOTT DATA SIORAGE

STARTI!G IDUJi ARRAY DESCRIPTION

ADDRESS
i

N10l=1 3* E M *NUME IM Element connectivity
N102 3*MXt0 m*t04E XYZ Nodal coordinates
N103 NWE IEL* Nodes pet element
N104 NtNE IPST Stress output table nunter

! N105 NWE BETA Orientaticri of orthotropic
material axes

N106 NWE 'IHICK Element thickness,

N107 NINE MATP Material properties set
numbers

N108 NUtiAT Dm Material density
N109 t00N*N&t4AT PBOP Material properties
N110 IDW*tGAUS*NtNE WA Deformaticn history stored

at each time step
,

Nlll (MXNON-4)* NOD 5 Midside node numbers

TOE

Nil 2 9*NTABLE ITABLE Stress output locations
.

24
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TABLE V

THREE-DL'4ENSIONAL CONPINUUM ELU4ENP IRTA STOPAGE

STARTItG LEtCPH ARRAY DESLWPfION

ADDRESS
)

I
|

N10l=1 3*MXNODS*tDE IM Element connectivity
N102 3*MXNODS*NUME XYZ Nodal coordinates
N103 NUMS IELTD Nodes per element for displacements
N104 NUME IELTX Nodes per element for geometry
N105 NUME IPSI Stress output table number
N107 IDE MATP Material properties set number
N108 (MXNODS-3) *NUME NOD 9 Midside node numbers

N109 NUME IREUSE Marker for reuse of preceding
,

element stiffness
N110 NUMMAT DEN Matertal density '

N111 ! EON *NUMMAT PROP Material properties
g{

Nil 2 IIM*tEAUS*NUME WA Deformation history stored at each
load step i

Nil 3 16*NTABLE ITABLE Stress output locations
N114 MXNOM*NUME NODGL Map of local and global node numbers

,

N115 NSTE+1 T Nonuniform spaced solution times

(for viscoelastic material nodel)
N120 NDM2 S Element stiffness !

N121 2*NDM XM Lumped mass and unit nodal

body loads
N122 NDM B Strain-displacement coefficients
N123 NDM RE Internal loads I

J

N124 NDM EDIS Nodal displacements

1

I

|

25 )
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i

Several other arrays associated with the colution process are
assigned to the large core memeory (IG) array AL. Storage locations

within this master array are assigned dynamically during the different
phases of the solution process as shown in Tables VI thru IX. The length

of Im array AL is set in the main program and can be increased at the
expense of reducing the size of the two blocks used in the out of-core
equation solver.

To further improve high-speed storage capacity, NONSAP-C is an over-

laid program. Figure 7 shows the overlay structure. The maximum array
length NUMEST is limited by the amount of SCM available after the length-
iest chain of overlays is loaded. The lengthiest chain of overlays is
currently that associated with the orthotropic variable-modulus concrete
model.

2. Nodal Point Input Data and Degree of Freedom.

The nodal point data read during the first step of the input phase
consist of the boundary condition codes (stored in the ID array) and the
global X, Y, Z coordinates of each nodal point. A maximum of three
boundary condition codes need currently be defined, since a finite ele-
ment node can have at most three (translational) degrees of freedm. All

nodal point data are retained in high-speed storage during the complete
input phase, i.e., during the calculation of the externally applied load

I vectors and the reading and generating of the element group information.
It need be noted that the user should allow only those degrees of

freedom which are compatible with the elements connected to a nadal

point. The program can deal with a maximum of six possible degrees of
!

freedom (three translations and three rotations) at each nodal point, and
all nonactive degrees of freedm need be deleted. Specifically, a "1" in

<

the ID array denotes that no equation shall be associated with the degree
of freedom, whereas a "0" indicates that this is an active degree of

freedom. Figure 8 shows for the simple truss structure the

26
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|
TABLE VI 1

*
I

STORAGE AIlfCATIONS DURItC INPUT PHASE !

STARTItG IRETH ARRAY DESCRIPTION

ADDRESS

N1=1 NDOF*NU4NP ID Nodal constraints
N2 NU4NP X Nodal coordinates
N3 NU4NP Y Nodal coordinates
N4 NU4NP 2 Nodal coordinates
tir NUMNP TD4P Ncx3al temperatures

tG NU4P*NDOF*IDADG 14 ASS tiap of global degrees of freedom
associated with each equation i

number
|

N5 NEQ R or XMN External loads or nodal masses
N6 NPIM RV Ioad curve magnitude
N7 NP'IM TIMV Ioad curve times
N8 fECUR*NSTE RG Nodal loads
N9 NIDAD NOD Node numbers

N10 NLOAD IDIRN Global degree of freedcm for
nodal loads

Nll NIDAD PCUR Ioad curve number for nodal loads
N12 NIDAD FAC Irad scale factor for nodal loads
N13 NEQ*NPCUR FB2 Pressure-equivalent nodal loads
N14 NFCUR ICV , Load curve number for pressure loads

,

|

|

27 I
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TABG VII

SIUUCC ALIDCATION DURItC INITIAL CONDITION INPUT
1

I

STARTItG U2 Uni APSAY DSCRIPTION |
-

| ADDRESS i

|

! N1 through N4 Same as during input phase
!

N5 NEQ DISP Initial displacements
a
4

N6 NEQ VEL Initial velo:ities
4

N7 NIQ NI Initial accelerations

1 .

!
1

|
1

i
!
a

!

]
TABLE VIII

'

SKRAGE ALIDCATICN DURDG MATRIX ASSEMBLY PHASE
i

i
i STARTItC LD Uni APPAY DESCRIPTIN

ADDRES

N1=1 NED R Nadal loads

j N2 NED MASS Map of global degree of freedom
j associated with each equation nunt>er '

|
'

N4 NEQ XM Nodal masses and danpers

N5 NEQ XM Iunped mass vector

! N6 NEQ*1DADG CMASS Unit nodal gravity loads
^.
2

;
.,

!

3
J

1

TABLE IX

S'IORAGE ATMATIN DURItG SOLUTIN PHASE
i

STARTING LDUN ARRAY DCSCRIPTION
4

|

N2=1 NFQ DISP Displacements

N3 NQ R or DISPI Ioad or displaceaent increment
i N5 NEQ RE Unbalanced los3s
i

; N6 NEQ W Workirq vector

N7 NEQ VEL Velocity
N8 NEQ /CQ Acceleration

,

"

N9 NEQ XM Lurped masses

M10 IW7 TEMW1 Nodal tenperatures at time = t

N11 NLNNP TEMW2 Ncdal tenperatures at time = t + St

4

28
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Fig. 7. Overlay structure of NONSAP-C.
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Fig. 8. No3al point layout of truss element and ID erray before aM
after allocation of equation numbers to active degrees of
freedom.-
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ID array as it was read and/or generated by the program. Once the com-
plete ID and X, Y, Z arrays have been obtained, equation numbers are
associated with all active degrees of freedom, i.e., the zeroes in the ID
array are replaced by corresponding equation numbers, and each 1 is
replaced by a 0, as shown in Fig. 8 for the simple truss example.

3. Calculation of External _Ioad Vectors. The loading in the anal-
ysis can consist of ccncentrated nodal point loadings and distributed
body or surface loads (see F. below) . The load corresponding to a degree
of freedom is assumed to vary with time as expressed by a time function
and a load multiplier, both defined in the input.

4. Read-In of Element Data. In the last step of the input phase,

element information for each element group is read and generated. Spe-
cifically, the element coordinates, the m terial properties, and the
element connection arrays are established. Also, working vectors which
store required element strains, stresses,and other variables are initial-
ized. For each element group this information is processed in the first
NUMEST high -speed storage locations and then written together in one
block on secondary storage. During the next phases of the solution,
therefore, the required element data can be read in blocks, sequentially
one block at a time, into the same high-speed storage locations.

It should be noted that the reading and generatior. of the element
data of one group requires only one call of the cpecific element overlay
needed since all elements in one group are of the same kind. After all ||

element informtion has been established, the ID and X,Y,Z arrays are no ;

llcnger required, and the corresponding storage area is used for the
formation of the ccnstant structure matrices and later for the solution

|
of the equations of equilibrium.

|

i 5. Disk Storage Allocation. NONSAP { requires 18 external disk
files during the solution process. Table X shows the allocation of these
files. Most of the computer time required for a problem solution is
devoted to data transmissions between central memory and these disk

files.
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TABLE X '

DISK STORAGE ALIDCATIO4*

.

FILE NAME DESCRIPTIO4

I
TAPE 1 Linear element group data

] TAPE 2, TAPE 9 Nonlinear element group data
, TAPE 3 External loads

TAPE 4 Linear stiffness matrix
4

| Consistent mass matrix

! Nodal damping vector |

TAPE 5 Input data
TAPE 6 Output

TAPE 7 Effective linear stiffness

Lumped mass vector

| TAPE 8 Constraint data |
:

; ProLGem restart data
,

4

TAPE 10 Degree-of-freedcm data for body loads j
' Factored nonlinear stiffness !

: TAPE 11 Nodal masses and dampers ;

1

! TAPE 12 Blocked stiffness matrix |
; 1
j TAPE 13 Reduced stiffness matrix !

!
'

; TAPE 14 Pivots
<

TAPE 15, TAPE 16 Element stiffness matrices prior to assembly
| TAPE 17 Tenporary working file I,
t

i TAPE 21 Nodal point temperature-time history |
t

i
s

n

|

|

1

4

7

!
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6. Global Matrix Assembly and Solution of Equations. The global

stiffness matrix is stored by columns in blocks of 50 000 words each.
Only the data contained below the skyline of the global matrix are proces-
sed. Details of the out-of-core solution scheme are found in Reference
23. The global matrix is assembled by element group. The upper triangle
of each element stiffness matrix is cmputed in compacted vector form.
The element stiffness and element connectivity array are written on a
sequential disk file for each element in the group. Upon completion of
all of the element stiffness cmputations within an element group, blocks
1 and 2 of the global matrix are read frm disk into core. Element data
are read from disk file NFRCM and assembled to the extent they fit into

blocks 1 and 2. Data for elements that do not fit entirely in blocks 1

and 2 are written to disk file NIO. When all elements have been proces-

sed, blocks 1 and 2 are sent to disk and blocks 3 and 4 are brought into
core. Element data are now read from disk file NIO, assembled, and

written to disk file NFROM. Assembly continues until all global matrix
blocks have been pr'_ cessed.

B. The Element Library

In the following, the finite elements currently available in NONSAP
are briefly described. It should be noted that a particular element
group must ccnsist of finite elements of the same type.

1. Truss Element. A three-dimensional truss element shown in Fig. 9

is available in NONSAP-C. The element is assumed to have constant area
and may be used in linear elastic analysis, materially nonlinear and/or
large displacement geometrically nonlinear analysis. In the large dis-

placement analysis, the updated Lagrangian formulation is used, but small
strains are assumed in the calculation of element stresses. The truss
element can be used to specify nonzero boundary displacements.
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2. The Membrane Element. % e membrane element shown in Fig. 10 can

have fran 4 to 8 nodes ard conforms to the surface of any configuration )
of the 8-to 21-node solid element. We membrane element can nodel sur- )
faces of nonorthogonal curvature. Stresses and strains are cmputed in I

the directions of principal curvature. Material models include linear
elastic isotropic, linear elastic orthotropic, ard elastic-plastic with a

von Mises yield condition. Only small strains can be modeled. Mathe-
matical details are found in Appendix B.
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Fig . 10. Three-dimensional membrane elenent.

3. Three-Dimensional Solid or Thick-Shell Element. A general
three-dimensional isoparametric element with a variable number of (frm 8
to 21 nodes) can be used. As shown in Fig 11, the first 8 noses are the

corner nodes of the element, nodes 9 to 20 correspond to midside nodes
and node 21 is a center node. The element can be used for three-
dimensional analysis of solids and thick shells.
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Fig. 11. Three-dimensional solid element.

C. Material Models

All new rraterial nodels have been added to the three-dimensional
pcction of the code. All nonlinear material nodels allcw equilibrium
iterations.

1. Truss Element Material Models. 'Ihe truss element traterial
behavior can be described by means of two models.
Linear Elastic Material

The linear elastic material can be defined by Young's mdulus and
Poisson's ratio only.
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1

Nonlinear Elastic Material )
The nonlinear elastic material behavior is defined by specifying the

stress as a piece wise linear function of the current (infinitesimal)
strain. Thus, the total stress and the tangent nodulus are directly

defined in terms of the total strain.
2. Membrane Element Material Models. The membrane element naterial

behavior can be described by means of three models.

Isotropic and Orthotropic Linear Elastic Material

The stress-strain relationships are defined by means of constant
Young's moduli and Poisson's ratios. The orthotropic material axes x-y
are oriented with respect to the membrane tangent axes r-s as shown in
Fig. 12. ]

I
!Z,T
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/

/
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/
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__n------ - . _ _

| R

,

Fig. 12. Orientation of orthotropic material axes in the membrane
element.
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Elastic-Plastic Material

The elastic-plastic material nodel is based on the von Mises yield

condition. Linear isotropic hardening is assumed.
3. Three-Dimensional Solid Element Material Models. Currently,any

one of the following six material models can be used to describe the
three-dimensional solid element behavior.
Isotropic Linear Elastic Material. The stress-strain relationships are

defined by means of the constant Young's modulus and Poisson's ratio.
'The Curve Description Model

In the curve description model, the instantaneous bulk and shear
moduli are defined by piecewise linear functions of the current volume
strain. An explicit yield condition is not used, and whether the mate-

rial is loading or unloading is defined by the history of the volume

strain only.

In the analysis of some problems, tensile stress due to applied"

loading cannot exceed the gravity in-situ pressure. In such conditions
the model can be used to simulate tension cut-off; i.e., the material
nodel assumes reduced stiffness in the direction of the tensile stresses
that exceed the magnitude of the gravity pressure. l

Orthotropic Variable Modulus Reinforced Concrete

'Ite steel reinforcement and concrete matrices are combined to form a
cmposite modulus. Nonlinear cmpressive behavior is modeled in terms ofi

equivalent uniaxial strains and an approximate uniaxial stress-strain
relationship. Cracks are allcwed to form in three orthogonal direc-

tions. Thernal strains resulting from a time-varying temperature field

may be modeled.
' Viscoelastic Concrete Creep

The constitutive law is derived by expanding the creep cmpliance
function in a Dirichlet series. Solutions are obtained at' user-selected

; nonuniform time intervals. Thermal strains resulting frcn a time-varying
] temperature field may be modeled.
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Elastic-Plastic Material Model
The elastic-plastic material nodel is based on the von Mises yield

condition. Linear isotropic hardening is assumed.

Elastic-Plastic Concrete Material _
This concrete model is based on classical elastic-plastic theory. An

expandirg yield surface distinguishes elastic deformation frm nonlinear
deformation. When the expanding yield surface contacts a failure sur-
face, the stress in the material can ro longer increase and the stiffness

of the material is zero. The yield and failure surfaces are paraboloids
and hyperboloids about the hydrostatic axis in stress space.
D. Dynamic Capability

Dynamic problems are solved by integration of the equations of motion
in the time dmain. Both the Wilson-Theta and Newmark-Beta integration
algorithms are available. Either a lumped or consistent mass matrix may
be selected.
E. Computations In Cylindrical Coordinates

Problems may be run and nodal constraints applied in cylindrical
coordinates in which the (X, Y, Z) axes become (axial, radial, tan-

gential) . Element matrices are calculated in rectangular coordinates and

transformed to cylirr3rical coordirates prior to assembly of global

matrices. Nodal loads are understood to be in cylindrical coordinates and
pressure loads are transformed to cylirrlrical coordinates.
F. Pressure and Gravity baads

Membrane and three-dimensional elements may be loaded with pressure

loads. Pressures are transformed to nodal loads usirq the element face
shape functions.

Gravity loads may be applied to the structure based on the material
density associated with each element. The element mass is apportioned
among the element nodes using

.

I

V
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where m is the nodal mass, p the element. density, H the shape func-
i j,

| tion for node i, and V is the element volume. Gravity loads are deter-
]

mined from the rodal masses by applying the desired number of "g's" to the 1

appropriate degrees of freedom.
G. Mesh Generation ;

NONSAP-C has certain basic mesh generating capabilities. These in-
clude generation of lines and circles of node points, generation of ele-
ment connectivity data, and generation of pressure load data. For complex 1

1

meshes, the INGEN code of Reference 8 is recmmended for mesh generation.

H_._ Stiffness Matrix Reformation and Equilibrium Iterations

The user may select the number of time steps between which element
stif fness matrices are not updated to reflect the revised stress state.
Likewise, one may select a time step interval during which equilibrium
iteraticns are not performed. During the equilibrium iterations at a

1

particular time step, the number of iterations for which the stiffness
'

matrix is to be reformed may be selected.
Experience indicates that stiffness reformation and equilibrium

iteraticn should be performed at every time step despite the large
additional computational cost involved. Reformation of the stiffness
matrix during equilibrium iterations speeds convergence.

i

I. Computing System Requirements
_

NONSAP-C is written in standard CDC FORTPAN EXTENDED and CDC COMPASS

anS contains no facility-dependent coding. It is written for the CDC-7600
computer and requires 150 000 words of small core memory, 370 000 words of
large core memory, and 18 disk files. Computer time required for a

j problem soluticn is dominated by data transmission between disk files and |
central memory.4

IV. APPLICATION OF IONSAP-C 'ID ANALYSIS OF 3-DIMENSIONAL CONCRETE

STRUCIURES.

In this section the application of the NONSAP-C code to the stress
analysis of a variety of concrete structures is illustrated. The analyses
range from treatment of elastic behavior only to a nonlinear dynamic
analysis including the effects of concrete cracking ano crushing. The
input decks for these test problems have been put sequentially on tape

after the NONSAP { code.
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A. Elastic Analysis of a Multicavity,PCRV
A linear elastic analysis of a 30 degree symmetry section of a multi-

cavity PCIN was carried out. The main purposes were to test the NO EAP-C
code on a problem with the three-dimensional geometric complexities
introduced in a PCRV by the presence of penetrations and steam generators and
to assess convergence of the solution as the mesh was refined. The model
selected for our analysis is illustrated in Ref. 6, page 165; the finite
element mesh shown in Fig.13 was generated by the INGEN code as described in

Ref. 8 and comprised 96 20-node isoparametric elements with a total of 707
nodes. The mesh appears to have 768 elements since each 20-node
isoparametric was

i
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Fig. 13. PCRV mesh - 300 sector.
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represented as 8 elements for the M NIE code. The boundary conditions
used for this problem are zero circumferential displacements on the two
symmetry planes, zero axial displacement at the support points, and zero

,

radial displacements along the line of zero radius. An internal pressure*

of 5.1 MPa (750 psi) within the core region was the only applied load.
3Young's modulus equal to 30 x 10 MPa and a Poisson's ratio of 0.2 were

used in the calculation.

Displacement at specific points in the PCRV are given in Table XI )
below with the positions referenced as shoan. Figure 14 illustrates

minimum principal stress contours in the lower head of the PCRV that were |
'

1

obtained using the MOVIE code described in Ref. 9. Finally, Fig. 15 |

illustrates, as a continuous tone image, the deformed PCRV with the
displacements magnified by 600. Output again is from the MOVIE code.

i

COtflOUR VALUES
l

A -8.81 MPa
; B -7.8 MPa

C -6.8 MPa*

D -5.8 MPa
E -4.8 MPa

! F -3.8 MPa
G -2.8 MPa
H -1.8 MPa

,

| I -0.8 MPa l
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Fig. 14. Minimum principal stress contours in the lower PCRV head.
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Fig. 15. Color tone image of the deformed ECRV.

|
| This problem is a fair test of the storage required for a truly three-

dimensional structural analysis of a PCRV. The stiffness matrix for the
problem contained 200632 words; the half-bandwidth was 170 and there were
1725 equations. The computing time required for this problem was 26 s of
central processor tim on the CDC 7600. Reference 24 summarizes the
results of convergence studies for this problem using a coarser and a
finer mesh than the one shcwn in Fig. 13,
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TABLE XI

RADIAL, CIRCLNFERENTIAL, AND AXIAL DISPLACEMENTS

FOR MULTIOWITY PCRV

Position Radial Circumferential Axial
Disp. (m) Disp. (m) Disp. (m)

A 0 0 -2.33
B 0 0 -3.20
C 0 0 6.02

D 0 0 5.15

E 1.76 -0.06 1.47

F 0.80 0.06 1.47

G 0.99 0.27 1.47

D

\'

C -

==W- F
3>-

s' A

B/\-

kA

B. Concrete Cuba Under Multiaxial Stress States
A concrete cube, as shown in Fig. 16, has been subjected to several

proportional multiaxial load histories and the responses (in terms of

strains) have been ca: pared. The elastic-plastic concrete material
model, described in Section II.A. was used in this study.' The multiaxial
load histories are given in Table XII.

4
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Fig. 16. Corrrete cube under triaxial stress.

TABLE XII

MULTIAXIAL IDAD HISIORIES

CASE STRESS CONDITION
A Uniaxial compression and unloading

B Biaxial compression C *a = -P' =0
j z y x

c =0| C Biaxial conpression c = -p, c _ -1/2x y- p, x
i

1

D Triaxial compression x" y * ~P**
x
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The concrete material properties that were used in these test prob-
lems are given in Table I of Sec.II.A.; there was no reinforcement of ;

the concrete cube. 'Ihe initial discontinuity surface of the elastic-

; plastic constitutive model (see Fig. 2) was taken to occur at 60% of the

effective stress at failure. The parameters A and I of Eq. (1) were calcu-*

i lated to be 12.1 MPa (1780 psi) and 22.9 MPa (3370 psi) in the compres-
sion region and 21.6 MPa (3180 psi) and 4.8 MPa (710 psi) in the tension

' regions,respectively.
! Pesponses of the concrete cube to the compressive loading programs

given in Table XII are sh wn in Fig. 17 for the elastic-plastic material

model. As can be seen in Fig. 17 increasing biaxial stress stiffens the

compressive material response; when a hydrostatic compressive stress
state is reached, the material remains entirely elastic for all values of
stress.

C. Thick-Walled Concrete Ring'

Figure 18 illustrates a finite element mesh of a thick-walled

circular ring whose response to internal pressure loading was calculated
using the NONSAP-C code with the material models discussed in Sections

II.A.and II.B. Five 12-node elements were used to describe the ring
geometry; stiffness and stresses were evaluated, or integrated,
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Fig. 18. Concrete ring finite element model.
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at 8 Gauss points in each element. Concrete properties described in Table
I of Section II.A.were used. Based on the formation of a radial tensile
crack in the elastic stress field, the ultimate pressure that the ring can

withstand is 1.2 MPa (178 psi), which is predicted by the variable modulus
theory. Fcr the elastic-plastic concrete nodel a plastic zone propagates
f rm the inner element through the ring until the plastic zone permeates ;

the ring at an internal pressure of about 1.12 MPa (160 psi) . From 1.12

MPa up to 1.4 MPa the concrete work hardens, corresponding to stress states
between the initial discontinuity and failure surfaces. At 1.4 MPa the
stress state throughout the ring is on the failure surface and rupture
occurs. Calculated response of the ring to the internal pressure loading
is shcwn in Fig. 19, and Fig. 20 shows the development of the crack
pattern of the variable modulus concrete model and the growth of the
inelastic zones for the elastic-plastic model (the four inplane Gauss
points allow for discrimination within each element) .

,
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Fig. 19. Response of the concrete ring to internal pressure loading.
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I

D. Rectangular Concrete Plate

A reinforced concrete slab, sinply supported on three sides, free on
the fourth, and loaded with a uniform pressure was analyzed with NONSAP-C

.
using the variable-modulus-cracking concrete model. The finite element

|
'

mesh, consisting of twenty-four 16-node isoparametric elements, was one
element thick. Equal amounts (0.5%) of tension and conpression rein-
forcement located as shown in Fig. 21 were included. Using a steel
tensile strength of 300 MPa and a concrete compressive strength of 30 MPa
as strength properties, a limit load of 28.3 kPa was predicted using
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i

i

i yield line theory. Figure 22 shows the load-deflection curve calculated
by NONSAP-C with the finite element model; a limit or ultimate load of 30'

i kPa is indicated, which is in good agreement with the prediction of the
yield line theory. Figure 23 shows the tensile crack pattern determined
with the finite element model. Although the crack patterns are widely,

i

diffused, the crack trajectories are aligned with the predicted yield;

I lines.
This problem was run using ten load increments and required two

minutes of central processor time on the CDC 7600. Eight integration
points were used in each element

E. Dynamic Response of a Concrete _B_e,am

The dynamic beam problem was selected as an experiment to see if the
variable-modulus-cracking reinforced moncrete constitutive law in the

IONSAP-C code could be used to model a dynamic problem. The particular
beam selected is 36-2 from a series of beams tested at the University of
Illinois.25

The beam was 1.5 m long and had a rectangular cross section 0.30 m by
0.15 m. Two 16. 7 bars were used as compression reinforcement and two

No. 9 bars were used as tensile reinforcement. Stirrups made of No. 2
bar were spaced at 0.108 m along the beam. Material properties were as,

follows:

4Initial modulus of concrete 2.58 x 10 MPa
Compressive strength of concrete 22.5 MPa

Tensile strength of concrete 5.1 MPa

Poisson's ratio 0.2
5Modulus of steel 2.0 x 10 MPa

'Yield strength of steel 301 MPa

The beam was excited by an explosively driven two-point loading. The
load was idealized as a triangle with a peak of 0.26 MN, a rise time of

0.018 s,and a duration of 0.040 s. Although the concrete was extensively
damaged by the loading pulse, the beam did rebound and required two
subsequent blows before it collapsed.

I
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The finite element model of the beam consisted of 48 16-node isopara-
metric elements as shown in Fig. 24. The first mode period of a linearly j

equivalent beam is 0.016 s; therefore, a time step of 0.001 s was used for
this analysis. At 0.015 s NONSAP calculations indicated that the beam
had collapsed. Crack indicators in NONSAP-C showed that nearly the
entire beam was distressed at this time. Deflection and strain time
histories show reasonable agreement with experimental data prior to the
occurrence of the failure mechanism as shown in Figs. 25 and 26.
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Fig. 22. Response of the concrete plate.
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This problem was run f<r 40 time steps without equilibrium iteration
and required 14 minutes of central processor time on the CDC 7600.
F. Shear Strength of a PCRV End Slab Model

A series of PCRV models has been tested to destruction at the
Structural Research Laboratory of the University of Illinois. %e nest

recent test series, reported in Ref.12, was designed to study the
effects of penetrations on the strength of the end slabs. Here three-

dimensional effects are i:tportant.
Figure 27 illustrates the finite element mesh that represents a 30

degree synnetry section of vessel PV-27. % is vessel contained six end
slab penetrations. There was no reinforcement in the end slab. Twenty-

, node isoparametric elements were used in the finite element mesh. The
l
! mesh contained 994 nodes and 152 elements. Material properties were

taken fran Ref.12 ard are shown in Table I of Section II. A. The vessel

| was prestressed axially to 23.5 MPa (3410 psi) and circumferential1y to
10.7 MPa (1560 psi) .
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An initial elastic analysis of PV-27 with internal pressure and
j

i without prestressing was carried out with the NONSAP-C code. There was

|. good agreement between the deflections obtained with the NONSAP-C anal-

ysis and with elastic deflections computed with the FINITE structural
;

analysis code as reported in Ref. 12.
,

Following the elastic analysis, a determination of the inelastic
! response was nade using the variable-modulus-cracking concrete model.

Since the wall of the vessel was not expected to crack, it was nodeled as
an elastic medium. Only the end slab was modeled with the nonlinear
concrete constitutive law.

The prestress and internal pressure were applied incrementally and
the response was calculated by equilibrium iteration within each load
increment. Initial cracking of the end slab occurred at an internal

pressure of 5.7 MPa (830 psi) . At an internal pressure of 10.0 MPa (1470
psi), the equilibrium iterations failed to converge because of extensive
cracking in the end slab. Radial and circumferential crack patterns at
maximum load are shosn in Figs. 28 and 29. The uncracked area within the
dashed lines in Fig. 29 is an indication of the cryptodome that remained
in the test vessel after the central plug broke away. Figure 30 illus-

trates the internal pressure versus central deflection curves obtained
with the NONSAP--C analysis and during the experiment. A peak internal
pressure of 16.5 MPa (2400 psi) was sustained during the experiment. !

The experimental load-deflection curve in Fig. 30 indicates that there j

was considerable inelasticity beyond initial cracking. The NONSAP-C j
'analysis accurately predicted the onset of inelastic behavior in the end

slab. Permanent internal damage was observed during the experiments to j

occur at less than half of the ultimate internal pressure,and experi-
mental load deflection measurements indicated the onset of nonlinear
behavior between 4.1 MPa and 6.2 MPa (600 psi and 900 psi) . Considering

the approximation made in modeling all but the center of the end slab as
a linear material, the analytical results shoa reasonable agreement with
the experimentally observed cracking pattern. The analysis procedure
does rut properly account for the nonlinear deformation process that
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occurred during the experiment between the onset of cracking and the
ultimate load sustained by the vessel. This analytical deficiency may be
the result of unaccounted for frictional resistance in the cracked con-
crete, a too sensitive crack initiation criterion, or a mesh that was too

coarse to model the details of postcracking behavior.
Analysis of W-27 was a severe test of NONSteC, as far as

calculating the ronlinear behavior of a multicavity PCRV. There were

2477 equations with a half-bandwidth of 368 in the system of equations
for stress equilibrium of W-27 during any load increment. Five load

increments were used in the calculation of the behavior of W-27, which

used up 43 m of computing time on the CDC-7600. Most of the
calculational time (25 m) was spent in the equilibrium iterations.
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Fig. 30. Experimental and computed pressure-deflection curves for W-27.
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j G. Creep of Fort St. Vrain Cruciform I

i Figure 31 illustrates a threc~ dimensional finite element mesh that

has been suggested for the cruciform for which experimental creep data

: are available from Ref. 26. Note that this is not a compatible mesh

f (i.e. , displacements are not continuous across all element faces) . The
modulus of elasticity was experimentally measured (see Table E 20-6 of'

,

Ref. 26) ;
*
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i a value of 31000 MPa (4.5 x 10 ) psi at the age of test (33 days) and

constant thereafter appears to be justified by the data and was used in
Utilizing the creep functional of England and Ross,27I' the calculation.

e

l

,i
-

J

' ~9 -l. St) + (1-e .035tc (t) = 4.0T x 10 (1-e
-

(22)o,
C

,

:
f

where T is temperature in C, t is time in days, and a is stress, cal-4

culation of the creeo behavior of the cruciform was made using NONSAP-C

for constant axial and side pressure 1mding of 10.8 MPa (1585 psi) over

| 63 days. The cruciform was assumed to be equilibrated at 64.5 C. A

} creep Poisson's ratio of 0.20 was used. Eight integration points were
used for this mesh; the mesh itself consists of 46 nodes. Eighteen time

steps were employed in the calculation and the execution time was 10 s.
Figure 32 illustrates the uniaxial strain (c ) measured at the centerg

of the top element and the biaxial strain (1/2 c + 1/2 c ) measuredg

at the junction of the middle two elements, together with the experi-
mentally measuwd values. Good agreement between the numerical and

experimental valuas is seen.
From Bg. (22) one can evaluate the creep strain at large times to be

equal to 8 x 10~ fc. The limiting creep strain was found to be 815 ,

p strain, whica added to an initial elastic strain of 350 Ustrain, gives
a total limiting strain of 1165 pstrain. By taking large time steps (25,
50,100, 200, and 400 days), the limiting state of strain in the top '

element of the cruciform mesh, which is in a state of uniaxial stress,

can be simulated numerically. The NONSAP-C value of limiting strain was
1140 pstrain, which is within 2 percent of the analytical value.
H. Creep of ORNL Thermal Cylinde_r,

A concrete cylinder with axial and circumferential prestressing was
subjected to a radial temperature gradient corresponding to a uniform
internal heat flux and a time-varying internal pressure at the Oak Ridge
National Laboratory. Dimensions and the prestress configuration are

( shown in Fig. 33. The vessel was prestressed 90 days after casting. The
,

'
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|

tenperature gradient was applied over the 40th to 55th days after the
prestress was applied. From the 135th day to the 330th day after
Prestressing, an internal pressure of 4.83 MPa was applied. Details of

the experiment are found in Ref. 13.
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Fig. 32. Cruciform experimental strain-time data and results of POtGAP-C
creep calculations.
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j A 12.8 degree sector of the cylinder was modeled with 20-node iso-
|

parametric elements as shown in Fig. 34. The circumferential prestress
was applied to only one row of elements to simulate the bearing pads
shoan in Fig. 33. The Young's modulus of 38 300 MPa and the Poisson's

ratio of 0.2 were taken from Ref. 13. The coefficient of thermal expan-
cion for limestone concrete was taken from Fig. 51 of Ref. 28 as 5.4
pstrain C. The temperature-dependent creep data given in Section II.C.
of this report were used in the calculations.

Figures 35 through 36 are plots of circumferential strain histories
obtained with the NONSAP-C finite element code. Also shown are banded
plots of strains measured during the experiment. More extensive calcu-
lational results are presented in Ref. 31., and explanations are advanced
for discrepancies between the calculated and experimental data. !

I. Spherical Membrane Under Internal Pressu,re
This problem was used as a test of the membrane element of NONSAP-C.

A spherical memorane, shoan in Fig. 37, was loaded with uniform internal
pressure . The missing element at the apex was replaced with a set of
equivalent nodal loads. Stresses at symmetric integration points were
normalized with respect to the exact solution of this problem and were
averaged in each principal direction for each element. Results are shown
in Table XIII. Accuracy decreases as the apex of the membrane is
approached. This effect, as well as the absolute error in the stress

magnitudes, is probably caused by imprecision in the nodal loads applied
at the apex.

The problem was also run using the elastic-plastic constitutive model
ard demonstrated satisfactory agreement with predicted yielding behavior.
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Fig. 37. Membrane finite element model for a spherical segment.

TABLE XIII

SPHERICAL MEMBRANE STRESSES

0 (RR) /0(EXACT) 0 (SS) /0(EXACT)

Element Mean Variance Mean Variance y

0 - 15 0.996 57 0.368 E-4 1.003 33 0.222 E-4

15 - 30 0.996 25 0.432 E-4 1.004 17 0.264 E-4

30 - 45 0.994 58 0.405 E-4 1.005 00 0.197 E-4

45 - 60 0.992 08 0.530 E-4 1.007 92 0.197 E-4
60 - 65 0.980 83 0.931 E-4 1.019 17 0.743 E-4
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APPENDIX A. DATA INPUP TO NONSAP{

CONTEtTIS

I. Heading Card

II. Master Control Cards
III. Nodal Point Data
IV. Applied Ioads Data

1. Control card
2. Ioad function data
3. Nodal loads data

V. Rayleigh Damping Specification
VI. Concentrated Nodal Masses

VII. Concentrated Nodal Dampers

VIII. Initial Conditions

IX. Truss Elements

1. Element group control card
2. Linear elastic material /section property data
3. Nonlinear elastic material /section property data
4. Element data cards

X. Membrane Elements

1. Element group control card
2. Material property data
3. Stress output tables

4. Element data cards

XI. Three-Dimensional Solid or Thick-Shell Elements
1. Element group control card
2. Material property data

3. Stress output tables

4. Element data cards

XII. Restart Analysis
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I. HFADIN3 CARD (12A6)
a

note columns variable entry

: (1) 1 - 72 HED(12) Enter the master heading information
'

i for use in labeling the output
.

! NCfrES/
! (1) Begin each new data case with a new heading card. End the final

|
case with two blank cards.

II. MASTER CNfROL CARDS'

i

Card 1 (15, 6II, I4, 3IS, 2F10.0, I5)

| notes columns variable entry

!

(1) 1-5 NUMNP Total number of nodal points;
B2.0; program stop

(2) 6 IDOF(l) Master X-translation code;
Q.0; admissible
Q.1; deleted

7 IDOF(2) Master Y-translation code
8 IDOF(3) Master Z-translation code
9 IDOF(4) Master X-rotation code

10 IDOF(5) Master Y-rotation code
11 IDOF(6) Master Z-rotation code

(3) 12-15 NB3L Number of linear element groups;
EQ:0; all elements are nonlinear

(4) 16-20 NEGNL Number of nonlinear element groups;
Q.0; all elements are linear

(5) 21-25 MODEX Flag indicating solution mode; 1

W.0; data check only
B2.1; execution

7

B2.2; restart"

1

(6) 26-30 NSTE Number of solution time steps 1
:

(6) 31-40 Dr Time step increment

(7) 41-50 TSTART Time at solution start

(8) 51-55 IPRI Output printing interval; '

B2.0; default set to "1"

| 56-60 IPTL Output interval to plot tape
B2.0; no output

71
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1

; 61-65 IPL'IC Cottrol for plot type
EQ.0; write displacements on tape
EQ.1; write velocities on tape
EO.2; write accelerations on tape

(9) 66-70 ITEMP Control for nodal temperatures
EQ.-1; fixed temperatures on node cards
E0.0; no temperatures
ED.1; cemperatures on tape 21

71--75 IDADG Gravity loads
EQ.0; no gravity loads
EQ.1; gravity loads included

NOI'ES/
(1) The total number of nodes (NUfNP) controls the amount of data to

be read in Section III. If NUMNP.EO.0, the program terminates
execution.

(2) The codes IDOF(l), IDOF(2), . . . , IDOF(6) given in columns 6-11
can have values of "0" or "1" and are used to conserve storage
and reduce input for special problems not requiring a full six
degrees of freedom at each node. If IDOF(I) .EQ.1, the I-th

(I=1,2, . . . ,6) nodal displacement does not exist in this problem,
and any reference in the data to the node I-th degree of freedom
is ignored by the program.

(3) The program distinguishes between linear and nonlinear
elements. Linear elements have their stiffness matrices formed
only once, and the formulation excludes consideration of either
geometric or material nonlinearities; linear elements are used
to represent those regions of a model which can be assumed to

' behave linearly and should be used (where possible) to improve
solution efficiency.

An element group is a series of elements of a particular type
(e.g. , TRUSS, 3/D CONI'INUUM, etc. ) in which element numbers are
assigned in ascending sequence beginning with "1" and ending
with the total number of elements in that particular group. The
organization of elements into groups is samewhat arbitrary and
is best illustrated by the following example.

Suppose that a model contains 20 linear TRUSS elements and 33
linear membrane elements, 11 of which have isotropic material
properties. Assuming that the isotropic properties are not
given as equivalent orthotropic properties, a minimum of three
(3) linear element groups (i.e. , NEGL.EQ.3) is required in this
example.

.,
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LINEAR EI S D TP RANGE OF TYPE OF
GROUP TYPE EIDD7P MATERIAL

i NUMBER NUMBERS bODEL
i

1 TRUSS 1 - 20 AE, constant
2 MEMBRANE 1 - 11 Isotropic!

| 3 MEMBRANE 1 - 22 Orthotropic
|

| Further, suppose that it is desirable to separate the 20 TRUSS
elements into two groups of 5 and 15 elements and 22 bD1BRANE;

| orthotropic elements into two groups, one with 8 and the other
|

with 14 elements; then, NEGL.D2.5 and

1 TRUSS 1-5 AE, constant
2 TRUSS 1 - 15 AE, constant
3 MFMBRANE 1-H Isotropic
4 M948RANE 1 - 14 Orthotropic -

5 MEMBRANE 1-8 Orthotropic |
l

Since NONSAP is an overlaid program, the order of the element
| groups (linear and nonlinear) is most efficient when all element
'

groups are groupel together. In addition, all element groups
using the same nonlinear material model are best input together.

It need be noted that the program must read data for all of the
"ND3L" groups before reading any data for the nonlinear groups.

The one restriction that must be noted when organizing elements
into groups (either linear or nonlinear) is that only one type
of material model is allowed for the elements in that group.
Also, it is permissible to model a structure with nonlinear
elements only, in which case ND3L.ED.0 and NEGNL.GE.1.

(4) Nonlinear elements include the effect of material and/or
gectnetric nonlinearities iri the formation of stiffness and
stress recovery matrices. The type of nonlinearities to be
associated with an individual group of elements is defined by
means of data given on the element group control card. In

separating elements into nonlinear groups, note that only one
type of material model is allowed for the group. The order in
which groups are input was discussed in note (3) above.

The total number of element groups processed by the program is
the sum NEGL+NEGNL. Alco, NEGNL can be zero, but then the
number of linear element groups must be at least one.

(5) The MODEX parameter determines whether the program is to check
the data without executing an ana]ysis (i.e. , FDDEX.EO.0) or if
the program is to solve the problem. In the data check only
node, the program only reads and prints all data. Therefore,|

| the MODEX.B2.0 option should be used for data checking. If

MODEX.EQ.2, the problem is a restart job. Refer to Section XII
for setting up a restart job.
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(6) Ur is the solution time step, et, and is used similarly for
static, quasi--static or 6ynamic problems. Ur for static
problems is not used to perform step-by-step time integration
for system response, but rather is used as an equivalent "lmd
step'' or " loading increment". All forcing functions are input
as tables of f(t) versus t, and the loads at solution step "n"
(where "n" is between "1" and "NSTE") are found in the f(t)
tables by linear interpolation at t=not. NS1E must be at least
one.

(7) The time at solution start (TSTART) is an input convenience for
restart (i.e. , FDDEX.D2.2) jobs. TSTART in a restart job would
be the final time to which a previous solution was run and saved
for use in supplying initial conditions for this job. Since the
time counter is incremented from TSTART, none of the forcing
function tables need be revised (i.e. , shif ted in time) for the

restart job.

(8) The print interval determines at which solution step interval
program results are to be printed. If IPRI.D2.4, output is
produced at the end of solution steps 4, 8, 12, etc.

If IPRI is larger than the total number of solution steps
(NSTE), then no output will be printed during the course of
sohtions. If IPRI.LE.NSTE, then print directives must be given
fo displacements, velocities, and acceleration on Card 6 in
this section and for the stress components on the element cards
(Secticn IX.4, X.4, or XI.4).

(9) Nodal temperatures may be used by 3-D element material nodels 4
and 5, the reinforced concrete and viscoelastic creep models.
The initial zero-strain temperatures are read frm the material
property data. If ITEMP is equal to -1, then nodal temperatures
are read frm node cards and this spatial temperature distri-

,

| bution is used for all times. If ITEMP is equal to +1, the *

| NUMNP nodal temperatures are read from TAPE 21. There must be
'

at least (NSTE+1) records on TAPE 21 where the first record
contains the nodal temperature at t = 0.. If ITEMP is zero,

then no temperatures are read.

Card 2 (415)

notes columns variable entry

(1) 1-5 1 MASS Control flag indicating static or
dynamic analysis;
D2.0; static analysis
GT.0; dynamic analysis

Also flag indicating mass u trix type;
D2 0; no mass effects

,

B2.1; lumped (diagonal) mass
D2.2; consistent mass matrix
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(2) 6-lf ':D W P Flag indicating damping type;
D].0; no damping effects
82.1; Rayleigh damping

(3) 11-15 IMASSN Number of concentrated nodal masses

(3) 16-20 IDAMPN Number of concentrated nodal dampers.
(CAUTION: Use of nodal dampers may
produce erroneous results)

tDII:S/

(1) The control flag on static or dynamic analysis (IMASS)
determines whether or not the program is to solve a problem
including the contribution of inertia forces to system
equilibrium, i.e. whether to solve a static or dynamic problem.

If IMASS.EQ.0, the program will solve a static (or quasi-static)
problem, and no storage will be allocated for either the system
mass matrix or the system velocity and acceleration vectors.

,

If IMASS.82.1 or 2, the z.nalysis will be a dynamic analysis.
For IMASS.D2.1 a lumped (diagonal) mass matrix is allowed, in
which case the diagonal mass coefficients are stored as a
vector, and for IMASS.D2.2 a consistent mass matrix is generated
(frm element data) . It should be noted that the cmputation of
the effectiva load vector at each solution time step is
considerably more expensive when the consistent mass option is
requested, and the extra effort involved in a consistent (as
opposed to the diagonal) noss analysis may not be justified in
many (if not most) problems.

The mass matrix is constant and i s only formed once before the
time integration is started.

(2) The damping matrix flag (IDAMP) determines whether or not the
program is to include in a dynamic analysis Rayleigh damping.
The Rayleigh damping can only he included when a dynamic.

analysis is specified (IMASS.Gf.0) .

(3) In a dynamic analysis, i.e. IMASS.GT.0, additional concentrated
masses and/or additional concentrated dampers can be specified
at selected degrees of freedm. The concentrated masses and
concentrated dampers are input in Sections VI and VII.

A dynamic analysis with concentrated masses only (i.e., no
lumped mass or consistent mass effects) can be accomplished by
specifying IMASSN.GE.1, IMASS.02.1, and setting the mass density
on all element cards to 0.0.
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Card 3_(4I5,E10.4)

note columns varlable entry

(1) 1-5 ISREF Number of time steps between reforming
effective stiffness matrix
D2.0; default set to "1"

(2) 6 -10 NUMREF Number of allowable stiffness reforma-
tions in each time step

(3) 11-15 IB2UIT Number of time steps between equilibrium
iterations
D2.0; default set to "1". Set to
NSTE for no equilibrium interations.

(3) 16-20 ITEMAX Maximum number of equilibrium
'

iterations permitted
rT.0; default set to "15"

(3) 21-30 R'IOL Relative tolerance used to measure
equilibrium convergence
B2.0; default set to "1.E-3"

NOTES /

(1) The stif fness matrix reformation interval (ISREF) is ignored if

| the model is composed of linear element groups only; i.e.,

i NEGNL. 82.0, For linear problems the m trix is formed and
decomposed only once.

For models containing nonlinear element groups, the system
stiffness matrix is reformed every ISREF solution steps. For
example, if ISREF.D2.3, the stif fness matrix is formed in
solution steps 1 (always), 3, 6, etc. based on conditions knoan
at the end of steps 0, 2, 5, etc. , r, spectively. Only the
nonlinear portion of the complete system stiffness matrix is
reformed; the linear portion is saved and reinstated when the
complete ratrix is calculated.

(2) The stiffness will be reformulated during the first NUMREF
equilibrium iterations.

(3) If a structure is represented by nonlinear element groups with
material models which allcu for " equilibrium iteration", then
the parameter ID2UIT determines at what solution step interval
the progam is to iterate for system equilibrium . ITENAX is the
maxinum number of cycles of iteration allowed in the solution
step and R'IOL is used to measure convergence of the iteration in
terms of change in system displacements. For example, if
IEQUIT.B2.5, ITENAX.D2.12 and R'IOL.D].0.002, then providing the
material model(s) allow for iteration, up to 12 cycles of
iteration will be performed at solution steps 5, 10, 15, etc.
with convergence declared if
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i where ||u"|| is the Euc i iean norm of the systan displacement
vector at cycle "n" of the li.; ration.

Whether or not a material model specifically allows iteration
for equilibrium depends on hcw the model was incorporated into
the program; the sections on the element material models i

distinguish between models tnat do and do not allow iteration. ;

Equilibrium iteration can only be performed if
,

(a) the structu*;e contains at least one nonlinear

element gro.ip, and

(b) the material mo3els used to represent all
nonlinear element groups allow for the
possibility of equilibrium iteration.

The parameters IEQUIT, ITH %X and RIOL will not be used if

(a) the structure is represented ' tith linear
elements only, or

(b) any one of the material models associated with
a nonlinear element group does not allow for
equilibrium iteration.

Card 4 (110, 2F10.0)
<

1

note columns variable entry

(1) 1 - 10 IOPE Time integration method used<

EQ.0; default set to "1"
EQ.1; Wilson's theta method
EQ.2; Newmark's method

(2) 11-20 OPVAR(1) First integration parameter
1) If IOPE.EO 1 parameter is THE,TA

'

EQ.0; default set to 1.4

2) If IOPE.EQ.2 parameter is DELTA
10.0; default set to 0.5

I
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21-30 OPVAR(2) Second integration parameter

1) If IOPE.EQ.1 parameter is not
applicable

2) If IOPE.D2.2 parameter is ALPHA
D2.0; default as specified in
note below

NOTES /

(1) For static problems (IMASS.EQ.0) this card is read, but the
information is not used. For dynamic analysis IOPE determines
which time integration algorithm will be used in the
step-by-step solution.

(2) OPVAR(1) and OPVAR(2) store the integration parameters
associated with the time integration method specified by IOPE.

a) Wilson's e-method uses one parameter (TIETA) , which is -

usually specified as 1.4.

b) Newmark's method uses two parameters. DELTA is
specified by the user (or the default value of 0.5 is
used) and ALPHA is either set to a default value by the
formula

ALPHA = 0.25* (DELTA + 0.50) **2,

or specified directly by the user.

t Card 5 (4I5)

note columns variable entry

(1) 1-5 NPB 8 Number of blocks of displacement /
velocity / acceleration printout
B2.0, print all nodal point
components

(2) 6 - 10 IDC Displacement printout code
B2.0, no displacement printout
D2.1, print displacements

(2) 11-15 IVC Velocity printout code
B2.0, no velocity printout
B2.1, print velocities

(2) 16-20 IIC Acceleration printout code
D2.0, no acceleration printout
D2.1, print accelerations
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(1) For large meshes it is usually not necessary to print
displacements, velocities, and accelerations at every node.
Hence, nodes for which printout is desired are grouped into NPB
printout blocks. Each block of nodes is defined by the node
numbers of the first and last node in the block (see next card) .

If NPB.IO.0 all nodal quantities are printed regardless of the
values of IDC, IVC, and IAC.

(2) The displacement solution at the nodes within the blocks is
pr inted if ID'.EQ.1. In dynamic problems the velocity and/or
acceleration solutions also are printed if IVC.IO.1 and/or
IAC.B2.1.

Card 6 (1615)

If NPB.IO.0, leave this card blank.

note columns variable entry

'
(1) 1-5 IPNODE(1,1) First node of printout block no. 1.

6 - 10 IRODE(2,1) Last node of printout block no. 1.

11-15 IPNODE (1,2) First node of printout block no. 2.

etc.

NOTES /

(1) Two entries are expected for each printout block, namely, the
first node of the block and the last node of the block. All
nodal points between these two nodes will be included in the

i

printout block. j

i
|

|

III. NOEAL POINT D7tTA (A1, I4, A1, I4, 515, 3F10.0,15)

note columns variable entry

(1) 1 Cr Symbol describing the coordinate
system for this node;

EQ. ; (blank) Cartesian (X, Y, Z)
D2.X; X-cylindrical

(2) 2-5 N Node (joint number;)
GE.1 and LE.NU!4@

(3) 6 PSF Print suppression flag (ignored
unless N.DQ.1) ;
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B2. ; (blank) no suppression
D2.A; suppress ordered list

of node coordinates
D2.B; suppress list of

equation numbera
D2.C; both A and B, above

(4) 7 -10 ID(1,N) X-translation boundary code (or z)
11-15 ID(2,N) Y-translation boundary code (or r)
16-20 ID(3,N) Z-translation boundary code (or 9)

21-25 ID(4,N) X-rotation boundary code
26-30 ID(5,N) Y-rotation boundary code
31-35 ID(6,N) Z-rotation boundary code

(5) 36-45 X(N) X (or z)-coordinate
46-55 Y(N) Y (ur r)-coordinate
56-65 Z (N) X (or 6)-coordinate (degrees)

(6) 66-70 KN Node number increment for node
data generai. ion;

D2.0; no generation

(7) 71-80 TEMP (N) Nodal temperature used only for
ITEMP = -1.

|

l NOI'ES/

(1) Special cylindrical coordinate systems are allowed for the
specification of node coordinates. If an "X" is entered in card
column one (1), then the entries in cc 36-65 are with respect to

| a cylindrical (r,0,z) system rather than the standard cartesian
(X,Y,Z) system. The generator (i.e. , the z-axis) of the
"X-cylindrical" system coincides with the global X-axis, and
is zero (0) in the global X-Y plane--

SYSTEM z-axis -zero plane TPANSEDRMATIONS

X X X-Y X=z
Y = r cos 0
Z = r sin 0

80
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(2) Nodal data must be defined for all (NUMNP) nodes. Node data my
,

; be input directly (i.e. , each node on its own individual card)
: or the generation option may be used if applicable (see note 6,

below) . Admissible node numbers range from "1" to the total

! number of nodes (NUMNP) . Node numbers my not be repeated or
j omitted.
;

| (3) The print suppression flag (PSF) is used to eliminate the second
. printing of ordered node coordinates or to suppress printing of
! equation number assignments (or both) . The PSF character is
: entered on the card for node one (1) only.

(4) Bourdary condition codes can only be assigned the following
values (M = 1,2, . . . ,6)--

ID(M,N) = 0; unspecified (free) displacement

ID (M,N) = 1; deleted (fixed) displacement

An unspecified (ID(M,N)=0) degree of freedom is free to
translate or rotate as the solution dictates. Concentrated
forces (or moments) may be applied in this degree of freedm.

On: system equilibrium equation is required for each unspecified
degree of freedom in the model. 'Ihe maximum number of
equilibrium equations is always less than six (6) times the
total number of nodes in the system.

Deleted (ID(M,N)=1) degrees of freedan are removed from the
final set of equilibrium equations. Deleted degrees of freedom
are fixed (points of external reaction), and any loads applied
in these degrees of freedom are ignored by the program. Nodes
that are used for geometric reference only (i.e., nodes not
assigned to elements) must have all six (6) degrees of freedom
deleted. Nodal degrees of freedom having undefined stiffness
(such as rotations in an all TRUSS model) must be deleted.

Independent of the actual entries posted for the ID(M,N) in cc
7-35 of the Nodal Data, any master boundary condition deletions
(i.e. , IDOF(M) .IO.1, M=1,2, . . . ,6) which are given in cc 6 -11 of
Card 1 in Section II will be used for all nodes. Suppose that
all rotations X,Y,Z have been deleted by means of the master
codes (i.e. , IDOF(M) .FD.1, M=4,5,6) , then ID(M,N) (M=4,5,6) will
be set to "1", and data in cc 21-35 are ignored by the program.

(5) For the case CP (cc 1) equal to the character "X", the data
input in cc 36-65 are interpreted as the cylindrical (r,0,z)
coordinates of node "N". The table in note (1) contains the
formulae used by the program to compute the Cartesian (X,Y,Z)
coordinates of node N from the cylindrical coordinate values
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given in cc 36-65. The origin of Cartesian and cylindrical
systems is the same point. Cylindrical coordinate data (if
input on the card) are printed as read in the first list of node
coordinates. The second listing of coordinates (if not
suppressed with a PSF of "A" or "C") is an order printing of all
nodes with coordinates converted to the (X,Y,Z) system.

(6) Node cards need not be input in node order sequence; eventually,
however, all nodes in the set (1,NUMNP) must be defined. Node
data for a series of nodes

(N , N +1*KN , N +2KN , ... ,N )1 1 1 1 1 2

may be generated from information given on two (2) cards in
sequence--

CARD 1 -- CP , N , ID (N ,1) , . . . , ID(N ,6) , X (N ) , . . . ,M11 1 1 1 1

CARD 2 -- CT ,N ,ID(N ,1) , . . . ,ID(N ,6) ,X(N ) r * * iKN22 2 2 2 2

| KN1 is the node generation parameter given on the first card
in the sequence. The first generated node is N +1* M ; the1 1second generated node is N +2*M , etc. Generation1 1
continues until node number N -KN1 is established. Note2
that the node difference N -N1 must be evenly divisible by2
M. Node number NUMNP must be the last card.1

|

! Coordinate generation is possible only if both nodes are given
| in the same system (i.e. , CT1 and CT2 are the same). Since
[ generation is processed using Cartesian coordinates,
| intermediate nodes between N1 and N2 are located at equal
'

intervals along the line between the two points (i.e., linear
interpolation in the (X,Y,Z) system) .

(7) Temperatures for generated nodes Ni-1, N+2, . . . , etc. , are

TEMP (N+1) = TEMP (N+2) = . . . TD4P (N) .=

IV. APPLIED LOADS IATA

1. Control card (3IS)

note columns variable entry

(1) 1-5 NIIMD 2 0 Number of cards used to prescribe
loads acting at the nodes.

(2) 6 - 10 NIfUR 2 0 Number of load curves (time functions)

(2) 11- 15 NP'IM 22 Maximum number of points used to
describe any one of the load curves
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16-20 NPLE Number of element faces with pressure
loads,

.

21-25 NPCUR Number of different load curves used
for pressure loads

NCrfES/

(1) NIDO determines the number of cards to be read in Section IV.3,'

below. The loads defined in Section IV.3 are concentrated node
forces /mctnents that do not change direction as the structure
deforms; i.e., the applied node forces are conservative loads.

(2) Time-dependent loads are applied to the structure by means of
load (or time) function (i.e. , f (t)) references and function
multipliers assigned with the loads. At tim t the value of
f(t) is found by linear interpolation in the table of f(t) vs
t; f(t) times the multiplier is the magnitude of the applied
load at t. NPIM is the maximum number of (f(t),t) pairs used to
describe any one of the NICUR functions; an individual function
may have fewer than NPIM (f(t),t) points as input, but no
function can be input with note than NPIM points. At least two
points are required per function; otherwise, interpolation in
time is not possible.

2. Load function data _(skip these cards if NICUR = 0)

Input NICUR sets of the following data cards in order of
increasing load function number,

a. Control data (215)

columns variable entry

1-5 NTP Time function number;
GE.1 and LE.NICUR

6 - 10 NPfS Number of points (i.e. , f (t) , t pairs)
used to input this time function;,

| GE.2 and LE.NPIM
|

b. (f,(t) ,t) data (8F10.0)

note columns variable entry

(1) 1 - 10 TIMV(1) Tine at point 1, t1
11-20 RV (1) Function value at point 1, f(t )l
21-30 TIMV(2) Time at point 2, t2
31-40 RV (2) Function value at point 2, f(t )2
... ... ...

71-80 RV (4) Function value at point 4, f(t )4
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Next card (if required)

(2) 1 - 10 TIMV(5) Time at point 5, t5

11-20 RV (5) Function value at point 5, f(t )5

... ... ...

tDTES/

(1) Time values at successive points must increase in magnitude
(i.e. , TIMV(1) TIMV(2) TIMV(3) , etc.) , and TIMV(1) must be equal
to zero (i.e. , TIMV(1) .EQ.0.0); otherwise an error condition is
declared. The last time value for the function (i.e.,
TIMV(NPTS)) must be greater than or equal to the time at the end
of solution; i.e, TIMV(NPTS) = TSTART + NSTE*DT;otherwise an
error condition is declared.

(2) Input as many cards in this section as are required to define
NPfS points, four points per card.

3. Nodal Ioads Data (315,F10.0)

Skip this section if NIDAD.EQ.0; otherwise input NIIMD cards in
"

this section.

note columns variable entry

(1) 1-5 NOD Node number to which this load is
applied; GE.1 and LE.tM NP

(2) 6 - 10 IDIRN Degree-of-freedan number for this
load component:

D]. 0 ; solution terminated
EQ.1; X-trar.slation (or z)
B2.2; Y-translation (or r)
D2.3; Z-translation (or 0)
B2.4; X-rotation
D2.5; Y-rotation
B2.6; Z-rotation

11-15 NCUR Inad curve number that describes the
time dependence of the load;
GE.1 and LE.NICUR

16-25 FAC Function multiplier used to scale
f(t) for the load at "t";
Bg.0.0; default set to "1.0" ,
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1

(1) If the same degree of freedom (IDIRN) at the same node (NOD) is,

i given a multiple number of times, the program combines the loads
j algebraically with no error diagnostic.
i

(2) Nodal loads must be refered to cylindrical coordinates if the
'

analysis is done in cylindrical coordinates.
1

! 4. Pressure Ioads Data
i

; Repeat the following sets of cards for each load curve used for
j pressure loading. Skip if NPLE.EQ.0.

! a. Inad curve data (3IS)

note columns variable entry

i 1-5 NCUR/ Inad curve number

6 -10 NEF Number of element faces for which
pressure loads are to be canputed
using this load curve

11- 15 ICYL B2.0; rectangular nodal coordinates
D2.1; cylindrical nodal coordinates

b. Ioaded face data (F10.0,1415) (repeat as required to load
IEF faces)

note columns variable entry

1 -10 PSCAL Load curve scale factor (<0 for
compression)

,

11-15

16-20 > NNG (J) , Node numbers defining the pressure
! J = 1,8 loaded face. Enter in NONSAP order

with zeros for absent nodes.

.

.

46-50
,

51-55 NFACE Number of loaded faces to be generated
including the first (default = 1)

56-60 NODINC Node number increment for generated
faces.
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5. Gravity loads Data (4F10.0,I5)

Skip this section if IDADG.D2.0.

note columns variable entry

| (1) 1 -10 GACEL Acceleratica of gravity

11-20 GS (l) Number of G's in X or axial direction

21-30 GS(2) Number of G's in Y or radial direction

31-40 GS (3) Number of G's in Z or hoop direction

(2) 41-45 NSTEPS Number of equal increments in which
{ deadload is applied (default = 1)

NOTES /
i

1 (1) Must be ccnsistent with density input from material data.
Deadloads are available with truss, membrane, and 3D elements.

i (2) Increments of dead load are added to the first NSTEPS load
vectors; to apply the dead load alone, set the load curves to

j zero during the first NSTEPS increments.

4

V. RAYLEIGH DN4 PING SPfrIFICATION (2F10.0)
1

Omit this card if IDN4P.82.0.
,

note columns variable entry

'

(1) 1 - 10 ADAMP Rayleigh damping coefficient
)

j (1) 11-20 BEN 4P Rayleigh damping coefficient
i

j POTES/

! (1) Rayleigh damping is defined as C = M+ K, where a and 6 are
input as above.

]

j It need be noted that 6 is applied to the linear stiffness
matrix of the element assemblage.

:
i

j VI. CONCENTRATED NODAL MASSES (Il0,6F10.0)

i Skip this section if IMASSN.a2.0, on card 2 of Section II.
Otherwise, input IMASSN cards as follows.

,

d
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;

i

f note columns variable entry
a

| (1) 1 - 10 N Node number;
GE.1 and LE.NUMNP

| (2) 11-20 XMASS (l) X-direction mass
i

21-30 XMASS (2) Y-direction m ss

31-40 XMASS(3) Z-direction mass
i

i (3) 41-50 XMASS(4) X-rotational mass
:

51-60 XMASS(5) Y-rotational mss

61-70 XMASS (6) Z-rotational nass

NOTES /.

(1) Input IMASSN cards; node order is not important. Repeating
nodes accumulates mass at the node.

(2) Mass emponents input for deletM (or nonexistent) degrees of
freedom are ignored by the program without a diagnostic message.

(3) Rotational degrees of freedom are currently not used (see Table
II.1) .

1

VII. COtCENI' RATED NJDAL DAMPERS (Il0,6F10.0)

Skip this section if IDAMPN.EQ.0, on card 2 of Section II,
above. Otherwise, input IDAMPN cards as follows.

note columns variable entry

(1) 1 - 10 N Node number;
- GE.1 and LE.NUMNP

(2) 11-20 XDAMP(l) X-direction damper

21-30 XDAMP(2) Y-direction damper

31-40 XDAMP(3) Z-direction damper

(3) 41-50 XDAMP(4) X-rotation damper

51-60 XDAK?(5) Y-rotation damper

61-70 XDAMP(6) Z-rotation damper
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(1) Input IDN@N cards; node order is n >t important. Repeating
nodes accumulates dampers at the node.

;
1
'

(2) Damper components input for deleted (or non-existent) degrees of
freedom are ignored by the program without a diagnostic message.

|
(3) Rotational degrees of freedom are currently not used .

!
VIII. INITIAL CONDITIONS

$,

Initial conditions for the element are defined in this section.
Initial conditicns may be established using one (1) of three (3),

. methods--
1

I MET 10D 1 - For MODEX.EQ.2, this is a restart job. Refer to

j Section XII for setting up a restart job. The
variable " ICON" appearing on the time card below
is read by the program, but ignored; i.e., the

,

control card (Section VIII.a) must still be input.'

i

METHOD 2 - For MODEX.NE.2, and initial conditions of all'

j zero, input ICON.EQ.0 with no additional data;
; all vector components are then automatically ,

i initialized to zero at time of solution start, !

) TSTART. 1

{
l

) ME!I'f0D 3 - For MODEX.NE.2, and known nonzero initial
; conditions, input ICON.EQ.1 and read the system
i vectors in compacted form from cards as described

in Section VIII,b, below.

j a. Control Card (I5)

I note columns variable entry

!
! (1) 1-5 ICON Flag indicating the type of initial
; conditions;

1
; EQ.0 and FDDEX.NE.2, zero initial

conditions are generated automatically.'

i
EQ.1 and MODEX.NE.2, nonzero initial*

i conditions are read frm data cards
! immediately follcuing.

| EQ.2, reads constant initial velocities.

.

e
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b. Card Input of System Vectors (6E12.6) '

For the case MODEX.NE.2 and ICON.EQ 1, the program performs the
following read operations:

; READ (5,1000) (DIS (K) , K=1, NDQ)
RFAD (5,1000) (VEL (K) , K=1, NEQ)'

RFAD (5,1000) (ACC (K) , K=1, ND2)

1000 EORMAT (6E12.6)

where DIS / VEL /ACC are the system initial displacement / velocity /
acceleration vectors, respectively. The variable N32 is the
total number of freedoms retained for evaluation; i.e., six (6)
times the total nodes minus (-) all deletions provided by fixed
boundary condition specifications. i

|

The list of equation numbers can be obtained in Section III '

(variable PSF) and can be identified conveniently from the'

displacement (velocity ard acceleration) print-out of a previous
solution.

For the case of a static solution, the VEL /ACC system initial
vectors are not read frat 1 card input. A static solution is
performed if IMASS.EQ.0 (Section II, card 2) .

If ICON =2 then read constant initial velocities 3E10.0.

ELEMENT INPUT

Input as many blocks of data in these sections as there are total
element groups. Linear element groups (NEGL, total) are input first, and
nonlinear elements (NEGNL groups, total) follow the linear element group
data. Therefore, whether the elements in a group are linear or
nonlinear, depends on whether the element group belongs to the first NEGL
groups or the last NEGNL groups.

! In any cne group all elements input must be the same type; e.g. , if
! nonlinear TRUSS elements are given as input, then all elements in the
| group must be nonlinear. Furthermore, in any one group, only one
! material model can be used, e.g., if the group consists of TRUSS

elements, thea either the material of all elements in the group is linear
elastic, or it is nonlinear elastic. However, a number of different sets
of material constants for a specified model can be used.

Since the program is an overlay system, in order to avoid unnecessary
manipulation of overlays, it is most efficient to group all element
groups of one kind ard using one material model together.
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|
|

IX. TRUSS EIDENTS

TRUSS elements are two-node members allowed arbitrary orientation in
the X, Y, Z system. The TRUSS transmits axial force only, and in general,
is a six (6)-degree-of-freedom element (i.e. , three global translation
cmponents at each erd of the merrber), see Fig. A.l.

1. Element control card (20I4)

note columns variable entry

1-4 NPAR(1) Enter the number "1"

(1) 5-8 NPAR(2) Number of TRUSS elements in this group;
GE.1

(2) 9 - 12 NPAR(3) Type of nonlinear analysis

EQ.0 default set to "1"
B2.1 materially nonlinear only
EQ.2 updated Lagrangian formulation

| 13-16 NPAR(4) Coordinate system identifier

| B2.0 rectangular coordinate
EQ.1 cylindrical coordinate

(3) 56-60 NPAR(15) Material model number

EQ.1 linear elastic
B2.2 nonlinear elastic

(4) 61-64 NPAR(16) Number of different sets of section/
material properties

GE.1
B2.0, default set to "1"

(5) 65-68 NPAR(17) Number of material model constants
per set

EQ.0 if NPAR(15) .EQ.1
GE.4 if NPAR(15) .EQ.2

tMS/

(1) TRUSS element numbers begin with one (1) and end with the total
number of elements in this group, NPAR(2) . Element data are
input in Section IX.4, below.

(2) The parameter NPAR(3) is applicable only if the element group is
nonlinear. If NPAR(3) .B2.1, no geometric nonlinearities are
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taken into account, i.e., the geometric stiffness matrix is not
included. If t&AR(3) .Fa.2 large displacement effects are i

included in the analysis, but small strains are assumed in the
calculation of element. forces.

1

(3) In any one element group only one material mcx3el can be used,
and this nodel type is defined by the entry NPAR(15) . If

NPAR(15).D2.1 the mode 1 is defined by Young's modulus only and
NPAR(17).D2.0. If NPAR(15) .D2.2 tne stress-strain curve is
input in Section IX.3 below.

The model defined for the element group must be ccusistent with
the nonlinear formulation used (defined by NPAR(3)) and the
requirement of equilibrium iteration as defined on card 4 of the
Master Control Cards (Section II) . As stated in note (3) of
card 4, Section II. equilibrium iterations can only be performed
if the model allows for iteration, and if at least one nonlinear
element group is used in the analysis. Table A-I su:murizes the
formulations, material models and possibilities of equilibrium
iteration that may be used.

(4) The variable NPAR(16) defines the nunber of sets of
material /section properties to be read in Sections IX.2 and IX.3
below.*

(5) NPAR(17) is the variable NOON used in Section IX.3(c) .

TABLE A-I

POSSIBLE ANALYSIS USING TRUSS EIDENTS

FORMULATION MATERIAL MODEL POSSIBILITY OF
EQUILIBRIUM ITERATION

LINEAR ANALYSIS LINEAR ELASTIC to

MATERIALLY FONLINEAR YES
NONLINEAR ONLY EIASTIC

UPDATED LINEAR ELASTIC YES
LAGRANGIAN NONLINEAR YES
FORMUIATION ELASTIC
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2. Linear Elastic Material /Section Property Cards

Skip this set of cards if NPAR(15) .NE.1. Otherwise read
NPAR(16) sets of cards.

a. material number card (I5)

columns variable entry

1-5 N Material /section nutaber
GE.L; and LE.NPAR(16)

b. property card ($F10.0)

note columns variable entry

(1) 1 -10 E(N) Young's modulus

11-20 AREA (N) Cross-sectional area

21-30 DEN (N) Mass density (for dynamic analysis)

31-40 STPAI(N) Initial strain (axial)

| NOTES /

(1) NPAR(16) different linear elastic material are input in this
section, provided NPAR(15) .EQ.l. Note that one material /section
is defined to have the same Young's nodulus, area, mass density,
and initial strain.

2. Nonlinear Elastic Material /Section Property Cards

Skip this set of cards if NPAR(15) .NE.2, otherwise read NPAR(16)
sets of cards.

a. material number card (IS)

columns variable entry

1-5 N Material /section number
Ge.1 and LE.NPAR(16)

b. section property card (3F10.0)
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note columns variable entry

(1) 1 - 10 ARFA(N) Cross-sectional area

11-20 DEN (N) Mass density for dynamic analysis

21-30 STRAI(N) Initial axial strain
!

! c. stress-strain curve card (8F10.0)

note columns variable entry

(2) 1 - 10 PROP (1,N) Strain at point 1, el
'

11--20 PROP (2,N) Strain at point 2, e2
i

| PROP
; (NCON/2,N) Strain at point NCON/2

PROP'

(NCON/2+1,N) Stress at point 1, al'

PROP
'

(NCON/2+2,N) Stress at point 2, c2

PROP (tCON,N) Stress at point tCON/2

NOTES /

(1) One section property card is defined to have the same area,
density,and initial strain.

(2) The stress-strain curve is defined by straight lines between the
linput points (e , 1) . From the stress-strain curve total

stresses and the tangent modulus are evaluated for a given
strain (see Fig. A.2) .

The variable NCON was defined in Section IX.3 by the variable
NPAR(17) .

!

j This model can only be used in a nonlinear element group.

4. Element Data Cards _(415,F10.0,315)
:

NPAR(2) elements must be input and/or generated in this
section in ascending sequence beginning with "1".
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note columns variable entry

:

1-5 M TRUSS element number;
GE.1 and LE.NPAR(2)

,

(1) 6 -10 II Node number at one end j

11-15 JJ Node number at other end
GE.1 and LE.NUMNP

16-20 MTYP Material property set number; |

GE.1 and LE.NPAR(16) '

(2) 21-30 PINIT Initial axial force in the TRUSS: !

GT.0, tension
1

l

31-35 IPS Flag for printing axial stress in |
,

TRUSS element; j
,

D2.0, no printing |
B2.1, print element stress

(3) 36-40 KG Node generation increment used to
compute node numbers for missing
elements;
B2.0, default set to "1"

NOTES /

(1) Refer to Figure A.l. ;
*

i

(2) PINIT is the axial force in the TRUSS at zero node displacement,
and zero initial strain in the truss. The initial strain
defined for the material property set number gives rise to an

i additional force in the truss.

(3) Elements must be input in increasing element number order. If
cards for elements (M+1,M+2,...,M+J) are omitted, these "J"
missing elements are generated using MrYP and PINIT of element
"M" and by incrementing the node numbers of successive elements
with the value "KG"; KG is taken fran the first card of the

,

element generation sequence (i.e. , from the "M-th" element
card). The last element cannot be generated.4

X. MENBRANE EIR4ENTS

'

MEMBRANE elements are 4- to 8-node isoparametric curved
quadrilaterals with coordinate input in the global X-Y-Z coordinate
system. They conform to the surface of any configuration of the 8-tc 21-
node solid element and can model surfaces of nonorthogonal curvature.
Figure A.3 shows sane typical MENBRANE elements.
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1. Element Group Control Card (20I4)

! note columns variable entry
:

} l-4 NPAR(1) Enter the number "4"

! (1) 5-8 tPAR(2) Number of MD4BRANE elements in
this group;
GE.1

13-16 NPAR(4) Coordinate system identifier
:

D2.0, Cartesian coordinates
D2.1, cylindrical coordinates

4

: (2) 25-28 IPAR(7) Maximum number of nodes used to
describe any one elemerit;

GE.4 and LE.8
D2.0, default set to "8"

(3) 37-40 NPAR(10) Numerical integration order to be
used in Gauss quadrature formulae;

D2.0, default set to "2"
GE.2 and LE.4

(4) 49-52 MPAR(13) Number of stress output location
tables;

D2.0, print stresses at
integration p3ints

(5) 57-60 NPAR(15) Material model nurtJor;

GE.1 and LE.12
D2. 1, linear isotropic
EQ.2, linear orthotropic
B2.3, elastic-plastic

,

(5) 61-64 tPAR(16) Number of different sets of
material properties;
GE.1
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turES/ |

|(1) MEMBRANE element numbers begin with one (1) and end with the
total number of elements in this group, NPAR(2) .. Element data
are input in Section X.4 below.

(2) IFAR(7) limits the number of nodes that can be used to describe
any of the elements in this group. A minimum of 4 and a maximum
of 8 nodes are used to describe the MEMBRANE. For example, for
the set of elements shcwn in Fig. A.3, NPAR(7) would be set to
"7".

(3) For rectangular elements an integration order of "2" is
sufficient. If the element is distorted, a higher integration
order need be used. Notice that apart from the larger
computational effort in the calculation of the element matrices,
more working storage may be required if a nonlinear material
model is used (see note (5) below) . The consistent mass matrix
is always calculated with an integration order of 3.

(4) Element stresses are calculated at the points defined in the
stress output location table assigned to the element (see
Section X.3) . NPAR(13) defines the total number of stress
output location tables input in Section X.3. NPAR(13) .EO.0 for
all nonlinear element mociels, i.e.,MODEL.Gr.2 in Section X.2.

(5) Only one material model (defined by the value of NPAR(15) is
allo 4ed in an element group. If NPAR(15) is 1,2, or 3, the
model exists in the current library for MEMBRANE elements, and
the entries for NPAR(17) and NPAR(18) are ignored by the program.

The nodel defined for the element group must be consistent with
the nonlinear formulation used (define by NPAR(3)), and the
requirement of equilibrium iteration as defined on card 4 of the
Maste'r Control Cards (Section II) . As stated in note (3) of
card 4, Section II, equilibrium iterations can only be performed
if the model allows for iterations, and if at least one

nonlinear element group is used in the analysic. For the
MEMBRANE element equilibrium iteration can be employed with the
elastic-plastic oxiel.

'

2. Material Pr_operty Data

NPAR(16) sets of cards must be input in this section. Card "a"
(material number card) is the same for all material nodels, but
card (s) "b" (material property card (s)) depend on the material
model number (NPAR(15)) .

a. material number card (IS,F10.0)

note columns variable entry

1-5 N Material property set number;
GE.1 and LE.NPAR(16) .
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(1) 6 - 15~ DEN (N) Mass-density of the material used in
calculation of the nuss strix, 0;

GE.0.0

NOTES /

(1) The nuss density defined is used directly in the calculation of
the element matrix, i.e., no acceleration constants are applied
to the variable DEN (N) .

b. material property card (s) (8F10. 0)

For MODEL "1" (NPAR(15) .EQ.1) (lirear isotropic)

note columns variable entry

1 - 10 PROP (1,N) Young's modulus, E

11-20 PROP (2,N) Poisson's ratio ''

21-30 PROP (3,N) Initial stress ORR,

31-40 PROP (4,N) Initial stress 033
For MODEL "2" (NPAR(15)EQ.2) (linear orthotropic)a

notes columns variable entry

(1) 1 - 10 PROP (1,N) R-direction modulus, ER

11-20 PROP (2,N) S-direction modulus, Eg,

I 21-30 PROP (3,N) Poisson ratio Vpg

31-40 PROP (4,N) Shear modulus, Gag

| 41-50 PROP (5,N) Ini'ial stress C RR

51-60 PROP (6,N) Initial stress Ogg

| NOfES/

(1) See Fig. 12 for orientation of the x-y axes with respect to the
membrane tangent axes.

For MODEL "3" (NPAR(15) .ED.3) (elastic-plastic material, von Mises yield
condition)

note columns variable entry

(1) 1 - 10 PROP (1,N) Young's modulus,E
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(1) 11-20 PROP (2,N) Poisson's ratio, V

(2) 21-30 PROP (3,N) Yield stress in sinple tension, O y

(3) 31-40 PROP (4,N) Strain hardening modulus, Et

NOTES /

(1) MODEL 3 is a nonlinear library material nodel for which
NPAR(17) .Bg.4 by default. NPAR(18) .D].10, since 10
history-dependent variables must be stored for each integration
point.

The Young's modulus and Poisson's ratio define the initial
elastic behavior of the material.

(2) The yield stress in sinple tension defines the initial yield
conditions.

(3) Linear isotropic strain hardening is assumed and Et is the |

tangential modulus (after yield) obtained from a uniaxial
tension test.

3. Stress Output Table Cards (9IS) ,

1

Skip this section if stresses at integration points are to be
printed, i.e.,NPAR(13) .D2.0; otherwise supply NPAR(13) cards. i

note columns variable entry
,

(1) 1-5 ITABLE(N,1) Stress output location 1.

6 - 10 ITABLE(N,2) Stress output location 2

11-15 ITABLE(N,3) Stress output location 3

16-20 ITABLE(N,4) Stress output location 4

21-25 ITELE(N,5) Stress output location 5

26-30 ITABLE(N,6) Stress output location 6

31-35 ITABLE(N,7) Stress output location 7

36-40 ITABLE(N,8) Stress output location 8

41-45 ITABLE(N,9) Stress output location 9. j

NorES/

(1) Stress tables are defined to provide flexibility in element
stress output requests. Each element can refer to tables
defined, and the element stresses are then calculated
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at the points sg.cified in the table. Refer to Fig. A.4 for
selection of the stress catcalation points. The first "0" entry
in a table will terminate that table. For example, if
ITABE(N,1) 10.7 and ITABE (N.2) EQ 0, then stresses will be
printed at g> int 7 whenever this stress table is referred to.

'Ine stress tables are only used when MODEL "1" or "2" oefine the
material benavior.

4. Elemcat Data Cardt (15, 13, 12, 2F10.0, 10I5)

note columns variaole entry

(1) 1-5 M eD ERANE elemen' numbcr;
GE.1 ami E.NPAl<t2)

!

(2) 6-8 IEL Numoer of nodes used t.o vescritse
this element;
EQ.0, defsults set to "NPAR(7)"

2.NPAR(7)

(3) 10 IPS Number of the stress table to be
useo for stress calculacio.ts;
EQ.0. no stress output for this
elennt

11-20 bet Iuterial angle 6, in cegrees to be
used in connection witn material

i model "2" (linear orthotropic)

21-30 THIC Element thick se; Gr.0.0

31-35 MIYP Material property set number
assigneo to this element;

I GE.1 and E.NPAR(16)

(1) 36-40 KG Node generation parameter used to
compute rnie numbers for missing
elements (given on first card of
a sequence);
B3 0, aefault set to "1"

(2) 41-45 NOD (1) Glocal noae number ot element
noaal point 1

46-50 NOD (2) Glocal noUe number of element
nodal point 2
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51-55 POD (3) Global node number of element
nodal point 3

56-60 tOD(4) Global node number of element
nodal point 4

61-65 POD (5) Global node number of element
nodal point 5

66-70 tOD(6) Global node number of element
nodal point 6

71-75 tOD(7) Global node number of element
'

nodal point 7

76-80 tOD(8) Global node number of element
nodal point 8

tUrES/

(1) Elements nust be input in ascending element number order. If
data cards for elements (M+1, M+2,...,M+J) are omitted, these
"J" missing elements are generated using IEL, IPS, BUP, THIC,
and MIYP given on the card for element "M" and by incrementing
node numbers of successive elements with the value "KG": the
value of KG used for incrementation is taken from the M-th
element card, and only the nonzero nodes appearing on the M-th
element card are incremented when generating missing element
data. The last element cannot be generated.

(2) The number of nodes in element "M" is defined by "IEL".
However, all 8 entries for NOD (I) are read from the element data
card; if IEL.LT.8 the particular node locations not used in this
element need be input as "0" in NOD (1) . Fig. A.5 defines the
input sequence that must be observed for element node input.

(3) If IPS.D2.0 no stress output will be provided for this element.
A nonzero entry for the element stress print-out flag "IPS" has a
different meaning when used with nonlinear material models than
it does when used with linear material models:

a) For linear material models (MODELS "1" and "2") IPS
specifies the stress output table (Section X.3) to be used
for this element. If no stress output tables were input
(i.e. , if NPAR(13) .D2.0) then IPS.B2.1 specifies that i

stresses are to be printed at all integration points for
this element, as shown in Fig. A.4.

b) For nonlinear naterial models MODEL. D2.3 IPS.B2.1
specifies that stresses are to be printed at all
integration points for this element, as shown in Fig. A.4.
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XI. 3/D COtTTINUUM ELEMENIS

3/D 00tfrItnM elements are 8- to 21-node isoparametric or
subparametric curvilinear hexahedra. Typical elements are illustrated in
Figure A.6.

1. Element Group Control Card (20I4)

note columns variable entry

1-4 NPAR(1) Enter the number "3"

(1) 5-8 NPAR(2) Number of 3/D 00tTTI?HM elements in this
group;
GE.1

(2) 9-12 NPAR(3) Flag indicating type of nonlinear
analysis;
D2.0, default set to "1"
EQ.1, material nonlinear analysis only
D2.2, total Lagrangian
D2.3, updated Lagrangian {

(3) 13-16 IPAR(4) Ccordinate system identifier
D2.0, rectangular coordinates
D2.1, cylindrical coordinates

17-20 IPAR(5) Marker for nonuniform time steps
Gr.0. ,

IUsed only for creep model

(4) 25-28 NPAR(7) Maximum number of nodes used to
describe any one element;
D2.0, default set to "21"

(5) 37-40 NPAR(10) Numerical integration order to be
used in Gauss quadrature formula
for r-s plane;
D2.0, default set to "2"
GE.2 and LE.4

(5) 41-44 NDPAR(ll) Numerical integration order to be
used in Gauss quadrature formula
for t-direction;
D2.0, default set to "2"
GE.2 and LE.4

(6) 49-52 tPAR(13) Number of stress output location
tables;

D2.0, print stresses at integration
points
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Fig. A.6. Typical 3/D continuum elenents derived
from the general elanent in Fig. A.7.
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(7) 57 -60 IPAR(15) Material nrxSel number:
I GE.1 and LE.8

EQ.l. linear elastic isotropic
B2 3. curve description model
B2.4, reinforced concrete nodel

D2.5, viscoelastic creep model
B2.6, elastic-plastic von Mises nodel
D2.7, elastic-plastic concrete model

61-64 tPAR(16) Number of ditferent sets of
material propertles;

(6) 65-68 NPAR(17) Number of constants per material
property set; leave blank except for
material model 5.

tores /

(1) 3/D CONTINUUM element numbers begin with one (1) and end with
the total numoer of elements in this group, NPAR(2) . Data for
the individual elements are input in Section XI.4 below.

The following algorithms can be used to determine the maximum
number of elements that can be included in any one element group:

NE= NUMEST-(1+NC) (tM)-(16) (tE)-(17P+1) (LT)-(9/2) (MN) -(33/2) (MN) -1,
(ID) (tG) + (MN) (IT+7) -3

where
NE = Maximum number of elements in the element group
FN = Maximum number of nodes used to describe any element (= NPAR(7))
IC = Number of material property constants (see Table A-2)
IN = Number of sets of material properties (= NPAR (16))
NS = Number of stress output tables (= NPAR(13))
Ifr = Number of time steps (= IETE)
LT = Switch for renuniformly spaced solution tinus (= IIGrIM)
ID = Size of storage array (see Table A-2)
NG = Number of integraticn points (= NPAR(10) *NPAR(10) *tPAR(ll))
IT = Switch for nodal temperatures (= ABS (ITD4 P)
NUMEST = Length of comon block array.

TABLE A-2. ARPAY SIZES FOR 3-D COtITINUUM ELSOffS

i

Material tedel Number NC ID
Linear 1 2 0
Curve descriptim 3 24 13
Reinforced concrete 4 11 32
Concrete creep 5 9 to 25 43
Von Mises

elastic-plastic 6 4 14
Elastic-plastic

concrete 7 11 14
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(2) NPAR(3) is applicable for nonlinear element groups only and
determines the type of geometrical nonlinearities to be
considered in the analysis.

(3) Used with the viscoelastic creep model only.

(4) NPAR(7) is the maximum number of nodes that can be used to
describe any one of the elements in this group, i.e., elements in

this group must have less than or equal to NPAR(7) nodes. A
minimum of 8 and a maximum of 21 nodes are used to describe 3/D
CONTIhuM elements as indicated in Fig. A.7. Constant strain
tetrahedra can be formed from 8-node elements by having nodes
1,2,3 and 4 coincide and nodes 7 and 8 coincide. 1

(5) The selection of appropriate integration orders depends on the
element shape and strain state being considered. When the
quantities being integrated vary irregularly a higher order is
needed. An integration order of "2" is suf ficient for mst
problems. Shell or plate problems often use thin elements in
which strain varies more er less linearly through the thickness,
but more irregularly in the plane of the surface of the shell.
In these cases it is advantageous to specify a lower order for
integration through the thickness, i.e. , NPAR(ll) < NPAR(10) .

The expense of stiffness formation is dependent on the
integration order, i.e.,

n = NPAR(ll) * NPAR(10) * NPAR(10) ,

Twhere n is the number of points at which B DB must be
calculated in order to find the element stiffness by Gauss

integration.

The consistent mass matrix is always calculated using an I
integration order of three in each direction. '

(6) Element stresses are calculated at the points defined in the
stress output location table (see Section XI.3) assigned to an ,

element. NPAR(13) defines the total number of stress output |
location tables input in Section XI.3.

For nonlinear mterial nodels (NPAR(15) .GE.3) stress output
tables cannot be used, and stresses are printed at integration i

points; NPAR(13) is set to "0" in these cases. i

(7) Only one mc.terial rodel (defined by the value of NPAR(15)) is
allowed in an element group. The model defined for the element
group must be consistent with the nonlinear formulation used
(NPAR(3)) and the requirement of equilibrium iteration as defined
on Card 4 of the Master Control Cards (Section II) . Equilibrium
iteration can be performed on a]] material models except for the
linear model and the curve description model. Always input
NPAR(17) = 5 + 4*NDIRCH when using material mdel 5, concrete
creep.
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2. Material Property Data

NPAR(161 sets of cards must be input in this section. Card "a"
("mterial number card") is the same for all material models,
but card (s) "b" (" material property card (s)") depend on the
material model number NPAR(15) .

a. material number card (I5, F10.0)

note columns variable entry

1-5 N Material property set number;
GE.1 and LE.NPAR(16)

(1) 6-15 DEN (N) Mass density of the material used in
the calculations of the mss matrix
GE.0.0

TOTES /

(1) The mass density defined is used directly in the calculation of
the element mass matrix, i.e.,no acceleration constants are

applied to the variable DEN (N) . l
1

b. material property card (s) (8F10. 0) ;

I

FOR MODEL "1" (NPAR(15.) .D2.1) (linear isotropic elastic)

note columns variable entry

(1) 1-10- PROP (1,N) Young's modulus, E

11-20 PROP (2,N) Poisson's ratio, V

TOTES /

(1) MODEL 1 is a linear library model defined by two (2) positive I

constants (E,v); i .e. , if NPAR(15) .D2.1, NPAR(17) is set to "2" !

by default. MODEL 1 can be used with linear or nonlinear
element groups. Since the material constants are independent of
history NPAR(18) is "0" by default.

FOR MODEL "3" (NPAR(15) .D2.3) (curve description model)

note columns variable entry

first card

(1) 1 - 10 PROP (1,N) e l volume strain at point "1"y

11-20 PROP (2,N) ey2,,,

,
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321-30 PROP (3,N) ev

431-40 PROP (4,N) ey

541-50 PROP (5,N) ey

51-60 PROP (6,N) e6v
l61-70 PROP (7,N) Kg loading bulk modulus

at point "1"

271-80 PROP (8,N) K o ...L I

secord card
31-10 PROP (9,N) Kw

411-20 PROP (10,N) KoL
S21-30 PROP (ll,N) KoL

631-40 PROP (12,N) K,r 0

141-50 PROP (13,N) KUN unloading bulk modulus
at point "1"

51-60 PROP (14,N) KUN **
361-70 PROP (15,N) KUN

471-80 PROP (16,N) Kug

third card
5(2) 1 -10 PROP (17,N) KUN

611-20 PROP (L8,N)- KUN

121-30 PROP (19,N) GLD loading shear modulus
at point "1"

231-40 PROP (20,N) G o ,,,L

341-50 PROP (21,N) GoL
451-60 PROP (22,P3 GLD3

S61-70 PROP (32,N) GLO

G o671-80 PROP (24,N) L
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'

!DIIS/ j

j

(1) FDIL 3 is a rrx>1inear library :raterial m3e1 for which
! PAR (17) .D?.2', by defaalt. To characterize history, thirteen
(13) variables--nanely, the previously calculated stresses and
strains, an3 the :raxim2n vol'r:etric strain ever reached in

imding--need be saved for each integration point. Therefore,
! GAR (IS) is set to "13" by default.

All six input points mast be defined, as indicated belo ':

k t
t K-

NOTE' G .f. = , 'w tGeo
I hLD

COMPRESSIVE VCLUME
'v STRA!N IS POSITIVE
v., 3 g

I
'K - K NL3 to - ,

Goe.

'G . . ,-w

I

>

|
i

t>- f. ,
I 2 1 3 4 5 0 '

e, e, i e, e, e, ii,
t
6,

!Jote that

J > Kw and Gw < l.5 Kwef > e/~le KW J J

where "J: is the J-th table input point. Linear interpolation
is used to define the 1 ding and unlmding bulk m3ali,

tgg, tKm, and the Imding shear m rialus, tGw, at

ti e t between inpJt points. If the volu~etric strain daring

any tire or imd step exceeds e-[, a diagnostic :essage results.

(2) The unlmding shear modulus at tine t is calculated as

tGy; = (tK m K w)ta g ,4
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FOR MODEL "4" (NPAR(15)D].4) + (reinforced concrete)

note columns variable entry

first card

(1) 1 - 10 PROP (1,N) Young's trn3ulus of concrete, Ec

11-20 PROP (2,N) Young's nn3alus of reinforcing, Eg

21-30 PROP (3,N) Compressive strength of concrete,f' c

31-40 PROP (4,N) Yield strength of reinforcing, f sy

41-50 PROP (5,N) Concrete Poisson's ratio, V

51-60 PROP (6,N) Tensile strength of concrete, ft

61-70 PROP (7,N) Steel percentage in global x-direction

71-80 PROP (8,9) Steel percentage in global y-direction

second card
1 - 10 PROP (9,N) Steel percentage in global z-direction

11-20 PROP (10,N) Zero strain reference temperature

21-30 PROP (ll,N) Coefficient of linear thermal expansion

tDrES/

(1) MODEL 4 is a nonlinear library element rtniel for which
NPAR(17) .Eq.ll by def ault. To characterize history 35 variables
- namely, the previously calculated stress and strain histories
in concrete ary3 reinforcement and the direction cosines and

closirs strains for cracks in concrete-need be saved at each
integration point.

FOR MODEL "5" (NPAR(15) .B2.5) (viscoelastic creep)^

Nste columns variable entry

first card
1-10 PROP (1) Young's nodulus, E
11-20 PROP (2) Poisson's ratio, v

21-30 PROP (3) Zero strain tenperature
31-40 PROP (4) Coefficlent of linear temperature

expansion
(1) 41-50 PROP (5) Number of terms NDIRCH in the Dirichlet

serles
(2) 51-60 PROP (6) Coefficient A(1) in Dirichlet series
(2) 61-70 PROP (7) Coefficient B(1) in Dirichlet series
(2) 71-80 PROP (8) Aging exponent EX(1) in Dirichlet series

113

_ _ _ _ _ _ _ _ _ _ _ _ - _



Second card
(2) 1-10 PROP (9) Relaxation parameter TAU (1) in Dirichlet

series

11-20 PROP (10) A(2)
21-30 PROP (ll) B(2)
31-40 PROP (12) EX(2)
41-50 PROP (13) TAU (2)

Etc.

tCTES/

(1) MODEL 5 is a linear time dependent library element model for
which NPAR(17) = 5+4*NDIRCH. This number must be input on the
element group control card. The number of terms in the 1

Dirichlet series must be NDIRCH.LE.5. 'Ib characterize the
history 43 variables--namely, the previously calculated stresses
and strains, the temperature, and at most 30 hidden
variables--need be saved at each integration point.

(2) The coefficients in the Dirichlet series can be defined in
,

either of two ways--either with age dependence or with !

temperature dependence. The relaxation function is of the form i

NDIRCH

J(t,t) = f + { .1- 1 - e-t/T(N)
E (N) jN=)

For age dependence (requiring that ITD4P=0) the coef ficient h(N)
is given by

E(N) = A(N) + B(N) t-EX(N) (t is time)

For temperature dependence (requiring that ITEMP= 1) the
coefficient E(N) is given by

1
(T is te w ature)E(N) = A (N) +B (N) *T

(elastic-plastic von Mises)FOR MODEL "6" (NPAR(15) .EQ.6) -

note talumns variable entry

(1) 1-10 PROP (l,N) Young's modulus, E

11-20 PROP (2,N) Poisson's ratio, v

21-30 PROP (3,N) Yield stress in sinple tension,

(2) 31-40 PROP (4,N) Strain hardening nodulus, Et
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tores /

(1) MODEL 6 is a nonlinear time independent model for which
tUPAR(17) .D2.4 by default. NPAR(18) .D2.14 since 14 history-
dependent variables must be stored for each integration point.

(2) Isotropic and linear strain hardening is employed in this model.

FOR MODEL"7" (NPAR(15) .D2.7) + (elastic-plastic concrete nodel)

note columns variable entry

First card

(1) 1-10 PROP (l) Young's nodulus, E

11-20 PROP (2) Poisson's ratio, V

(2) 2 -30 PROP (3) Parameter Ao, compression region

31-40 PROP (4) Parameter To, compression region

41-50 PROP (5) Parameter Au, compression region

51-60 PROP (6) Parameter Tu, cmpression region

61-70 PROP (7) Parameter Ao, tension region

71-80 PROP (8) Parameter To, tension region

Second card

1-10 PROP (9) Parameter Au, tension region

11-20 PROP (10) Parameter Tu, tension region

(3) 21-30 PROP (ll) Ultimate plastic strain, tu

tores /

(1) Model 7 is a nonlinear time-independent model for which
NPAR(17) .D2.ll by default. NPAR(18) is again equal to 14 since
14 history-dependent variables must be stored at each
integration point.

(2) Equations (9) and (10) of Section II. A define the parameters

Ao, To, Au, Tu in terms of the compressive, tensile, and
biaxial strengths and initial yield stresses of the concrete.

~

(3) Use a value of .003 for tu*
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,

3. Nonuniformly Spaced Solution Times (8F10.0)

Skip this section of NPAR(5) .D2 0. Otherwise, read NSTE+1 times
starting with the initial value t9 = t' where t',is the age of
ccncrete used to obtain the empliance data to which the
Dirichlet series is fit. Since only tim increments are used
the initial time can be offset to any desired value.

note columns variable entry

(1) 1-10 TIM (1) Initial time

11-20 TIM (2) Time at the end of first tim step
. .

* *
Etc.

NMES/

(1) Keep in mind that load curves are defined in terms of uniform
1md steps rather than in terms of nonuniform time steps.

4. Stress Output Table Cards (I6IS)

Skip this section if stresses are to be printed at integration
points, i.e. , if NPAR(13) .B2.0; otherwise, supply NPAR(13) cards.

note columns variable entry

(1) 1-5 ITABLE(N,1) Stress output location 1

6-10 ITABE(N,2) Stress output location 2
'

11-15 ITABLE(N,3) Stress output location 3

16-20 ITABLE(N,4) Stress output location 4

21-25 ITABLE(N,5) Stress output location 5

26-30 ITABLE(N,6) Stress output location 6

31-35 ITABLE(N,7) Stre'ss output location 7

36-40 ITABLE(N,8) Stress output location 8

41-45 ITABLE(N,9) Stress output location 9

46-50 ITABLE(N,10) Stress output location 10

51-55 ITABLE(N,ll) Stress output location 11

56-60 ITABLE(N,12) Stress output location 12
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61-65 ITABLE (N,13) Stress output location 13

66-70 ITABLE(N,14) Stress output location 14
i

71-75 ITABLE(N,15) Stress output location 15

76-80 ITABLE(N,16) Stress output location 16
I
|

| tores /
i
! (1) Stress tables are defined to provide flexibility in element

stress output requests. Each element can refer to one of the
tables defined, and the element stresses are then calculated at'

the points specified in that table. Figure A.8 defines the ;
,

l locations of the 27 possible y]ints within an element where
stresses may be prir.ted.

Any one table nay contain a naximum of sixteen (16) stress
output points. The first "O* entry in a table will terminate

| that table. For example, if ITABLE(N,1) .D2.21 and
| ITABLE(N,2) .D2 0, then stresses will be printed only at point 21

(the centroid of the element) whenever this stress table is
j referred to.

Stress output tables are used only with linear material nodels
i
I (tPAR(15) .B2.1) . For elements using nonlinear material nodels

(NPAR(15) .GE.3), stresses can be printed at integration points
only.

For reference, 2x2x2 tOEAP-C integration points are defined in
Fig. A.9.

5. Element Data Cards (16IS)

Three cards must be prepared for each element that appears in
the inpat:

First Card

note columns variable entry

(1) 1-5 M 3/D CONTINUUM element number;

GE.1 and LE.NPAR(2)

(2) 6-10 IELD Number of nodes to tm used in
describing the element's
displacement field;

D2.0, default set to NPAR(7)
LE.NPAR(7)
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(3) 11-15 IELX Number of nodes to be used in
the description of the element's
geanetry;

D2.0, default set ot IELD 1

GE.6 and LE.TELD I

D2. IELD isoparametric element
LT.IELD subparametric element

(4) 16-20 IPS Number of the stress output location
table to be used for this element

I(if a linear material nodel is used)
or flag for printing stresses at |

element integration points; i

D].0, no stress output for this
element

21-25 MIYP Material property set number
assigned to this element;

GE.1 and LE.NPAR(16)

(5) 26-30 IST Flag indicating that the stiffness
and mass matrices for this element
are the same as those for the
preceding element; )
D2.0, no
D2.1, yes

1

(6) 31-35 KG Node number increment for element
data generation;

D2.0, default set to "1"

Second Card

note columns variable entry

(2) 1-5 NOD (1) Global node number of element
nodal point 1

6-10 tOD(2) Global node number of element
nodal point 2

11-15 IOD(3) Global node number of element
nodal point 3

16-20 tOD(4) Global node number of element
nodal point 4

21-25 tOD(5) Global node number of element
nodal point 5
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26-30 tOD(6) Global node number of element
nodal point 6

31-35 tOD(7) Global node number of element
nodal point 7

36-40 tOD(8) Global node number of element
nodal point 8

Third card

note columns variable entry

(2) 1-5 tOD(9) Global node number of element
raial point 9

6-10 !OD(10) Global node number of element
nodal point 10

11-15 tOD(ll) Global node number of element
nodal point 11

16-20 tOD(12) Global node number of element 2

nodal point 12

21-25 tOD(13) Global node number of element
nodal point 13

26-30 tOD(14) Global node number of element
nodal point 14

31-35 tOD(15) Global node number of element
rradal point 15

36-40 tOD(16) Global node number of element
nodal point 16

41-45 tOD(17) Global nose number of element
nodal point 17

46-50 tOD(18) Global node number of element
nodal point 18

51-55 POD (19) Global node number of element
nodal point 19

56-60 tOD(20) Global node number of element
nodal point 20

61-65 POD (21) Global node number of element
nodal point 21 |

d

a
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IDfES/

(1) Element cards must be input in ascending element number order
beginning with one (1) an3 ending with NPAR(2) . Repetition of
element numbers is illegal, but element cards may be omitted,
and missing element data are generated according to the
procedure described in note (6) .

(2) IELD is a count of the node numbers actually posted on Cards 2
and 3 which must intnediately follow Card 1. IELD must be at
least eight (8) but must be less than or equal to the limit
NPAR(7), which was given on the element group control card,
Secticn XI.l. Element displacements are assigned at the IELD
nonzero nodes, and thus the order of the element matrices is

; three (i.e., translations X,Y,Z) times IELD. The eight corner
nodes of the hexahedron must be input, but nodes 9 to 21 are

| optional, and any or all of these optional nodes may be used to
describe the element's displacement field. However, all 21
entries for NOD (I) are read fran element data cards 2 and 3; if
IELD.LT.21 the particular node locations not used in this
element must be input as zero (0) in 10D(I) . Figure XI.3
defines the input sequence that must be observed for element
input.

For example, the 10-node element (IELD.EQ.10) shown below

t s
k2
\-

\
^

\
3 \ '|

5--_ _ _ _ _ _

,/ 6 s

/ 4 *%r
07-
15

8

is defined by

10D(I) = (X X X X X X X X 0 0 X 0 0 0 X 0 0 0 0 0 0), !

where the nonzero entries (X) are the global mesh ncde numbers |

(Section III) of the 10 nodes.
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i

(3) When element edges are straight it is unnecessary
canputationally to include side nodes in the numerical/

evaluation of coordinate derivatives, the Jacobian matrix, etc.,
and since regular element shapes are carmon, an option has been
included to use fewer nodes in these geanetric calculations than
are used to describe element displacements. The first IELX
nonzero rodes posted on Cards 2 and 3 are used to evaluate those
parameters which pertain to element geanetry only. IELX must be
at least eight (8), and if anitted is reset to IELD. A comon
application might be a 20-node element (i.e., IELD.EO.20) with
straight edges,in which case IELX would be entered as "8".

(4) If IPS.D2.0 no stress output will be provided for this element.
A nonzero entry for the element stress print-out flag "IPS" has a
different meaning when used with nonlinear material models than
it does when used with linear m terial nodels:

a) For a linear mterial model (EDEL.EQ.1) "IPS" specifies
the stress output table (Section XI.3) to be used for this
element. If no stress output tables were input (i.e., if
NPAR(13) .D].0), then IPS.D2.1 specifies that stresses are to
be printed at all integration points for this element.

b) For a nonlinear mterial model (MODEL.GE.3) IPS.EO.1
specifies that stresses are to be printed at all
integration points for this element. I

(5) The flag IST allms the program to bypass stif fness and mss
matrix calculations providing the current element is identical
to the preceding element, i.e., the preceding and current
elements are identical except for a rigid body translation. If

IST.B2.0, new matrices are computed for the current element.

(6) When element cards are anitted, element data are generated
automatically as follows:

a) All data on Card 1 for generated elements is taken to be
the same as that given on the first element card in the
sequence;

b) Nonzero node numbers (given on Cards 2 and 3 for the first
element) are incremented by the value "KG" (on the first
element's Card 1) as element generation progresses; zero
(or blank) node number entries are generated as zeroes

c) The last element cannot be generated.
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XII. PROGRAM RESTART
j

The purpose of this section is to describe the procedure required for
program restart folloaing a successful step-by-step solution, The
restart option has been included in the program in order to make it
possible to continue a step-by-step solution at the point it was
terminated in an earlier analysis. It may be noted that the restart
opticn can ccnveniently be uced to continue a nonlinear analysis of a
structure for different loading conditions, each to be specified
individually in a run of job type (2) below.

An analysis utilizing the restart feature requires that the job be
run in two steps:

JOB (1) : Step-by-step solution for NSTE time or load steps, after which
program files TAPE 4, TAPE 7, TAPE 8, and TAPE 9 are saved on the
restart tape.

JOB (2) : Reinstatement of program files TAPE 4, TAPE 7, TAPE 8, and TAPE 9
f com the restart tape followed by a continuation of the
step-by-step solution using the MODEX.EQ.2 option (see Section
II, card 1).

In the first job, analysis for "NSTE" tim or load steps was carried
out. The final material properties of the nonlinear elements,
displacements, velocities, etc., and all linear structure matrices are
saved on the restart. tape. The restart tape,together with the input
defined in JOB (2), then contains all the information that is needed for
the continuation of the analysis. More than one second job (JOB (2) may
be run using the restart tape as initial input. Also, TAPE 4, TAPE 7,
TAPE 8 and TAPE 9 can be saved at the end of JOB (2) for subsequent restart.

l
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APPENDIX B. TEMBRANE ELEMEUI' FDR'UUCION
1

:

The fo] lowing is a synopsis of the mathematical formulation used for
the 4- to 8-node membrane e.lement. Latin subscripts refer to a three-

dimensional Cartesian space and Greek subscripts refer to a two-dinen-
sional membrane space. Repeated subscripts within a term are sunmx)
unless otherwise noted.

Follcuing Chapter 5 of Reference 28, g and g are nonunit co-
variant base vectors tangent to the nonorthogonal curvilinear (isopara-
metric) coordinates of the unstrained membrane. For small strains, the

strain tensor is given by

1

g 7 (g v,g + g6 * V 'a ) ' (U'1)y =

where

x ,a e, (B.2)g =
E - e.~a

= v e (B.3)v,S t,p ~E~ -

Cartesian coordinatesx =
g

Cartesian displacements! v =
2

Cartesian unit vectors.[
e, =
~t,

!

|

The partial derivatives in B.2 and B.3 can he expressed in terms of
element nodal coordinates and norla] displacements by use of iosparamotric
shape functions

N

t ,cx H"'" x"E (B.4)x =

n=1

N

H v ( B.5)v =
t,s n,e nt ,

n=1
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where

shape function for node nfi =
n

xt= ccordinates of node nn

vt= displacements of role n. jn

Equations B.1 through D.5 may be combined to express membrane ntrains
I
'

as a function of nodal displacements in the form
-

,

|
t i

V
3

i

'V
2 [Y]],

,

v3'
[b] '. (B.6)

Y22 L

l2 (l'Yi

'i v
2 ,

.
v

3 i

' N 1

Metric coefficients used in ccordinate transformations are expressed
.

as

9 9 *9 (U'7)*

as a 3'

and a unit membrane surface area is transformed frat Cartesian to
membrane coordinates as

|

d(dt = /T dCd; . (B.8)|g)xg2 !"#9dA =
11 922 - 912 921

;

' Constitutive laws are formulated in a local Cartesian system oriented .

l

with respect to the mmbrane coordinates as shown in Figure B.1. The I

plane. Transformations ofy) y2 plane is coplanar with the g -gyy
stresses, strains, and the constitutive matrix between the local
Cartesian plane and membrane coordinates are taken from Chapter 4 of
Reference 29. Letting
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T
{o ) * ( 11' 22' 12)

T
{c ) * I'l l' '22' '12 ) J

and the subscripts e and m refer to local Cartesian and membrare coordi-
nates,respectively, then

{c " b0 f#m }c

(c } = [ A ]{c }c m (B.9)
T

{ m} = [ A 3f c}

{ c } = [B]{c }m c

T
[C]m = [A ][C]c[ A] ,

where (C] is the constitutive matrix. The transformations in equations

B.9 are

. .

I I 2 2 I 2

(d) d)) (d d) (d) d)

[A] = (dfdf) (d d ). (dfd) (B.10 )
2 2

,

2

2 2 I 2

2(d df) 2(d d) (d d2+d2 _

d)

'
.

(c) c)) (c c) (c) c)
l l 2 2 I 2

[B] = (c2 c) (c c) (c c) (g,11 )
2 2

,

I 2 2 l 2

2(c)c) 2(c c) (c c2+c2 c)2
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1

)
-

.

1 2 cos 0 . h2 se\ g \
d) d) ,,g

. ,g g / \ g)) sin 0 )
,

, and (B.12 )=

dfd ,(j gl 2 - +
2 cos e sin 0 911 \

,.s .

\ cos 0 }
c -

, gg g g g

. .

.

-f,'g)j sin 0cos 0
911c c

(B.13)=
.

1 2 / cos0

-

(g12
- dgc2 c2 + 1

sine \9
cos 0 - sin 0

'911 \911 . 11 ''911
-

The stiffness of an individual element is

+1 +1

[5] = [ [ ([A] [b])T [C]c ([A] [b]) vg dEdc . (n.14)
-1 -1

Membrane stresses T"0arri rrembrane strainc y are transformed to
g

physical ccmponents following the development in Chapter 5 of Reference
28. For small strains, extensions a]ong the membrane coordinate curves

| are

(a not summed) ( B.15)
'

y /ge = ,

9

| and the angle change (engineering shear strain) between nonorthogonal
coordinate curves is

2Y - 9 g [Y 9 +Ygg/93g]ag 3 g3 a34 =
g (a / g) ( B.16)*

1
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Physical stress cenponents are

_ _ _ _ _ -

gg/g"" T"O ' (no sume) (B.17)a3 = g

where

cofactors of det (g,g)/g . ( B.18)g" =

2y
4
/

/

/

/

/

| S2Y

|

-

N
N

N
N

s 6 N
N\ 9

~1s
N

\i

rig. B.l. Orientation of local Cartesian planc.
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APPENDIX C - RELATED tDDES
-

Tnis appendix contains brief descriptions of the I?CEN mesa gener-
ating code and the FC/IE.IASL graphics code and shcws hw thece codes can

i

be used with the NONSAP-C coae.

I! GEN is a general-purpose mesh gencrator for two- and three-
dimensional finite element codes. Tha basic parts of the ccne are sur-

f ace and three-dimensimal region generators that use linear blending
interpolation formulae. These generators are based on an i, j, k index
scheme that is used to number nodal points, construct elements, a:J
6evelop displacement and traction boundary conditions. The I!CEN code is
available from the Argonne code center.

FKNIE.IASL is an interactive EDR1Wdi program for displaf and anima-
ticn, both of finite element nodels and of results of their analysis.

The user my manipulate the model (rotate, t anslate, zoom, etc.), spec-
ify colors for the backgrou:d and the dif ferent element groups, ano
select various display devices. Botn line drawings and continuous-tone
color irrages can be produced. Single frames or anim ted movie sequences !

are also available ard can be displayed on any of the output devices.
,

All data to be displayed nust exist in the form of nodal values. The
|

Iprogram runs on the los Alamos Scientific laboratory LTSS operating
system and contains much installaticn-dependent ccding.

Figure C.1 shows the relationship of the codes ItGEN, tONSAP{, and
.

fCTIE-LASL. Linkages shown as solid lines exist, whereas those shown in
,

: dashed lines do not.

:

!

;

;
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