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ABSTRACT

TEMR-STRESS has been developed to imbrove the understanding of the
behavior of concrete subjected to mechanical loadings and high temperatures
simulating the effects of coolant spills, molten debris, etc. The capabi]jty
to model concrete structures subjected to static and dynamic overpressures,
such as LWR and LMR containments with complex axisymmetric geometries, can be
solved. The computer code is a finite element program which has a weakly
coupled thermomechanical formulation. It can handle transient and steady
state problems through the use of explicit time -integrationA and dynamic
relaxation. There is a plane or axisymmetric continuum element and flexural
beam and shell elements for concrete discretiiation. The continuum element is
a four node' quadrilateral using numerical integration and elastic hourglass
control. Variable material properties as a function of temperature are .
available. Thermal and/or mechanical loading can be hand]éd, The concrete
material model has the following characteristics:  a) elastic-plastic
response, b). variable loading surface- capability, c¢) cracking normal to
max imum principal strain at specified failure surface, d) posfffai1ure element
treatment, and e) variable temperature dependence. Concrete can be reinforced
and/or prestreésed. '
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1. INTRODUCTION AND OVERVIEW

This report provides the user guidance for a two-dimensional nonlinear
finite element computer program for transient and steady-state (dynamic
relaxation) analysis of plane and axisymmetric configurations. The program
has a capability to study the behavior of concrete structures with a weakly
coupled thermomechanical formulation. The finite element method employed is
valid for large rotations, large strains and material nonlinearities. A
corotational coordinate technique is used (each element being associated with
a coordinate system which rotates with that element).

The governing stress equations are solved using an explicit time integra-
tion scheme. A conservative stability limitation is imposed on the time-
step. Explicit integration is most appropriate for impulsive problems or
problems where the loads are of relatively short duration. The explicit
scheme is extremé1y efficient and permits large problems to be solved
rapidly. The explicit 1ntegfation algorithm can also be used in conjunction
with dynamic relaxation for steady-state problems. This is advantageous for
models where thé stiffness matrix 1is not available or very difficult to
program as 1in the case of the highly non]ineaé material behavior of
concrete. Dynamic relaxation simulations achieve system equilibrium by
iterating until a dual criteria of force and displacement are met. When
explicit time integration is performed, Tumped masses are used to repfesent
the inertial properties. Slidelines, which are useful for modeling interfaces
between materials, such as the liner-concrete interface are an additional
feature of explicit time integration. A rigid interface option is included to
provide a means of connecting two dissimilar meshes. Energy balance checks
and energy partition output can be used to check the fidelity of computations
and to assess the distribution of damage and energy absorption in simulations.

An explicit technique is also employed to determine the thermal field in
the concrete structure since it is an integral part of the program desired for .
thermal stress analysis. '

The structural finite elements available in the program, except for the
thermal elements, are shown in Fig. 1.1 and listed in Table 1.1. These
elements are subdivided into two groups:

1. Flexural elements

2. Continuum elements
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FLEXURAL ELEMENTS

PLANE o . AXI.SYMMETRIC_

Figure 1.1 Finite Element Library



Table 1.1 Element Library

F1exura1 Elements

beam with bar option

axisymmetric conical she11'with membrane and ring options

COntinuum_Elemeﬁts

plane continuum with quadrilateral and triangular* geometry

axisymmetric continuum with quadrilateral and triangular* geometry

* triangular shape is achieved by collapsing node 4 into node 3

Concrete flexural and continuum elements are the primary elements of the TEMP-
STRESS program. Concrete can be reinforced and/or prestressed. Flexural and
continuum elements that represent other media are available to facilitate
modeling of mixed media configurations. The DYNAPCON program, Marchertas
(1982), a forerunner of TEMP-STRESS, had provided the mechanical response of
reinforced and/or prestressed -concrete structures. The basic element features
‘and architecture of the program are those of the STRAW and WHAMS programs,
Kennedy (1974), Belytschko and Mullen (1978) and Kennedy et al. (1985).

The beam and axisymmetric conical shell are the flexural elements used
for modeling thin-walled structures. A bar option is available in the beam
element while membrane and ring options are available in the shell element for:
modeling simplifications. Plane and axisymmetric solids can be modeled by use
of the continuum elements. The continuum elements are basically quadri-
lateral in cross-section with triangular shapes achieved by collapsing node 4
into node 3. An arbitrary number of Gauss quadrature points from'l to n x n
can be used in the continuum elements; for one-point quadrature, a consistent
hourglass control algorithm is included. In the continuum elements, the
coordinate system at each quadrature point is rotated with the material, so
afbitrary anisotropic materials can be handled properly when large rotations
occur. In the continuum elements, a Jaumann rate is used to maintain proper
" frame invariance in the material law, but the use of the Jaumann rate limits
jts application to isotropic materials.
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A11 of these elements (concrete and other media) can be combined in any
reasonable. manner' to model plane two-dimensional problems or axisymmetric
three-dimensional problems. '

An e1dstic-b1astic law with an associated flow rule is the constitutive
relation used. for continuum and flexural elements. The non-concrete media
employs an isotropic strain hardening material law. The concrete material =
model includes a mixed isotropic-kinematic strain-hardening formulation, a
variable loading surface capability, cracking normal to maximum principal
~ strain at  specified failure surface, post-failure treatment, and variable
temperature'dependence. 'For the sake of efficiency, options for uniaxial,
biaxial or triaxial states of stress or strain within the genéral subroutine
have been developed for use with the flexural and continuum elements. Linear
- elastic materials can also be handled.

An analysis of. the structural integrity of flexural and continuum struc-
tures subjected to surface heat fluxes or varying temperature conditions will
 then involve a thermal stress.analysis of the structure. In order to perform
either a steddy state or transient thermal stress analysis, a thermal analysis
must be made for the ‘temperature distribution. Coupled thermomechanical
problems can be solved using the flexural and continuum elements. In coupled
problems, the thermal response is always transient. However, the stress
(mechanical) response can be either transient (dynamic) or quasi-static. A
quasi-static response is obtained through the dynamic relaxation technique,
and is valid for solutions in which inertial effects are negligible or
nonexistent. ‘ ‘ ‘ '

The heat cohduction (thermal) finite elements are developed to accommod-
ate heat flow through flexural and continuum structural finite elements. To
account for thermal stresses arising from temperature'variationsAthrough the
thickness of flexural elements, layered two-dimensional rectangular elements
are used. For modeling the temperature variation in the structural continuum
elements, quadrilateral thermal elements with a nodal connectivity identical
to that of the structure are used. Prescribed temperature, heat flux and
film-coefficient (convection). are the thermal boundary conditions available
for the thermal field solutions. An internal heat source capability is also
available.

Extensive methods are "also available for automatically ‘generating
mechanical loads. The following load types are available:
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a) initial velocities prescribed on nodes

b) pressures applied as functions of time or the volume enc1osed by a

line of_nodes

c) forces applied on nodes
Gravity and special condition (e.g. prestressing) loads can be included if
necessary in the simulation. ' '

Displacement boundary conditions Which can be treated are quite
arbitrary. At any node or any group of nodes, each of the components of
displacement ih an orthogonal coordinate system may be specified to vanish or
have a selected time history.
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2. PROGRAM FEATURES

2.1 Elements
2.1.1 Flexural Elements

Two types of flexural elements are included in the program. A
plane flexural element which is ba]]ed a beam element and an axisymmetric
flexural element which is used for axisymmetric shell analysis. The cross
section of both elements is assumed to be homogeneous and, for the beam, the
thickness is assumed to be constant in the entire cross section. The elements
are- shown in Fig. 1.1. Both elements are initially straight.

In both elements, the in-plane displacements are linear, whereas
the transverse. displacements are cubic functions of the chord length. The
elements are formulated in terms of the usual Bernoulli-Euler hypothesis, so
that normals to the midline are constrained to remain straight and normal. In
the plane beam element, the strain consequently varies linearly from end to
end and linearly across the thickness; in the “axisymmetric element the .
variation is. more complex. If the material response is nonlinear, the
variation of the stresses through the elements can be quite comp]éx, so that
numerical integration is necessary to determine the nodal forces in the
element. In the beam element, this integration is accomplished by using the
trapezoidal rule through the thickness and along the length, with two points
used in the integration along the length. An arbitrary number of integration
points . through the thickness may be specified by the user. In the axisym-
metric element, Gauss integration is used through the thickness with the
number of integration points specified by the data; Gauss integration is also
used along the chord length (usually two). o :

The formulation of the flexural elements is based on a modifi-
cation of the corotational or rigid-convected formu]ation' described by
Belytschko and Hsieh (1973). In the present formulation, the strain
corresponds to the logarithmic strain in_thét it is defined by '

~

e, = In ) ' » | (2.1)
where g is the current length of the element and 2o the original length. The
stress used in this element corresponds to o, which is called the physical or
Cauchy stress, and is given by



o = & | (2.2)
where A is the current cross-sectional area and P is the load. .The stress-
strain data that is input into  the program should correspond to this
definition of stress and strain. 'Experience indicates that the program is
reasonably accurate for strains of up to 20% for non-concrete media. The
exact limits on the magn1tudes of stra1n that can be handled by this element
are not clear at this time. Arbitrarily 1arge rotations can be treated.

:In the program, the lumped mass matrix is used in conjunction with
explicit integration. The 1lumped mass 1is quite accurate for problems
involving the large displacement, elastic-plastic response of structures.’

A flexural element requires three degrees of freedom at each end
point: two translational degrees of freedom and one rotation. The program
allows for two or three degrees of freedom per node. In order to accommodate
the number of degrees of freedom required by a flexural é1ement when using two
‘degrees of freedom'per node, a total of four nodes is reqdired for each
element. The first two nodes are used for the translational degrees of
freedom at the end points. Rotations at each of the end points are associated
with two additional nodes called dummy nodes. For each of the dummy nodes,
the second degree of freedom is not used at all. Therefore, in the data for
flexural elements, one can conceptually treat them as quadrilaterals with two
nodes at each end. If several beam elements are connected in a row, both
nodes of adjacent elements must be shared in order to assure compatibility of

 disp1acements and rotation across the cross secfion. The use of the dummy
nodeAconcept enables pin connections to be arbitrarily inserted in a beam, for
if two adjacent elements do not share the same dummy node, rotational compati-
bility is not enforced across the interface, so that a pinned- connection
results at that point. * The two degrees of freedom per node option also allows
intermixing with the continuum elements. ' o

" In the. data for the coordinates of tHe node of the flexural
e1ement,‘the first two nodes should correspond to the location of the middle
surface of the beam or shell at the ends of the element. These are the only
nodes necessary if using three degrees of freedom per node. If using two
degrees of freedom per node, the third node (first dummy node) corresponds in
location with the second node, while the.fourth node corresbonds in location
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with the first node. No coordinate data is needed for the dummy nodes.
Instead, the dummy node coordinatés serve as an optional means‘fqr the input
"of the thickness of the beam. This also allows the thickness of the beam to
be varied without new material input data. Similarly, any output for the
deformed coordinates of the dummy nodes should be interpreted as meaningless.

The element data are given for these elements in Section 3. The
sfations at which stresses‘and strains can be output depends on the number of
integration points specified; if NPD (through the thickness) integration
points are specified, each end of the element has NPD stations for a total of
NPD x 2. The order of the stations is illustrated in Fig. 2.1;.fo_1ocate the
bottom station of the beam, note that the X axis is positive from node 1 to
node 2, and the 9 axis 'is positive counterclockwise from the ; axis. The
bottom station is.that‘with the lowest ; value.

A special case that is often useful is the bar option of the beam -
element, in which the bending stiffness is neglected so that the element only
has axial stiffness; these elements are often called bars. This option .is
achieved by simply specifying one integration point through the thickness with
two integration points along the length of the element. ,

Two special cases of the flexural shell element that are useful in
modeling are the membrane and ring options. The membrane option is achieved
by specifying one integration point through the thickness and two points along
the length. In the membrane option, the flexural stiffness is eliminated so
that the element only has resistance to forces tangent to the surface of the
shell. Another waylof explaining this is to note that in the membrane option, -
the axial and hoop stresses are constant through the thickness of the shell.

The ring option is obtained by choosing one point integration
along the length and through the thickness and making the two nodes coincident
by giving them the same node number. As can be seen from Fig. 1.1, when using
the ring option, the element . becomes a circumferential ring with no bending
stiffness.

The flexural beam and shell elements that represent concrete media
have uniaxial reinforcement that has been superposed on the parent element.
The uniaxial reinforcement will be assumed to be embedded parallel to the
respective neutral axis/surface of the element. The cross-sectional area, the
normal distance of the reinforcement from the neutral axis/surface of the
element and the stress-strain data of the reinforcement material are the
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’specffied input data. - Axial and shear tie are the two types of reinforcement
that can be specified at various layers in the beam element; meridional, hoop,
helical (seismic) and shear tie are those which can be specified at the vari-
ous layers in.the shell element. Reinforcement options in the shell element
‘are shown.in Fig. 2.2. Subscripts refer to various reinforcement layers.

Prestressing is modeled by simple elements, such as rods, rings, and
membranes. The rod and the ring elements ére used to simulate individual
tendons. Specificq]]y, a ring element is utilized for circumferential
prestress, and a rod element is used for axial prestress. The axisymmetric
membrane (shell without bending'resistance) element is used for smearing the
prestressing. The membrane element (with Poisson's ratio v = 05 effectively
represents a net of prestress tendons. . R '

The s1iding option is used in conjunction with prestressing in order that
the tendons can move along prescribed nodes of the concrete analytical model.
S1iding along the prescribed sequence of concrete nodes enables the tendons to
adjust themselves with respect to the concrete. This sliding feature simu-
lates the actual behavior of the tendons during the prestressing operation and
also during the Toading of the structure. The prestress load is prescribed by
input given in Section 2.6.

2.1.2 Continuum Elements

. A linear displacement 4-node quadrilateral with straight sides is
.the principal element. Triangular elements are achieved by collapsing node 4
into node 3. Plane or axisymmetric geometries can be modeled. A corotational
velocity strain-corotational stress formulation is used which is app]icéb]e to
large strains, large rotations and anisotropic materials. o

In the velocity strain formulation, deformation is measured by the
velocity strain, which is given in terms of the ve]o;ity components Vgs Vy by

av

= X
M = ax
: v _ ' ’
ny = ;91 o (2.3)
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Note that the tensor velocity shear .strain is stored‘ and used in the
program. This strain rate is not integrab}e, so when the velocity strain
formulation is used, the total strain for a general biaxial state of strain
" has no rigorous meaning. However, in the uniaxial case, the integral of the
velocity strain yields the logarithmic strain; thus the stress-strain data for
these elements should be given in terms of physical stress versus logarithmic
strain. |

In the corotational velocity strain formulation, -each element is
associated with a coordinate system which rotates with the elements (;,§).'
The deformation of the element is then expressed‘in terms of the velocity
strain expressed in the corotational components, viz.

~

~ oM
X v
- av : ) .
ny = = | o (2.4)
"x_y =2\ = + —=
ay ax

The stresses are expressed in the same corotational coordinates. Thus the

~

components of the stress tensor are Oys ay'and Oxy® The alignment of the
corotational coordinates relative to the global system (x,y) can be determined
at any instant from the angle e, which is measured counterclockwise from x
to ;. The stress-strain law, when expressed in the corotational coordinates,
then gives the increment in the corotational stress in terms of the

corotational velocity strain in the following form
as = £(o,n) , ‘ (2.5)

Since the rate of the corotational stress is frame invariant, no corrections
for the rotation are needed. 'Furthermoré, since the constitutive law
evaluation is made in the corotational coordinate system, the formulation is
applicable to anisotropic ‘materials.. Unless otherwise specified, it is
assumed that the angle between the corotational coordinate system and the
-global coordinate system e is initially zero.



_ For the continuum elements, the diagonal lumped mass matrix is

always used in conjunction with explicit integration.

Figure 2.1 illustrates the number of integration points (two)
along one direction for a 4-node quadrilateral element. For this element, 1,
2 and 3 integratidn points along one direction respectively yield a total of
1, 4 and 9 integration points.

The stations at which element variables can be output correspond
to the ihtegrat1on points and are in the order shown in Fig. 2.1. Station 1
is the integration point closest to node 1, and the station numbers are then
incremented.a1ong the line of integration points paré]]e] to the side defined
by nodes 1 and 4. For each stétidn; the order of the variables is the same.

The - continuum elements that represent concrete media have
reinforcement that is modeled by homogenization; the stress-strain law of the
reinforcement is embedded in the stress-strain law of the elements. This
approach can account for the direction, the position and the percentage of
reinforcement. The reinforcement is assumed to remain rigidly bonded to the
concrete; debonding of rebars and concrete is not- considered. Reinforcement
- can be ‘specified in the hoop direction and arbitrary orthogonal directions in
the r,z or the x,y plane. The reinforcement arrangement is shown in Fig.
2.3. In addition to that spec1f1ed within the cont1nuum element, rein-
forcement can also be modeled by means of discrete rod and ring elements.

2.2 Material Laws .
"~ The following elastic-plastic material laws are available for
representing non-concrete media:

1. Uniaxial stress for the plane stress beam e]ement.

2. Biaxial stress for plane strain beam, plane stress continuum and

~ axisymmetric shell elements. ‘

3. Triaxial stress for plane strain and ax1symmetr1c continuum elements.
Poisson's ratio should be set to zero when using the bar option of the beam
element and the ring option for the shell element.

A1l of the elastic-plastic laws include isotropic strain hardening, which
is isotropic in that the yield value o? in compression and tension grows
equally when plastic stresses occur. The current yield value oy for each
station is an element variable which may be output. ‘
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Figure 2.3 Representation of Reinforcement in Concrete for Plane and
Axisymmetric Continuum Elements
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In the uniaxial law, the stress in the plastic regime is a piecewise
‘linear function of the strain, as shown in Fig. 2.4. The piecewise linear
function is described through the points on the stress-strain curve: o; and
€je The first stress point o1 corresponds to the yield stress; the stresses
in all subsequent points should be monotonically increasing values. If during
the course of the computation the straiﬁ exceeds the last strain point which
is input, thé,simulation will terminate with a message indicating the element
- where the strain was exceeded. The materia]'related element group data for
Cards IVb, IVc and IVd are described in Table 2.1. |

The biaxial and triaxial laws are based on a Mises yield condition, an
associated flow law and isotropic strain hardening; ﬁhe stresévin the plastic
regime is a pﬁécewisé.]inéar function of . the stfain,}aé‘shown in Fig. 2.4.
The input data for these materials is given in Table 2.1. For continuum
elements, the strains in the elements. are the time integrals of the
corresponding velocity strains. Therefore, for large strain problems, these
" strains are not tensors; however, they are indicative of the magnitudes of the
deformation. Whenever a corotational formulation is used, the stress and
strain output is in terms of corotational components. | '

The concrete material law formulation uses a uniaxial relationship. for
the plane stress beam. A biaxial relationship is used with the plane strain
beam, plane stress continuum and axisymmetric - shell elements. Finally, a
triaxial rejatiOnship is used for the plane strain and axisymmetric continuUh
elements. The material law uses an elastic-plastic stress-strain relationship
which ‘ihcludes strain hardening, 'Takahashi (1983), that can vary from
" isotropic to kinematic representations, Marchertas et "al. (1985). Both
associated and non-associated flow rules can be used with either Prager's or’
Ziegler's formulations. The stress in the plastic regime. is a piecewise
Tinear function of strain, as shown in Fig. 2.4. The previous comments about
velocity strains and‘]arge'Strains with respect to non-concrete continuum are
the same'for concrete continuum elements. Two.typés of constitutive models
are available in the code. The difference between the two models is the post-
failure response in compression and tension. |

In the first constitutive model (preferred) the strength capacity of the
concrete in multiaxial -stress space 1is characterized by a four parameter
failure surface described by Hsieh, Ting and Chen (1983). The response after



STRESS, o

2-11

- STRAIN, €

Figure 2.4 Stress-Strain Law for Elastic-Plastic Material



Table 2.1 Summary of Materfal Data Allocation

E(16) 'NPD

LTYP o1 2 3 B S R ¥ 2 13 14
| . R - ad- o axi-
plane plane  concrete - symmetric symmetric concrete
element beam  continuum = concrete - beam shell - continuum concrete = shell
.Card IVb
E(1) o P p p p 0. p p
E(2) v v v v
E(3) v v a a v v ' a
E(4) a a ag ag a a ag ag
E(5) k k k k k - k k
E(6) .. ¢ c c ¢ ¢ c c c
E(7) NTP NTP NTP . NTP ~ NTP NTP NTP NTP
" E(8) - NSP NSP NSP. - NSP  © . NSP . NSP  NSP NSP
Card IVc |
E(9) ' W t t W .
'E(10) h ay ay h " h o ay oy h
E(11) -%a %a ag 0 ag % . % %a
E(12) - A A ‘RM- . .RM A A RM RM
E(13) SO asc. oasc & @l ase asc
E(14) - ICE. . ICE ICE ICE ICE I ICE ICE
E(15) NPL- - o FSF - FSF NPL - FSF FSF
NGP

"NGP - NGP NPD NeP NGP  NGP

21-¢



Table 2.1 Summary of Material Data Allocation (cont.)

LTYP 1 2 3 4 1 13 14
: axi- axi- .
plane plane concrete ‘ symmetric symmetric concrete

element beam. continuum concrete beam ~ shell continuum concrete - shell

Card IVd (repeat for each temperature curve; enter data only to needed pair)

E(17) T T T T T T T
E(18) E E- E B E-  E . E E
“E(19) €] €1 €] ‘ €] elA €] €] ' €1
E(20) a1 o1 01 0] o1 01 o1 o1
E(21) €2 52‘ €2 €9 €9 €2 €p €9
E(22) 0 g : o9 gy .y g9 -2 o
E(23) €3 €3 €3 €3 €3 €3 €3 . €3
E(24) o3 03 o3 . 03 03 03 . o3 - o3
Card IVe X X X X
Card IVf X X X X
Card Ivg X X X X
Card IVh X X X X
Card IVi X X X X
Card IVj X X X - X
Card IVk X X
Card IV1 X X

£1-2




 ASC
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Notation for Table 2.1

o : density

v : Poisson's ratio.

=]
oo

- coefficient of thermal-expansion
k : thermal éonductivity
¢ : specific heat

number- of témperature éuryes jnput for this material

NTP
NSP : number of stress—strain‘pairs defihing»piécéwise 11near curve
W : beamlwidth

h : beam height and shell thickness

(1]

ag @ artificial viscosity
A s effective strain-rate amplitude parameter:
g : referenceastrain—rgte
ICE : material law flag |
NPL : number of infegration'points along length
NPD . :. ndmber of fntegration-poiﬁts through thickness
t o plané continuum or hydrédynaﬁfc element thfckneés'
ay & hogrglass viscosity u
' NGP* : number of Gaussian integration points along one direction
ag i streés-dependent thermal expdnsion cdefficient.
"RM ':-'mixed hardening parameter |
:  flow rule parameter
FSF : failure surface flag -
T ¢ temperature |

E : Young's modulus

i-th strain on piecewise linear stressQStrain curve, see Fig. 2.4 '

m
—to
.0

oj ¢ i-th stress on piecewise linear stress-strain curve, see Fig. 2.4
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tensile failure is simulated using fhe element-size-independent cracking
criterion established by Bazant and Oh (1983). For tensile failure the cracks
are assumed to be normal to the maximum principal strain and are smeared into
the element by reducing the stiffness to zero normal to the cracks. Strain
softening in the model is available through an energy release term (element
size independent feature) or a specified strain at complete failure, which
ellows the tensile stress normal to the crack to be reduced to zero gradually.
For compression‘faiiure, the concrete is allowed to crush which essentially
sets all the stresses to zero. Strain softening for crushing in the model is
_also available  through an energy release term or a specified strain. at
complete compression failure. This allows the stresses to be reduced to zero
.gradually. :

The second constitutive model (still under development) is based on an
elastic-plastic formulation coupled with the critical state theory used in
soils. This has been described by Lin et al. (1987). The elastic-plastic
mode1 descriped earlier is applied up to the maximum strength capacity of
material. Beyond this point, the modified critical state theory is used to
simulate the material response. In this way, the Softening (or hardening) of .
the material can be taken into account. The softening (or hardening) of the
material is facilitated by the shrinkage (or expansion) of a 1imiting surface
in the stress space. This sufface ijs assumed to coincide with the failure
surface at the maximum strength of material. It is derived with the help of .
the five-parameter Willam and Warnke (1974) failure surface. The shape of the
limiting surface has the same angular dependence as the failure surface in the
deviatoric plane. In the meridian plane, the shabe is assumed to be that of a
slanted ellipse. It is applicable 'to concrete, geomaterials, and other
materials which have different strengths in tension and compression.

2.3 Time Integration

2.3.1 Dynamic Relaxation

For processes where the stiffness matrix is not available or very
difficult to program as in the case of highly nonlinear materials, quasi-
steady state and steady state (static) solutions may be attained by dynamic
relaxation. Dynamic relaxation is a process in which sufficient damping is
added to the system so that through the solution of the equations of motion,

~the final equilibrium position 1is reached. Both maes-proportiohai and
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stiffness-proportional damping are available. For steady state solutions,
only mass- proport1ona1 damping is used (90% is recommended).

In the computer program, the external 1oads are prescribed by‘
input. To facilitate dynamic relaxation, this loading is applied incre-
mentally, i.e., in load steps of specified magnitude. Hence, dynamic relaxa-
tion for each of the load ihcrements permits readjustmént of the structure
while approaching static equilibrium asymptotically, as shown in'Fig._Z.S.

‘Static equilibrium is attained at definite points as indicated in Fig. 2.5.

Equi]ibriUm»of the system is established by the imposition of two
criteria. One of the criterion is eduiva]ent to the comparison of internal
forces with the external forces at the same iteration step. The other
criterion is tantamount to the compar1son of the change of d1sp1acements at
.success1ve iteration steps. '

- 2.3.2 Stable Time Step ;
. . The explicit integration is carr1ed out by the central d1fference
method. The stability properties (structura1) of this integration procedure -
1imits_the time step by ‘

W

st 2 (o2 | (2.6)
max . ) ’ .

where wp.. is the maximum eigenvalue (the highesf frequency) of the system and
u is the fraction of critical damping in the highest frequency. The formulas
for the stability calculations are sunmarized in Table 2.2. |

‘ The program Has provisibns, for automatically calculating at
(strUcturally) for each simulaﬁion using Eq. (2.6) with a reduction factor
(0.8 to 0.9 of the stable At is recommended) to be specified by the user. Thé
“user usually should check for conservation of;energy in‘the computation. An‘
energy imbalance'greater than a few percent usually indicates that a numerical .
" instability has occurred during the course of the computation. Energy output-
can be-obtained as described on Card Xc.

When the explicit integratjon technique is applied to solve a
transient prob]em, the time parameter used pertains to the actual time of the
physical process. In quasi-steady State and steady state problems the time
parameter in explicit integration loses its original meaning; it no longer
means real time, but rather an integration pafameter .prdportiona1 to time.
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Figure 2.5 Loading Method for Dynaﬁﬁc Relaxation
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Table 2.2 Guidelines for Stab1e Time Step_in Explicit Calculations

At s 2 u2 1/2'_

m .
- .max

((1+u) u)

Square of Maximum Frequency

2 22

beah»and shell wz <A or . 16c» - (whichever is larger).
max 22 04' .
| 2 2? 2 - 12,
'cont1nqum mmax = ;5— [Yl + (71 - vYZ) ]
1,2 2 2 2 -4l - 2v)
E AR SR R T U
. , T ' . 1 -V
1,20 20,2 2 1, - = 2
Y2 =7 Wzq * ¥31) (Xgp *+ X13) - 7 Uog¥a2 * ¥31%13)
Square of Elastic Wavespeed"
- . 2 AE uniaxial t uniaxial  biaxial
beam and shell ¢” == plane or ——5- -plane or plane
‘ P\ stress p(1 - v°) \'stress " stress
cont inuum c2 - & _ (plane or EQ - v). :plang
: 2. \ stress p(l.+ v)(1 - 2 v) \strain
o(l -v) : ,
At = stable time step N A = cross-sectional area.
Ymax = maximum frequency E = Young's modulus
‘u = critical damping fraction ) = mass density
c = elastic wavespeed v. = Poisson's ratio
L = length of -element Xjj = x-coordinate difference
h = thickness of beam or shell Yij = y-coordinate difference
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For purely statics problems this time parameter becomes solely an integration
parameter. ‘ '
From Table 2.2, it can be seen that an inefficient time step (too
small) may result if there are large differences in element sizes or large
differences between translational and/or rotational frequencies which, for
statid solutions, will cause excessive computation time. This inefficiency
may be overcome by using a concept of mass-adjustment. The principal feature
of this method. is to use a constant at (usually at = 1.0 for convenience).
This is done by adjusting the mass density, p, for both translational and
rotational frequencies, utilizing the -stability time 1limit relationship
given in Eq. (2.6). From experience, by utilizing the adjusted mass scheme, a
considerable saving in computational time may result, depending on the type of
structure and discretization used. '
For thermal solutions, the critical time step is

= pch : - '
At = 5= : B o ‘ (2.7)
where 2 is the shortest distance between nodes, p is the mass dens1ty, c is
the specific heat, and k is the conductivity.

2.3.3 Artificial Viscosities
In the integration of the finite element equations of motion with
"small time steps, such as is generally the case in explicit integration, high

frequency oscillations which are called "spurious oscillations” or "a1iasing"
will appear in an undamped system. The severity of these oscillations tends
to increase if the mesh is rather heterogeneous. These oscillations can be
reduced and sometimes eliminated by the wuse of a suitable art1f1c1a1
viscosity, which is really a numerical damping.

- The program has a prov1s1on for 1nc1uding a linear artificial
viscosity. For a uniaxial stress-strain law this artificial viscosity is of
the form | ' ' ‘

o . =2uE 7 ‘ I N (2.8)

where y is a constant input by the user, E is Young's modulus and Ymax is the

maximum eigehva]ue of the system. For constant strain type elements, which
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include the continuum elements and the membrane part in the beam element, u
corresponds to the fraction.of critical damping in the highest element mode.
For most cases, a value of u between 0.02 and 0.10 is recommended. Note that
“according to Eq. (2.6) the use of an artificial viscosity reduces the
stability 1imit on the time step. | ‘

2.4 Mesh Generat1on

Noda] coord1nates may be a mix of cartesian and polar systems w1th polar
systems perm1tted to be defined in local coordinates. = Some mesh generation
features are included. Intermediate node coordinate data can be skipped if:

1. The coordinates can be generated by equispacing these nudes.

2. The codrdinates between two nodes can be generated by changing the

distance between each sequential pair of nodes by a spetified ratio.
The ratio of distances between automatically generated nodes can be specified
by using KONTRL(3) on Card III.

Intermediate element node data can be skipped if the e]ements have the
same material type number, MTYP and are of the same element type, LTYP, and
" the nodes can be generated by: _

1. Adding 1 to the node. numbers of the prev1ous e1ement
2. Adding a number INCR to the node numbers of the previous element.

: 2L5 Boundary. Conditions/Support Conditions

Prescribed displacement boundary conditions/support conditions which can
be treated by the pfogram are quite arbitrary. At any node or for any group
of nodes, either one or two components of the displacements in an (x,y)
coordinate system may be specified to vanish or to have a selected time
history. The (;,9) coordinate system may be a]igned arbitrarily in space
ré]ative to the global coordinate system, in that case, the angle e .from x
to x, positive 1n a counter-clockwise sense, has to be input. If no angle o
is input, the (x.y) system is assumed to coincide with the global coordinate
system. The rotation nodes or component can also have prescribed conditions.
Since the formulation 1is based on a displacement type of finite element
method, no conditions need to be prescribed on stress free boundaries.

If displacements are prescribed nonzero values, these values can be
arbitrary p1ecew1se Tinear functions of time, which are 1nput through the load
line data, Cards VIII.
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2.6 Loading A

The pfogram has provisions for several types of loading on the model:

1. Initial values of velocities on a line of nodes specified by the
user. \

2. Pressure loads applied on a 1line of nodes where the pressure may be

~ an arbitrary piecewise linear function of time or volume; this
function is specified by the data f; and t; as shown in Fig. 2.6.

3. Forces, displacements or thermal loads applied on an arbitrary set of
nodes, where the forces, displacements -thermals may be arbitrary
piecewise linear functions of time.

4, Prestressing an érbitrary set of elements; this loading condition is
applied prior to the desired simulation.

5. Gravity loading specified by using KONTRL(6) on Card III and the
detailed data of acceleration of gravity rate and the direction
cosines for the gravity on Card XI. ~

A load 1ine is here defined as a set of node points; for initial ve]oc%t}
and pressure loadings, the load line must consist of a sequence of adjacent
node points (elements). For applied forces and displacements, the load line
may be an arbitrary set of nodes. For thermal loads, temperatures are applied
to an arbitrary set of nodes (minimum of two) while heat fluxes and film
. coefficients are applied ‘to a line of nodes (elements). Prestressing and
internal heat sources are applied to an arbitrary set of elements. Nodes and
elements specified for thermal loads are those of the. thermal mesh,

Whenever pressure, initial normal or tangential velocities or heat flux
are prescribed, it is necessary that a positive direction be defined for these
quantities. This is accomplished as shown in Fig. 2.7. First, a positive
direction is defined for the load line as that direction obtained by tracing a
Tine in the order that the nodes are numbered for the load line. The positive
normal direction is then obtained by rotating clockwise 90° from the positive
load line direction. A positive pressure, positive normal initial velocity or
positive heat flux is applied in that direction, whereas a negative pressure,
negative normal velocity or negative heat flux is applied opposite to the
direction shown. The positive tdngentia1 direction corresponds to the
direction of the load line. ) . ,

Load 1lines are used to 1input a specified prestress to the tendon
elements. In quasi-static problems, prestressing is prescribéd by means of
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Figure 2.6 Functions f(t) as Defined by f; and t;; f(t)‘ may be a Pressure,
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POSITIVE
LOAD - LINE
DIRECTION

POSITIVE POSITIVE
PRESSURE

PRESSURE DIRECTION:

DIRECTION | |

POSITIVE ..
LOAD- LINE

(a) - - (b)

Figure 2.7 Sign Convention for Load Lines and Applied Loads; in Case (a):
' the Nodes are Numbered in the Order 1,-2, 3, 73 Case (b): 7,

3, 2,1 '

DIRECTION -

€¢-¢



2-24

one step load. This is possible because of 1érge structural damping (as much
as 90%) associated with the quasi-static type problems. For dynamic problems,
prestressing,wod1d be specified by a gradual ramp load so as not to generate
inertial effects (which could‘ cause premature cracking in the . concrete).
.Prestressing is a preload which precedes the thermal and/or mechanical loading
for the simulation. These loadings (prestress load followed by thermo-
mechanica1) are applied in a sequential manner.

/2.7 Sliding Interface |

For the purpose of treating interfaces between two solids that are not
physically bonded and regions where severe discontinuities in tangentia]
displacements are expected, sliding interfaces .have been included. . The
sliding interfaces may be 'straight or piecewise linear curves, but sharp
corners should be avoided. The model included here cannot treat debonding, so
the "regions on both sides of the interface must remain in contact. For
purposes of modeling tangential forces across the interface, simple Coulomb
friction and viscous force models have been included. Only small relative

displacements can be handled on the slide line.

2.8 Rigid Interface -
‘The rigid interface option provides a means of connecting two dissimilar

meshes. Three types of rigid interfaces are included, one for joining
continuum meshes of different size elements, the second for joining continuum
“elements to flexural elements and the third for connecting multiple sets of
flexural elements. These will be called the.cbntinuum, flexural and flexural
of fset interfaces, respectively. While meshes of two different sizes can be
interconnected through triangles, ‘the rigid sideline 1is more convenient
because the resulting meshes are more easily generated in an automatic
‘fashion. s '

In using a rigid continuum interface, one side must be designated as
master, the second as slave. -The option works best when the side with the
more massive nodes, which is usually the side with the larger élements, is
chosen to be the master side. ,

A second application for the rigid interface is for joihing.f]exura]
elements, such as the beam or axisymmetric shell, to continuum elements, which
is called the rigid flexural interface. The rigid interface should be
perpehdicu1ar to the midline of thé flexural element.
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In this option, the flexural node should always be the master node. The
interaction betWeen the flexural master node and the continuum slave nodes is
based on the assumption that the entire slave line remains straight and
rotates with the flexural node, i.e., the Kirchhoff assumption is imposed on
the continuum nodes.

The rigid interface can also be used to represent two flexural elements
that act together and have noncommon midplanes (e.g. lined structures) by
letting oné set of flexural nodes be the master nodes, the second set be slave
nodes. Generally the more massive structure should be assigned to be the
master nodes. In using this option, the spacing of the slave:nodes and master
nodes should be approximately equal. This feature can only be used in the two
degree of freedom per node option. The liner may‘a1so be a membrane without
flexural resistance. Multiple layering of elements can also be handled with
multiple sets of rigid interface data that have the same set of master nodes
with different sets of s]avé nodes.: Thus sandwich shells may be modeled
effective]y and efficiently without the penalty of a small stable time step
that results.when layers are connected with stiff, deformable elements. Only
the translational nodes are necessary for nodal input data. The rotational
nodes are generated internally for those elements with flexural resistancé.

2.9 Output

The program has options for two types of output:

1. Time histories of selected displacement, velocity, and acceleration
components, and time histories of selected element variab]es, such as
stresses or strains.

2. At particd]ar time steps either displacements, velocities or -
accelerations at all nodes and/or element variables in. all stations
in all elements may be printed. ' ’

- The time histories may be printed with a frequency specified by the user,
and, in addition, they may be plotted with a printer plotter or with
DISSPLA. For any time histories which are selected for plotting, the varia-
bles at the selected frequency are stored in core, so that the number of time
histories selected influences the core storage requirements of the prdgram.

- The method for selecting particular displacement, velocity or acceler-
ation components is quite straightforward: the user simply specifies the node

number, whether he desires a displacement, velocity or acceleration, and the
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choice of plotting and/or printout. The selection of element variables for
time history output ié more complex, for the user must specify the index of .
the variable he selects in addition to the element number. The indexing
. procedure for variables depends on the element type, the material type, and
the arrangements of the output station, which correspond to the integration

points used in the element. Therefore, in order to'specify the index, the
user must know how the stations are arranged in a particular element, and how
the variables are arranged in each station; which depends on the material

fype.
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3. PROGRAM INPUT

3.1 Input Format Overview
The program uses a fixed input format, so all data must be input exactly

according to the format specified for each card, and the card groups must
appear in sequence according to their number. Some variables, which are
commonly considered integers, such as E(7) on Card IVb-1, are input as
floating point numbers; they should not be input as integers.

An outline of the data is given in Table 3.1. This table gives the order
in which the data appears and when it can be omitted. The details of the data
cards are given in the following. Prior to constructing his own data sets,
the user is advised to peruse Section 4 which gives data sets for some sample
problems. ’

Table 3.1 Input Data Structure Overview

Card ~ | Description : When Needed

I - Title | for all data sets
II C Parameter for all data sets
ITI ' Control , _ ' - for all data sets
1v Material property

Iva-1 (a to d) Beam element

IVa-2 (a to d) Plane continuum element

Iva-3 (a to j) Plane concrete element when element appears
Iva-4 (a to 1) Concrete beam element in mesh

Iva-11 (a to d) Shell element

IVa-12 (a to d) Axisymmetric continuum element

Iva-13 (a to j) Axisymmetric concrete element '

IVa-14 (a to 1) Concrete shell element

v Node =~ ' | for all data sets
VI Element ‘ | " for all data sets

VII Prescribed displacement . only if NUMDIS > 0O
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Table 3.1 Input Data Structure Overview (cont.)

VIIIa Load line (pardmetefs) for all data sets-
VIIIb-1 Load 1iﬁe (time history) 4on1y if IVOL(1) > O
VIIIb-2 " Load line (initial velocity) only if IVOL(1) = O
VIIIc Load-iine (nodes/elements) ‘ | for all data sets
IXa ' S1iding/rigid- interface (paramgters) only if NSLID:> 0
.IXb | S]idiﬁg/rigid interface (nndes).~ - anly if NSI'TD > N

- IXe . S1id1ng/rigid interface'(nodeS) only if NSLID > O

- Xa Output : ' 'for.alj data sets
Xb Motion output " only if NPRU > 0"
Xc v Element output - ~ only if NPRS > 0

Xd . Ppicture output  only if NPIC > O

X1 Gravity loading - “only if KONTRL(6) = 1

3.2 Restart Procedure

The user has the option to prescribe.a time step number in which data for
a restart will be written on Unit 12. In order to use this restart data, it
is only necessary to provide the data written on Unit 12 and Cards I and LI
from the input stream described in the following section. Two modifications
to the input are also available during a restart. Include these cards only if
changes are to be made. A load line and the time step or load increment for
global output may be modified as long as there is no change in the original
array dimensioning. Parameters such as the .number of nodes.-on the load line,
the number of points defining the 1oading<functioﬁ and the number of output-
‘ pictures may not be altered. Nodes, loading function values and picture time
. steps, however, can be modified. If there are changes,-a11 Cards VIII and Xd
must be included; even unmodified load lines. Other modifications to various
parameters (e.g., the maximum number of iterations per load increment value on
the control card) can be achieved by recompiling appropriate subrdutines.
Again, array dimensioning must be maintained. Restart files, if requested,
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are automatically written every load step when using the dynamic relaxation
analysis option.

i
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3.3 Input Specifications

INCLUDE FOR ALL DATA SETS

Card Type I  Title Card (20A4)
1 6 11 16 .21 26 31 36
7 -2
e
41 46 51 56 - 61 66 71 76
1
e immmmmmmmmmm———mmm—mEmbe———————————n e ¢ e oemm———————
. Columns 'Variab1e ' o - 'Deécrigtioh' '
"»1-80 TITLE - Any 80 alphanumeric characters to identify the

run. ' These characters will be printed as a head-
~ ing to the output. If the word "RESTART" is in

the first seven columns, the job is assumed to be
.a restart. ' S
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INCLUDE FOR ALL DATA SETS

Card Type II Parameter Card (615,£10.6,215,E10.6,315) .
1 6 11 16 21 26 31 36
R L L R . tmmmcmm—a S U B R S +
| NUMNP | NUMEL l NUMMAT | NUMDIS | MXSTEP I NDGREE | DELT
S tomccrcccetrccceccce e cce et ————— S S U +
41 46 51 56 61 66 71 76
T — T S T toem e S R — D - +
| NPRES | NSLID | TIMEND | NPRO | NEXPC | NXSTEP |
B N S oo tommmm—eme S . B Fommmmeee +

Columns Variable Description

1-5 NUMNP Number of nodes in the mesh.

6-10 NUMEL Number of elements in the mesh.

11-15 NUMMAT Number of different material types; if beam and

shell elements are of the same material, they must
still be associated with different material types.

16-20 .NUMDIS Number of nodes at which any displacement compo-
nents are specified a zero or nonzero value. Also
indicates number of Type VII cards needed.

21-25 MXSTEP Number of time steps or load increments. Not nec-
essary if DELT is to be computed by the code.

26-30 : . NDGREE -+ Number of degrees of freedom per nodé.
. (Currently, can be 2 or 3).

- 31-40 DELT Time step, sec or load increment. If the code is
' to compute the time step, input a negative value
(-0.8 to -0.9 recommended) for DELT that will rep-
resent the reduced value of the stable time step.

41-45 NPRES Number of different load lines of the.mesh..

46-50 NSLID Number of sliding interfaces for the mesh.

: . (Not operational in implicit solution).

51-60 ' . TIMEND Duration of simulation. Use only when DELT is to
' be computed by the code.

61-65 NPRO Number of prestress tendons in the mesh.

66-70 ' NEXPC‘ Number of elements in the mesh expected to crack.

(Default is NUMEL).

(Continue)
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Card Type IT (Continued)

Cd]umns Variable Description
71-75 NXSTEP . Time step number from which restart will begin.

Necessary only if the job is a restart. Usually.
equal to MXSTEP from any previously saved job
restart file.



INCLUDE FOR ALL DATA SETS

Card Type III Control Card (1615)
1 6 11 16 21 26 31 36
--------- T T T T i T T

Columns Variable ' Description

1-5 KONTRL(1) Analysis option. '
KONTRL(1)=0: 1initial velocity analysis option.
KONTRL(1)=1: transient analysis option.
_KONTRL(1)=2: dynamic relaxation analysis option.

6-10 KONTRL(2) Integration solution option.
KONTRL(2)=0: explicit so]ution.

11-15 'KONTRL(3) ‘ Nonequ1spaced mesh option.
~ ~ KONTRL(3)=0: any nodes for which node cards are
not included will be equispaced.
KONTRL(3)>0: nodes for which node cards are not
included will be spaced so that the
ratio of distances between consecu-
tive nodes is KONTRL(3)/1000.

.16-20 KONTRL(4) Percent of stiffness-proportional damping.
21-25 KONTRL(5) = Percent of mass-proportional damping.
26-30  KONTRL(6)  Gravity load option.

KONTRL(6)=0: no gravity loading.
KONTRL(6)=1: include gravity loading.

31-35 KONTRL(7) blank.

(Continue)



Card Type III (Continued)

Columns

36-40

41-45

46-50

51-55

56-60

61-65 -

66-70

Variable

" KONTRL(8)

KONTRL(9)

" KONTRL(10)

KONTRL(11)

KONTRL(12)

KONTRL(13)

KONTRL(14)

3-8

Description

Option for read1ng or writing data for restart of
a job on UNIT 12.

- KONTRL(8)=0: no restart wr1te or read.
KONTRL(8)=1: write.a restart file from which only

a read can be made thh no further -
- writes allowed.
KONTRL(8)=2: write a restart file wh1ch perm1ts
. reads and further writes to be made
: on an existing or new restart file.
KONTRL(8)=3: write a restart file which permits
modifications  to the Toad lines and
time steps for p1cture output plus
reads and writes as in KONTRL(8) 2.

F1rst value defining time reduct1on integration
parameter. KONTRL(9) times 10 to the KONTRL(10)
power is the comp]ete value, - If left blank, it
defaults to 1.

If needed, the second value of the time reduct1on
parameter.

Request for graph1cs mesh plots: (undeformed or
deformed).

KONTRL(11)=0: no mesh plots,w111 be made.
KONTRL(11)>0: mesh plots will be made.*

KONTRL(12) = maximum number of -iterations per
load increment.#
KONTRL(12), KONTRL(13) and KONTRL(14) are used

-only when employing the dynamic relaxation

analysis option.

KONTRL(13)/1 OE4 is the error force cr1ter1on
allowed in the load increment.
KONTRL(13)=100 to 200‘ (recommended)

KONTRL(14)/1.0E4 is the d1sp1acement error cri-

terion allowed in the load increment.
KONTRL(14)=10 to 20: (recommended).

(Continue)



Card Type III (Continued).

Columns Variable ~Description
71-75 | KONTRL(15) Option'for printing crack information.

KONTRL(15)=0: no printing of crack information. -
(stress 1imit exceeded cracking).
KONTRL(15)=1: print crack information.
(stress limit exceeded cracking).
KONTRL(15)=2: no printing of crack information.
(solution uses cracking control).
KONTRL(15)=3: print crack information.
(solution uses cracking control).

76-80 KONTRL(16) " blank.

*Undeformed and/or deformed mesh plots are available. Undeformed plots are given
at the zero cycle picture output (see Card Type Xd). Deformed plots are given
at certain requested cycles (see Card Type Xd). The scale for deformed plots is
set by the undeformed (or first requested) plot so that they may be overlayed to
view the deformation. If desired, all plotted displacements -may be magnified by
the value indicated in KONTRL(11l); for no magnification, set KONTRL(11l)=1.

#Most simulations will take a few hundred to a thousand iterations to meet the
error force and displacement error criteria. Simulations which need to capture
extreme nonlinear behavior could take several tens of thousands of iterations.
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INCLUDE ONLY IF USING BEAM ELEMENTS

Card Type IVa-1

 Material Property Card (215) Beam E]ement_

6 11 16 21 26 31 36
N SIS S S ————— e e +
| MTYP i LTYP |
S Fommmm oo F e e rceec——m e —————— +
41 46 51 56 61 66 71 76
e e e
I
+-------------------"----- - ------------"--- ----------------------- +
Columns Variahle Nescription
1-5 . MTYP Material type-ﬁumber.
LTYP ' Element type number.

6-10 -

LTYP=1: beam element.
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INCLUDE ONLY IF USING BEAM ELEMENTS

Card Type IVb-1

Material Property Card (8E10.4) Beam ﬁ]ement

11 16 21 26 31 36
Hrbemcmm e eeaa S SO S SRR S RV Fom e +
| E(1) | E(2) | E(3) | E(4)
o RO S S S O P Foimm e Formmm e +
41 46 51 56 61 66 71 76
B — e O R, S Fome e +
| E(5) | E(6) | E(7) | E(8)
B ettt e S e DL L e e ettt +
Columns Variable - Description
1-10 - E(1) ~ Mass-density.
11-20 "E(2) blank.
21-30 E(3) Poisson's ratio. A
31-40 E(4) Coefficient of thermal-expansion.
41-50 . E(5) Thermal conductivity.
51-60 E(6)  Specific heat.
61-70 E(7) Number of temperature curves input for this mater-
jal on Card Type .IVd-1.
If E(7) is left blank default value is 1. 0.
71-8O .E(8) ‘Number of stress- stra1n pairs defining the piece-

wise linear stress-strain curve.
Each temperature curve must have th1s number of -
pairs.
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INCLUDE ONLY IF USING BEAM ELEMENTS -
Card Type IVc-1 Material Property Card (8E10.4)'Beam Element

1 6 11 16 21 26 31 36
Hommmmmmmcccccceecm et i cmeccm e ccmc et m ;e ———————— S S +
| E(9) | E(10) | E(11) | E(12)
Fomm i et e c et e m e e e ———— S +
4 46 51 56 61 66 71 76 ,
......................................... -— cmet e e e o ———————————)
| E(13) | E(14) | E(15) | E(16)
............................................ _— U SO §
Columns Variable . ~ Description
1-10 E(9) . - Beam width.

If left blank, E(9) defaults to un1t-w1dth.

11-20 E(10) . Beam thickness (bar area). : .
4 o - Input required for NDGREE=3 or bar option. For'.

NDGREE=2 option, thickness can be either speci-

fied in dummy node data on Card Type V or 1nput

~in E(10)
21-30 - E(ll) o Artificial viscosity.
31-40 A E(12). " Effective strain-rate amplitude parameter.
41-50 = E(13) | ‘Reference strain-rafe, 4 .
51-60 CE(14) Planesstresé or plane-strain flag.

E(14)=1.0: plane-stress material law.
E(14)=2.0: plane-strain material law.

. 61-70 E(15) - Number of integration points along Tength.
: - If E(15) is left blank, default value is 2.0.
~ (Currently only acceptab]e value).
For bar option, set E(15)=2.0.

71-80 - © E(16) _Number of integration points through thickness.
‘ ~If E(16) is left blank, default value is 5.0.
If not left blank, E(16)22.0.
For bar option, set E(16)=1.0.
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INCLUDE ONLY IF USING BEAM ELEMENTS
Card Type IVd-1 Material Property Card (8E10.4) Beam E1ement

1 6 11 16 21 26 31 36
--------------------------------------------------------- S R §
| E(17) | E(18) | £(19) l E(20)
41 46 51 56 61 66 71 76
------------------- tamcccccccccceccanaat I S
| E(21) | E(22) I E(23) | E(24)
------------------- e et Rl ot
Columns Variable | o 'Descrigtion
1-10 E(17) Temperature- value for curve 1 of p1ecew1se linear
stress-strain law.
11-20 E(18) : Young's modulus. for temperature value 1.
21-30 E(19) _ Strain value for point 1.
31-40 . E(20) Stress value for point 1. - -
41-50 E(21) Strain value for point 2.
51-60 E(22) Stress value for point 2.
61-70 E(23) Strain value for poinf 3.
71-80 E(24) - Stress value for poinf 3.

. If less than three points desired, leave the field blank.

Additional Type IVd-1 cards may be used if more stress-strain points are desired
to describe the material or if more than one temperature curve is desired. No
1imit on number of points or temperature curves.
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INCLUDE ONLY IF USING PLANE CONTINUUM ELEMENTS

Card Type IVa-2 Material Property Card (2I5) Plane Continuum Element .

1 6 11 16 21 26 31 . 36
Fommme o T e tmec et m—ce s ——————— +
| MTYP | LTYP |

Fomrmm———— S S e ccrmmmm e ese e emec——c s me— e e —— e ———————————————— +
41 46 51 56 61 66 71 76

-t--’ ------------------------------------------------------------------------------
|-

+—f -----------------------------------------------------------------------------
Columns . Variab]e o B De§cription

- 1-5 MTYP ~ Material type number.

6-10 LTYP " Element type number.
: - LTYP=2: plane continuum element.
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INCLUDE ONLY IF USING PLANE CONTINUUM ELEMENTS

Card Type IVb-2

Material Property Card (8E10.4) Plane Continuum Element

1 6 11 16 21 26 31 36
S SR R Focmm e ———— T +
| E(1) | E(2) | E(3) | E(4)
ittt Frs e c e c e L et T LT B et et +
41 46 51 56 61 66 71 76
B L ettt bttt S e S D it R -+
| E(5) | E(6) | E(7) | E(8)
Femcncccr e ccccc e e nc e cae- S e R et e D e +
Columns Variable _ Description
1-10 E(1) Mass-density. |
11-20 E(2) blank.
21-30 E(3)  Poisson's ratio.
~31-40 E(4) ‘Coefficient of thermal-expansion.
41-50 .E(S) Thermal conductivity.
51-60 E(6) Specific heat.
61-70 E(7) Number of temperature curves input for this mater—
ial on Card Type IVd-2.
If E(7) is left blank, default value is 1.0.
71-80 E(8) Number'of stress-strain pairs defining the piece-

wise linear stress-strain curve.
Each temperature curve must have this number of
pairs.



: 41

3-16

INCLUDE ONLY IF USING PLANE CONTINUUM ELEMENTS

.Card Type Ive-2

Material Property Card (8£10.4) Plane Continuum Element

i 6 ~ 11 16 21 26 31 36
Fomm e feme e e T W +
| E(9) | E(10) | E(11) | E(12)
D e D D D, ittt et L BT e T e +
a6 51 56 61 66 71 76
- —— - = e renecceceecebteec e errce e c e o—— T e <+
| E(13) | E(14) | E(15) | E(16)
--------------------- to—— S SO U U
Columns Variable Description
i-10- E(9) Plane continuum width. o
If left blank, E(9) defaults to unit-width.
11-20 . E(10) Hourgiass viscosity.
21-30 E(ll)_ ' Artificial v1scos1ty.
31-40 -E(12)A .Effect1ve strain-rate amplitude parameter.
41-50 E(13) Reference strain-rate.
51-60 E(14) P1ane-stkess'or,pTane-strain flag.
‘ E(14)=11.0: plane-stress material law.
E(14)=12.0: plane-strain material law.
61-70. CE(15) blank.
71-80 E(16) Number of Gaussian 1ntegrat1on points along one -

direction.
If E(16) is left blank, default value is 1.0.
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INCLUDE ONLY IF USING PLANE CONTINUUM ELEMENTS
Card Type IVd-2 Material Property Card (8E10.4) Plane Continuum Element

1 6 11 16 21 26 31 36

B et T e S Rl R Frmr et r e —— T +
| E(17) | E(18) | E(19) | E(20)

Formmmccmmccn v rcc e —— e ettt D R e b bt L +
41 46 51 56 61 66 71 76

+ -—— e B s SE L P e L et et S ARSI +
| E(21) I E(22) I E(23) | E(24) ,
e e e o o e e e e e e e e e o e e P e e e e e e e e e P e e e

Columns Variable . : ~ © . Description

1-10 E(17) ' Temperature-value for curve 1 of pieceWise linear

: . stress-strain law.

11-20 E(18) ' Young's modulus for temperature value 1.

21-30 £(19) . Strain value for point 1.

31-40 - E(20) " Stress value for pbint 1.

41-50 “ E(21) Strain value for point 2.

51-60 E(22) Stress value for point 2.

61-70 . ; E(23) Strain value for point- 3.

71-80 E(24) Stress value for point 3.

If less than three points desired, leave the field blank.

Additional Type IVd-2 cards may be used if more stress-strain points are desired
to describe the material or if more than one- temperature curve.is desired.: -No
1imit on number of points or temperature curves. -
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INCLUDE ONLY IF USING PLANE CONCRETE CONTINUUM ELEMENTS o

' Card Type IVa-3 ‘Material Property Card (2I5) Plane Concrete Element

1 6 11 i6 21 .26 ' 31 . 36
S S S S e mccc e e ———— —eeemc——cmeccc————————— L S +
I'MTYP I LTYP J

DR ey gV B g g e g S UL +
41 46 51 56 61 66 71 76
. + ———————————————————————————————————————————————————————————————————

I ‘ . , . . o

et et et et —-——- - : -"°P---f--—-—f ------ '
Columns . .Variable o . ~ Description

1-5 R L Material type number:

6-10 .~ LTYP Element type number-. B
S h ' LTYP=3: plane concrete element.
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INCLUDE ONLY IF USING PLANE CONCRETE CONTINUUM ELEMENTS
Card Type IVb-3 Material Property Card (8E10.4) Plane Concrete Element

1 6 11 16 21 26 31 36
S P Fomm e o m e +
| E(1) | E(2) | E(3) | E(4)
Frrvr e ce—— Rttt L et B B T +
41 46 51 56 61 66 71 76
L L e et L et D i +
| E(5) | E(6) - | E(7) | E(8)
Fommccmcmcc e —ccenea R RS o T +
Columns Variable Description

1-10 . E(1) - : Mass-density. »
11-20 E(2) Poisson's ratio.
21-30 ‘ E(3) Coefficient of thermal-expansion.*
31-40 E(4) Stress-dependent thermal expansion coefficient..
41-50 'E(S) : ‘Thermal conductivity.*
51-60 | E(6) Specific heat.*
61-70 E(7) | Number of temperature curves input for this mater- '

ial on Card Type IVd-3.
If E(7) is left blank, default value is 1.0.

71-80 E(8)' ~ Number of stress-strain pairs defining the piece-
' wise linear stress-strain curve.
Each temperature curve must have this number of
pairs.

*Property variation with temperature may be. imposed by prescribing a negative
value in the E-field and providing the temperature- property data at the end of
the material cards (Card Type IVi-3 and IVj-3).
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iNCLUDE ONLY IF USING PLANE CONCRETE CONTINUUM ELEMENTS

Card Type IVc-3 Material Property Card (8E10.4) Plane Concrete Element

E(14)=11.0:

E(14)=12.0:.

E(14)=21.0:
£(14)=22.0:

1 6 11 16 21 26 31 36
Frmmm e e e crrc e e cccccccncecccecccet e e e e e e cem et m——— e - ——————————
| E(9) | E(10) I E(11) l E(12)
Frmm e e cer e crcm et e m e c e e e e — e e - e - ——————————————— e = = e e e = e
41- 46 51 56 61- 66 71' 76
| | E(13) | E(14) | E(15) | E(16)
................................................. -t [ p——
Columns Variable o . Description
1-10 . E(9) Plane concrete width.
If left blank, E(9) defaults to unit-width.
11-20 E(10) Hourglass viscosity (0.134recommended for the
Belytschko et al. method and any negative value
, for the Kosloff and Frazier method).
21-30 CE(11) Artificial viscosity.
31-40 E(12) Mixed Hardening parameter.
E(12)=0.0: kinematic hardening.
0.0<E(12)<1.0: mixed hardening.
E(12)=1.0: isotropic hardening.
41-50 E(13) Flow rule parameter.
_E(13)=0.0: associated flow rule (Prager's).
E(13)=1.0: nonassociated flow rule (Prager's).
E(13)=2.0: associated flow rule (Ziegler's).
E(13)=3.0: nonassociated flow rule (Ziegler's).
51-60 E(14) Plane-stress or plane-strain flag.

plane-stress material (first con-
stitutive model).
plane-strain material (f1rst con-
stitutive model).
plane-stress material (second con-
stitutive model).
plane-strain material (second con-
stitutive model).

(Continue)
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Card Type IVc-3 (Continued)
Columns Variable Descrﬁgtion

61-70 E(15) Failure surface flag. -
: . E(15)=0.0: default values (FC=1.0, FT= 0 1,
, FBC=1.15, FPC=0.8, FCC=4.2, GFT 0.0*
.and,GFC=0.0* for the first.constit-
utive model while FC=1.0, FT=0.1,
FBC=1.15, FHC=1.3, MUMAX=0.65,
LAM1=140 and LAM3/LAM2=10.0 for the
second constitutive model).
E(15)=1.0: values to be specified at the end of
o stress-strain pairs (Card Type IVe-3
, or IVf-3).
E(15)=2.0: pertains to condition E(15)=0.0 with
© reinforcement (Card Type IVg-3 and
: IVh-3).
E(15)=3.0: pertains to condition E(15)-1.0 with
reinforcement (Card Type IVe-3 or.
IVF-3 with IVg-3 and IVh-3).

71-80 | E(16) Number of Gaussian integration points along one
. direction (1.0 recommended for crack1ng) #
If E(16) is left blank, default value is 1.0.

*These values imply sudden cracking and crushing for the'constitutive model.

#Extensively cracked concrete has problems with hourglass control for one point
Gaussian integration and stress locking for two point. This is presently
handled by specifying as input one point Gaussian integration and zero hour-
glass viscosity. This stipulates that an average (one point) material stiffness
is employed with two point Gaussian 1ntegrat1on to avoid the hourglassing and
stress locking conditions.
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INCLUDE ONLY'LF USING PLANE CONCRETE CONTINUUM'ELEMENTS.
Card Type IVd-3 Material Property Card (8E10.4) Plane Concrete Element

1 6 11 16 21 26 31 36
|'EII§$ """"""" |'EZI§§ """"""" |'EZI§$ """"""" |'EZ£65 """"""""
4] 46 51 56 _.61 66 71 76
|°E25.i$ """"""" TEZES """"""" |'EZ£55 """"""" |'EZ£E§ """"""" I
Columns ' ‘variable © / ) 'Descrigtion |

1-10 E(17) ~ Temperature-value for curve 1 of p1ecew1se Tinear

' stress—stra1n 1aw. |

11-20. _ .E(18). | ‘, Young's modu]us for- temperature value 1.

21-30 E(19) Strain value for point 1.
. 31-40 - E(20) Stress value for,ﬁoint 1.

41-50  E(21)  Strain value for point 2.

51-60 E(éé)- ~ 'Stress value for point é.

61-70 E(23) Strain value for point 3.

71-80 R E(24) Stress value for point 3.

If less than three poihts desired, leave the field blank.

Additional Type IVd-3 cards may be‘used‘1f more stress strain points are desired
- to describe the material or if more than one temperature curve is des1red. No-
Timit on number of po1nts or temperature curves.

If the first constitutive model is used, set the last stress (corresponding to
very 1arge strain) equal to the. maximum strength of the material under uniaxial

. compression; if the second constitutive model is used, read in the stress-strain
coordinates of the softening portion of the material under uniaxial compression
(the program will automatically calculate the exponential coefficient LAM2).
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~INCLUDE ONLY IF USING PLANE CONCRETE ELEMENTS WITH E(14) < 20.0 AND E(15) =

Card Type IVe-3

1 6 11 16 21 26 31 36
g Ty Fommem e ——————— TS g +
| FC | FT | FBC | FPC
e T T T +
41 46 51 56 61 66 71 76
B it E e e Fom e +
| FCC~ | GFT | GFC |
B ettt et etk e e ———— Formrr v e —c e —— +
Columns Variable Description
1-10 FC ‘Normalized unaxial compreésivé strength.
' (S1=52=0.0 and S3=-FC).
11-20 CFT Normalized unaxial tensile strength.
(S1=FT and S$S2=53=0.0).
21-30 FBC Normalized biaxial compress1ve strength
(S1=0.0 and S2=$3=-FBC). v
31-40 FPC Normalized triaxial compressive strength.
: (S1=S2=-FPC and S$3=-FCC with |FCC|>>|FPC]).

41-50 FCC Normalized triaxial compressive strength.

. ' (S1=S2=-FPC and S3=-FCC with |FCC|>>|FPC|)
51-60 GFT Fracture energy (force/length) in tens1on.*
61-70 GFC

Material Property Card (7£10.4) Plane Concrete Element

Fracture energy (force/length) in compression.*

Absolute values for compression and tension are used in this input. Normaliza-
tion is with respect to uniaxial compressive strength; i.e., FC=1.0. S1, S2 and

S3 are the principal stresses.

.~ *By inputting negative values for GFT and/or GFC (GFT and GFC are now defined as
the complete failure strains), the strains for complete failure can be input.
directly instead of being calculated by theé code from the fracture energ1es.
Typ1ca1 values are approximately five times the peak strains. ‘
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INCLUDE ONLY IF USING PLANE CONCRETE ELEMENTS WITH E(14) > 20. 0 AND E(15) =
Card Type IVf- 3 Mater1a1 Property Card (7E10 4) Plane Concrete Element

1 6 11 16 21 26 31 36
L e D T B T L +'-°.. ---------------- e r e ——————— +
| FC | FT | FBC | FHC
Fomcmm—ccm————————— tomcme e e e —————— tomemc—ee—————————— B +
41 46 51 56 61 66 7 76
o . Fomemmmm e ————————— Focimmccmmmcccceeeeetem———————————————— +
| MUMAX | LaMl | LAM3/LAM2 |
fommccccc——————————— o mmceem—c————— S —— Fommcmec e ——————— +
GColumns Variable D scription

1-10 - f- FC. Uniaxial compressive strength

(S1=$2=0.0 and S3=-FC. Program will calculate FC
from the stress-strain input).

11-20 FT Norma1ized unaxial tensile strength
(SI=FT and S2= 53 0 0). .
»21-30 | - FBC Norma11zed biaxial compressive strength.
' (S1=0.0 and S2=S3=-FBC).
31-40 _ FHC Normalized elastic 1limit for hydrostatic com-
pression. - (S1=S2=S3=-FHC).
- 41-50 MUMAX - Ratio defining the maximum point on the eliipse
' in the meridian plane. (Use 0.5<MUMAX<0.66).
51-60 - LAM1 Hardening coefficient. '
61-70 ' LAM3/LAM2 Ratio for uniaxial tension/compression softening.

Normalization is with respect to uniaxial compress1ve strength (Sl S2 and S3 are
the pr1nc1pa1 stresses)



3-25 .

INCLUDE ONLY IF USING PLANE CONCRETE CONTINUUM ELEMENTS WITH E(15) = 2.0 OR 3.0

Card Type IVg-3 Material Property Card (4E10.4)‘P1ane Concrete Element

1 6 11 16 21 26 31 36

Fom e P U, e —————— S +

| DENS | THEXP | NTR | NSR

R Sy S SR tocmcmccccccntccca—a TR U — I L +

41 46 51 56 61 66 71 76

[ U —— ey gy S p——

I

e e e e o o o e i " - - -

Columns Variable ‘ Description

1-10 DENS Mass-density for the reinforcement.

11-20 .THEXP Coeff1c1ent of thermal-expansion* for the re1n-
forcement.

21-30 NTR Number of temperature curves for the
reinforcement.

31-40 " NSR Number of strain-stress pairs.

*Property variation with temperature may be 1mposed'by prescribing a negative
value for THEXP and providing the temperature-property data at the end of the
material cards (Card Type IVi-3 and IVj-3).
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INCLUDE ONLY IF USING PLANE CONCRETE'CONTINUUM ELEMENTS WITH E(15) = 2.0 OR 3.0

Card Type IVh-3

Co]uﬁns

1-10

11-20
21-30
31-40
41-50
51-60
61-70
71-80

Material Property Card (8£10.4) Plane Concrete Element

"‘ER(8)

11 16 21 26, 31 36
S S S Fommm e —— e ————— O +
| ER(2) | ER(3) | ER(4)
tremrccme——————————— Foemm e ————m e +
51 56 61 66 7176 |
- +oe - e T S e a4
I ER(6) I ER(7) | | ER(8)
o o o - - et - - = - - -+
Varigbl ’ " Description
ER(I) | Temperature-value for curve 1 of piecewise linear
stress-strain law representing the reinforcement.
ER(2). Young's modulus for temperature value 1.
ER(3) Strain value for point 1.
) ER(4) ,Sfress value for point 1.
ER(5) Strain value for point 2.
ER(6) ‘Stress value for point 2.
ER(7) Strain value for point 3.

Stress value for point 3.

~ If less than three pdints desired,<]eave the field blank.

Additional Type IVh-3 cards may be used if more stress-strain po1nts are desired
to describe the material or if more than one temperature curve is desired. No
Timit on number of points or temperature curves.
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'INCLUDE ONLY IF USING PLANE CONCRETE CONTINUUM ELEMENTS WITH THERMAL VARIATION
Card- Type IV1-3 Material Prbperty Card (E10.4) Plane Concrete Element

1 6 11 16 21 26 31 36
Bt D el b b DD ittt +
| NPP |

e L L A e D ettt el L Dt it L L bt et +
41 46 51 56 61 66 71 76

o e 4 = = D = P = = = = -

I

R e Sttt ittt ittt
Columns - Variable ' . Description

- 1-10 NPP - Number of temperature-property pointé.



3-28

INCLUDE ONLY IF USING PLANE CONCRETE CONTINUUM ELEMENTS WITH THERMAL VARIATION

Card Type IVj-3 '

Material Property Card (8E10.4) Plane Concrete Element

1 6 11 21 26 31 36
S G U PP S . +
| EP(1) | EP(2) | EP(3) | EP(4)
Fo e L AR, Sy LI PRGNS SOOI, +
41 46 51 56 61 66 -71 76
B e e i R i R +
l EP(5) | EP(6) | EP(7) | EP(8)
------------------- Frmm e ————-—— —————— - - - —————— = = e
CQlumns Variable - Nescription
1-10 EP(1) Temperature value for poﬁht 1.
11-20 EP(2) Property value for point 1.
21-30 EP(3) Temperature value for point 2.
31-40 EP(4) Property value for point 2.’
41-50 'EP(S) ‘ 'Temperature value for point 3.
51-60 EP(6) - Property v&]he for point 3.
61-70 EP(7) Temperature value for point 4.
71-80 EP(8) . Property value for point 4.

If less than four points desired,

leave the field blank.

Additional Type IVj-3 cards may be used if more temperature -property po1nts are
desired to describe the property. ,
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- INCLUDE ONLY IF USING CONCRETE BEAM ELEMENTS

Card Type IVa-4

Material Property Card (21I5) Concrete Beam Element

1 6 11 16 21 26 31 36
Fommmmmmem Fomm o e mm——m e mm—mmm e e me————————————— +
| MTYP | LTYP |
Fommmmimem Fomm————— o e e e e e o e e e +
41 46 51 56 61 66 71 76
B e e e e e e e e e e o e O s e e e > € +
I
SR s
Columns Variable = Description

1-5 MTYP - Material type number.

6-10 : ,LTYP ‘ Element type number. -

LTYP=4: concrete beam element.
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INCLUDE ONLY IF USING CONCRETE BEAM ELEMENTS

Card Type IVb-4

Material Property Card (8E10 4) Concrete ‘Beam Element

1 6 11 16 21 26 31 36
Fomr e U e e ———— O +
| E(1) | E(2) | E(3) | E(4)
B L T et B ittt L S Dt e b +
41 46 51 56 61 66 71 76
o cm e ——————.—-———— +-—----------------f+ ------------------- R e +
| E(5) | E(6) | E() | E(8)
Frmr e ccc e —e- S et L R S e S ittt D e it +
Columns Variable S | Description
1-10 E(1) Mass-density. |
11-20 E(2) "Poisson's ratio.
21-30 E(3) Coefficient of thermal-expansion.*
31-40 - E(d) Stress-dependent thermal expans1on coefficient.
41-50. .E(S) . Thermal conduct1v1ty.4.
‘51-60 E(G) Spec1f1c heat.*
61-70 - E(7) Number of temperature curves 1nput for th1s mater-
o ‘ ial on Card Type IVd-4.
If- E(7) is left blank, default value is 1 0.
71-80 E(8) Number of stress-stra1n pairs defining the piece-

- wise-1inear stress-strain curve. :
Each temperature curve must have th1s number of.
pairs.

*Property variation with temperature may be imposed by prescribing a negative
value in the E-field and providing the temperature-property data at the. end of
the material cards (Card Type IVk-4 and IV1-4). ,
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INCLUDE ONLY IF USING CONCRETE BEAM ELEMENTS

Card Type IVc-4 Material Property Card (8£10.4) Concrete Beam Element

1 6 11 16 21 26 31 36

e cccccc e e ccete e r e e e et e e — e — e r— et e r—————————————————
| E(9) I E(10) | E(11) | E(12)

toemcccc e e e cccrccnet e e ccrmc e cc s m et e m e e e e e o -t - - —————————— - —————
41 46 51 56 61 66 71 76
------------------- O N PRI PRI NSRS U
l E(13) | E(14) - | E(15) | E(16)
------------------- OIS SRS RS RSP 3
Columns Variable Description

1-10 E(9) Beam width.

If Teft blank, E(9) defaults to unit-width.

11-20 E(10) - . Beam thickness (bar area).
' -Input required for NDGREE=3 or bar opt1on. For
NDGREE=2 option, thickness can be either speci-
fied in dummy node data on Card Type V or input

in E(10).
21-30 . - E(11) Artificial viscosity.
31-40 : E(12) Mixed hafdening parameter.

E(12)=0.0: kinematic hardening.
0.0<E(12)<1.0: mixed hardening.
E(12)=1.0: isotropic hardening.

41-50 E(13) Flow rule parameter.
' ‘ E(13)=0.0: associated flow rule (Prager's).

E(13)=1.0: nonassociated flow rule (Prager's).
E(13)=2.0: associated flow rule (Ziegler's).
E(13)=3.0: nonassociated flow rule (Ziegler's).

51-60 E(14) Plane-stress or plane-strain flag.
- E(14)=11.0: plane-stress material (first. con-
stitutive model). '

E(14)=12.0: plane-strain material (first con-

o stitutive model).
E(14)=21.0: plane-stress material (second con-

stitutive model).
E(14)=22.0: plane-strain material (second con-

stitutive model).

(Continue)



Card Type IVc-4 (Continued)

Columns

61-70

71-80

Variable

E(15)

" E(16)

3-32

Déscrigtion

Failure surface flag.

E(15)=0.0:

default values (FC= 1. 0, FT=0.1,
FBC=1.15, FPC=0.8, FCC=4.2, GFT-0.0*
and GFC=0,0* for the.first constit-
utive model while FC=1.0, FT=0.1,

- FBC=1.15, FHC=1.3, MUMAX=0.65,

E(15)=1.0:
E(15)=2.0:

E(15)=3.0:

LAM1=140 and LAM3/LAM2 10.0 for the
second constitutive model).

values to be spec1f1ed at the end of
stress-strain pa1rs (Card Type IVe-4
or IVr-4). :

pertains to condition E(15) 0.0 with
reinforcement (Card Type IVg-4 and
IVh-4).

pertains to condition E(15)=1.0 with
reinforcement (Card Type IVe-4 or
IVFf-4 with IVg-4 and IVh-4).

Number of integration points through thickness.

If E(16) is
If not left

left blank, default value is 5.0.
blank, E(16)>2 0.

For bar option, set £(16)=1.0.

*These values imply sudden cracking and crushing for the.éonstituti&e model.
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INCLUDE ONLY IF USING CONCRETE BEAM ELEMENTS
Card Type IVd-4 Material Property Card (8E10.4) Concrete Beam Element

1 6 11 16 21 26 31 36
|'E2133 """"""" ;‘EH&E """"""" |'EZE§S """"""" ez T i
--------------------------------------------------------- R Bt
41 46 51 56 61 66 71 76
|'EZ£I§"""". """ e T |'EZE§$ """" 7""|'EZEZ$ """"""" i
Fomm e tommm—a B Tt +

Columns Variable Descrigtion‘

1-10 E(17) ' Temperature-value for curve 1 of piecewise linear

. stress-strain law.

11-20 | E(18) Young's modulus for temperature value 1.

21-30 E(19) | Strain value for point 1.

31-40 , . E(20) | : Stress value for point 1.

41-50 E(21) Sfrain value fof point 2.

51-60 A E(22) Stress value for point 2.

61-70 E(23) Strain value for point 3.

71-80 “ E(24) Stress value for point 3.

If less than three points desired, leave the field blank.

Additional Type IVd-4 cards may be used if more stress-strain points are deeired
to describe the material or if more than one temperature curve is desired. No
1imit on number of points or temperature curves.

If the first constitutive model is used, set the last stress (corresponding to
very large strain) equal to the maximum strength of the material under uniaxial .
compression; if the second constitutive model is used, read in the stress-strain
coordinates of the softening portion of the material under uniaxial compression
‘(the program will automatically calculate the exponential coefficient LAM2).
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INCLUDE ONLY IF USING CONCRETE BEAM ELEMENTS WITH E(14) < 20.0 AND E(15) =

Card Type IVe-4

Material Property Card (7E10.4) Concrete Beam Element

1 6 11 16 21 26 31 36
Fommmm——m— e S O tommccrr— e c e ———— Form e ————— +
| FC | FT | FBC | FPC
toveccccmac e eres e m e e cmr e s e mmmditem e mmacc—cm e ea—— R S, +
41 46 51 56 61 66 71 76
Fommmccc—cm—————————— e tommm e caa e Fom e +
| FCC | GFT | GFC |
O S L SRS S R o e +
Columns Variable o Description

1-10 FC - Normalized unaxial compressive strength.

' (Sl=32=0 0 and S3=-FC).

11-20 FT Norma]ized unaxial tensile strength

3 (S1=FT and S2= S3 0. 0).
21-30 - FBC Normalized biaxial compressive strength

' : : (5§1=0.0 and S2=S3=-FBC).
31-40A FPC Normalized tr1ax1a1 compressive strength.

4 : (S1=S2=-FPC and S3=-FCC'with |FCC|>>|FPC]).
41-50 - FCC Normalized triaxial compress1ve strength.

(S1=52=-FPC and S3=-FCC with |[FCC|>>|FPC|).

51-60 GFT Fracture energy (force/length) in tension.*
61-70 GFC - Fracture energy (force/length) in conpression.*

_ Absolute values for compression and tension are used in this input. Normaliza-
tion is with respect to uniaxial compressive strength; i.e., FC=1.0. S1, S2 and
S3 are the principal stresses.

*By inputting negative values for GFT and/or GFC (GFT and GFC are now defined as
the complete failure strains), the strains for complete failure can be 1nput
directly instead of being calculated by the code from the fracture energ1es.
Typical values are approximately five times the peak stra1ns.
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INCLUDE ONLY IF USING CONCRETE BEAM ELEMENTS WITH E(14) > 20.0 AND E(15) =
Card Type IVf-4  Material Property Card (7E10.4) Concrete Beam Element

1 6 11 16 21 26 31 36

T O P S +
| FC | FT | FBC | FHC
e O S IR +
41 46 51 56 61 66 71 76

Frecmm e S e S T TR R +
| MUMAX | LAM1 | LAM3/LAM2 |
temmmmrmcr e ———— e e ———etcmmm—caa L L e +
Columns ~ Variable . Description

"1-10 FC Uniaxial compressive strehgth .

(S1=82=0.0 and S3=-FC. Program will calculate FC
from the stress-strain input).

11-20 T Normalized unaxial tensile strength.
: : (S1=FT and $2=53=0.0).
21-30 . FBC | Norma11zed biaxial compressive strength.
’ (S1=0.0 and S2=S3=-FBC).

31-40 FHC Normalized elastic 1imit for hydrostatic com-
pression. (S1=S2=S§3=-FHC).

41-50 MUMAX Ratio defining the maximum point on the ellipse
in the meridian plane. (Use 0.5<MUMAX<0.66).

51-60 LAM1 Hardening coefficient.

61-70 LAM3/LAM2 - Rat1olfor uniaxial tension/compression softening.

Norma11zat1on is w1th respect to uniaxial compressive strength (S1, S2 and S3 are
the principal stresses).
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~ INCLUDE ONLY IF USING CONCRETE BEAM ELEMENTS WITH E(15) = 2.0 OR 3.0

Card Type IVg-4 Material Property Card (4E10.4) Concrete Beam Element

1 6 11 16 21 26 31 36
B ittt et e e ettt L b L S ettt D e ety +
| DENS | THEXP | NTR | NSR
B e batataetetaaded R ettt S e et T et +
41 46 51 56 61 66 71 76
o e e e e e e e e e o
|
f ...............................................................................
Columns - Variable - S Description
1-10 _ DENS Mass-density for the reinforcement.
11-20 THEXP Coefficient of thermql-éxpansion* for .the rein-
: forcement.
21-30 - - NTR Number of . temperature curves for the
‘ reinforcement.
31-40 " NSR Number of strain-stress pairs.

*Property var1at1oh with temperature may.be 1mposéd by pfescr1b1ng a negative
value for THEXP and providing the temperature- property data at the end of the
material cards (Card Type IVk-4 and IV1-4). .
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-INCLUDE ONLY IF USING CONCRETE BEAM ELEMENTS WITH E(15) = 2.0 OR 3.0

Card Type IVh-4 Material Property Card (8E10.4) Concrete Beam Element

1 6 11 16 21 26 31 36
tommmem e e ce e et mcc e e L +
| ER(1) | ER(2) | ER(3) | ER(4)
D i ettt B ettt Rttt Tttt ettt +----_5 --------------- +
41 46 51 56 61 ~ 66 - n 76
emmc e e e e crr e reree e e e e e ————————————————— I +
| ER(5) =~ | ER(6) - : I ER(7) | ER(8) :
--------------------------------------------------------- D e R L
Columns Variable Description
1-10 . ER(1) Temperature-value for curve 1 of piecewise linear
stress-strain law representing the reinforcement.
11-20 ER(2) Young's modulus for temperature value 1.
- 21-30 - ER(3) - Strain value for point 1.
31-40~ - . ER(4) ' Stress value for point 1.
41-50 ER(5): : Strain value for point 2.
- 51-60 ER(6) Stress value for point 2.
61-70 ER(7) _ Strain value for point 3.
71-80 - ER(8) Stress valie for point 3.

.'If Tess than three points desired, leave the field blank.

Additional Type IVh-4 cards may be used if more stress-strain points are desired
to describe the material or if more than one temperature curve is desired. No
1imit on number of points or temperature curves.
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INCLUDE ONLY IF USING CONCRETE BEAM ELEMENTS WITH E(15) = 2.0 OR 3.0
Card Type IVi-4 Material'Property‘Card'(E10.4) an¢rete Beam Element

1 6 o 16 - 21 26 31 . 36

Fomm e O OSSOSO S +
| NRB |

e m e c e e e wn—- e e e e r e e, e r e — e - - - ————— = - = = = = = > = - <+
41 46 51 56 61 66 71 76

e e e e e e e e e e e o o 0 <+
[ .

+—---——-——----————-----———-—--——---——----—-—---_— -------------------------------- -+
Colymns - Variable -  Nescription

- 1-10 NRB '~ Number of reinforcing layers.
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INCLUDE ONLY IF USING CONCRETE BEAM ELEMENTS WITH E(15) = 2.0 OR 3.0
Card Type IVj-4 Matefia] Property Cérd (3E10.4) Concrete Beam Element

1 6 11 . 16 21 26 31 36
Fomm e e e TR Fommm e +
| AREA | ARM | ANG |
T ittt B et s L +
41 46 51 56 61 66 71 76
e o e e 4 0 e o > > = = > o - > - = = = = = = +
l
+-‘---—---—-—--—--------------7 --------------------------------------------------- +
Columns Variable | . Desérigtion
1-10 ’ AREA - Area of reinforcing bar in the specified layer.
. (Use AREA=-AREA if this layer represents shear
ties). .
11-20 | a ARM : Distance of specified reinforcing layer from local

x-axis.* (Use negative value if the layer is in a
negative direction from the local x-axis).

21-30 ANG Identification of reinforcement.
' : : ANG=0.0: reinforcement parallel to local x-axis.
If negative AREA, angular alignment of shear tie
layer with respect to the beam's local x-axis.
- 0.0<ANG<90.0: angular alignment of shear tie.

*The local x-axis is defined by the element connectivity (see Card Type Xc).

Use as many cards as there are layers specified by NRB on Card Type IVi-4.
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INCLUDE ONLY IF USING CONCRETE BEAM ELEMENTS WITH THERMAL VARIATION
Card Type IVk-4. Material Property Card (E10.4) Concrete Beam Element

1 6 - 11 . 16 21 26 © 31 36

mmmmm——— e —————— I e ———— e —————— +
| NPP |
R S S +
41 46 51 56 61 66 71 76

IR 2 b e P S o s e e = =
|
+-------f -------- - -------------------------------------- - - - ——— — " - -

- Columns Variable E N Description

1-10  NPP | Number of temperature-property points{
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INCLUDE ONLY IF USING CONCRETE BEAM ELEMENTS WITH THERMAL VARIATION
Card Type IVi-4 'Material Property Card (8E10.4) Concrete Beam Element

1 6 11 16 21 26 31 36
------------------- B Rttt L L R et R b it I 3
I EP(I) | EP(2) | "EP(3) | EP(4)
------------------- bttt e et B it et P

41 46 51 56 61 66 71 76

B e s S e St T PO +----_----' ----------- +
| EP(5) | EP(G) | EP(7) | EP(8)
e s s s e r e rc e mcmmcrccae o e e e w e —————— - ——— G LT —— <+

Columns Variable. o Description
1-10 - EP(1) Temperature value for point 1.

'11-20 EP(2) . Property value for point 1.

21-30 ' EP(3) _ Temperature value for point 2.

31-40 EP(4) - Property value for point 2.

41-50 'EP(S) : Temperature value for point 3.

51-60 EP(6) Property value for point 3.

61-70 EP(7) Temperature value for point 4.

71-80 EP(8) 4 Property value for point 4.

If less than four points desired leave the field blank.

Additional Type IV1-4. cards may be used if more temperature property po1nts are
desired to descr1be the property.
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INCLUDE ONLY IF USING SHELL ELEMENTS
Card Type Iva-11 Mater1a1 Property Card (215) Shell Element

1 6 11 16 21 26 31 36

+ --------- + --------- +..------—..---------.-.-—-----..-------...-l ----------------- +

| MTYP | LTYP | - - T '
oo Fommmm——ee e e ————— e e —— e e e = m e +

41 a6 sl 56 61 6 71 76

t=- - - - : ‘_---'-—.——5----,————---_--»-————-—---————-—'--9-’-——f-——--———:——-———————-‘-——+

I .

+°-7-—--_"_.. ----------- == ikttt +

Columns - Variable . : | o Descr1gtio :

1-5 - MTYP' S Mater1a1 ‘type number.

- 6-10 ' LTYP . Element type number.
~ : s ' LTYP=11: shell element.
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INCLUDE ONLY IF USING SHELL ELEMENTS

‘Card Type IVb-11

Material Property Card (8£10.4) Shell Element

6 11 16 21 26 31 36
o I PR S Ry, ————————— S +
| E(1) | E(2) | E(3) | E(4)
Fenmmcccc e e e - D e et +""""f ---------- S D D L +
41 46 51 56 61 66 71 76
Fommmrm e — e S e T +
| E(5) | E(6) | E(7) | E(8)

D et el ettt Formm e cr e e ——— Fm e cr e rc e ————— +
. Columns Variable Descrigtion
1-10 “E(1)° “Mass-density.
11-20 E(2) blank.
21-30 E(3) Poisson's ratio.
31-40 . E(4) Coefficient of thermal-expansion.
41-50 E(5) Thermal conductivity.
51-60 E(6) Specific heat.
61-70 E(7) Number of temperature curves input for this mater-
' . ial on Card Type IVd-11.
If E(7) is left blank, default va]ue is 1.0.
71-80 E(8) Number of stress-strain pairs def1n1ng the p1ece-

wise linear stress-strain curve.
Each temperature curve must have this number of
pairs.
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INCLUDE ONLY IF USING SHELL ELEMENTS
Card Type IVc-11 Material Property Card (8E10.4) Shell Element

1 6 u 16 21 26 31 36
- dmmmmcmwcc—cccccccmebem e mmecccccet e mc s m e mea e a e et e e e ————————————
| E(9) | E(10) | E(11) | E(12)
o _— S SO +
a a6 51 56 61 66 7176
--------------------------------------------------------- SRR
| E(13) | E(14) | E(15) | E(16)
BT T e et Lt e trcm e —— e ——————— +
Columns Variable. Description
=10 E(9) blank. |

11-20 - E(10) -~ Shell th1ckness (ring area). o
S : , S Input required for NDGREE=3, membrane or ring op-
tion. For NDGREE=2 option, thickness can be ei-
ther specified in dummy node data on Card Type V
or input in E(10).

21-30 - E(11) B ‘Artificial viscosity.

31-40 'E(12)' _ Effective strain-rate amplitude parameter.
41-50 E(13) - ‘Reference strain-rate.
51-60 E(14) . Axisymmetric flag.

E(14)=3.0: axisymmetric material Taw.

61-70 : E(15) Number of integration points a]ohg length.

» If E(15) -is left blank, default value is 2.0.
For ring option, set E(15)=1.0.
For membrane option, set E(15)=2.0.

71-80 . o E(16) Number of integration points through thickness.
_ If E(16) is left blank, default value . is 5.0..
If not left blank, E(16)22.0.
For ring or membrane option, set E(16)=1.0.
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INCLUDE ONLY IF USING SHELL'ELEMENTS
Card Type IVd-11 Material Property Card (8E10.4) Shell E]ehent

1 6 11 16 21 26 31 36
|'EZI5§ """"""" |'E2i55 """"""" |'EZI§$ """"""" ey T i
-------------------------------------------------------- L e L e e
41 46 - 51 56 61 66 71 76
|'E25i5 """""""" |'EZE£$"’"~ """" |'EZ§§§""f """" I T
LT T e L L e e e LD D e P e S . +
Columns Variable Description
1-10> o . E(17) ' ‘Temperature value for curve 1 of piecewise linear
: stress-strain law.
11-20 . E(18) . Young's modulus for temperature va]ué 1.
21-30 . E(19) Strain value for point 1.
31-40 ‘ - E(20) Stress value for point.1.
' 41-50 | E(21) sirain value for point 2.
51760 | | E(22) : Stress value for point 2.
61-70 £(23) Strain value for point 3.

71-80 E(24) Stress value for point 3.

If less than three points desired, leave the field blank.

Additional Type IVd-11 cafds‘may be used if more stress-strain points are desired
to describe the material or if more than one temperature curve is desired. No
~ 1imit on number of ‘points or temperature curves. :
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INCLUDE ONLY IF USING AXISYMMETRIC CONTINUUM ELEMENTS

Card Type IVa-12

6-10

LTYP

Material Property Card (215) Axisymmetric Continuum Element

1 6 11 16 21 26 - 31 - 36
+eee ot B S S e m——— e ——— e ——————————————————— +
| MTYP | LTYP |
Fomm e ———— Fomm e et e e m e c e e e e mmee e mmm e —m e e ———————————————— +.
41 46 51 56 61 66 71 76
o —————— ———— o o e e e e 2 e e e e S ' o e
I
o e e e ccae e e m et e emme e e e m e ——— - ————————
Columns “Variable Description
1-5 MTYP - Material type number. ’ |
E]eméht.type number. -

LTYP=12: axisymmetric COntihuum element. -
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INCLUDE ONLY IF USING AXISYMMETRIC CONTINUUMVELEMENTS

Card Type IVb-12

Material Property Card (8£10.4) Axisymmetric Continuum Element

1 6 16 21 26 31 36
o S, Rttt B ittt e ettt +
| E(1) | E(3) | E(4)
o S . o . e U +
a1 a6 56 61 66 7 76
s T R S S et PSR EEE PR Fom e +
| E(5) | E(7) | E(8)
B T Ll R ittt P Fowmmccercr e ———— L S L T B T ittt L L L L +
Columns Varfable Déscrigtion
1-10 E(1) . Mass-density.
11-20 E(2) blank.
21-30 E(3) Poisson's ratio.
31-40 E(4) Coefficient of thermal-expansion.
41-50 E(5) Thermal conductivity.
51-60" E(6) Specific heat.
61-70 E(7) ~ Number of temperature curves input for this mater-
ial on Card Type IVd-12.
If E(7) is left blank, default value is 1.0.
71-80 E(8) Number of stress-strain pairs defining the p1ece-

- wise linear stress-strain curve.

Each temperature curve must have. this number of
pairs.
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INCLUDE ONLY IF USING AXISYMMETRiC CONTINUUM ELEMENTS

Card Type IVc-12 Material Property Card (8E10.4) Axisymmetric Continuum Element

1 6 11 16 21 26 31 36
L attatdatete el LT L L L L L L TR E L L e £ UL L E L DLt T B +
| 'E(9) | E(10) | E(11) | E(12) |
L ettt L Tl S P L P L T e e L Bl L L e +
41 46 51 56 61 66 71 76
o - e et i o e e e ----—-—--‘ ———————————————————————————————————————————————— +
I E(13) | E(14) I E(15) I E(lﬁ)
---------------------------------------------------------------------------- -+
CoTumns Variable . = Z.- | o De§grjgtion’
1-10 © E(9) - blank. ' '
11-20 E(10) . Hourglass viscosity.
21-30 E(1) . Artificial viscosity.
31-40 E(12) . Effective strain-rate amplifude paraﬁeter{
41-50 E(13) ~ Reference strain-rate.
51-60 . . E(14) ' Axisymmetric flag. .
' o E(14)= 13 0: ax1symmetr1c material law. :
61-70 E(15) ~ blank.
'71-80 . E(16) . Number of Gaussian 1ntegrat1on points a]ong one
' § direction.

If E(16) is left blank, default value is 1.0.
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INCLUDE ONLY IF USING AXISYMMETRIC CONTINUUM ELEMENTS

Card Type IVd-12 Material Property Card (8£10.4) Axisymmetric Continuum Element

1 6 11 16 21 26 31 36
____________________________________________________________________________ +
| E(17) | E(18) | E(19) | E(20)
............................................................................ +

4] 46 51 56 61 66 71 76
i — emmc et mc e —————— (¥ S B, +
| E(21) | E(22) | E(23) : | E(24)
------------------- e e ---——-—‘--—----------f-

Co1umns . Variable Description
1-10 ©E(17) * Temperature-value for curve 1 of piecewise linear

' stress-strain law.

i1-20 - E(18) , Young's modulus for temperature value 1.

21-30 E(19) Strain value for point 1.

31-40 . E(20) Stress value for point 1.

41-50 - E(21) : Strain value for point 2.

51-60 E(22) . © Stress value for point 2.

61-70 - E(23) Strain value for point 3.

.71-80 E(24) | ~ Stress value for point 3.

If less than three points desired, leave the field blank.

Additional Type IVd-12 cards may be used if more stress-strain po1nts are desired
to describe the material or if more than one temperature curve is desired. No
1imit on number of points or temperature curves.
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INCLUDE ONLY IF USING AXISYMMETRIC CONCRETE CONTINUUM ELEMENTS
Card Type‘IVae13 Material Property Card (215)4Axisymmetric Concrete Element

i 6 11 - .16 21 26 31 36

B TS S S ——————— e m e —— e mmmm e —— et e —— e e ———————— +
| MTYP | LTYP |

e it R s e +

.41 46 51 56 61 66 71 76

P e o e e e e S S o D e = S e = e =
I

e e e e e e e e S e e e
Columns ° Variable _ ‘ Description

1-5 MTYP ~ Material type number.
6-10 LTYP Element type number. ‘ :

LTYP=13: axisymmetric concrete element.
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INCLUDE ONLY IF USING AXISYMMETRIC CONCRETE CONTINUUM ELEMENTS

Card Type IVb-13 . Material Property Card (8E10.4) Axisymmetric Concrete Element

1 6 11 16 21 26 31 - 36
Fommmm e S LR, . R RO +
| E(1) | E(2) | E(3) | E(4) I
B s ettt Fommr e B e e e -+
a1 a6 51 56 61 66 71 76
trmmmc v c e rc e e D Bttt DL R D R +
| E(5) | E(6) | E(7) | E(8)
- YR PP R +
Columns Variable - Description

1-10 E(1) Mass-density.

11-20 E(2) Poisson's ratio.
21-30 CE(3) Coefficient of thermal-expansion.*
31-40 E(4) Stress-dependent thermal expansion coefficient.
41-50 E(5)  Thermal conductivity.* |

51-60 - E(6) Specific heat.*
61-70 E(7) . Number of temperature curves input for this mater-

ial on Card Type IVd-13.
If E(7) is left blank, default value is 1.0.

71-80 E(8) Number of stress-strain pairs defining the piece-
S : : wise linear stress-strain curve,’
Each temperature curve must have this number of
pairs. v

*Property variation with temperature may be imposed by prescribing a negative
value in the E-field and providing the temperature-property data at the end of
the material cards (Card Type IVi-13 and IVj-13).
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INCLUDE ONLY IF USING AXISYMMETRIC CONCRETE CONTINUUM ELEMENTS

Card Type IVc-13 Material Property Card (8E10 4) Axisymmetr1c Concrete Element

1 6 11 16 21 26 31 36

Te@ T |'EZIB$ """""""" |'EZII$ """"""" |°EHE§ """"""" i
+f --------------------------------------------------------------------------- +
41 46 51 56 61 66 71 76
|'E'<'153 """""""" |'EZIZS """"""" |'EZI§§ """"""" |’E2i85 """""""
Columns Variable - | | Description

. 1-10 CE(9) - blank. o

11-20 E(10) Hourglass viscosity (0.13 recommended for the

. Belytschko et al. method and any negative value.
for the Kosloff and Frazier method).

21-30 E(11) - Artificial -viscosity.

31-40 E(12) Mixed. hardening parameter.
: o E(12)=0.0: kinematic hardening.
0.0<E(12)<1.0: mixed hardening.
E(12)=1.0: isotropic hardening.

41-50 E(13) Flow rule parameter.
: . E(13)=0.0: associated flow rule (Prager's).
E(13)=1.0: nonassociated flow rule (Prager's).
E(13)=2.0: associated flow rule (Ziegler's).
E(13)=3 0: nonaSSOC1ated flow rule (Z1egler s).

51-60 - E(14) ~ Ax1symmetric flag.
‘ . - E(14)=13.0: axisymmetric material law
4 (first constitutive model).
E(14)=23.0: axisymmetric material law.
' (second constitutive model).

(Continue)
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Card Type IVc-13 (Continued)

Co]umns Variable ' Description -
61-70 E(15) ~ Failure surface flag.

E(15)=0.0: default values (FC=1.0, FT=0.1,

. FBC=1.15, FPC=0.8, FCC=4.2, GFT=0.0*
and GFC=0.0* for the first constit-
utive model while FC=1.0, FT=0.1,
FBC=1.15, FHC=1.3, MUMAX=0.65, ‘
LAM1=140 and LAM3/LAM2=10.0 for ‘the
second constitutive model).

E(15)=1.0: values to be specified at the end of

. stress-strain pairs (Card Type IVe-13
' or IVF-13).
- E(15)=2.0: pertains to condition E(15)=0.0 with
reinforcement (Card Type IVg-13 and
~ Ivh-13).

E(15)=3.0: pertains to condition E(15) 1.0 with
reinforcement (Card Type IVe-13 or
IVFf-13 with IVg-13 and IVh-13).

71-80 E(16) - - Number of Gaussian integration points along one"
. direction (1.0 recommended for crack1ng) #
If E(16) is left blank, default value is 1.0.

*These values imply sudden cracking and crushing for the constitutive model. -

#Extensively cracked concrete has problems with hourglass control for one point
Gaussian integration and stress locking for two point. This is presently
handled by specifying as input one point Gaussian integration and zero hour-
glass viscosity. This stipulates that an average (one point) material stiffness
is employed with two point Gaussian 1ntegrat1on to avoid the hourg]ass1ng and
stress locking conditions.
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INCLUDE ONLY IF USING AXISYMMETRIC CONCRETE CONTINUUM ELEMENTS

Card Type IVd-I3' Material Property Card (8£10.4) Axisymmetric Concrete Element

1 6 11 16 21 26 31 36
................... P S5OSO S SOOI
I E(17) | E(18) | E(19) | E(20) I
------------------- D Rt e T i 2t s
41 46 51 56 61 66 71 76
------------------- e e L L L e e e L et S DL e e D et o
| E(21) | E(22) | E(23) - | E(24)
............................................................................ +
‘Columns ' Variab]e‘ _ ‘ : ' Descrigtio :
1-10 E(17) Temperature value for curve 1 of piecewise linear
- stress-strain law.
11-20 E(18) Young's modulus for temperature value 1.
- 21-30 - E(19) - Stra1n value for point 1.
31-40 -E(20) - Stress value for point 1.
41-50  E(21) Strain value for point 2.
51-60 . E(22) ‘Stress value for point 2.
61-70 E(23) Strain value for point 3.

71-80  E(28) . Stress value for point 3.

If less than three pointsvdesired, leave the field blank.

Additiona1~Type IVd-13 cards may be used if more stress-strain points are.desired
to describe the material or if more than one temperature curve is desired. No '
Timit on number of points or ;emperature curves.

If the first constitutive model is used, set the last stress (corresponding to
very large strain) equal to the maximum strength of the material under uniaxial -
compression; if the second constitutive model is used, read in the stress-strain
coordinates of the softening portion of the material under uniaxial compression
(the program will automat1ca11y calculate the exponential coefficient LAM2).
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.INCLUDE ONLY IF~USING AXISYM CONCRETE ELEMENTS WITH E(14) < 20.0 AND E(15) =

Card Type IVe-13 Material Property Card (7£10.4) Axisymmetric Concrete Element

1 6 11 16 21 26 31 36
o S D R S S, Fo e +
| FC | FT | FBC | FPC
e c e Rttt B ettt e e aa +
41 46 . 51 56 61 66 71 76
T Fomcc e mc e e T e +
| FCC | GFT | GFC |
B ettt Fomccccrcd e cc e a—a Lt T L e st B ittt +
Columns Variable | Description
1-10 FC Normalized unaxial compressive stréngth.
: (S1=52=0.0 and S3=-FC).
11-20 FT . Normalized unaxial tensile strength.
: (S1=FT and S2=S3=0.0).
21-30 FBC Normalized biaxial compressive strength.
(S1=0.0 and S2=S3=-FBC).
31-40 FPC ‘ Ndrha]ized triaxial compréssive strength.
(S1=S2=-FPC and S3=-FCC with |FCC|>>|FPC]|).
41-50 FCC , Normalized triaxial compressive strength.
(S1=S2=-FPC and S3=-FCC with |FCC|>>|FPC]|).
51-60 GFT Fracture energy (force/length) in tensioh;*
61-70 GFC _ Fracture energy (force/length) in conpression.*

-Absolute values for compression and tension are used in this ‘input. Normaliza-
tion is with respect to uniaxial compressive strength; i.e., FC=1. O S1, S2 and
S$3 are the principal stresses.

“*By inputting negative values for GFT and/or GFC (GFT and GFC are now defined as
the complete failure strains), the strains for complete failure can be 1nput
directly instead of being calculated by the code from the fracture energies.
Typical values are approximately five times the peak strains.
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INCLUDE ONLY IF USING AXISYM CONCRETE ELEMENTS WITH E(14) > 20.0 AND E(15) =

Card Type IVf-13 Material Property Card (7£10.4) Axisymmetric Concrete Element

1 6 11 16 21 26 31 36
B U RS P S U tommm e S +
| FC | FT | FBC | FHC
RS AR RSP SRS U S PR S SR +
41 46 51 56 61 66 71 76
e ccrarcccccacaa B L Rt D Rt -+
| MUM | LAM1 | LAM3/LAM2 I
SRR S tommcmnca e cccmccccat e e Fomm e +
lymn Variable ' - Description
1-10 FC = Uniaxial compressive strength.

(S1=52=0.0 and S3=-FC. Program will calculate FC
- from the stress-strain input). A

11-20 ' FT . Normalized unaxial tensile strength
(S1=FT and $2=53=0.0).
21-30 - - FBC Normalized biaxial compressive strength.
» (S1=0.0 and S2=S3=-FBC).
31-40 FHC ' Normalized elastic 1imit for hydrostatic com-
' © pression. (S1=5S2=53=-FHC).
- 41-50 MUMAX . Ratio defining the maximum point on the ellipse

. in the meridian plane. (Use 0.5<MUMAX<0.66).
51-60 . © LAM1 : Hardening coefficient.
61-70 LAM3/LAM2 Ratio for uniaxial tension/compression softening.

Normalization is with respect to uniaxial compressive strength (S1, S2 and S3 are
thé principal stresses)
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INCLUDE ONLY IF USING AXISYM CONCRETE CONTINUUM ELEMENTS WITH E(15) = 2.0 OR 3.0

Card Type IVg-13  Material Property Card (4E10.4) Axisymmetric Concrete Element

1 6 11 16 21 26 31 36
o Sy Sy O Fom e +
| DENS | THEXP | NTR | NSR
e et bt P e mc - T et e L +
41 46 51 56 61 66 71 76
e e e e e e e e e e e e e e e e e e e +
I
+--------------------. ----------------------------------------------------------- +
Columns . Variable Description

1-10 DENS ' Mass-density for the reinforcement.

11-20 . THEXP Coefficient of thermal- expansion* for the rein-

forcement.

21-30 . . NTR - Number of temperature curves for the

: : reinforcement. .
31-40 NSR . Number of strain-stress pairs.

*Property variation with temperature may be imposed by prescribing a negat1ve
value for THEXP and providing the temperature-property data at the end of the
material cards (Card Type IVi-13 and IVj-13).
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INCLUDE ONLY IF USING AXISYM CONCRETE CONTINUUM ELEMENTS WITH E(15) = 2.0 OR 3.0

Card Type IVh-13 Material Property

If less than three points desired

Card (8E10.4) Axisymmetric Concrete Element

1 6 11 16 21 26 31 36
B bttt st LD T ettt e e —-— +
| ER(1) l ER(2) l ER(3) | ER(4)
R S etatndatate e S L P e ettt ittt ittt S D e +
41 46 51 56 61 66 71 76
B it e Rl e Dttt +
| ER(5) I ER(6) I ER(7) l ER(8)
+--7 ------------------------------------------------------------------------- +
Columns Variahle :nescrintinn
1-10 ' ER(l) - Temperature-value for curve 1 of piecewise linear
‘ stress strain law represent1ng the re1nforcement. '
11-20 ER(?) "~ Young's modu]us for temperature value 1.
21-30 ER(3) - Strain value for point la
31-40 . ER(4) Stress value for point 1.
~ 41-50 ER(S) ~ Strain value for point 2.
51-60 _ ER(6) " Stress value for point 2.
' 61-70 ER(7) .~ Strain value for point 3.
71-80. ER(8) - - Stress

value for point 3.

1eave the field blank.

Add1t1ona1 Type IVh-13 cards may be. used if more stress-strain po1nts are deS1red
to describe the material or if more than one temperature.curve is desired. No
1imit on number of points or temperature curves.
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INCLUDE ONLY IF USING AXISYM‘CONCRETE_CONTINUUM ELEMENTS WITH THERMAL VARIATION
Card Type IVi-13 Material Property Card (E10.4) Axisymmetfic Concrete Element .

1 6 11 16 21 26 31 36
B T il e e e e e e v e e e e e e e = e 0 > > -+
| NPP |
Fommrrc e r e c - o e e e e e e e e e e et e B = o o o +
4] 46 51 56 61 66 71 76
e o i e e A Y = = = = = = = S = > = = =
3
o e o e Y T = = = —
- Columns Variable | Description

1-10 ' NPP Number of temperature-property points.
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INCLUDE ONLY IF USING AXISYM CONCRETE CONTINUUM ELEMENTS WITH THERMAL VARIATION

Card Type 1IVj-13

‘ | EP(S)

L Maferial Property Card (8E10.4) Axisymmetric Concrete Element

16 21 26 31 36
-------------------------------------------------------- +--------..----------+
| EP(3) | EP(4)
--------------------------------------------------------- trcc e e cceaad
56 61 66 71 76
——————————————————— S L L e S R S S &
| EP(7) | EP(8)
o m e e e ——- +

------------------- e
Columns

1-10
. 11-20-,

21-30
- 31-40
141-50
51-60
61-70
71-80

EP(1)
EP(2)

EP(3)
EP(4)

" EP(5)

EP(6)

EP(7)
EP(8)

Desceription
Temperature value for point .1.

Property value for point 1.

| Temperathre value for point 2.

- Property value for point 2.

Température value for point 3.

_ Property value for point 3.

Temperature value for point 4.

Prope}tyivalue for point 4.

If less than four points desired, leave the field blank.

Additional Type IVj-13 cards may be used 1f more temperature- property po1nts are
desired to describe the property. : 4
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INCLUDE ONLY IF USING CONCRETE SHELL ELEMENTS
Card Type IVa-14 Material Property Card (2I5) Concrete Shell E]ement

1 6 11 16 21 26 31 36
Fommmm e Formmmm— e F o mmm e ——————————— +
1 MTYP | LTYP |
B e B F e e e e e e e c e — - - . ——————— - ———— +
41 46 51 56 61 66 71 76
o o e e e S 8 e o o e
|
B e e e et e e > o o 0 = = = = = = = . S D = P = D == = . . - - - -
Columns Variable ' Description

1-5 MTYP - Material type number.

6-10 LTYP Element type number°

LTYP=14: concrete shell element.
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INCLUDE ONLY IF USING CONCREIE'SHELL ELEMENTS
Card Type IVb-14 Material Property Card (8£10.4) Concrete Shell Element

1 6 11 16 21 26 31 36
Fommmc— e ———— L SOV O S +
| E(1) | E(2) | E(3) | E(4)
B e +--------------—---'-+ ------------------- Lt DR e DL T +
41 46 51 56 61 66 71 76
tecmmccc e e e ————— Femcccme— e ——————— Fmmcccccccc e ———— tocrccmecm e e —————— +
| E(5) | E(6) | E(7) | E(8)
R WU Mo S YRR S Fom e O S SOV S S SO +
Columns Variable -, Description

1-100 . E(1) Mass-density. -

11-20 E(2) | Poisson's ratio. . |
21-30 | E(3) - . Coefficient of thermal-expansion.*
31-40 E(4) 4 ' Stress-dependent thermal expansion coefﬁicient;‘
41-50 - E(5) " Thermal conductivity.* ‘

51-60 E(6) - Specific heat.* '

61-70 . E(7) Number of temperature curves input for this mater-

jal on Card Type IVd-14.
If E(7) is left blank, default value is 1.0.

71-80 E(8) Number of stress-strain pairs defining the piece-
: wise linear stress-strain curve.
Each temperature curve must have this number of .
pairs.

*Property variation with temperature may be imposed by prescr1b1hg a negative
value in the E-field and providing the temperature-property data at the end of
the material cards (Card’ Type IVk-14 and IV1-14).



3-63

INCLUDE ONLY IF USING CONCRETE SHELL ELEMENTS
Card Type IVc-14 Material Property'Card (8Elb.4) Concrete Shell Element

1 6 11 16 21 26 31 36

B et T e et Kttt L PP +
| E(9) | E(10) | E(11) I E(12)

B e e e ettt it dnteta e L L L L +
41 46 51 56 61 66 71 76

| E(13) | E(14) | E(15) I E(16)

Columns Variable A. ‘ ’ » Description
- 1-10 E(9) blank. '

11-20 E(10) Shell thickness (r1ng area).

Input required for NDGREE=3, membrane or ring op-
tion. For NDGREE=2 option, thickness can be ei-
ther specified in dummy node data on Card Type V
or input in E(10).

A

21-30 CE(11) Artificial viscosity.

31-40 E(12) Mixed hardening parameter.
- E(12)=0.0: kinematic hardening.
0.0<E(12)<1.0: mixed hardening.
E(12)=1.0: isotropic hardening.

41-50 E(13) Flow rule parameter.
E(13)=0.0: associated flow rule (Prager's).
E(13)=1.0: nonassociated flow rule (Prager's).
E(13)=2.0: associated flow rule (Ziegler's).
E(13)=3.0: nonassociated flow rule (Ziegler's).

51-60 E(14) Axisymmetric flag.
£(14)=13.0: axisymmetric mater1a1 law
(first constitutive model).
E(14)=23.0: axisymmetric material law
(second constitutive model).

(Continue)
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Card Type IVc-14 (Continued)

Columns Variable . o Descrigtion
61-70 E(15) . Failure surface flag.

E(15)=0.0: default values (FC=1. O FT=0.1,
FBC=1.15, FPC=0.8, FCC=4.2, GFT 0.0%
and GFC= O 0* for the first constit--
utive model while FC=1.0, FT=0.1,
FBC=1.15, FHC=1.3, MUMAX=0.65,
LAM1=140 and LAM3/LAM2 10.0. for the

: . second constitutive model). - _

E(15)=1.0: values to be spec1f1ed at the end of

. stress- stra1n pairs (Card Type IVe 14
o cor IVF-14).-
E(15)=2.0: pertains to condition E(15)=0.0 with
"~ _ reinforcement (Card Type IVg-14 and
» - 1Vh-14).
- E(15)=3.0: pertains to condition E(15)=1.0 with.
reinforcement (Card Type IVe-14 or
IVf-14 with IVg-14 and IVh-14).

. 71-80 E(16) . . Number of integration points through thickness.
' S o "If E(16) is left blank, default value is 5.0.

If not left blank, E(16)22.0. .

For ring or membrane option, set E(16)=1.0.

*These values .imply sudden cracking and crushing for the.constitutive model.
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INCLUDE ONLY IF USING CONCRETE SHELL ELEMENTS
Card Type IVd-14 Material Property Card (8E10.4) Concrete Shell Element -

1 6 11 16 21 26 31 36

gy +
| E(17) | E(18) | E(19) | E(20)

et e S e L E L e P et e D e ittt +

41 46 51 56 61 66 71 76
------------------- VMO SGUPUPI Gy OSSP UGN QUSSR &
| E(21) | E(22) | E(23) | E(24)
------------------- i s st s et 2

Columns . Variable : Description

1-10 E(17) Temperature-value for curve 1 of piecewise linear

: stress-strain law.

i1-20 . E(18) . Young's modulus for temperature value 1.

21-30 E(19) Strain value for point 1.

31-40 . E(20) Stress value for point 1.

41-50 E(21) © Strain value for point 2.

51-60 E(22) Stress value for point 2.

61-70 - E(23): Strain value for point 3.

71-80 . E(28) Stress value for point 3.

If less than three points desired, leave the field blank.

Additional Type IVd-14 cards may be used if more stress-strain points are desired
to describe the material or if more than one temperature curve is desired. No
Timit on number of points or temperature curves.

If the first constitutive model is used, set the last stress (corresponding to
very large strain) equal to the maximum strength of the material under uniaxial
compression; if the second constitutive model is used, read in the stress-strain
coordinates of the softening portion of the material under uniaxial compression
(the program will automatically calculate the exponential coefficient LAM2).
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INCLUDE ONLY IF USING CONCRETE SHELL ELEMENTS WITH E(14) < 20.0 AND‘E(15) =

Card Type IVe-14

Material Property Card (7E10.4) Concrete Shell Element.

1 6 11 16 21 26 31 36
Femm e et e Fom e o —————— +
| FC | FT | FBC | FPC
£ O U UU U F i o rce e ————— +
41 -46 51 56 61 66 71 76
Fomemmc e m o o SIS S YOOI S e +
| FCC | GFT | GFC |
s S S R P +
Columns Variah1e ; Nescription

1-10 FC | "Normalized unaxial compreSS1ve strength

. . (S1=52=0.0 and S3—-FC) :
11-20 FT * Normalized unaxial tensile strength.

(S1=FT and $2=53=0.0).

21-30 FBC Norma]ized biaxial compressive strength.
‘ : : .(81=0.0 and S2=S3=-FBC).
31-40 FPC Normalized triaxial compressive strength. -

' (S1= $2=-FPC and $3=-FCC with |FCC|>>|FPC|)
41-50 . FCC Normalized triaxial compressive strength.

‘ (S1=S2=-FPC and S3=-FCC with |FCC|>>|FPC|).

51-60 GFT ‘Fracture energy (force/]ehgth)=ih tension.*

61-70 GFC Fracture energy (force/length) -in Conpression.*

Absolute values for compression and tension are used in this input. Normaliza-
tion is with respect to uniaxial compress1ve strength; i. e., FC=1.0. S1, S2 and
S3 are the principal stresses.

*By- inputting negative values for GFT .and/or GFC (GFT and GFC are now defined as
the complete failure strains), the strains for complete failure can be 1nput
~directly instead of being calculated by the code from the fracture energies.
Typ1ca1 values are approximately five times the peak strains.
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* INCLUDE ONLY IF USING CONCRETE SHELL ELEMENTS WITH E(14) > 20.0.AND'E(15) =
" Card Type IVf-14 Material Property Card (7E10.4) Concrete Shell Element

1 6 11 16 21 26 31 36
R S S o ——eem Fommmmmmcm———————— +
| FC | FT | FBC | FHC
B T e R el B et e T A +
a1 a6 51 56 61 66 7 76
-+ o = = = T oo rccccrcccce - Frmmcnccr e c————— +
| MUMAX | LAM1 | LAM3/LAM2 |
tecr e cc e e —————— B R F e mr e —————--———— B T L T -+
- Columns . Variable - Description
. 1-10 : FC ‘ Uniaxial compressive strength.

(51=S2=0.0 and S3=-FC. Program will calculate FC
from the stress-strain input).

11-20 ' FT | Normalized unaxial tens11e strength
(Sl FT and S2= S3 0.0).
21-30 . FBC Normalized biaxial compressive strength )
- : (51=0.0 and $2=S3=-FBC).
31-40 FHC - - Norma11zed elastic limit for hydrostat1c com-
pression. (S1=S2=S3=-FHC). - »
41-50 ' MUMAX: , Ratio defining the maximum peint on the ellipse.
' in the meridian plane. (Use 0.5<MUMAX<0.66).
51-60 LML Hardening coefficient.
- 61-70 ' ' LAM3/LAM2 Ratio for uniaxial tension/compression softening.

Normalization is with respect to uniaxial compressive strength (S1, S2 and S3 are
the principal stresses). . .
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INCLUDE ONLY IF USING CONCRETE SHELL ELEMENTS WITH E(15) = 2.0 OR 3.0
Card Type IVg-14 Material Property Card (4E10.4) Concrete Shell Element

1 6 11 16 21 26 31 36
SR R S S SR S — ST G +
| DENS | THEXP | NTR | NSR

B ek e R atatadad Fomm e bttt e +
41 46 51 56 61 66 71 76

o e e e e a e e e s ccesccsesacesscec e —— e ——————— +
I
B ittt e tated e m e — - ———— e +
Columns Variable ‘ ‘ : ‘ néanintinn

1-10 o DENS : Mass-density for the reinforcement.

11-20. THEXP - Coeff1c1ent of thermal—expans1on* for the re1n-

forcement.
21-30 NTR ‘ g Number of temperature curves for the
: S reinforcement.
31-40 NSR Number of strain-stress pairs.

*Property variation with temperature may be imposed by'prescr1b1ng a negat19e
value for THEXP and providing the temperature- property data at the end of the
mater1a1 cards (Card Type IVk-14 and IV1- 14)
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INCLUDE ONLY IF USING CONCRETE SHELL ELEMENTS WITH E(15) = 2.0 OR 3.0
Card Type IVh-14  Material Property Card (8E10.4) Concrete Shell Element

1 6 11 16 21 26 31 36

B b S et D S T T S et D e LS D R Form e ccccec e —— +
| ER(1) | ER(2) I ER(3) | ER(4)
------------------- +------------------- Dl et 2 s I
41 46 51 56 ' 61 66 71 76

B T et Rttt et St +
| ER(5) | ER(6) | ER(7) I ER(B)

B T e e L SR e s T ot +

Columns Variable ' - Description

-1-10 ~ ER(1) . Temperature-value for curve 1 of piecewise linear

stress-strain law representing the reinforcement.

11-20 ER(2) Young's modulus for temperature value 1.

21-30 ER(3) Strain value for-point 1.

31-40 ER(4) Stress value for boint 1.

41-50 ER(5) Strain value for point 2.

51-60 ~ ER(6) Stress value for point 2.

61-70. ER(7) : Strain value for point 3.

71-80 ER(8) Stress value for point 3.

If less than three points desired, leave the field blank.

Additional Type IVh-14 cards may be used if more stress-strain points are desired
to describe the material or if more than one temperature curve is desired. No
1imit on number of points or temperature curves.
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INCLUDE. ONLY IF USING CONCRETE SHELL ELEMENTS WITH E(15) = 2.0 OR 3.0

Card Type IVi-14

- Material Property Card (E10.4) Concrete Shell Element

1 6 11 16 21 26 31 36
Fommmcm—mm e ————— Fos s a et e st et e cec—rmc e ce e e e ————————————————— +
| NRB |
B T L LT e ————- - D O S e Sk e D D D U D D e D D e > D D > D A W -
q1 46 51 56 61 66 71 76
 tecmeccccccccccccaan et —————-— - ——rcccem———————
I
o ——— - ——- e ————————— = e
legmg; Variable - Description
' NRB Number of reinforcing layers.
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INCLUDE ONLY ‘IF USING CONCRETE SHELL ELEMENTS WITH E(15) = 2.0 OR 3.0

Card Type IVj-1

4 Material Property Card (3£10.4) Concrete Shell Element

1 6 11 16 21 26 31 36
Fommmmm—— e S Fomm e S S +
| AREA | ARM | ANG |
e R e +
41 46 51 56 61 66 71 76
I S G, e e o e e e e e e o e e +
|
e r et c et e e e e e o S e e o e e 0 e +
Columns Variable Description
1-10 AREA Area of reinforcing bar in the specified layer.
(Use AREA=-AREA if this 1ayer represents shear
" ties). |
11-20 ARM Distance of specified reinforcing layer from local
x-axis.* (Use negative value if the layer is in a
.negative direction from the local x-axis).
21-30 ANG Identification of reinforcement within the merid-

ional-circumferential plane.

ANG=0.0: meridional reinforcement.
0.0<|ANG|<90.0: ‘'seismic' reinforcement.
ANG=90.0: hoop reinforcement.

If negative AREA, angular alignment of shear tie
layer with respect to the shell's local x-axis.
0.0<ANG<90.0: angular alignment of shear tie.

*The local x-axis is defined by the element connectivity (see Card Type Xc).

Use as many cards as there are 1eyers specified by NRB on Card Type IVi-14.
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INCLUDE ONLY IF USING CONCRETE SHELL ELEMENTS'WITH THERMAL VARIATION .
Card Type IVk-14 Materia1véroperty Card (E10.4)‘Concrete Shell Element

T 6 11 16 21 - 26 31 36
oo Fommemm e e i mmmmme e — e c e cemm———————— +
| NPP |
L T S gy Sy gy Mg g +
a1 46 51 56 61 66 7 76
o —— - e e e e o e e e e 4 = > = - +
I . .
o S - T U S +
Columns Variapl Descriotion

1-10 ' NPP | .‘Number of‘température-broperty points.
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INCLUDE ONLY IF USING CONCRETE SHELL ELEMENTS WITH THERMAL VARIATION
Card Tybe IV1-14 Material Property Card (8E10.4) Concrete Shell Element

1 6 11 16 21 26 31 36
I'EFZIE """"""" |’EBZ£5 """"""" I'EBZSS """"""" I'EEZZS """""""
41 46 5l 56 61 66 n 76
Frmmm— e c———————— Form et e —————.—— Fommmm e +
| EP(5) | EP(6) | EP(7) | EP(8)
S —mm—eoee T e - +
Columns Variable - Description
1-10 EP(1) Temperature value for.point 1.
11-26 EP(2) Property value for point 1.
-21-30 | EP(3) ' Temperature value for ﬁoint 2.
3i-40 | EP(4) Property value for point 2.
41-50 | EP(5) | Temperature value for point 3.
"51-60 EP(6) Property value for point 3.
61-70 EP(7) Temperature value for point 4.
71-80 EP(8) Property value for point 4.

If less than four points desired,~1eave the field blank.

Additional Type IV1-14 cards may be used if more temperature-property points are
desired to describe the property.



INCLUDE- FOR ALL

Card Type V

501umns'
1-5
6-10

11-20
21-30
31-40

41-50

DATA SETS

3-74

Node Card (215,4E10.4)

Variable
N
M

XC(N)
YC(N)

XSHIFT

YSHIFT

16 21 26 31 36
----------------------------------------------- D e e L T 3
| YC(N) | XSHIFT
----------------------------------------------- T e e e R, 3
56 61 66 71 76
—-—— o D = 2 = = P D e - = - - - e = - - - - -+
................................................... <+

Description
Node number.

Coordinate system used for this sequence of nodes.

“Input may be a mix of cartesian and polar systems.

M=0:
M=1:

cartesian (x, y) system.
polar (r, @) system.

x-coordinate (r-coordinate if polar).
y-coordinate (s-coordinate if polar).

x-coordinate value defining the local origin if
using polar system input.

y-coordinate value defining the local origin if
using polar system input.

Nodal coordinates for nodes equispaced between two nodes will be automatically

generated if the data cards for intermediate nodes are skipped.

If nonequispaced

nodes are to be generated, use KONTRL(3) (see Card Type III).

Coord1nate values specified are those for the mid-plane surface of the beam or

shell elements.

When using 2 degrees. of

shell elements
lation node.

one wishes to i
instead.
case, the beam

cribed by the beam's or

The value

The thickness

only) is
nput the

or shell

freedom per node option, a
needed to store the rotation associated with the trans-

input for the coordinates would thus be left blank unless
thickness (see Card Type IVc-1) of the beam or shell here
would be specified through the XC(N) coordinate.
thickness used will be the .average of the thickness pre-
shell's two connecting nodes.

'dummy' node (for beam or

In that

If the thickness is speci-

fied here, it will override that specified on the material card (see Card Type

IVe-1).

When using 3 degrees of freedom per node option (for beam or shell element on]y),

the rotations at this node are the 3rd degree of freedom.

The thickness of the

beam element must then be stored in E(10) on the material card.
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'INCLUDE FOR ALL DATA SETS

Card Type VI Element Card (12I5)
1 6 11 16 21 26 31 36
¥ S S PRI SN S S S S
| M | IX(1,M) | IX(2,M). | IX(3,M) | IX(4,M) | IX(5,M) | IX(6,M) | IX(7,M) |
[ S RS S SIS TS SIS S S
41 46 51 56 61 66 71 76
D - B T —— B T - tocmm e R T T L T DT R +
| 1X(8,M) | MTYP | LTYP | INCR |
B e et RS R e S e ittt ettt +
Columns " variable : Description
1-5 M ' ~ Element number.
6-10 IX(1,M)
11-15 - IX(2,M)
16-20 IX(3,M)
21-25 - IX(4,M) Nodes describing the element (see element descrip-
: tion below).
26-30 IX(5,M)
31-35 IX(6,M)
36-40 IX(7,M) -
41-45 IX(S,M) See notes below..
46-50 MTYP - Material type number.
- See Card Type IVa.
51-55 LTYP - Element type number. . ‘
56-60 INCR Increment to generate IX(J,M) for subsequent ele-

- ments. If INCR is left blank, default is 1.

Beam or shell elements: IX(1,M) and IX(2,M) are displacement nodes always. For
ring option, set IX(2,M)=IX(1,M). IX(3,M) and IX(4,M) are ‘'dummy' nodes which
store rotations for IX(2,M) and IX(1,M), respectively, for NDGREE=2 option. '
IX(8,M) contains the load line number of a prestressing element specified by
Card Type VIIIa. ’

(Continue)
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- Card Type VI (Continued)

Continuum elements:  IX(1,M), IX(2,M), IX(3,M) and IX(4,M) are displacement
nodes. - Element has only the 2 degrees of freedom per node option. Basically a
quadrilateral shape. Triangular shape can be achieved by setting IX(4,M)=IX(3,M).
Nodes describing element are connected counterclockwise. @ IX(5,M), IX(6,M), and
IX(7,M) store the reinforcement ratios (multiplied by 10000) in the directions

xi, eta, theta, respectively. IX(8,M) stores the angle (in degrees) of the xi-
reinforcement with respect to the r-axis (xi, eta, theta are orthogonal axes of
reinforcement). : : : ’ .

Element cards which cdn be Qenerated by adding INCR to all node numbers (thoSe
describing the element) of the previous element need not be included because they
will be generated automatically. The last element card is needed however.




3-77

INCLUDE ONLY IF NUMDIS > O ON CARD TYPE II

Card Type VII

Prescribed D1sp1acement Card (I10,E10.4)

1 7 9 11 16 21 26 31 36

Fommmmme e T RO P SR g QU +

| N | |1]I|I| ANGLE |

trmm e —————— R et e S e e ittt L et e ettt ettt -+

41 46 51 56 61 66 71 76

e e e e e e e e e e e R e > +

I

e e e e e e e e e e e e -+

Columns Variable Description

1-6 N Node number at which one or more d1sp1acement
components are specified. Essential boundary
conditions/support conditions.

7 blank.

8 I .x-disp1acement component.

9 I y-displacement component.

10 I Blank for 2 degree of freedom nodes.
Angular-displacement component for 3 degree of
freedom nodes.

[=0: displacement component has no constraint.

I=1: displacement component is zero.

1=2: displacement component is prescribed a value
in subroutine FREEFD.

11-20 . ANGLE .Angle of rotation (in degrees), right-hand rule,

of the node before application of the constraint.
Angle of rotation is used if a displacement compo-
nent other than the x or y component prescribed.

Do not rotate rotation nodes that are to be con-
stra1ned for NDGREE=2.

For NDGREE=2 beam or shell element 'dummy' nodes, constrain both components when-
ever the node is to be constrained against rotation.

Internal incrementing by one is done between two prescribed displacement nodes by
placing a minus sign in column preceding the last node number.

Use as many cards as there are nodes having prescribed displacements.
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INCLUDE FOR ALL DATA SETS

Card Type VIIIa  Load Line Card (615,E10;4)

1 6 11 16 21 26 31 36

e ————— Fommmmeeo S S oo O gy +
| 1 | NDNOD | IVOL(1) | IVOL(2) | INTL | NPT | VINT

o R PR RN SRR R T —— RO +
41 46 51 56 61 66 71 76
g o e T T T P +
|

+-_ ------------------------------------------------------------------------------ +
Columns Variahle - Description

Load 1ine number. ‘

1-5 I
6-10 NDNOD Number of nodes* on load line.
11-15 IVOL(1) External loading condition or property variation.
: IVOL(1)=0: 1initial velocity input.
IVOL(1)=1: pressure-time (or increment) input.
IVOL(1)=2: pressure-volume# input.
IVOL(1)=3: force-time input (x-component).
IVOL(1)=4: force-time input (y-component).
IVOL(1)=5: displacement-time input (x-component).
IVOL(1)=6: displacement-time input (y-component).
IVOL(1)=7: temperature-time input.’
IVOL(1)=8: heat flux-time input.
IVOL(1)=9: film coefficient-time input.
IVOL(1)=10: internal heat source-time input.
IVOL(1)=11: prestressing-time input.$
16-20 IVOL(2) Geometry of external loading. A
o IVOL(2)=0: plane geometry (all elements).
IVOL(2)=1: axisymmetric geometry (velocity-strain
concrete or continuum element, 1 point
Gaussian).
IVOL(2)=2: axisymmetric geometry (velocity-strain
concrete or continuum element, 2 point
Gaussian). ,
IVOL(2)=3: axisymmetric geometry (shell element).
21-25 . INT1 Node interval: if the node numbers of a load line

can be generated by adding INT1 each time, read in
INT1 and skip all node data but the first node on
Card Type VIlIc, otherwise INT1=0 or blank.

(Continue)
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Card Type VIIIa (Continued)

Columns Variable . Description

26-30 NPT Number of points used to define the piecewise

linear function for pressure, force, displacement
or thermal input on Card Type VIIIb-1 if not using
IVOL(1)=0.

31-40 VINT Initial volume of load line if using IVOL(1)
Angle of heat flux to x-axis if using IVOL(1
Far field fluid temperature if using IVOL(1)

I~

2.
=8.
9.

*Number of elements on load line if using IVOL(1)=10 or 11.
#Vo1ume is volume change divided by initial volume.
$This loading condition is applied prior to thé desired simulation.

See following figure indicating positive direction for input loading.

y
positive sense is defined by
t order load line nodes input
Node 2 o
positive direction
: for input loading
90 deg
Node 1 0---=-c-ccemeuee n
. o X

The positive direction for the impulse, pressure or thermal input of the load

line is defined by rotating clockwise 90 degrees from the positive sense of the
load 1line. The positive sense of the load line is defined by the order in which
the node numbers are read as input. "
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INCLUDE ONLY IF IVOL(1) > O ON CARD TYPE VIIIa
Card Type VIIIb-1 Load Line Card (8E10.4)

1 6 11 16 21 26 31 36
|'5?Zi5 """""""" |'5ﬁ§3 """"""" |'5?255 """"""" |'F?ZZS """"""" :
41 46 51 56 61 . 66 71 76
Fomimm————— B T S B LT A S +
| PT(S) -~ | PT(6) -~ I PT(7) . N B A1¢:) .
Fommmm e —————————— R e s
M | Varlable v o ne§¢r1n.t.1on
110 - | PT(1) . Time, point ..

11-20 . PT(2) Pressure,* pointll.

- 21-30 PT(3)  Time, point 2.

- 31-40 PT(4) ; Pressure; point 2.
41-50 ~ PT(5) ~ Time, point 3.
51-60 PT(6) Pressure, point 3.
'61-70 PT(7) . Time, point 4.

71-80 ' PT(8) - Pressure, poiht 4,

If p(0)=0.0, then (0 0) need not be input.
If 1ess than three points deS1red 1eave the f1e1d b]ank

Add1t1ona1 Type VIIIb-1 cards may be used if more points are des1red to descr1be
the 1oad line 1nput. No 1imit on number of points.

*The sign convention is stated on Card Type VIIIa.



3-81

INCLUDE ONLY IF IVOL(1) = 0 ON CARD TYPE VIIIa
Card Type VIIIb-2 Load Line Card (4E10.4)

1 6 11 16 21 26 31 36
ey S T g - Fmr e —— oo +
| PT(l) | PT(2) | PT(3) | PT(4)
Formrcr e e —- R D R e — B Dttt +
41 46 51 56 61 66 71 76
Ferrrr et rrr s c e r e c e c e e e c e c e rc e e cr e e r e ——————— +
|
e e e e e e e +
Columns 4Variab1e 4 Déscrigtion

1-10 PT(l) | Prescribed component of ve1oc1ty* at time=0, tan-

gent to load line.

11-20 PT(2) Prescr1bed component. of ve1oc1ty at t1me—0 normal
: ‘ to load line.

- 21-30 PT(3) F1rst node factor.

Factor by which impulse is mu1t1p11ed at first
node on load line (should be 2.0 if first node is
on line of symmetry). If left blank, impulse at
first node is not changed.

31-40 PT(4) Last node factor. _
Same condition as above.

*The sign convention is stated on Card Type VIIla.
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INCLUDE FOR ALL DATA SETS .
" Card Type VIIIc Load Line Card (1615)

1 6 1 16 21 26 31 36
------------------ T S S S §
| KPR(1) | KPR(2) [ KPR(3) | KPR(4) | etc. |
------------------------------------ D T T T T r T WP Y
a1 46 51 56 61 66 71 76
o e e e e e e e e S 4% e - - - - — = +
|
P e e — - - = 0 0 40 = o = e e e — s e ——— e e ——— +
Columns ~ Variable - Description

1-5 . KPRES(1) Nodes* on load Tline.

6-10 KPRES(2)

etc; '

If all nodes can be generated for KPRES(J) J=2 to NDNOD by 1ncrement1ng by
INT1, only KPRES(1) need be 1nc1uded.

Add1t1ona1 Type VIIIc cards may be used if th1s card is 1nadequate to descr1be
all the nodes on the load line.

*When u51ng temperature-, heat flux- and film coefficient-time (or increment) in-
put the nodes on the load line are those associated with the thermal mesh. When
using internal heat source-time input the thermal elements are input to the load
line instead of nodes. -Structural mesh bar and ring elements are input to the
load line instead of nodes when using prestressing-time input.
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Card Type IXa
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D > 0 ON CARD TYPE II
S1iding/Rigid Interface Card (615,3E10.2)

1 6 11 . 16 21 26 31 36
S e T Fommmeee o Fmmmmem e S SRR S UM +
| M | ND1 | ND2 | INT1 | INT2 | NRM | SLIPAR(l)
Fommmmeeem Foemmemeee S ST —— Fommm e - SR g Uy g g +
41 . 46 51 - 56 61 66 71 76 _
B L i DL e T D e ettt +
| SLIPAR(Z) | SLIPAR(3) |

St L Y ettt ettt ittt e +

Columns Variable Description

1-5 M S1iding/rigid interface number.

'6-10 ND1 Number of master nodes* for interface.

11-15 ND2 Number of slave nodes* for interface.

16-20 INT1 Automatic generator for the nodes on master side.
If INT1>0, only first node on master side need be
input.

21-25 INT2 Automatic generator for the nodes on slave side.
If INT2>0, only first node on slave side need be
input. :

- 26-30 NRM S1iding/rigid mode option.
: NRM=0: sliding interface.
NRM=1: rigid continuum interface.
NRM=2: rigid flexural interface.
NRM=3: flexural offset rigid interface.

31-40 SLIPAR(1) Coulomb friction: static friction coefficient.

. : Viscous friction: dynamic viscosity coefficient.

41-50 SLIPAR(2) Coulomb friction: dynamic friction coefficient.
Viscous friction: boundary layer thickness.

51-60 SLIPAR(3) Coulomb friction: SLIPAR(3)=0.0.

Viscous friction: SLIPAR(3)=1.0.

*On lines of syhmetry and for most cases involving boundary/support nodes, nodes

should not exist for sliding interfaces.
translational nodes are necessary for nodal input data.

For rigid interfaces, only the
The rotational nodes

are generated internally for those elements with flexural resistance.
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INCLUDE ONLY IF NSLID > O ON CARD TYPE II

Card Type IXb S1iding/Rigid Interface Card (1615)
1 6 | u | e 21 26 31 36
--------------------------------------------- temrcemmececccrrc e e c e ——————t
| KS(1,1) | KS(1,2) | KS(1,3) | KS(1, 4) | etc. |
--------------------------------------------- S PSPPI &
a1 46 51 56 61 66 71 76
B D T e e e T e T bt +
I
Rt +
| Columns. Variable o Dascfigtion‘
1-5 KSLID(1,1) First node on master side of interface. .

6-10 KSLID(1,2)  Second node on master side of interface.

etc. o

If all nodes can be’genefated for KSLID(I J), J= 2 to ND1, by incrementing by
INT1, only KSLID(1,1) need be 1nc1uded.

Add1t1ona1 Type IXb cards may be used 1f this card is inadequate to describe
an the nodes on the load line. .

.See f0110w1ng figure describing sliding interface pairs.

y
n
Node 1 | Slave Side  Node 2
______ o Y o T A,
S TSN

______ o--------;----;_o_---__ _

Node 1 Master Side  Node 2 -
Z O m e s X

Each node pair must have the same coordinate values. KSLID(1,J) -to KSLID(2,J)
defines the n-local direction; t-local is normal to n and defined by the order in
which the node numbers are read as input. - At corners, t is the tangent average.

See the theory manual for a description of rigid interface master-slave nodes.
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INCLUDE ONLY IF NSLID > O ON CARD TYPE II

Card Type IXc S1iding/Rigid Interface Card (16I15) -
1 6 11 16 21 26 31 36
--------------------------------------------- ittt Y
| KS(Z 1) | KS(2,2) l KS(2,3) ] KS(2,4) | etc. l
--------------------------------------------- D bttt e it 5
4] 46 51 56 61 66 71 76
L S g
N
e e e e 2 e . = = 8 > = -
Columns Variable . Description
1-5 " KSLID(2,1) - First node on slave side of interface.
6-10 KSLID(2,2) Second node on slave side of interface.
etc. ’ |

If all nodes can be generated for KSLID(2,J), J=2 to ND2, by incrementing by ~
INT2, only KSLID(1,1) need be included.

Additional Type IXc cards may be used if this card is inadequate to describe
all the nodes on the load line.
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INCLUDE FOR ALL DATA SETS

‘Card Type Xa . Output Card (4110)

1 6 11 16 21 26 31 36

e O S SO, e m e +
| NPFREQ | NPRU | NPRS | NPIC

e ettt ittt L et +

41 46 51 56 61 66 71 76

e o e e e e
|

+------------------_-----------------------------'----—-- -----------------------
1-10 NPFREQ : Frequency of output.

Whatever output is desired will be printed every
NPFREQ step.. ‘

11-20 .~ NPRU ‘ Number of motion* output records.
‘21-30 | NPRS Number of element# output records. ‘
31-40 NPIC " - Number of complete (different’motion‘and/or ele-

ment records at a particular time step for all
nodes and/or elements) output pictures.

*A motion record is a single displacement, velocity, acce]eratIOn, external
force or internal force component of a node.

#An e1ement record here means a s1ng1e strain or stress component of an element;
a volume change of a pressure line; an externa1 loading; or one of several en-
ergy ca]cu]at1ons
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INCLUDE ONLY IF.NPRU > O ON CARD TYPE Xa

Card Type Xb

Motion Output Card (110,5A4,2E10.4)

1 7 9 11 16 21 26 31 36
Fromce————— s N s e T T T T Fomme e ————a +
| N | [J|K|L] Alphanumeric I \
2 S e S S T T R L T e +
41 46 51 56 61 66 71 76
Fremc v ————— e e e r e e e - ——————— - - = = o~ +
N I
e cc e —————— o e e e e e e e e e > e o + -
Columns Variable Description
1-6 | N Node number.
7 blank. -
8 J Component number.
J=1: x-component.
J=2: - y-component.
J=3: rotation component.
9 K Motion record flag.
' K=0: displacement record.
K=1: velocity record.
K=2: acceleration record.
K=3: external force record. .
- K=4: interna] force record.
10 L Output type flag. _
L=0: printed values of motion record.
L=1: printed values, printer plot and graphics-
plot of motion record.
L=2: printed values, printer plot and punched
cards of motion record.
L=3: printed values, printer plot, graphics plot,
and punched cards -of motion record.
L=4: printed values and printer plot of motion
record.
11-30 Alphanumeric information tb be written on ordinate

axis and above the graphics plot.

Include the following if automatic scaling is to be overridden for graphics plot.

31-40
41-50

Scale of ordinate value per inch of plot,

Minimum value of ordinate.
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INCLUDE ONLY IF NPRS > O ON CARD TYPE Xa

Card Type Xc , E1ement Output Card (110 5A4,2E10.4)
1 7 10 11 16 21 26 31 36
Fommr e ——— Rt D T R e e D ettt +
| M | 3 L] A]phanumemc |
Prmc e ———— Femmaa B et L et e et +
41 46 51 56 61 66 71 76
T e T T P s s c e ccc s s r e e s e r c e r e — e c e — e —— e ——— +
I I
.+-—-—---———---—-———“—+ ----------------------------------------------------------- +
Columns  Variable . ~ Description
. 1-6 M E]emeht number.
7-9 Y L Compbnent number (see following pages).

10 o L ‘ ‘ Output type flag.
A : ‘ L=0: printed values of ‘element record.
L=1: printed va1ues, printer plot and graph1cs
plot of element record.
L=2: printed values, printer plot. and punched
- cards of element record.
L=3: printed values, printer plot, graphics plot,
‘ and punched cards of element record.
L=4: printed values and. pr1nter plot of mot1on
record.

‘11-30 o | - - Alphanumeric 1nformat1on to be written on ord1nate'
‘ ' ~ axis and above ‘the graph1cs plot.

Inc)ude‘the following if-automat1c sca11ng,1s to be. overridden for graphics plot.
31-40 E | Scale of ordinate value per inch of plot.

' 41-50 . ‘ B Minimum value of ordinate.

(Continue)
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Card Type Xc (Continued)

Beam or" Shell Element Component Numbers - J

B ettty et T L F = = e e Femmnddcrcdrc e —a - +
J-values for- at length point 1 at Tength point NPL
element for thickness points for thickness points
component 1 to NPD _ NP-NPD+1 to NP
B ettt L L B L et T R + B ettt +
| eps-x,mech | 1to NPD | | NP-NPD+1 to NP |
temmcccn e ccca. D e T LR + L S et e
|  sig-x | NP+1 to  NP+NPD | | 2*NP-NPD+1 to 2*NP |
e T + s +
|  sig-yield | 2*NP+1 to 2*NP+NPD | | 3*NP-NPD+1 to 3*NP |
temcmrcc e ———— B D ettt katns + Fomem e c e —— +
|  temperature | 3*NP+1 to 3*NP+NPD | | 4*NP-NPD+1 to 4*NP |
S O PR, + o +
| - eps-z,mech | 4*NP+1 to 4*NP+NPD | | 5*NP-NPD+1 to 5*NP |
Fommrc e F e — e — e + | demmmcccacaccccc e +
| sig-z | S5*NP+1 to S5*NP+NPD | | 6%*NP-NPD+1 to 6*NP |
toemcmcvcccacccnaaa S Bttt T T bt + Fom e e cr e ——— +
| eps-e,plas | 6*NP+1 to 6*NP+NPD | | 7*NP-NPD+1 to 7*NP | .
B T e R ettt L + R +
| eps-x,plas | 7*NP+1 to 7*NP+NPD | | 8*NP-NPD+1 to 8*NP |
S S U + [ ST U +
| eps-z,plas | 8*NP+1 to 8*NP+NPD | | 9*NP-NPD+1 to 9*NP |
Fom e Fommm e ———— + Fom e +
|  temperature* | 9*NP+1 to 9*NP+NPD | | 10*NP-NPD+1 to 10*NP |
trmmm e —rcca B Sttt + = = e e fewcrscccc e a—— e +
- NPL - number of integration points along element length, specified in E(15)
on material property Card Type IVb-1 or IVb-1l.
NPD - number of integration points through element thickness, specified in
E(16) on material property Card Type IVb-1 or IVb-1l.
NP = NPL*NPD - total number of integration points.

*The shell element also has thermal node temperatures.

See fdl]owing figure (local x, y, z coordihates) for location of components.

(Continue)



3-90

Card Type Xc (Continued)

y
POINt NPD 4o e o oo oo e e + Point NP
Node 1 Node 2
Z Q- ree e e e m e e e e o IR X
Point 1 e + Point NP-NPD+1

x coordinate direction is determined by vector from Node 1 to Node 2 while y is
determined by right-hand rule for indicating location of component numbers. The
beam element uses the element interface locations for length integration points
with thickness integration points being at equal intervals. The shell element
uses Gaussian integration points along the length (usually 2) and through the
thickness. '

(Continue)
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Card Type Xc (Continued)

Plane or Axisymmetric Continuum Element Component Numbers --J

o ————— e R
J-values for '
element at Gaussian at Gaussian
component point 1 point NP
Ferremmmccc e - e ettt + L
| eps-x,mech | 1 | |  25%(NP-1)+1
tomm e ccccaca——a Frvnrm—————————- + B L e ettt
| eps-y,mech | 2 | |  25%(NP-1)+2
Formv e c e ac-a Rt R + Frmrcc e rccea—
| eps-xy,mech | 3 | |- 25%(NP-1)+3
T . oo + S S
| eps-z,mech | 4 | | 25*%(NP-1)+4
L B i e L + Formmr e ————
| sig-x | 5 | | 25%(NP-1)+5
tommmmm————ca———— o ——————— + . S
| sig-y | 6 | - | 25%(NP-1)+6
S R S + R SRS
| sig-xy 1 7 | | 25%(NP-1)+7
o ——————— Fo e ——————— + Frmmm——————————
| sig-z | 8 | | 25*(NP-1)+8
C dmmmm——————————— tomm e ——————— + tommcme———————— +
| eps-x,plas- | 9 | |  25%(NP-1)49
R tatatatatt LD P L DLty + e et
| eps-y,plas | 10 | | 25%(NP-1)+10
B et bttt e Tl it + R R ettt
| eps-xy,plas | 11 | |  25*%(NP-1)+11
R S ST A —— + N
| eps-z,plas | 12 | |  25%(NP-1)+12
L S + Fommmc——————————
| eps-e,plas | 13 | | 25%(NP-1)+13
. S + S — +
| sig-yield | 14 | | 25*%(NP-1)+14
Frewccc e ———a S e R -+ B bt Dt
| = temperature | 15 | , | 25*(NP-1)+15
B ettt L T B e + - . - - - L L R
B ettt L L S e e ——————— e i +
J-values for
element at at "oat o at
component Node 1 Node 2 Node 3 Node 4
R, L Fommmmmee S SO —+
| temperature | 22 | 23 | 24 | 25 |
SRR SR Fommmm— e Fommmmmm e om—— e — e +

(Continue)




3-92

Card Type Xc (Continued)

NP - Gaussian integration point of element se1ected for output maximum
point would be NGP*NGP

NGP - number of Gauss1an 1ntegrat1on po1nts along one d1rect1on, spec1f1ed
in E(16) on mater1a1 property Card Type IVb-2 or IVb-12.

See following figure (g]obal X, ¥, 2 coordinates) for location of components.

y g
Node 4 Node 3
L e L e 0
2 4 j l'
Gaussian Integration Points
2 Points Along One Direction
1 3 .
L o
Node 1 Node 2
Z Omemmmem e e e e eeeem X

Output for the quadr11atera1 continuum element is g1ven at the Gaussian integra-
tion points in the global coordinate system x, y, z. Shown here is the location
of the integration stat1ons for 2 Gaussian integration points a]ong one direc-
tion. 4

(Continue)
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Card Type Xc (Continued)

Plane or Axisymmetric Concrete Element Component Numbers - J

B et LT R etk + - - - - - L

J-values for
element at Gaussian at Gaussian
component ~ point 1 point NP
Fommmm e c e —————— o —————— + e
| eps-x,mech | 1 | |  NHV*(NP-1)+1
tomemmce————————— O + tommcmc———————————
| - eps-y,mech | 2 | |  NHV*(NP-1)+2
Fommr e —————— S + Femmrme——————————
| eps-xy,mech | 3 | | NHV*(NP-1)+3
R L L S tes e et + B ettt 2 s
| eps-z,mech | 4 | |  NHV*(NP-1)+4
Fommrm e ————— o —————— + Formm—————————————
| sig-x | 5 | | NHV*(NP-1)+5
B Y itttk C e L L + B
| sig-y | 6 | | NHV*(NP-1)+6
B ettt Frcmmrame e + R T
|  sig-xy | 7 | | NHV*(NP-1)+7
Frrmrrre e ——— e e + B e 2
| sig-z | 8 | | NHV*(NP-1)+8
tommm——————————— Fommmmme e ——— + tomm———e————————— +
|  eps-x,plas | 9 | | NHV*(NP-1)+9
Fommmmm e tommm e —————— + S
| eps-y,plas | 10 | | NHV*(NP-1)+10
S ol ———— + frmmmmm——————————— +
| eps-xy,plas | 11 | |  NHV*(NP-1)+11
B ittt B e e + B et et B
| eps-z,plas | 12 | |  NHV*(NP-1)+12
B ittt et + Formmmcccc e +
| eps-e,plas | 13 | | NHV*(NP-1)+13
e S S + Fomm e +
| sig-yield | 14 | |  NHV*(NP-1)+14
Femmmmrcccrc e ——— S T T et + B et L +
| temperature | 15 | | NHV*(NP-1)+15
Fommm e N S + - - - - - Fommmmccc—c——————— +
R temmmn e e toecrmcancnwa S +
J-values for
element at at at at
component Node 1 Node 2 Node 3 Node 4
T TS SRR e TR tommmeee -——
| temperature | 2 | 23 | 24 | 25 |
O Fommmeeemee Fommmmmeeeem S P VRIS SR +

(Continue)
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Card Type Xc (Continued)

[ S —————— S S + e e i - = Fomme —————————t
- J-values for
element at Gaussian at Gaussian
component point 1 point NP
B ettt S T DT e + Frrremmeccccccen—— +
| crack angl | 30 | | NHV*(NP-1)+30 |
Forcnrcrammnae - S L bttt + B +
| crack ang2 | 31 | |  NHV*(NP-1)+31 |
SN LR + Focm e +
| crack type | 32 | |  NHV*(NP-1)+32 |
B S S e i + Frcmcm e cccaaa +
| id-plas | 33 | | NHV*(NP-1)+33 |
Pommm e rce————— S e A P o o o v e e e *

+
]
|
|
]
[}
|
1
4
[}
|
|
|
|
|
|
1

+
1
|
]
[}
I
[}
|
1
[}
[}
1
[}
1
|
[}

+

J-values for ava11ab1e
element (rbar) only if
component one point
L P o e +
|  sig-xi | 34 |
tommmrm e ————— Fom e — e +
| sig-eta | 35 N
L e D L e e +
| sig-theta | 36 |
BT T L B e Dbttt +
| yleld-xi | 37 |
Forrnm e cccacee—— S T bl +
| yield-eta | 38 |
e r e ——— +—————f ————————— +
| yield-theta | 39 |
P — - —-——- D T +
NGP - number of Gaussian integration points along one direction, specified
in E(16) on material property Card Type IVb-3 or IVb-13.
NP - Gaussian-integration point of element selected for output, maximum
point would be NGP*NGP. S
NHV = 48 - plane concrete element output values per integration point.
NHV = 51 - axisymmetric concrete element output values per integration point;

See following figure (global cy11ndr1ca1 coordinates) for location of components
and crack output information.

(Continue)
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Card Type Xc (Continued)

One Gaussian Integration Point (The
Centroid) - Recommended For Cracking
Node 4 Node 3
N o )
xi Crack Information
/ Type=0: none.
/ angl Type=1: radial. :
/- Type=2: one in rz-plane.
1 ' Type=3: radial plus one in rz plane.
Type=4: two in rz plane.
- ang2=ang1+90 Type=5: radial plus two in rz plane.
o Type=6: crushing.
Lo e ——— o ,
Node 1 Node 2
o T r

Output for the quadrilateral concrete element is given at the Gaussian integra-
tion points in global cylindrical coordinates. Shown here is the location of the -
integration station for one Gaussian integration point (the element centroid).
For cracking, if using a global x, y, z coordinate system, the rz plane becomes
the xy plane with an existing radial crack. Then, only Type=1, 3, 5 and 6 exist.

(Continue)
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Concrete Beam or Shell Element Component Numbers - J

Fommmmmcee

+

$—F—b—t—+

at length point 1
for thickness points

1 to

NP+l to
2*NP+1 to
3*NP+1 to

NPD

NP+NPD

2*NP+NPD
3*NP+NPD
4*NP+NPD

5*NP+NPD

.......................... +
.......................... +
e e e e e e e o +

4*NP+1 to

———— —— - - - - - - - - - <+

6*NP+1 to

6*NP+NPD

7*NP+1 to

7*NP+NPD

e +

8*NP+1 to
9*NP+1 to
10*NP+1 to

8*NP+NPD
9*NP+NPD
10*NP+NPD

-;--------c-_-—__-_-----'—-+

e cmcmemecemmc—m——————e +

.......................... +

$—Ft—t— b —p—F———+ —

11*NP+1 to
12*NP+1 to

11*NP+NPD
12*NP+NPD

- e e e e e e e +

__________________________ +

$— b —t—F—

J-values for
element
~ component
Fermrm e ————————
| eps-x,mech
temmr e ——————
| sig-x
e e e —————————
| sig-yield
R
| temperature
For e ————————
| eps-z,mech
[ L ——
| sig-z
B .
| eps-e,plas
A —————
| eps-x,plas
Frmmm e ———————
| eps-z,plas
tormmm e e
| temperature*
e ————————————
| alpha-
Frmcm——————— e ——
|  alpha-
A o e e i e
| dcrack
Form e —————————
| id-plas
S SR
| eps-rbar
Fomm e ————
| sig-rbar
e —————————
| yield-rbar
o —————— - ———
NPL =
NPD -
NP =

13*NP+1 to

13*NP+NPD

NL+1 to
NL+MP+1 to

NL+NRB
NL+MP+NRB

e —— e —ccc e e ————————— +

.......................... +

NL+2*MP+NRB |

(Continue)

2*NPD - total number of integration points.

2 - number of integration points along element length.

4 = o - e c e +
at length point NPL
for thickness points
.NP-NPD+1 to NP

oo - - -+

| | NP-NPD+1 to NP |
e e L e D L L DL

| | 2*NP-NPD+1 to 2*NP |
Fe——- ——— -——— +

| | 3*NP-NPD+1 to 3*NP |
B Y,

| | 4*NP-NPD+1 to 4*NP l
S S S +

| A B5*NP-NPD+1 to 5*NP |
-+ Fommeccccccr e m— e ———t
| | 6*NP-NPD+1 to 6*NP |
S MU PO +

| | 7*NP-NPD+1 to 7*NP 'I
-+ +- D et L +
| | 8*NP-NPD+1 to 8*NP |
e mr e, ————————————

| | 9*NP-NPD+1 to 9*NP |
U +

| |  10*NP-NPD+1 to 10*NP |
T +

| | 11*NP-NPD+1 to 11*NP |
o +

| |  12*NP-NPD+1 to 12*NP |
SR P +

| |  13*NP-NPD+1 to 13*NP |
L ittt e e +

| |  14*NP-NPD+1 to 14*NP |
- B ettt L +
| |  NL+MP-NRB+1 to NL+MP |
g +

| | NL+2*MP-NRB+1 to NL+2*MP |
O UL RS +

| -NL+3*MP-NRB+1 to NL+3*MP |
e e o e e +

number of integration points throdgh.e1ement thickness, specified in
E(16) on material property Card Type IVb-4 or IVb-14,



Card Type
NL

NL

NRB

MP

Xc (Continued)

3-97

17*NP - beam concrete element output values without reinforcement.

20*NP - shell concrete element output values without reinforcement.

number of reinforcing layers.

2*NRB

*The shell element also has thermal node temperatures.

See following figure (local x, y, z coordinates) for 1qcation of components.

y

Point NPD

Point 1

<+ -

- at e em e e e e e e = e = e = = -

- s - —————— - - - - -

+ Point NP
- - X

y3

-y2 |
- - % -yl
_____ }

x coordinate direction is determined by vector from Node i to Node 2 while y is -
determined by right-hand rule for indicating location of component numbers.

thickness.

(Continue)

The shell element

The
- beam element uses the element interface locations for length integration points

with thickness integration points being at equal intervals.
uses Gaussian integration points along the length (usually 2) and through the
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Card Type XcA(Continueq)

In addition, these values can be obtained: .

- Special Element Associated Values " Element Number J-Values
- Volume change of load line ‘M=NUMEL*+1 - J=1oad line number.
External loading M=NUMEL+2 - J=1oad line number.
‘Internal energy of material : M=NUMEL+3 J=material type number.
External energy of load line M=NUMEL+4 J=1oad line number.
Kinetic-energy . . o - M=NUMEL+5 J=1 - :
Total internal energy M=NUMEL+5 J=2
Total external energy M=NUMEL+5 J=3
Total energy ' M=NUMEL+5 J=4
Energy error, total ext - total ~ M=NUMEL+5 J=5
. ' total ext ‘
. Estimated period of first mode M=NUMEL+5 J=6

associated with dynamic relaxation

*NUMEL = number of elements defined on Cafd'Type I1.
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INCLUDE ONLY IF NPIC > O ON CARD TYPE Xa

Card Type Xd

Columns

1-10 -

11-20

Picture Output Card (2110)

11 16 21 26 31 36
—————— D T e e et
| K |
------ S e
51 56 61 66 n 76
------------------------------------------------------------------ +
—————————————————————————————————————————————————————————————————— <
Variable Description
NTSTEP " Time step or load increment at which complete glo-

" bal output is desired.

K Output type flag.

K=0: graphics plot only. "

K=1: output displacements at all nodes.

K=2: output from K=1 plus coordinates of deformed
structure (for NDGREE=2, output for rota-
tional nodes is same as K=1).

K=3: output from K=2 plus velocities and acce1er—‘
ations at all nodes.

K=4: output from K=3 plus stra1ns and stresses .
for all elements.

Deformed graphics plots of the mesh may be obtained at the various time steps for
K=2, 3, or 4 by requesting a mesh plot on Card Type III.
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INCLUDE ONLY IF KONTRL(6) = 1 ON CARD TYPE III

Card Type XI Gravity Loading Card (3E10.4)

1 6 11 16 21 26 31 36
B ittt S e T Y T bt +
| ‘AccG | CXx | cyy ]
Fom e L S Foemmmmmm e ———— o +
41 46 51 56 61 66 71 76
B e e et R U S S g UQ G +
|
e e e e rc e ——- e e e e e e e - - - o e e e e e e +
CoTuhns Variéb)e. ‘ , Déscrigtion

1-10 ~ ACCG Acceleration of gravity rate.

11-20 CXX ~ x-direction cosine for gravity.
21-30 CYy y-direction cosine for gravity.



4. Sample Problems

4.1 Sample Problem 1: Thermally Loaded Axisymmetric Plate

Problem 1, shown in Fig. 4.1, is a tungsten axisymmetric plate whose
upper surface is heated from an initial temperature of 482°F to 888°F. The
bottom surface of the p1até is prescribed to remain at 482°F. The thermal
distribution occurs only throdgh the plate. At the outer edge of the plate,
the plate is assumed to be displacement restricted in the normal direction.
Also shown in Fig. 4.1 is the 10 shell element stress mesh and the 60
rectangular element thermal mesh. The material properties and parameters
needed for modeling are provided in Table 4.1; the material properties will
remain constant over the temperature range. Table 4.2 provides the input data
for the_brob]emo The temperature distribution through the plate thickness is \
given in Fig. 4.2 for the analytical and theoretical cases. A very good
agreement is achieved for~thi$ coarse discretization.

A
’

Table 4.1 Material Properties and Parameters for
Axisymmetric Plate (Sample Problem 1)

Radius. r = 10.0 in

Thickness ‘ 'A t =0.251in

Density p = 1.806 x 10°3 1b-sec?/in®
Young's modu1u§ | ‘ E =5.2 x 10/ psi

Poisson's ratio . v =0.25

Yield stress ' oy = 7.5 x 104 psi

Plastic modulus ‘ Ep = 1.0 x 10° psi

Thermal expansion-coefficient a =5.17 x 10‘5 in/in/°F
Thermal conductivity k =5.29 x 1074 btu/sec/in/°F
Specific heat ¢ = 5.537 btu/1b/secZ/in/°F
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(a)

“‘-.:;;>/”,,—-T=888°F‘

“(b) THERMAL MESH

z : >

\ : T=888 °F

g ' N 77
7 14 70
s 13
3 12
.4 T o §
3 10 _
i =\

8 . ' "//// 64 7I
: " T:=482 °F

o) . STRESS MESH

Figure 4.1 Thermal Loading and Finite Element Models for Axisymmetric Plate



CONONDWN

1

12345678901234567890123456789012345678901234567890123456789012345678901234567890
PLATE PROBLEM - 10 STRESS ELEMENTS - 6 THERMAL ELEMENTS PER STRESS ELEMENT

Table 4.2 Input Cards for Sample Problem 1

2

3

11 10 1 2 16 3
2 0 90
1  11TUNGSTEN
1.806E-3 10.25
1.0 0.0
482.0 52.0E+6 0.0014423
1 0.0 0.0
11 10.0 0.0
1 1 2 o0 o0
10 10 11 0 0 O
10101 |
110010
1 11 7 3 7 3
0.0  482.0 2.0
7
1 2. 9
10204Z-DISP NODE 1
110104R-DISP NODE 11
10014EMX AT STA 1 ELE 1
10074EMX AT STA 7 ELE 1
10154STX AT STA 1 ELE 1
10214STX AT STA 7 ELE 1
10434TEM AT STA 1 ELE 1
10464TEM AT STA 4 ELE 1
10494TEM AT STA 7 ELE 1
120014APPLIED TEMPERATURE

'130014INTERNAL ENERGY"

16

4

4

0.125

5.17E-6 0.000529

- 0.0

1

5

0.0

75000.0 0.5014423

0 0
0 0
888.0
1

bt b

50.0

6

2000 100
5,537099

3.0
125000.0

11
11

888.0

7

10

‘1.0
2.0

~N
oo

8

Card

Card
Card
Card
Card
Card
Card
Card
Card
Card

. Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

- Card

Card
Card
Card

II

I11
Iva-11
IVb-11
IVe-11
Ivd-11

vl -

VII

VII -
VIIIa
VIIIb-1
VIIIic
Xa

Xb -
Xc
Xc
Xc
Xc
Xc
Xc
Xc
Xc
Xc
Xd

et
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* Figure 4.2 Temperature Distribution Through the Plate Thickness
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4.2 Sample Problem 2: Thermal Analysis of Rectangular Plate

The analytical results of a'rectangu1ar plate problem described by p]dne
quadrilateral continuum elements for a two-dimensional temperature field can
be compared with the theoretical solution. Here, a sinusoidal temperature .
distribution is prescribed at one side, and zero temperature on the remaining
sides. The theoretical steady-state temperature distribution along the 1line
of symmetry is shown in Fig. 4.3. This figure also shows the analytical
result, where the model uses one-half of the plate area. Four meshes were
used to model this problem: 2 x 4 elements, 3 x 6 elements, 4 x 8 elements
and 5 x 10 elements. A plot of contour isotherms for the four models are
shown in Fig. 4.4. The case of 2 x 4 elements in the analytical model
provides maximum deviation from the theoretical predictidns,'and the finer
mesh models provide closer agreement. The overall agreement, however, appearsl
very good. The input cards for the 50 element mesh are given in Table 4.4.

Table 4.3 Material Properties and Parameters for
Rectangular Plate (Sample Problem 2)

Length L=4.0cm
Thickness o t=1.0cm
Density o = 1.0 g/cm3
Young}s modulus E=1.0x 1010 dynes/cm
Poisson's ratio ' v = 0.3 : |

- Thermal expansion coefficient a=2.0 x 107° cm/cm/°C
Thermal conductivity k = 1.0 cal/sec/cm/°C
Specific heat - ' ¢c=1.0 ca1/g/‘c
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Figure 4.3 Temperature Variation Along the Line of Symmetry
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3x6

Q
x
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2x 4

Figure 4.4 Contour Plots of Temperature Distribution



Table 4.4 Input Cards for Sample Problem 2

1 2 3 4 ' 5 6 7 8
12345678901234567890123456789012345678901234567890123456789012345678901234567890
50 ELEMENT MODEL OF RECTANGULAR PLATE - THERMAL ANALYSIS . Card I
66 50 1 2 130 2 5.0E-2 7 . Card II
2 0 90 2000 100 10 - Card III
1 2 : o Card IVa-2
1.0 0.3 2.0E-5 1.0 1.0 1.0 2.0 Card IVb-2
1.0 0.0 0.0 0.0 0.0 11.0° o 2.0 Card IVc-2
0.0 1.0E10 0.1 1.0E9 1.0 2.0E9 Card 1Ivd-2
1 0.0 0.0 4 ) Card V
6 0.0 2.0 - - Card V
7 0.4 0.0 Card V
12 0.4 2.0 Card V
13 0.8 0.0 Card V
18 0.8 2.0 Card V
19 i.2 0.0 Card V
24 1.2 2.0 Card V
25 1.6 0.0 Card V
30 1.6 2.0 Card V'
31 2.0 0.0 Card V
36 2.0 2.0 . Card V
37 2.4 0.0 Card V
42 2.4 2.0 Card V
- 43 2.8 0.0 Card V
48 2.8 2.0 Card V
49 3.2 0.0 Card V
54 3.2 2.0. Card V
55 3.6 0.0 Card V
60 3.6 2.0 ‘Card V
61 4.0 0.0 ‘ Card V
66 » 4.0 2.0 ' Card V
1 1 7 8 2 1 2 6 . Card VI
11 2 8 9 3 1 2 6 Card VI
21 3 9 10 4 1 2 6 Card VI
31 4 10 11 5 1 2 6 Card VI
.41 5 11 12 6 1 2 6 Card VI
50 59 65 66 60 1 2 ) Card VI

8-y



Table 4.4 Input Cards for Sample Problem 2 (cont.)

' ' 1 2 3
12345678901234567890123456
60010 .
660111
1 1 7 0. 0. 2
2.0 30.9 20.0
2
2 1 7 0 0 2
2.0  58.78 20.0
3
3 1 7 0 0 2
2.0 80.9 20.0
4 .
4 1 7 0 0 2
2.0  95.11 20.0
5 - -
5 1 7 0 0 2
2.0 - 100.0 20.0
6 .
6 16 7 0 0 2
0.0 0.0 20.0
1 7.13 19 25 31
7 11 8 0 0 2
0.0 0.0 20.0
6 12 18 24 30 36
1 0 9
. 20244TEM AT NODE 14 .
50244TEM AT NODE 32
80244TEM AT NODE 50
220244TEM AT NODE 16
250244TEM AT NODE 34
280244TEM AT NODE 52
420244TEM AT NODE 18
450244TEM AT NODE 36
480244TEM AT NODE 54

130

4

4

30.9
58,78

80.9

95.11

100.0

0.0
37 43

49

.54

5
789012345678901234567890123456789012345678901234567890

55

60

61 .

66

6

62

63

7

64

65

8

66

Card
Card
Card
Card

" Card

Card
Card

. Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

. Card

VII

VII
VIIlIa
VIIIb-1
Vilic
VIIIa

VIIIb-1

VIIIc"
VIIIa
VIIIb-1
VIIIc
VIIla
VIIIb-1
VIIIc
VIlia
VIIIb-1
VIIIC
Villa
VIIIb-1
VIlic
VIlia

VIIIb-1

VIIIc
Xa

Xc
Xc .
Xc

Xc

Xc

Xc

Xc

Xc

Xd

6-9
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4.3 Sample Problem 3: Sandia Cylinder Test

A basalt concrete cj]inder, which is unconstrained on therutside of the
cylinder, is analytically examined here. Figure 4.5a illustrates the initial
configuration of the free (unconstrained) test specimen used by Acton, et al.
(1981). The analytical model of the concrete specimen used in this study was
subdivided into finite elements as shown in Figs. 4.5b and 4.5c. Because of
symmetry only one-half of the specimen is modeled. Two meshes are given in -
order to illustrate the use of the rigid connection as an alternative to
triangular elements when combining elements of two different sizes. The
temperature dependent material properties of. basalt concrete used in this
example are summarized in Table 4.5. The input'cards for the two simulations
are given 'in Tables 4.6 and 4.7. One Gaussian integration point is used for
the'quadri]atera1'e1ements and also for the collapsed triangular elements in
the stress calculations. The bottom at the centerline of the conéreté mode]
is assumed fixed and the remainder of centerline nodes are constrained to move
along the z-axis. The input temperature is applied on the top surface of the
cylinder. Because of the Mg0 insulation of the unconstrained model, zero heat
flux is assumed on the boundaries of the concrete model.

‘Figure 4.6 shows the thermocouple readings up to 20 minutes for the free
cqncrete'cy1inder given in Fig. 4.5a. Analytical temperatures (identical for
both meshes) for the model are also plotted in Fig. 4.6. These temperatures
were calculated from the assumed temperature being speciffed at the initial
surface of the respective analytical model. The cracking history of the mode
is 'given in Fig. 4.7 for both meshes at 5 minute intervals up to 20 minutes.
The influence of the mesh choice on the cracking pattern seems to be minimal.
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Table 4.5 Basalt Concrete Properties for Cy]inder'
_(Samp]e Problems 3 and 4)

Température . Modulus-of Elasticity Yield Stress
(°C) . - (GPa) (MPa)
21 .. 215 - as
3- . 150 . 20.69
It 7.3 ... 1581
538 2.z 8.7
700 . 0.557 o 4.13
Density | o = 2326 kg/m®
Poisson's ratio 4 : : v = 0.15
'Thermal expansion coefficient- " a=9.2x 10 m/m/°C

Thermal conductivity . "k = 1.85 J/m/sec/°C

949 J/kg/°C

n.
"

'Speéific heat
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Table 4.6 Input Cards for Sample Problem 3 - 68 Element Model .

2

3

4

5

6

7

: :

12345678901234567890123456789012345678901234567890123456789012345678901234567890
SANDIA CYLINDER TEST (NO CONSTRAINT) - 68 ELEMENT MODEL

80
2
1

68

0

13
2.326

21.0
.00200

93.0

.00220

371.0

.00310

538.0

.00600 -

700.0

.00900

1 12

0.15
0.0
25.00E10
2.80E8
16.92E10
2.10E8
8.42£10
1.55E8
2.81E10
0.85E8
0.92E10
0.42E8
0.0
15.24
0.0
15.24
0.0

16.24 -

0.0
15.24
0.0
15.24
0.0
15.24
0.0
15.24

- 60 2
90

9.2E-6
0.0
0.00070
2.00000
0.00065
2.00000
0.00095
2.00000
0.00160
2.00000

0.00240

2.00000
0.0

- 0.0
3.81
3.81
7.62
7.62
11.43
11.43
15.24
15.24
19.05
19.05
22.23
22.23
24.13
24.13
25.73
25.73
27.58

20.0

1.0

1.75E8 -

2.80E8
1.10E8
2.10E8
0.80E8

1.55E8

0.45E8
0.85E8
0.22E8
0.42E8

1

- 0.0185%

0.0
0.00125

0.00120
0.00160
0.00310
0.00460

5000

0.949
13.0
2.45E8

-1.70E8
1.20E8
0.70E8.

0.35E8

200 100 -

5.0
0.0
0.00165
0.00175
0.00240
0.00450

0.00680

5.0

- 1.0
2.70E8

2.00E8

 1.45E8

0.80E8
0.40E8

Card

- Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

Card

Card
Card
Card

Card
Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

IT

IT1

IVa-13
IVb-13
IVe-13
Ivd-13
Ivd-13
Ivd-13
Ivd-13

IVd-13 .

Ivd-13
Ivd-13
IvVd-13
Ivd-13
Ivd-13

< S S S o e

E1-v



Table 4.6 Input Cards for Sample Problem 3 - 68 Element Mode1l (cont.)

4

-

5

6

7

8

12345678901234567890123456789012345678901234567890123456789012345678901234567890

1 2 3
62 15.24 = 27.58
63 0.0 .29.21
71 15.24  29.21
72 0.0  30.48
80 15.24  30.48
1 1 2 7 6
5 6 7 12 11
9 11 12 17 16
13 16 17 22 21
17 21 22 27 26
21 26 27 32 31
25 31 ‘37 36 36
26 31 32 37 37
27 32 38 37 37
28 32 39 38 38
20 32 33 39 39
30 33 40 39 39
31 33 41 40 40
32 33 34 41 41
33 34 42 41 41
38 34 43 42 42
35 34 35 43 43
36 35 44 43 43
37 3 37 46 45
a5 45 46 55 54
53 54 55 64 63
61 63 64 73 72
68 70 71 80 79
10110 = .
60100
110100
160100
210100
260100

310100

Card V
Card V
Card V.
Card V

“Card V-

.- Card VI

Card VI
Card VI
Card VI
Card VI
Card VI

~ Card VI

Card VI
Card VI
Card VI

- Card VI -

Card VI
Card VI
Card VI
Card VI
Card VI
Card VI

Card VI. .

Card VI
Card VI
Card VI

Card VI -

Card VI
Card VII

Card VII -

Card VII
Card VII

Card VII -

Card VII
Card VII

vI-v.



Table 4.6 Input Cards for Sample Problem 3 - 68 Element Model (cont.)

1 "2
123456789012345678
360100
450100
540100
630100
720100 :
1 8 7 1
0.0 21.0
5.4E+3 . 550.0
72
1 2

1

3

5

1.2E+2

720204Z-DISP NODE 72
800104R-DISP NODE 80

" 610014EMR
610024EMZ
610044EMT
530044EMT
240044EMT
610054STR
610064STZ
610084STT
680084STT
240084STT

610154TEM

680154TEM
240154TEM

AT STA
AT STA
AT STA
AT STA
AT STA
AT STA
AT STA
AT STA
AT STA
AT STA
AT STA
AT STA
AT STA

ELE
ELE
ELE
ELE
ELE
ELE
ELE
ELE
ELE
ELE
ELE
ELE
ELE

710014INTERNAL ENERGY

60

4

14

4 5 6 7 8

90123456789012345678901234567890123456789012345678901234567890

190.0  '1.2E+3 360.0 2.4E+3 510.0 -

1

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

VII
VII

VII

VII

VII
Villa
VIIIb-1
VIIIb-1
VIIIc
Xa

Xb
Xc
Xc
Xc
Xc
Xc
Xc
Xc
Xc
Xc
Xc
Xc
Xc
Xc

Xd

G1-9
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12345678901234567890123456789012345678

Table 4.7 Input Cards for Sample Problem 3 - 64 Element Model

2

3

5

6

SANDIA CYLINDER TEST -(NO CONSTRAINT) - 64 ELEMENT MODEL

89 64
2 0
1 13

2.326

21.0
0.00200
93.0
0.00220
371.0
0.00310
538.0
0.00600

"~ 700.0

0.00900

1 12

0.15
0.0
25.00E10
2.80E8
16.92E10
2.10E8
8.42E10
1.55E8
" 2.81E10
0,85E8
0.92E10
0.42E8
0.0
15.24
0.0
15.24
0.0
15.24

60 2
90

9.2E-6
0.0
0.00070
2.00000
0.00065
2.00000
0.00095
2.00000
0.00160
2.00000
0.00240
2.00000
0.0

0.0
3.81

© 3.81
7.62
7.62
11.43
11.43
15.24
15.24
19.05

19.05 -

22.23
22.23
22.23
22.23
24.13
24,13
25.73

20.0

1.0
1.75E8
2.80E8
1.10€8

- .2.10E8
'0.80E8

1.55E8
0.45E8
0.85E8
0.22E8

0.42E8

11

0.0185

0.0

10.00125

0.00120

'0.00160

0.00310

0.00460

5000

0.949
13.0

~ 2.45E8

1.70E8
1.20E8
0.70t8

0.35E8

7

01234567890123456789012345678901234567890

200 100
5.0

0.0
0.00165

0.00175

0.00240
" '0,00450

0.00680

8

5.0
1.0
2.70E8

2.00E8

1.45E8
0.80E8
0.40¢t8

. Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

Card

Card
Card
Card

Card

~ Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

Il
IIr

IVa-13

IVb-13
Ive-13
Ivd-13
Ivd-13

Ivd-13

Ivd-13
Ivd-13
Ivd-13
Ivd-13
Ivd-13
Ivd-13
Ivd-13

g Cdddddddd< << << <<

91-v -



Table 4.7 Input Cards for Sample Problem 3 - 64 Element Model (cont.)

12345678901234567890123456789012345678901234567890123456789012345678901234567890 .

1 2 3
62 15.24 25.73
63 0.0 27.58
71 15.24 27.58
72 0.0 29.21
80 15.24 29.21
81 0.0 30.48
89 15.24 30.48
1 1 2 7 6
5 6 7 12 11
9 11 12 17- 16
13 16 17 22 21
17 21 22 27 26
21 26 27 32 31
25 36 37 46 45
33 45 46 55 54
41 54 55 64 63
49 63 64 73 72
57 72 73 82 81
64 79 80 89 88
10110 '
60100
110100
160100
210100
260100
310100
450100
540100
630100
720100
810100 :
1 8 -7 1 1 5
0.0 21.0 1.2E+2
5.4E+3 550.0
81

4

190.0

5

1.2E+3

P pmd b et b e et bt b b b et

6

—
w
b bt fd peh ot b b (b (e P b

360.0

7

- 2.4E43

8

510.0

Card

Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

- Card
. Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

-Card

Card
Card
Card
Card
Card
Card

LT1-Y



Table 4.7 Input Cards.for’Sample Prob]em 3 = 68 Element Model (cont.)

1 2 -3 4 5 6 7 8
12345678901234567890123456789012345678901234567890123456789012345678901234567890
1 5 9 1 1 1 ' .Card. IXa
31 ' ‘ ' Card IXb
36 ' o - o o : Card IXc
_ 1 2. 14° 1 , - Card Xa .
810204Z-DISP NODE 81 ’ .Card Xb
890104R-DISP NODE 89 . Card Xb
570014EMR AT STA 1 ELE 57 - , Card Xc
570024EMZ AT STA 1 ELE 57 , o - Card Xc
570044EMT AT STA' 1 ELE 57 . 4 Card Xc
490044EMT AT STA 1 ELE 49 S - ' o v - Card Xc
240044EMT AT STA 1 ELE 24 : . . . - Card Xc
570054STR AT STA 1 ELE 57 Card Xc
570064STZ AT STA'1 ELE. 57 ‘ _ . Card Xc
- 570084STT AT STA 1 ELE 57 ' . . Card Xc
490084STT- AT STA 1 ELE 49 T . ' ) Card Xc
240084STT AT.STA 1 ELE 24 ‘ , S Card Xc
570154TEM AT STA 1 ELE 57. ' : Card Xc
640154TEM AT STA 1 ELE 64 : : Card Xc -
240154TEM AT STA 1 ELE 24 : ‘ . _ : Card Xc
670014INTERNAL ENERGY ‘ . ' ' Card Xc

60 : 4( ‘ ' . : : ) . Card Xd

81-t
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Figure 4.6 Analytical and Test Temperatures in Concrete Cylinder
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Figure 4.7 Cracking History of Concrete Cylinder Analytical Models
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4.4 .Sample'Problem 4: Sandia Crucible Expefiment

- Dimensions of the test crucible employed by Acton, et al. (1979) are
shown in Fig. 4.8. Liquid sodium of 600°C was dumped into the base cavity of
the crucible resulting in a 13.2 cm deep pool. Measurements of temperature
. through the depth of the concrete slab were recorded and are reproduced in
Fig. 4.9 which shows the temperature histories at different depths from the
initial sodium-concrete interface. Posttest examination revealed an average
surface erosion of approximately 5 cm deep ih the'crucib1é, as shown in Fig.
~ 4.8. The cracking pattern of the crucible after the test is shown in Fig.

4.10. o ‘

The crucible model discretization used in the analysis is given in Fig.
4.11. The four-node quadrilateral continuum element with one point Gaussian
“integration is used. The temperature dependent material properties of basalt
concrete used in this example are summarized in Table 4.5. Table 4.8 provides
the input cardé for this simulation. _—
A The numerical solution yields temperature and stress results at each time
step of the calculation. The temperature history of the crucible is compared
. with experimenta1'resu1ts in Fig.. 4.9. vCracking patterns are shown for fimes
of 30 minutes, 60 minutes and 100 minutes in Fig.- 4.11. Results of the
cracking are in general, in good agreement with the observed cracks in Fig.
4.10. ‘ ' o
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Figure 4.9 Experimental and Analytical Crucible Temperature Histories
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A.TOP VIEW
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ON TOP SURFACE

B. SIDE VIEW
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Figui‘e 4.10 Crucible Test Cracking Pattern
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1

2

Table 4.8
3

Input Cards for Sample Problem 4

4

5

6

4

8

12345678901234567890123456789012345678901234567890123456789012345678901234567890

'SANDIA CRUCIBLE EXPERIMENT - WITH THERMAL CALCULATIONS

402
2
1

295

0

13
2.326

- 21.0

0.

0.

0.
0.
0.

00200
93.0
00220

371.0°

00310
538.0
00600
700.0
00900

1 10

0.15
0.0
25.00E10
2.80E8

16.92E10

2.10E8
8.42E10
1.55E8
2.81E10
0.85E8
0.92E10
0.42¢t8
0.0
61.0
99.0
99.0

- 99.0

0.0

NN OO VOO
DN O W W Wt O bt ek st pd
.

chommmooaaao

100 2
%0

9.2E-6
0.0
0.00070
2.00000

0.00065 -

2.00000
0.00095
2.00000
0.00160
2.00000

0.00240 -

2.00000
- 0.0

o W
® o o & e o e

oommmoooommmoooo\sw\:oooooo
L]
ooooooooor\;mmooasmmoooo

W AN N OD W =t =t et O W

60.0

1.0
1.75E8
2.80E8
‘1.10E8
2.10E8
0.80E8
1.55E8
- 0.45E8
0.85E8
0.22E8
0.42E8

1 -2

0.0185
0.0

0.00125 .

0.00120
0.00160
0.00310
0.00460

2000

0.949
13.0

'2.45E8

1.70E8

-1.20E8
0.70E8

0.35E8

100 100

5.0
. 0.0
0.0016%

0.0017&

0.0024C
0.0045C

~ 0.0068C

5.0
1.0
2.70t8

2.00E8

~1.45E8

0.80E8

0.40E8 .

Card

- Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

“Card

<< < <<<<<C<<<< << << << <<

I

I

IVa-13
IVb-13
IVc-13
IVd-13
IvVd-13
IVd-13
IVd-13
IVd-13
Ivd-13
IVd-13
IVd-13
IVd-13
Ivd-13

92-t
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1

Table 4.8 Input Cards for Sample Problem 4 (cont.)

2

3

4

5

6

7

8

12345678901234567890123456789012345678901234567890123456789012345678901234567890

80

81

97
101
105
111
112
128
131
134
140
141
157
159
161
167
168
169
170

202 -

206

210 .

218
219
251
254
257
265
" 266
298
300
302

310 -

311
313

e e e~ 2]
Pt

O OO

76.2

0.0
61.0
76.2
76.2
76.2

0.0

.

=oAL OMMNMNN

L] . L 2 . * - . L) L) L] L] L]

[e e We Ne Ne We, DO DN (223 =A]
SO PDLDL=OONOO=OMDBON
L] L]

68.0
22.8
22.8
22.8
38.0
60.5

. 26.6

26.6
26.6
38.0
60.5
30.4
30.4
30.4
38.0

60.5

60.5
68.0
30.4
30.4
30.4

38.0 -

53.0
32.3
32.3
32.3
38.0
53.0
34.2
34.2
34.2
38.0
53.0
53.0
60.5

Card
Card
Card
Card
Card
Card

-Card

Card

.Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

g gdgdadadaddddd dddddad g adgdagdaddd <<
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314
346
347
348
356
357
389
397
398
400

1 2.
123456789012345678901
0.0
61.0
62.9
62.9
62.9
0.0
61.0
61.0
61.0
61.0
61.0
61.0
1 2 25
13 14 15
36 15 16
24 25 46
35 36 37
56 37 38
45 - 46 65
55 56 57
74 57 58
81 82 113
100 101 102
131 102 103
112 113 142
130 131 132.
159 132 133
168 79 80
170 171 220
205 206 207
254 207 208
219 220 267
253 254 255
300 255 256
311 165 166

Table 4.8 - Input Cards for Sample Problem 4§ (cont,)

23456789

3
36.1

- 36.1

36.1
38.0
53.0

38.0 .

38.0
53.0
53.0

'60.5.
60.5

68.0

4

5

Pod ok pd fh b b Gk fd fd ek b ot b b ek fd e b ek b d b

6

b pd et b (b b pud ek fred food b b (sl pd (b b (b umd b D b fowd (b

7

0123456789012345678901234567890123456789C

8
1234567890

. Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

Card

Card
Card

Card

Card
Card
Card

- Card

Card

CEL LD

- 82-%



106
107
108
109
110
111
112
113
114

116
117

118

119

120 -

121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

136

137
138
139
140

1

209 266
242 299
243 347
252 314
284 346
285 389
293 398
295 401

10100
240100
450100
640100

1120100
1410100
2190100
2660100
3140100
3570100
1 39
0.0
1.08E+4
357
1 18
64 65
168 401
81 82
97 98
167 313
2 27
141 142
157 158

170 171
186 187
202 203
218 265

2 3 4 5 6 7 8
12345678901234567890123456789012345678901234567890123456789012345678901234567890
267 315 314 1 13 1 -
300 301 347 1 13 1
301 302 348 1 13 1
315 358 357 1 13 1
347 348 389 1 13 1
348 349 390 1 13 1
311 312 399 1 13 1
168 169 402 1 13 1
7 1 1 6 | : |
21.0 0.06(+4  160.0 0.66E+4  370.0 0.90E+4  530.0
530.0 1.8001E+4  500.0 o
35 0 0 1 o
66 67 68 69 70 71 72 73 74 75 76 77 78 19
83 84 85 8 87 8 89 90 ‘91 92 93 94 95 96
99 100 101 102 103 104 105 106 107 108 109 110 111 140
400
53° 0 0 1 .
143 144 145 146 147 148 149 150 151 152 153 154 155 156
159 160 161 162 163 164 165 311 398
172 173 174 175 176 177 178 179 180 181 182 183 184 185 -
188 189 190 191 192 193 194 195 196 197 198 199 200 201
204 205 206 207 208 209 210 211 212, 213 214 215 216 217
310 356 397 o :

Table 4.8 Inbut Cards for Sample Problem 4 (cont.)

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

Card -

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

6¢-t



141
142
143
144
145
146
147
148
149
150
151
152

- 153

1

Table 4.8 Input Cards for Sample Problem 4 (cont.)

2

3

4

5

6

7

8

1234567890123456789012345678901234567890123456789012345678901234567890:234567890

1
3570204Z-DISP
230104R-DISP
230204Z-DISP
2520064STZ AT
2090064STZ AT
1620064STZ AT
. 870064STZ AT
2520154TEM AT
- 1620154TEM AT

3

8

NODE 357
NODE 23
NODE 23

STA 1
STA 1
STA 1
STA 1
STA 1
STA 1

410154TEM AT STA 1
2970014APPLIED TEMPERATURE

100

4

ELE 252

ELE 209 |

ELE 162
ELE 87

ELE 252

ELE 162
ELE 41

1

Card
Card

Card

Card
Card
Card
Card
Card

- Card

Card
Card

- Card

Card

o8-t
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4.5 Sample Problem 5: Reinforced Concrete Beam

~ The reinforced beam element and reinforced continuum element are investi-
gated in comparison with test results given by Bresler and Scordelis (1964) of
a reihforced concrete slender beam.  The test data pertains to a simply
supported concrete beam reinforced by four steel bars of 1.0 in? area each, as
shown in Fig. 4.12. The beam is subjected to a gradually increasing mid-span
load. o

The analytical models take advantageAdf the symmetry of the test specimen
and model one-half of the beam. It represents the beam from the center to the-
support. The material properties are given in Table 4.9. In the first model
four reinforced elements (2 layers of reinforcement) of equal size are
utilized. The input cards for this mesh are given in Table 4.10. The second
model consists of 40 continuum €lements with smeared reinforcement in the
bottom two layers. The input cards for this mesh are given in Table 4.11.

A comparison of test load-deflection and the analytical predictions is
shown in Figq. 4.13. The deviations of the analytical resuits from the test
data, as loading -increases, are attributed to shear crécking and debonding
limitations. in the analytical models. The agreement of test data and
analytical results is quite good over the range for which the formulation was
intended. '

Table 4.9 Material Properties for Concrete
Beam (Sample Problem §)

Concrete YoUng's}modU]us E- = 3.1Jx 108 psi
Concréte Poisson's ratio v % 0.2

- Concrete compression strength ' fé = 3500 psi
Concrete tensile strength | o fy o= 333 psi
Concrete tensile failure strain eyt = 0.0007 in/in
Rgbar Young's modulus. 4 E = 27.8 x 108 psi

Rebar yield stress 6.0 x 109 psi

Q
<
]

Rebar ultimate stress = 1.44 x 105 psi
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Table 4.10 Inpht Cards for Sample Problem 5 - Beam Element Model

' 1 2 3 4 5 6 7 -8
1234567890123456789012345678901234567890123456789012345678901234567890123456789
REINFORCED CONCRETE BEAM - BEAM ELEMENT MODEL

0. 4 1 3 25 2 1.0 1
2 0 90 v 1000 100 100 1
1 4 : . | |
2.25E-4 0.2 . | 1.0 4.0
9.0 22.0 0.0 1.0 0.0 11.0 3.0 5.0
70.0  3.2566 0.000667  2.2E3 0.00152  3.4E3  0.002  3.5E3
1.0  3.5E3 : ~
1.0 0.11428 1.15 0.8 - 4.2 -0.0007 -0.006
7.4E-4 1.0 4.0 : -
70.0 2.778E7 0.00216 - 6.0E4  0.0056  9.6E4 0.02  13.3E4
0.06  14.4E4 o
2.0 ‘
2.0 -8.5 0.0
2.0 -6.0 0.0
1 0.0 0.0
5 72.0 0.0
6 0.0 0.0
10 0.0 0.0
1 1 2 71 6 1 4 1
4 4 5 10 9 1 4 1
10100
50010
60110 |
1 1 4 0 0 1
30.0 -40000.0
] |
1 3 1 1

10204Y-DISP NODE 1
10234Y-FORCE NODE 1
50244Y-FORCE NODE 5
90024 INTERNAL ENERGY
25 4

| Card

Card
Card

Card

Card
Card
Card
Card
Card
. Card
Card
Card
Card
Card
Card
Card
Card

~ Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

ge-v
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Table 4.11

1

2

Input Cards for Sample Problem 5 - Continuum Element Modei

3

4 5

6

7

8 .

12345678901234567890123456789012345678901234567890123456789012345678901234567890
REINFORCED CONCRETE BEAM - CONTINUUM ELEMENT MODEL

54
-2

~N
. b
N
[$4)

o .
~J
~N °
~ (3,) O NH
i—-o—bO\Dl'lﬂ
L] L]

40

~J
e OME=OWMmM

. . COe | & o o o
OO0 O0LWOOAEAOODOO_WO

2

30
‘ 0.

2.
1

3.

0.

7

0.2
0.0
25E6
3.5E3
11428

778E7
4.4tE4

0.2
0.0
. 25E6
3.5E3
11428

. ~J ~
NOMNONOMNOMNONO
o

~J
b » L[] . . * . L] 3 3 o
_O0O0O0O000O0OOO0O0O0O0O

~NN N

20

25 2
90.

0.0
0.000667

1.15
1.0
0.00216

0.0
- 0.000667

[a—y
[a—y
o

f—y
w

o o ¢« o e o

OO0 MNODOLLDLOO

1.0 1

1.0 0.0
2.2E3 0.00152
. 0.8 4.2

4.0

6.0E4  0.0056

1.0 0.0

2.2E3 0.00152
0.8 4.2
1

1

2

2.

2

2000 500 100

-0

9.664

-0

1100
3.4E3

.0007

11.0
3.4E3

.0007

Pk b b b b

1.0

3.0

0.002
-0.006 _

- 0.02

1.0
1.0
0.002

~0.006 -

Card
Card
Card

- Card
Card

Card
Card
Card
Card
Card

- Card

Card
Card
Card
Card
Card
Card
Card

Card

Card
Card
Card
Card

. Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

Card

II
I1I
IvVa-3
IVb-3
IVc-3
IvVd-3
IVd-3
IVe-3
IvVg-3
IVh-3
IVh-3
IvVa-3
IVb-3
IvVe-3
Ivd-3
Ivd-3
IVe-3

pE-p



Table 4.11 Input Cards for Sample Problem 5 - Continuum Element Model (cont.) .

12 | 5 6
12345678901234567890123456789012345678901234567890123456789012345678901234567890
40 44 45 54 53 2 3 1 ‘
10100 |
100100
190100
280100
370100
460100
90010
1 1 4 0 o0
30.0 -40000.0
46
1 3

460204Y-DISP NODE 46
460234Y-FORCE NODE 46
90244Y-FORCE NODE 9
450024 INTERNAL ENERGY
25 .4

Card
Card
Card
Card
Card
Card
Card
Card

" Card

Card
Card
Card
Card
Card
Card
Card
Card

Ge-v
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4.6 Sample Problem 6: Reinforced Concrete Containment

A scaled reinforced concrete containment model is shown in Fig. 4.14.°
The analysis of this model is considered for the following three different
Toading conditions: (1) static internal pressurization to failure with the
complete structure at 70°F, (2) static internal pressurization to failure with
the structure at 400°F internally and 70°F externally (1inear variation thru
the thickness) with a steady state thermal field, (3) dynamic threshold

. failure pressure subjected internally.

The finite element model shown in Fig. 4.14. consists only of the
axisymmetric cylindrical vessel and a sphericali dome. The size of the
containment is given in Table 4.12. This model consists of 31 reinforced
concrete shell elements: 13 of them representing the 8 inch thick spherical
dome, and 18 elements representing the 8 inch thick cylinder. A Tiner on the -
inside surface of the vessel is made up of steel elements.  The liner
elements, which are offset from the concrete elements through a rigid
connection, have a thickness of 0.10 inches in the dome and in the cylinder.
The number of reinforcement layers in each concrete shell element is four.
Two hoop rebar of 1.0 in? and two meridional rebar of 12.0 in?
“used. The materia]-bropérties for the concrete, rebar and liner are given in
Tables 4.13 to 4.15, respectively for the temperature range discussed above.
The input cards for the three loadings are given in Tables 4.16 to 4.18.

in area are

Table 4.12 Dimensions of Containment (Sample Problem 6)

Cylinder |
Concrete shell radius re = 136 in
Steel shell radius re = 132 in
~ Concrete shell height. he = 297 in
Dome | .
Concrete shell rédius re = 136 in
Steel shell radius rg =132 in

Note: A1l radii measured to the shell centerline.
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Table 4.13 Concrete Material Properties at Var1ous Temperatures
(Sample Problem 6)

Material Property

Temperature (°F)

zero strength (in/in)

70 250 700

.Young's modulus (ksi) 4800 2300 1200
Poisson's ratio 0.2 0.2 0.2 -
Tensile strength (psi) ~ 500 353 250
Coefficient of thermal 5.5x1076 5.5x1070 5.5x10~6

expansion (in/in/°F) ‘
Unconfined compressive

‘stress-strain curve :

(engineering valves) 70 250 700
Yield stress (psi) 3400 2400 1700
Ultimate stress (psi) 6800 4800 3400
Strain at ultimate 2.3x1073 2.97x1073 3.72x1073

stress (in/in)
Ultimate strain at 0.006 0.006 0.006




440

Table 4.14 Rebar Material Properties at Various Temperatures. -
(Sample Problem 6)

Temperature (°F)

0.03

" Material Property 70 400 800
Young's modulus (ksi) ~ 31000 28500 25700
Coefficient of thermal 6.2x107° 6.2x10°% . 6.2x1076

expansion (in/in/°F) : ' :

" Bilinear engineering -

stress-strain curve 70 - 400 800
Yield stress (psi) 66.6 ' 56.6 51.3
Ultimate stress (psi) 82.3 73.1 61.2
‘Ultimate strain (in/in) 0.02 0.02 0.02

‘Table 4.15 Lfner Material Properties at Various Temperatures
- (Sample Problem 6)
.Témperature (°F)

Material Property 70 400 800
Young's modulus (ksi): 30000 - 27900 25200
Poisson's ratio 0.3 0.3 0.3
Coefficient of thermal 6.5x106 6.5x1076 - 6.5x10~°

expansion (in/in/°F) :

Bilinear engfneering ~

stress-strain curve 70 400 800
Yield stress (psi) 50.2 45.2 40.2

- Ultimate stress (psi) 56.0 51.0 44.9
Ultimate strain (in/in) 0.03 0.03
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1

Table 4.16

2

3

4

5

Input Cards for Sample Problem 6 - Static Loading

8

12345678901234567890123456789012345678901234567890123456789012345678901234567890
REINFORCED CONCRETE SHELL VESSEL - STATIC LOADING

128 62
2 0
1 14
- 2.25E-4

~J
~N o ~
HN=NLOM O
——0 H-OO0OO0ODO0OO0OOA,OO

[ w—y

~NN
.

o

m

I -

IS
o
——

2 4

10
90

0.002148

[e—y
N O
NSO

2

0.0
7.0833E-4
1.15

1.0

90.0

90.0

n
o2} e
(= Wen Now oo Nen Nen Jeaw N ow)

e & o o o e o
COOLNOOOoOWLm

1.0

1.0
3.4E3
0.8

6.66E4

1 1

0.0023
4.2

0.02

0.03
297.0
297.0

297.0

297.0

6 7

10000 200 10

1.0

13.0 3.0

6.8E3 1.0

-0.0007  -0.006
8.23E4

1.0

3.0 2.0
5.6E4
14 1
11 1
11

N

oo

Card
Card
Card
Card
Card
Card
Card
Card

-Card

Card
Card
Card

.Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

N Card

Card

Card.

Card
Card

Card

II
IT1
IVa-14

‘IVb-14
IVc-14

Ivd-14
IVe-14
Ivg-14
IVh-14
Ivi-14
IVj-14
IvVj-14
IVj-14
IVj-14
Iva-11
Ivb-11

IVc-11
Ivd-11

cCccc < s c T <<

-y



Table 4.16 Input Cards for Sample Problem 6 - Static Loading (zont.)

12345678901234567890123456789012345678901234567890123456789

1 2 3
960110
1 32 1 3 1 2
- 0.0 0.0  100.0
33 R
1-32 32 1 1 3
L
3
1 5

10204Z-DISP NODE 1
140104R-DISP NODE 14
140204Z-DISP NODE 14
230104R-DISP NODE 23
230204Z-DISP NODE 23

10 4

4

-500.0

5

6 7 8
012345678901234567890

Card

- Card

- Card

Card
Card
Card
Card
Card
Card

Card

Card
Card
Card
Card

v
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Table 4.17 Input Cards for Sample Problem 6 - Thermomechanical Loading

1 - 2 3 4 5 6 7 8
12345678901234567890123456789012345678901234567890123456789012345678901234567890
REINFORCED CONCRETE SHELL VESSEL - THERMOMECHANICAL LOADING

128 62 2 4 34 2 1.0 6 1
2 0 90 10000 200 10 1
1 14 , :
2.25E-4 0.2 5.5£-6 - ' : 3.0 3.0
, 8.0 0.0 1.0 13.0 3.0 5.0
70.0 4.8e6 7.0833E-4 - 3.4E3 0.0023 6.8E3 1.0 6.8E3
250.0 2,3E6 1.0435E-3 - 2.4E3 0.0029703 4.8E3 1.0 4.8E3
700.0 1.2E6 1.4167E-3 1.7E3 0.0037167 3.4E3 1.0 3.4E3
1.0 0.07353 1.15 0.8 4.2 -0.0007 -0.006
7.5E-4 6.2E-6 3.0 2.0
70.0 3.10E7 0.002148 . 6.66E4 0.02 8.23t4
400.0 2,857 0.001986  5.66E4 0.02 7.31E4
'800.0 2.57E7 0.001996 5.13E4 0.02 6.12E4
4.0
12.0 -2.5
1.0 -3.0 90.0
12.0 2.5
1.0 3.0 90.0
2 11 :
7.5E-4 0.3 6.5E-6 ‘ 3.0 2.0
0.1 0.0 0.0 3.0 2.0 5.0
70.0 3.00E7 0.001673 5.02E4 0.03 5.60E4
400.0 2,797 0.001620 4.52E4 0.03 5.10E4
800.0 2.52E7 0.001595 4.02t4 0.03 4.49E4
1 1 136.0 90.0 0.0 297.0 :
14 1 136.0 - 0.0 0.0 - 297.0
15 - 136.0 280.5
32 136.0 0.0 :
33 1 132.0 90.0 0.0 297.0
46 1 132.0 0.0 0.0 297.0
47 132.0 280.5
- 64 132.0 0.0
65 0.0 0.0
128 0.0 0.0

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

. Card
Card

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

IT1

IVa-14
IVb-14
IVc-14
Ivd-14
Ivd-14
Ivd-14
Ive-14
Ivg-14

‘IVh-14
‘IVh-14

IVh-14
Ivi-14
IVj-14
Ivj-14
Ivj-14
IVj-14
Iva-11
IVb-11
IVe-11
Ivd-11
Ivd-11
Ivd-11

<< <<

£h-p



36
37
38
39
40
41

-Table 4.17 Input Cards for Sample Problem 6 - Thermomechanical Loacing (cont.)

1 ' 2

3

1 1 2 66 65

32 33 34 98 9
62 63 64 128 12
10100
320110
650110
960110 ~
1 32 1 3
10.0 0.0
33 -
2 32 7 3
0.0 70.0
) ,
3 32 71 3
0.0 70.0
2 ,
4 32 1 3
0.0 170.0
3
5 32 7 3
0.0 70.0
4
6 160 7 3
. 0.0 70.0
161
1 32 32 1
1 .
33
: 1 5

10204Z-DISP NODE 1
140104R-DISP NODE 14

7 .
7 -
12
110.0
5 4
10.0
5 4
10.0
5 4
10.0
5 4
10.0
1 4
© 10.0
1.3

140204Z-DISP NODE 14 -

230104R-DISP NODE 23
230204Z-DISP NODE 23
' 33 4q

4

©-500.0

400.0

317.5
235.0
152.5

400.0

5 6
1 14 1
2 11 1
2 11 1
200.0 400,90
200.0 317.5
200.0 ~ 235.0
200.0 152.5

©200.0

400.0

7

l2345678901234567890123456789012345678901234567890123456789012345678901234567890

300.0

300.0
300.0
300.0

300.0

8

400.0

317.5

235.0

152.5

400.0

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card’
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

Card

VI

VI

VI

VII

VII

VII

VIT
VIIIa
VIIIb-1
VIIIc
VIila
VIIIb-1
VIIIc
VIIIa-
VIIIb-1
VIIIc
VIIIa

VIIIb-1 -

VIIIc
Viila
VIIIb-1
VIIIc
VIIIa .
VIIIb-1
VIIIc
IXa

IXb

IXc

Xa

Xb

Xb

Xb

Xb

Xb

Xd

vv-v
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1

2

3

4

5

Table 4.18 Input Cards for Sample Problem 6 - Dynamic Loading

6 7 8

12345678901234567890123456789012345678901234567890123456789012345678901234567890
REINFORCED CONCRETE SHELL VESSEL - DYNAMIC LOADING

128 62
1.0
1 14
2.25E-4

w
w
[Sarayary

11
32 33
62 63
10100
320110
650110

— O A= OOO0OO0OO0OO0O

2 4

0.2

8.0
4.8E6
0.07353

3.1E7

-2.5

-3.0
2.5
3.0

0.1
3.0E7
136.0

- 136.0
136.0
136.0
132.0
132.0
132.0
132.0

0.0

2 66

34 98
64 128

1200

0.002148

O o
~ o

127

2

0.0
7.0833t-4
1.15

1.0

90.0

90.0

N
@ Vel
(oo N en e e o I e N o R o= )

- L] . L] L[] .
ooo!MoOoowm

6.0E-5

1.0
3.4E3

2.0
6.66E4

1 1

0.0023

4.2
0.02

0.03
297.0
297.0

297.0

297.0

"0‘
8-

14
11
11

6.8E3

1
13.0 3.
1
0007. 0
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'_Tab1e 4.18 Input Cards for Sample Problem 6 - Dynamic Loading (cont.)

1 2 3 4 5 6 A 8
12345678901234567890123456789012345678901234567890123456789012345678901234567890
960110 -- : - ‘ S
1 32 1 3 1 2
0.0 -106.0 1.0 -106.0
33 a -
1 32 32 1 1 '3
1 z
33 o
10 5 .0 1

10204Z-DISP NODE 1
140104R-DISP NODE 14
140204Z-DISP NODE 14
230104R-DISP NODE 23
2302047-DISP NODE 23
1200 . 4

Card
~ Card

Card
Card

- Card
- Card

Card

- Card

Card

Card

Card
Card
Card
Card

9v-v
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4.6.1 Static Internal Pressurization _ :

For the static internal - loading condition with uniform wall
temperature, pressurization of the shell model is imposed by monotonically
“increasing the internal loading in 5 psi increments. It is observed that up
to 20 psi the behavior of the vessel 1is entirely elastic. At internal
pressures of 25-30 psi meridional cracking at the base of the vessel begins.
The onset of hoop and meridional cracking in the cylinder above 30 psi is
followed by hoop and meridional cracking in the dome. Hoop cracking and
meridional cracking is practically completed at about 100 psi in the cylinder
and dome.

Yielding of the liner is observed to start at about 100 psi at
mid-éy]inder height, propagates along the cylinder and finally reaches the
base at about 110 psi. The yielding of hoop reinforcement at the midheight of
the concrete vessel begins at about 110-115 psi. Failure of hoop reinforce-
ment is governed by its strength; this stress limit of 82.3 ksi is reached at
an internal pressure of about 125-130 psi. Failure of the hoop reinforcement
is found to cause sudden failure of the liner and rupture. The deformed
configuration of the vessel, before impending failure, is shown in Fig. 4.15.

Deformation of the vessel 1is obtained for internal pressures
ranging from 5 psi up to 125 psi. Maximum vertical displacement at the dome
apex before impending failure of the hoop rebar is 0.12 inches, the
corresponding radial and vertical displacements at the vessel springline are
0.64 inches and 0.27 inches. The maximum radial and vertical displacements at
cylinder midheight at this load are 2.62 inches ahd 0.15 inches, respectively,
while the respective hoop strain in the ‘liner is 0.02 in/in. The displace-
ments over the complete pressure loading at the cylinder midheight, vessel
'springline and dome are given in Figs. 4.16 to 4.20.

4.6.2 Thermal Loading and Pressurization
When the structure is subjected to elevated temperature as well as
internal pressure, the loadings are performed sequentially. First, the
thermal load is applied in 33°F increments on the inside surface of the vessel
up to the maximum of 400°F; the external surface is held at 70°F with a linear
~ temperature variation maintained through the thickness. The pressure then is

applied in 5 psi increments until failure is reached. Meridional and hoop
cracking of the dome and cylinder is observed on the outer surface of the
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Figure 4.15 Deformation of Vessel at Impending Failure
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structure in the first thermal load step. As the thermal load is increased to
'400°F, meridional and hoop cracking of the dome and cylinder spreads from the
outer surface to about two-thirds of the way through the wall. As the
pressure is applied from 5-80 psi, cracking continues in the dome and
cylinder. At 100 psi, all the concrete has fully cracked except at the
basemat juncture; the concrete in this region is in compression. Yielding of
the hoop reinforcement in the cylinder ‘starts at 50 psi, The ultimate
strength of the rebar located near the cylinder midheight is exceeded at a
pressure of 115-120 psi. This leads to subsequent failure of the liner.

' The deformations of the structure are similar to the non-thermal
case; there is- an increase in magnitude because of thérmal expansion -and
Atherma1 softening effect on the material properties. - The maximum vertical
displacement of the dome at impending failure in 0.64 inches. The maximum
springline radial and vertical displacements are 0.86 inches and 0.62 inches,
'respective1y; At the cylinder midheight, 2.77 inches of radial displacement
and 0.32 inches of vertical displacement were calculated. The maximum (hoop)
Tiner strain at the midheight was 0.02 in/in. The displacements over. the
complete pressure range are given in Figs. 4.16 to 4.20. ‘ ‘

4.6.3 Dynamic Loading .

The dynamic threshold failure pressure is found by internally
loading the structufé over a range of step load pressures. The maximum step
pressure load that this vessel could withstand before impending failure was
106 psi. A time step of 60 usec was employed to ensure stability for this
loading. The failure for this loading was of the same mode and in the same
general location as that given by the static pressure loading, hoop
reinforcement failure followed by liner rupture near the cylinder midheight.
In general, the displacement field is similar to the static response except at '
the springline. The maximum vertical displacement of the dome apex at this
threshold failure pressure is 0.34 inches which took 13.2 msec to achieve. At
the springline, the maximum radial displacement is 0.54 inches at 26.4 msec
while the maximum vertical displacement is 0.33 inches in 13.8 msec. The
corresponding radial and vertical displacements at the cylinder midheight are
2.6 inches and 0.17 inches which were reached at 27.0 msec and 15.6 msec,
respectively. The maximum values for the dynamic step load are indicated in
Figs. 4.16 to 4.20. |
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4.7 Samp]e Problem 7: Prestressed Concrete Vessel

This example pertains to an internally -pressurized prestressed
cylindrical container tested by Sozen and Paul (1968). The container
simulates the containment of a nuclear reactor vessel. Figure 4.21 identifies
the components of the teét structure. The analytical model used in the
comparison to the experimental data is given in Fig. 4.22. The axisymmetric
model consists of 335 concrete continuum é]ements, 40 prestressed Tongitudinal
bar -elements and 41 prestressed circumferential fing elements. A sliding
interface with no friction provides for the interac;ion of the longitudinal
prestress bars and the concrete. The material properties of the concrete and
steel are given in Table 4.19. The input cards for the mesh are given in
Table 4.20. _

Prior to internal pressurization, each layer of tendons is prestressed.
Each of the 1longitudinal tendons are prestressed 25200 1bs, each of the
circumferential tendons 3487 1bs. The input cards indicate different 1loads
because the tendons are lumped (4.775 bars longitudinally for 1 radian sector
and'3 bars circumferentially) at the nodes. The prestress force is applied
initially and then allowed to <change during the pressurization.
Pressurization of the model is imposed by a monotonically increasing interha]
loading of 50 psi increments to 750 psi. The resulting central deflection of
the top slab (point A in Fig. 4.22) and the increase in longitudinal prestress
bar force versus internal pressure are given in Figs. 4.23 and 4.24, respec-
_ tiVely. These analytical results compare favorably with the experimental

data. A

Figure 4.25 shows the extent of cracking for the pressure levels of 450,
550, 650 and 750 psi. Cracking initiates at 350 psi and spreads through the
upper slab as the pressure increases. With the pressure increase, the corner
joint of the wall and slab begins to crack, allowing the upper slab to rotate,
causing significant increase in the central deflection of the upper slab.
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Figure 4.22° Analytical Model of Prestressed Concrete Vessel
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Table 4.19 Material Properties for
Concrete Vessel (Sample

the Prestressed
Problem 7)

Concrete Young's modulus :
Concrete Poisson's ratio

| Concrete compréssive strength
Concrete tensile strength |
Steel Young'S'modu1us

Steel yield stress:

Steel ultimate stress

Steel ultimate strain
Longitudina] prestress force

Equivalent pressure due to
circumferential prestressing

—"
- O-

4.3 x 10° psi

0.15

7140 psi

446 psi

2.8 x 107 psi
2.125 x 105 psi
2.5 x 10° psi
0.06 in/in

'7.56 x 10° 1bs
510 psi
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Table 4.20 Input Cards for Sample Problem.7

1 2 3 4 5 ' 6 7 8
12345678901234567890123456789012345678901234567890123456789012345678901234567890» C
PRESTRESSED CONCRETE CONTAINMENT VESSEL Card I-

435 416 4 16 16 2 © 1.0 1 1 v 3 Card 11
2 0 90 ' 15000 10 10 1 Card III
1 13 ' Card IVa-13
2.25E-4 0.15 ’ 1.0 - 3.0 Card IVb-13
0.0 - 0.0 - 1.0 0.0 13.0 1.0 1.0 Card IVc-13
70.0 4.3E6 0.0008023 3450.0 0.003 7140.0 1.0 7140.0 Card IVd-13
1.0 0.062465 1.1 . 0.8 4,2 -0,0003 -0.006 Card IVe-13
2 1 ' o Card IVa-11
7.40E-4 : 1.0 2.0 Card IVb-11
: 0.0445 : ' .- 3.0 1.0 1.0. Card IVc-11
70.0 2.8E7 0.0075893 2.125E5 0.06 °  2.5E5 Card IVvd-11
3 11 . : , Card IVa-11
7.40E-4 - : : : 1.0 . 2.0 Card IVb-11
0.0891 3.0 1.0 1.0 Card IVc-11
.70.0 2.8E7 0.0075893 2.125E5 0.06: 2.5E5 Card Ivd-11
q 1 ' ' - Card IVa-1
7.40E-4 , 1.0 2.0 Card IVb-1
0.6875 - ) 1.0 2.0 1.0 Card IVc-1
70.0 2.8E7 0.0075893  2.125E5 0.06 2.5E5 : Card IVd-1.
1 15.0 0.0 o Card V
41 . 15.0 40.0 ' : . Card V
42 16.0- 0.0 Card V
82 16.0 40.0 Card V
83 17.0 0.0 Card V
123 17.0 40.0 Card V
124 18.0 0.0 Card V
164 18.0 40.0 Card V
165 19.0 0.0 Card V
205 19.0 40.0 Card V
206 20.0 0.0 Card V
246 .20.0 40.0 Card V
247 0.0 31.0 Card V
261 14.0 31.0 Card V
0.0 - 32.0 Card V

65-v . .
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306
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321
322
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337
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367
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435
1

41

81
121
161
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231
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275

276

1

1
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337

3

32.0
33.0
33.0
34.0
34.0
35.0
35.0
36.0

36.0

37.0
37.0
38.0

38.0 .

4 5

01234567890123456789012345678901234567890

fd d i b fd pd b b ek fumd b b b b (b

6

C b b b (ad fud (b Pad foemd fd fuh b b pued b ek b

Table 4.20 Input Cards for Sample Problem 7 (cont.) .

7 8
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Input Cards for Sample Problem 7 (cont.)

8

16
32

Table 4.20
1 2 3 4 5 6 7
12345678901234567890123456789012345678901234567890123456789012345678901234567890
290 336 37 38 351 1 13 1
291 337 338 353 352 1 13 1
305 351 38 39 366 1 13 1
306 352 353 368 367 1 13 1
320 366 39 40 381 1 13 1
321 367 368 383 382 1 13 1
335 381 40 41 396 1 13 1
336 206 206 2 2 11 1
337 207 207 3 3 1 1
376 246 246 2 2 11 1
377 83 397 4 4 1 1
378 397 398 4 4 1 1
416 435. 123 4 4 1 1
10010
420010
830010
1240010
1650010
2060010
2470100
2620100
2770100
2920100
3070100
- 3220100
3370100
3520100
3670100
3820100
1 47 1 2 0 2
1.0 0.0 . 101.0  -5000.0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
261 260 259 258 257 256 255 254 253 252 251 250 249 248 247
2 1 2 0 3 ‘

11

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

" Card

Card
Card
Card
Card
Card

Card \

19-¥



106

107
108
109
110
111
112
113
114
115
116
117
118
119
120

Table 4.20 Input Cards for Sample Problem 7 (cont,)

1 2 3 4 5 6
12345678901234567890123456789012345678901234567890123456789012345678901234567890
-1.0 5230.8 2.0 0.0 . 100.0 0.0
336
3 1 11 2 0 3
1.0 10461.5 2.0 0.0 100.0 0.0
337
4 1. 11 2 0 3 , '
1.0 120321.0 2.0 0.0 100.0 0.0
377
1 39 39 1 1 0
84
397 ‘
1 1 2

3820204Y-DISP NODE 382
4160034PRESTRESS IN ELE 416
4210024 INTERNAL ENERGY

Card
Card
Card
Card
Card
Card
Card
Card
Card
Card

-Card

Card
Card
Card
Card

VIIIb-1
VIlic
VIIIa
VIIIb-1
VIIIc
VIiila
VIIIb-1
VIIIc
IXa

IXb

IXc

Xb
Xc
Xc -

29-v
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Figure 4.23 Central Deflection of the Top Slab
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Figure 4.25 Extent of Cracking of Prestressed Concrete Vessel Model
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