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ABSTRACT

ANSR is a general purpose computer code for the static and dynamic

analysis of nonlinear structures. The first two versions of the code

(ANSR-I and ANSR-1I) were released in 1975 and 1979, respectively. A

third version (ANSR-III) is described in this report. This version is

a substantially extended and improved wversion, which has the following

new features.

(1)
(2)

(3)
(4)
(5)
(6)

(7

(8)

(9

(10)

(11}
This

features,

A flexible and substantially automatic static analysis strategy.
Two separate options for dynamic analysis, namely a new event-
to-event scheme and an improvement of the earlier iteration
scheme,

Visco-static and creep analysis options.

An option for rotated coordinate systems.
Configuration~dependent static loading.

Time-history record interpolation to allow variable time step
analysis and arbitrary time delays for loading by propagating
waves.

An option for the Hilber-Hughes-Tayvlor integration method for
dynamic analysis.

Simpler and more modular iteration logic for static, dynamic
and visco-static analysis.

Energy balance calculations for dynamic analysis.
Reorganization of element data and computational modules for
greater generality and flexibility.

An improved element library.

report describes the planning and design, and most of the

of ANSR-1II. For some features, reference is made to the work



of other students. A detailed user guide for the program is provided,
with explanatory notes, and the procedures to be followed in adding new
elements to the program are described in detail. The theoryv for a new
element (a U-bar restraint element) is included and used to illustrate

the programming procedures.
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1. INTRODUCTION

1.1 OBJECTIVE

The first two versions of the ANSR program (ANSR-I and ANSR-II) have been exten-

sively wsed for research in the area of nonlinear structural behavior [1]. The first version

(ANSR-!) formed the basis for a practical general purpose computer code, but possessed limita-

tions in terms of modularity, computational efficiency, and solution strategy. ANSR-I also had

a limited element library and did not allow the restart of any analysis. The second version

{ANSR-1I) added several important features, including:

(1)

(2)

(3)

(4)

(5)

Restart option.

Provision to allow static and dynamic analyses in any sequence.

Static analysis with prescribed nodal displacements as well as prescribed nodal forces.
QOut-of-phase support motions for earthquake analysis.

Qut-of-core solvers for both symmetrical and unsymmetrical equilibrium equations.

Nevertheless, ANSR-II was iimited in such areas as the following:

(N

(2)

(3)

Only a constant load iteration strategy was included for static analysis. This strategy is not

always reliable, especiaily for buckling problems.

Only constant time steps were permitted for dynamic analysis. This is undesirable for

problems of some types, particularly those with large, sudden stiffness changes.
The element library was limited.

In the period since ANSR-II was released, improved static and dynamic strategies and new

elements have been developed. The main purpose of this research has been to incorporate all

of these improvements into the code in order to produce a greatly improved version, ANSR-IIL

1.2 IMPROVEMENTS INCORPORATED INTO ANSR-HI

The major improvements made for the new version are as follows:

-



(1)

(2

(3)

(4)

(5)

(6)

Improved dynamic capabilities have been added to improve accuracy and reliability for &
wider variety of problems. The existing dynamic analysis scheme with iteration has been
modified to make it more flexible (not restricted to Newton-Raphson or constant stiffness
iteration only}. For greater reliability, a new scheme has been added in which variable
time steps are applied and an event-to-event scheme is used. This new scheme uses a
step-by-step integration strategy which automatically varies the time step to ensure accu-
racy. This allows large steps to be used when possible, and small steps when necessary.
The event-to-event strategy is used to force the solution path to follow the exact path
closely, and hence avoid large equilibrium errors. The procedures for the dynamic

analysis are discussed extensively in this report.

An extended static analysis strategy has been developed by Simons [2]. This strategy
allows "displacement-controlied” iteration, which greatly improves the reliability and con-
vergence rate in many problems. The strategy includes event-to-eveni and line search
options. A detailed description of the strategy is given in [2] and, therefore, is not

included in this report.

An improved version of ‘the visco-static analysis, originally developed by Riggs [3] has
been incorporated into the new version of the code. A detailed description of the pro-

cedure is given in [3] and is not included in this report.

A creep analysis option has been added. The theory and procedure have been explained

in detail by Mosaddad [4] and are not included in this report.

Rotated coordinate systems can be specified and related to the global system by means of
direction cosines. This feature was originally incorporated into a version of ANSR-II by

Morris. The procedure has not yet been documented.

New elements developed by a number of students in the course of their research have
been added to the new version. The most important of these are as follows: a beam-
column element by Chen [5]; a pipe element by Mahasuverachai [6]; and a shell element

by Nour-Omid [7]. Two other elements have also been added, namely an improved

| ]



(7

(8)

(9}

(10)

(11)

(12)

version of the truss bar element and a U-bar restraint element. The U-bar element has
been developed as part of the research described herein and is described later in this

report.

An option for configuration-dependent static loading has been added. This type of loading
permits the analysis of structures which are subjected to loads which change direction as

the structure deforms.

The procedure for storage and processing of time-history records has been improved. The
record value is now obtained by interpolation during the analysis rather than before the
analysis begins. This makes it possible to use varying time steps and stmplifies the

specification of time delays due to travelling wave effects.

An option for the Hilber-Hughes-Taylor step-by-step integration method [8] has been
added. This method introduces numerical damping and may improve the solution stability

for certain types of nonlinear problems.

An option to perform an energy balance calculation has been added. The kinetic energy,
elastic-plastic work, viscous-damping work, and external work are computed at the end of
each step. This provides an estimate of the work done by the unbalanced loads, with the

aim of providing information on the reliability of the solution.

The scheme for storage of data has been modified. The procedure for out-of-core storage
of element data has been modified to improve the modularity of the program. A storage
length for the structure stiffness maitrix can be specified to contro! the size of each block
for out-of-core equation blocking. If a single block is sufficient to hold the stiffness

matrix in core, an in-core equation solver is used.

The data in the element information block has been reorganized. The element informa-
tion block is subdivided into three parts, namely state information, stiffness control infor-
mation, and element stiffness. This format provides greater flexibility in the state deter-
mination and stiffness update calculations, allowing new solution algorithms to be

developed more easily.



{13) Element subroutines are organized in more modular form. Each element module per-
forms a limited and well-defined task required by the base program. This adds more flexi-

bility and ease in developing new elements for the program.

1.3 REPORT LAYOUT

Chapter 2 reviews the computational aspects of nonlinear analysis, explaining the pro-
cedures and options which are needed, and reviews step-by-step iterative algorithms. Chapter 3
describes in detail the architecture of the ANSR-III base program and the element subroutines.
This chapter also lays out the details of the dynamic analysis logic and illustrates this logic by
means of flow diagrams. Brief descriptions of the static, visco-static and creep analysis options
are also given. Chapter 4 describes the procedures which must be followed in adding new ele-
ments to the program. The tasks to be performed in each element module are explained in
detail, ‘Chapter 5 describes the U-bar restraint element and describes the theoretical and com-
putational aspects of the element. Chapter 6 contains an example anafysié (a two-dimensional
frame with base uplift) which has been chosen to test and illustrate the dynamic analysis
features of ANSR-III. Chapter 7 contains concluding remarks and suggests possible future
developments.

Appendix A contains the user guide for the ANSR-III base program, with explanatary

notes. Appendix B contains the user guide for the U-bar restraint element, along with a listing

of the code illustrating the different element modules which must be developed.

This report does not include descriptions of the other elements available for ANSR-III,
Separate reports, some of which were referred to earlier, will be published to describe these ele-

ments.



2, COMPUTATIONAL ASPECTS OF NONLINE.«R ANALYSIS

2.1 INTRODUCTION

In recent years a variety of problems involving nonlinear structural behavior have been
presented to structural engineers, and several different types of nonlinear behavior have been
identified. A number of numerical solution schemes have been developad or proposed, but no
single scheme has been found to be suitabte for all types of nonlinear behavior. Hence, a gen-
eral purpose computer program for nonlinear analysis must be adaptable to a variety of solution
schemes. This requires the identification of solution steps which are common to all schemes
and the construction of a modular program which can execute these steps in appropriate

sequences.

In this chapter, the computational schemes used in nonlinear analysis are reviewed, and
the computational lasks which must be performed in a general purpose computer program are

identified.

2.2 OPERATIONS FOR LINEAR ANALYSIS

2.2.1 General

Several of the computational steps and data modules used in linear analysis are used also
in nonlinear analysis. The steps for static and dynamic linear analysis are summarized in this

section. Extensions for nonlinear analysis are then considered in later sections.

2.2.2 Data Input
The data required to define the structure and loading is essentially as follows.
(1) Node locations.

(2) Structure degrees of freedom (dof). These are typically translational and rotational dis-

placements at the nodes.



(3)
(4)
(5)

(6)

Element locations.
Element elastic properties.
Nodal loads. These are external forces applied directly on the nodes.

Element loads. These consist of: (a) externai forces applied within the element (e.g.,

gravity and pressure) and (b) initial strain effects (e.g., temperature change).

The input data may be read directly from an input data file or recalled from a previcusly

established "restart” file, on which processed data has been saved.

2.2.3 Steps for Linear Static Analysis

(1
(2)
3)
4)

(5)

(6)

(7)

(8)

For linear static analysis, the essential computational steps are as follows.

Form element efastic stiffnesses, k.

Form element consistent nodal loads, Qr, for forces applied within the elements.

Form element initial stresses, S,, and corresponding nodal forces, (,.

Assemble element stiffnesses into structure stiffness, X.

Assemble consistent nodal loads from elements into a structure load vector, Rg. This can
be represented as:

Re = Y Or (2.1)

Assemble initial nodal loads from elements into a structure load vector, R,

R, =20 (2.2)
Form load vector, R:
R = Ry+ Rp+ R, (2.3)
where Ry = nodal loads.
Solve the equilibrium equations:
Kr=R (2.4)



)

for the displacements, r. For solution of the equations by direct elimination (Gauss,
Crout, etc.), the solution process is in two parts, namely (a) reduction (decomposition) of

K and (b) reduction and back-substitution of R.

Determine the element deformations (strains), v, and hence the element actions

(stresses), S.

{10) Perform an optional eguilibrium check. For each element, determine the nodal forces,

O, in equilibrium with the element stresses, S. Assemble (; into a structure resisting

force vector, R, Calculate the equilibrium error vector, Ry, as:

Ry = Ry+ Rg— R | (2.5

The terms of Ry should be of the order of the computer round-off error.

(11) Output the results by printing and/or by saving on a postprocessing file.

2.2.4 Data Modules for Linear Static Analysis

(1
(2)
(3)

CY

(5

(6)

(7

The major data modules for static linear analysis are as follows.
Node and degree of freedom data.

Element data.

Load data.

Element stiffnesses, k; load vectors, Qs and 0,; and transformations relating nodal dis-

placements to element actions and deformations.

Structure stiffness, K. During the equation solving phase, this is typically replaced by its

decomposed form.
Structure load vector, R. During the equation solving phase, this is typically replaced by
I

Structure external load vector, Ry + Rp, if an equilibrium check is to be performed.

During the equilibrium check, this can be replaced by Ry.



(8) FElement actions and deformations.
2.2.5 Linear Step-by-Step Dynamic Analysis

2.2.5.1 Newmark, 8 = 1/4 Method
The most commonly used scheme for step-by-step dynamic analysis is the Newmark, 8 =

1/4 (constant average acceleration) scheme. This scheme is bascd on the following equations

for the increments of acceleration and velocity in a time step:

AF = =2h, - 2+ Crar 2.6)
AF = 25+ Az—iA_r (2.7)
where
Ar = increment in displacement;
For To velocity and aceeleration vectors at beginning of siep; and
At = time step.
With these relationships, an incremental equilibrium equation can be written as:
!-4—M+—2—C+K1A - AR, + M27, + i)+ 20, (2.8)
A= A= - = Ar
or
K'ar = AR’ (2.9)
where
K = effective stiffness matrix;
AR" = effective load vector;
M = mass matrix;
€ = damping matrix,
K = static stiffness matrix; and



ARy = increment of external load for current step.

Hence, for step-by-step dynamic analysis, there are three major differences from linear

static analysis, as follows:

1

(2)

(3)

(1)
(2)
(3)

4)

Form effective stiffness matrix:

. 4 2 :
K' o= =2 ~“ 2
FTM+ 1, C+K (2.10)

Form the effective load vector:

AR = AR+ M +2C 7, .11

.. 4 .
5, + I?Ia

Perform equilibrium check by calculating the equilibrium error vector, R,

Ry = R~ R+ Mi+Ci (212)
where
F, ' = velocity and acceleration vectors at end of step;
Ry = external load vector at end of step; and
R; = static internal resisting load vector at end of step.

Additional data modules are needed, as follows:
Mass matrix.

Damping matrix.

Nodal velocities and accelerations.

Additional load vectors.

2.2.5.2 Hilber-Hughes-Taylor (HHT) Method

The HHT method [8} adds numerical damping by solving the following modified equili-

brium equation:

A om+ LC+(1+0¢)_]§}A£ = AR+ M

. 4
27, + —
Arr— A= Lo T Aite

+2CF, (2.13)

o



where « is a damping parameter {(—=1/3 < a < Q).

For dynamic analysis using the HHT method, there are two modifications from the New-

mark 8 = 1/4 method, as follows:

(1) Form effective stiffness matrix:

K'- L y+ Zcot+U+wk 2.14)
- Ar— Al
(2)  Perform equilibrium check:
Ry = Rp~ R+ Mi+ CH~a(R—R') (2.13)
where
R'y = internal resisting load vector at beginning of step; ani

a(R;—R’';) is a correction which must be applied because true equilibrium is not

satisfied.

2.2.5.3 Hibbitt’s Modification of the HHT Method

Hibbitt and Karlsson [9} further modified the HHT equilibrium equation to the form:

M+ —2~C+(1+a)/_(]A_r = (I+a) AR+ M Q;r},+£7_fo}+2§io (2.16)

AT AT

This scheme requires two modifications from the HHT method, as follows:

(1) Form effective load vector:

AR = (0+a)AR:+ M

.. 4 . .
27, + E10]+2§10 (217)
(2) Perform equilibrium check:

Ry = Re—|Ry+ Mi+CH+asR~alR~R') (2.18)

where a ARr — a (R;— R')) is a correction term because true equilibrium is not satisfied.
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2.3 OPERATIONS FOR NONLINEAR ANALYSIS

2.3.1 General

The computational steps involved in nonlinear analysis are similar to those for linear

analysis, but the solution sequence is quite different and the data structure is also substantially

different. The steps for static and dynamic nonlinear analysis are summarized in this section,

and the procedures and strategies used in nonlinear dynamics are explained. The techniques

used in nonlinear statics have not been considered in the research described herein and are

explained in detail in [2].

2.3.2 Data Input

(1)

2)

(3)

4)

(5)

(6)

(7

The data required to define the structure and loading is essentiaily as follows:
Node lecations.

Structure degrees of freedom (dof).

Nodal masses.

Element locations.

Element elastic and inelastic properties.

Nodal loads. These are external forces applied directly on the nodes, which may be

configuration-dependent {i.e., the load directions may change as the structure deforms).

Element loads. These consist of: (a) external forces applied within the elements; and (b)

initial strain effects.

The input data may be read directly from an input file or recalled from a previously esta-

blished restart file.
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2.3.3 Steps for Nonlinear Static and Dynamic Analysis

For nonlinear analysis, the following computational modules must be programmed, then

arranged in appropriate sequences to construct a complete solution strategy.

(D

(2)

(3)

(4)

(5)

(6)

(N
(8)

9

(10)

(11)

(12)

(13)

Form element static tangent stiffnesses, kr. The complexity of the calculation depends

greatly on the type of element.

Form element effective tangent stiffnesses for dynamics, k7. These include damping
terms and also inertia terms if mass is distributed throughout the elements. The terms

vary with the step-by-step integration method being used.
Form element consistent nodal loads, O, for forces applied within the elements.
Form element initial stresses, S,, and corresponding nodal forces, Q,.

Form element initial dynamic forces, Q(; for a time step. These include damping forces,

plus inertia forces if masses are distributed throughout the elements.

Assemble the element stiffnesses into the structure stiffness, K', which may be sym-

metric or unsymmetric and may be held in-core or out-of-core.
Form change in element static tangent stiffnesses, A k7.
Form change in element effective tangent stiffnesses, A 5}.

Assemble the element stiffness changes into a change in structure stiffness, AK ". If there
is only localized nonlinearity, K  may change only locally. Computational effort can be

saved by modifying K " rather than forming a complete new matrix.
Assemble the consistent nodal loads from the elements into a structure load vector, Ry.

Assemble the vector of nodal loads, Ry, (which may be configuration-dependent) using

the current geometry of the structure.
Assemble the initial strain forces, ,, into a structure load vector, R,

Assemble the dynamic initial forces, Q,, into a vector R,.

12



(14)

(15)

(16)

)
(18)
(19)

(20)

@b

(22)

Form the effective load vector, AR ", for dynamics as:

AR’ = Ry+ Ry+ RJ+R, (2.19)

Solve the incremental equilibrium eguations:

K'Ar = AR’ (2.20)

for the increment in displacement. If only a change of stiffness, AK ", has been assem-

bled, only a partial reduction of K is needed.

Determine the eclement deformations (sirains}, v, and hence the element actions
(stresses}, . This calculation depends on the type of element and amount of ponlinear-

ity. For complex elements or materials, the calculations may be iengthy.
Accumulate envelope values of stresses and strains.

Accumulate displacements, velocities, and accelerations,

Accumuiate displacement, velocity, and acceleration envelopes.

Calculate the unbalanced load vector, Ry, and check the equilibrium error. For each ecle-
ment, determine the nodal forces, {, in equilibrium with the element stresses, S.

Assemble {J; into a structure resisting force vector, R;. Calculate Ry as:
Iterate for convergence if desired.

Output the results (current and envelope values) by printing and/or by saving on a post-

processing file.

2.3.4 Data Modules for Noniinear Analysis

(1)

(2)

The major data moduies for nonlinear static and dynamic analysis are as follows.
Node and degree of freedom data.

Element data.



(3}

(4)

(5)

(6)

(M
(8)
(9)

(10)

(11)

Load data and nodal masses.

Element stiffnesses, k7, element load vectors, Qx, O, and Q,; and transformations relat-
ing nodal displacements to element actions and deformations.

Structure stiffness K1 and change in stiffness A K. During the equation solving phase,
L\:'T is either reformed compietely and replaced by its decomposed form, or modified by
A K7 and only selectively decomposed. In the latter case, a duplicate L(} must be stored
to allow for updating.

Structure load vector AR . During the equation solving phase, this is typically replaced
by Ar.

Displacements, velocities, and accelerations.

Structure external load vector, Ry + Ry,

Initial load vector, R, + R,.

Unbalanced load vector, Ry During the equilibrium error calculation, this can be
replaced by AR * for the next iteration.

Element state data, including actions, deformations, yield status codes, envelope results,
etc. It may be necessary 1o store a duplicate back-up state in case an iterative solution

fails to converge or in case a time step has to be repeated.

2.4 SOME COMPUTATIONAL ASPECTS OF NONLINEAR ANALYSIS

2.4.1 General

The computational techniques applied in linear analysis are well established and will not

be reviewed herein. The techniques may be substantially different, however, for nonlinear

analysis. Some of these differences are considered in this section, with particutar emphasis on

step-by-step dynamics.
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2.4.2 Stiffness Matrix Modifications

In nonlinear analysis, the structure stiffness matrix may be modified at every iteration

(e.g. using Newton-Raphson iteration (Fig. 2.1) for a large displacements problern) or may

remain constant for several iterations (e.g. using Modified Newion-Raphson iteration (Fig. 2.2)

or if the behavior is piecewise linear). In addition, a Quasi-Newton stiffness modification may

be used [10]. Further, to allow for situations in which an iterative solution fails to converge,

some strategies require that a "back-up" stiffness be saved to allow return to a previously con-

verged state.

Because of these complications. a flexible procedure for forming, modifying and storing

the structure stiffness is needed. The procedure adopied for ANSR-III is as follows.

(1)

{2)

Original and decomposed structure stiffness:

For linear analysis, the decornposed stiffness can overwrite the original because the origi-
nal will not be needed after decomposition. For nonlinear analysis, however, the decom-
posed and original stiffnesses must be stored separately because the original must be kept

to allow modification and updating.
"Back-up" stiffness:

In static analysis, a "back-up” stiffness may be saved in case the solution fails to converge,
to allow the stiffness at the beginning of the step to be restored. As an alternative to sav-
ing a "back-up" stiffness, a complete new stiffness may be assembled using "back-up" ele-

ment states.

In dynamic analysis; a "back-up” stiffness may be saved in case the time step must be
reduced and the step repesiad. The effective dvnamic stiffness includes inertia and damp-
ing effects and must be modified if the time step changes. If there is no tangent stiffness
(8 7 K¢) damping, and if all mass is lumped at the nodes, the effective dynamic stiffness
can be adjusted for the time step change, using the "back-up" stiffness. However, if

Br K7 damping is included, assembly of a complete new stiffness is required. This latter
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procedure is adopted in ANSR-IIL.

2.4.3 Displacement Vector Calculations

The ecuilibrium equations to be solved at frequent intervals during the analysis are of the
form:
K'-Ar = AR’ (2.22)
For dynamic analysis, K and AR are effective matrices containing inertia and damping terms.
If all terms in Ar are initially unknown, the equation solving operation is straight-forward.
In some cases, however, certain terms in Ar are specified. Such imposed displacements (e.g.
support displacements due to ground motion) can be accounted for during the equation solving.
This is done by skipping over the columns and rows of the corresponding equation during the
reduction of the stiffness matrix, _13", and subtracting from AR’ the inner product of the
matrix containing the symmetric part of the skipped columns or rows and the vector containing
the imposed displacements. The back-substitution to compute the displacements is then done

also by skipping over the equations corresponding to imposed displacements.

The theory of the procedure is as follows. Let equation numbers i and | correspond to

imposed displacements. The equations could be rearranged and the matrix partitioned as:

i 1 il
i s a k,','. - k” . a { —4 E

K = : . —ijy — (2.23)
1 cokyoe kye- 1[ L) C

The equations to be solved can thus be expressed as:

[ﬁ f] [if;] = {_‘E;} (2.24)

or
A A, = R, - B Ay, (2.25)
and
D A+ C-Ary = Ry (2.26)
where
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A, B, C,and D = submatrices of K;

Ar, = unknown displacements;

Ar; = imposed displacements;

R, = loads corresponding to unknown displacements; and
R, = loads corresponding to imposed displacements.

If K is symmetric, then 4 and C are also symmetric, and:

D = B (227
ANSR-1I incorporated this option. It has been retained in ANSR-III for both static and
dynamic loads. The option provides a convenient means of appiying out-of-phase support

motions in seismic analysis.

2.4.4 Structure State Determination

With path dependent state determination, element forces &, are calculated at the end of
iteration i using the increment in displacement, Ar,. for that iteration and the current element
state (Fig. 2.3). In contrast with path independent state determination, element forces are cal-

culated using the sum of the displacements, 3 Ar, accumulated since the last reference state
i

was defined (Fig. 2.4). ANSR-IIT incorporates both options.

The envelope values of element stresses, element strains, and nodal displacements are
updated after each state determination. If a back-up state is saved and restored, as when a time
step or load step must be repeated, the envelope values of nodal dispiacement are re-initialized

to the values of the beginning of the step.
2.4.5 Time Step Control in Dynamics

2.4.5.1 Midstep Error for Linear Problem

Hibbitt and Karlsson {9] have proposed a criterion for the selection of the time step, Av.

This criterion assumes that if the equilibrium error, AR, at the middle of any time step is
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smalil, then overal! equilibrium errors will also be small and the tim2 step is acceptable. The

midstep error can easily be calculated for a linear problem, as shown in Fig. 3.1, as:

AR, = %—’ K AF (2.28)
wheré
K = elastic stiffness matrix;
A} = increment in nodal velocities; and

At = time step.

Within each step, a test is made to check whether the time step is too large for acceptable
accuracy. This is done by comparing a norm of the midstep error with an upper tolerance. If
the tolerance is exceeded, the time step Ar is reduced by a user-specified factor (usually 0.5).
If the error is smaller than a lower tolerance for two consecutive steps, then At is increased by
a second factor (usualty 2). This algorithm thus controls the equilibrium error by automatically

adjusting the time step.

2.4.5.2 Midstep Error for Nonlinear Problem

For a nonlinear problem, exact equilibrium is never, in general, satisfied either at the end
of a step or within the step. Nevertheless, Eqn. 2.28 can still be used to estimate the midstep
error, provided that it is recognized that the stiffness may change within the step. If the
stiffness does not change, the tangent stiffness matrix must be used when calculating the

midstep error, as follows:
AR, = =— Ky -Ar (2.29)

where K7y = static tangent stiffness matrix.

With the event-to-event solution strategy (described in the following section), if any
event occurs within a step, the midstep error, AR, is weighted by the governing event factor

and accumulated over the entire step in the following manner:

AR, = Eaf_lér,- Ar; (230
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where i = substep number. An alternative method for the computation of the midstep error
would be to perform a state determination calculation, and hence, determine the equilibrium
error exactly at midstep. With this procedure, however, it is essential to iterate to convergence
at the end of the step in order to eliminate any effect due to the unbalanced load RY. In gen-
eral, the use of Eqn. 2.30 is to be preferred because it eliminates the need to iterate and is also

more efficient.

The midstep error calculation could be carried out either at the element level (in which
case AR, is assembled from the element contributions) or directly at the structure level. In
the latter case, the static tangent stiffness matrix K; must be available. In ANSR-III the com-

putation is performed at the element level.

2.4.6 Event-to-Event Strategy

The event-to-event solution strategy for nonlinear analysis provides means of controlling
the equilibrium error. Any significant "event” occurring within any element (such as, yielding,
nonlinear unloading, gap closure, etc.) determines a substep. The tangent stiffness is modified

in each substep, and hence, the solution closely follows the exact response.

If the exact response of the structure is piecewise linear (Fig. 2.5), and if no "overshoot"
of the exact event is allowed, the solution will follow the exact load-deflection curve and no
equilibrium unbalance will result. In general, however, the response is not linear between
well-defined events, and the tyvpe of behavior shown in Fig. 2.6 is more likely to be present. In
this case, the solution does not follow the exact response, with the result that there is an unbal-
anced load, Ry, at the end of the step. This unbalanced load will be small if the events are

well chosen (i.e., if they represent major nontinearities in the behavior of the structure).

To apply the event-to-event strategy, an event factor must be calculated for each element,
and the minimum factor chosen to determine a scaling factor for the displacement increment,
Ar, for the substep. An event could also be defined in terms of rodal displacement limits.

Scaling the displacements Ar by the minimum event factor requires that the following compli-
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cations be considered.

(1) The state determination calculations for elements which have initial strain loadings

requires that the governing event factor be used to obtain the correct proportion of the

initial strains which are to be used. The state delermination calculation is essentially:

AS = kr(Av—ady,) (2.31)

where

(2)

(3)

AS = element force increment;

k7 = element tangent stiffness matrix;

Av = clement strains due to scaled displacement increment.
Ay, = initial element strains calculated assuming an unscaled load increment; and
« = governing event factor.

Path dependent state determination is consistent with the event-to-cvent strategy, whereas
the path independent scheme can lead o inconsistencies. This is because the event factor
is calculated from the current state. Hence. the state determination calculations should

also begin using the current state,

After any event, the load vector may be multiplied by (1—a) to obtain the remaining
portion of the lcad to be applied in the nex! substep. If initial strain effects are present,
however, simply scaling the load vector, AR ", is not consistent because the tangent
stiffness, k7, may have changed, so that the initial strain loads may have to be recom-
puted. Hence, AR " must generally be recalculated at each substep and cannot be simply

scaled.

2.4.7 Dynamic Load Scaling Using the Event-to-Event Strategy

The effective load vector for dynamic analysis contains contributions of initial stress type,

and hence, recalculation of the load vector may strictly be necessary at each substep to account

for changes in kr For computational convenience, however, AR can be assumed to be

unaffected by changes in k7, so that it can be scaled by (1 ~a) for each substep. In effect, the
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solution within the step is found as if the loading were static with no initial strain effects. This
can introduce some inconsistencies during the state determination and some unbaianced loads
Ry (Fig. 2.6} which are not corrected at the end of each substep. Hence, any accumulated

unbalances must be corrected in the following step.

An alternative approach is to recalculate AR " at the end of each substep, including unbal-
anced load effects. This has the disadvantage of requiring an internal resisting force calculation
at each substep, which requires the current velocities and accelerations. These quantities are

not readily available in consistent form within a substep.

2.4.8 Energy Caleulations
The different types of energy which can be calculated are as follows.
(1} Work done by external loads.
(2} Kinetic energy.
(3) Viscous-damping work.
(4) Internal work done by the elasto-plastic forces in the elements.
(5} Work done by secismic base shear forces moving through support displacements.

Ideally, the internal and viscous-damping energies should be calculated exactly in the elements
during the stale determination phase. However, an alternative and simpler approach is to calcu-
late these energies at the structure level using nodal forces and displacements. With this pro-

cedure, the internal energy, A E;, a step is calculated as:

AE, = é—(g', v R)T - Ar (2.32)
where
R’; = internal resisting forces at beginning of step; and
R; = internal resisting forces at end of step.

The elastic-plastic work is calculated if R; = resisting forces due to element elastic-piastic

actions only, and the viscous damping work is calculated if R, = resisting forces due to viscous
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damping effects within the elements, Other energies can be calculated similarly. The base
shear energy can be obtained using the imposed nodal displacements and the corresponding
nodal forces in the R; vector. The kinetic energy is conveniently calculated as the work done

by the inertia forces moving through the corresponding nodal displacements.

After all energies have been computed, a check on the energy balance can provide both a
measure of the error produced during a nonlinear dynamic analysis and an idea of the contribu-

tions of the different types of energy.
2.5 SUMMARY OF COMPUTATIONAL MODULES

2.5.1 General

In order to perform the types of operations described in the preceding sections, and hence
construct a general purpose computer program for nonlinear analysis, a variety of computational

modules are needed. These modules are identified in this section.

The modules are classified as being in the input, analysis, or output phases, and as being
at the structure or element levels. The modules in the analysis phase are well defined, although
they will vary in detail for elements of different types. The modules in the input and output
phases are less well defined and can vary in both detail and concept, depending on the level of

sophistication required in data input and results processing.

In the lists of Section 2.5.2, each module marked by an asterisk requires an associated

module at the element level for each new element type.
2.5.2 Modules at Structure Level

2.5.2.1 Input Phase
1. Node coordinate specification and processing.

2. Rotated coordinate system specification (optional).
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3. Nodal mass specification.

4. Identification of structure degrees of freedom.
5. Element data input and initialization.*

6.  Load specification and processing.

7. Restart file creation and access.

2.5.2.2 Analysis Phase
1. Complete static or dynamic stiffness assembly, in-core.”
2. Complete static or dynamic stiffness assembly, out-of-core.*
3. Partial static or dynamic stiffness assembly, in-core.*
4. Partial static or dynamic stiffness assembly, out-of-core.*
5. Complete reduction of structure stiffness.
6.  Partial reduction of structure stiffness.
7. External load vector formation.
8. Initial static forces assembly.*
9. Initial dynamic forces assembiy.*
10. Initial creep forces assembly.*
1. Load vector reduction and back-substitution.
12.  Minimum event factor calculation.™
13.  Midstep error vector assembly.*
14.  Midstep error check and time step selection.
15. Displacement modification for BFGS stiffness modification.

16. Displacement scaling, accumulation, and envelope update.



17. Velocity and acceleration update.

18. State determination and state update.*

19. Static or dynamic internal resisting force assembly.*
20. Load vector scaling for substeps.

21. Unbalanced force vector calculation.

22, Convergence check.

23,  Energy balance calculations.

24. Line search for unbalanced force minimization.

25. Nodal envelope values update.

26. Envelope values re-initialization.

2.5.2.3 Output Phase
1. Element state printout.”
2. Envelope values printout.*
3. Element state saving for restart.
4.  Element state saving for post-processing.*
5. Nodal values printout.

6.  Nodal values saving for post-processing.

2.5.2.4 Data Management
1.  Current element state update.
2. Reference element state maintenance and access.
3. Back-up element state maintenance and access.

4. Current element stiffness update.
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10.

Reference element siiffness maintenance and access.
Back-up element stiffness maintenance and access.

Load vector mainteniance and access.

Mass and node-dof connectivity maintenance and access.
Restart file maintenance and access.

Out-of-core (tlocked) structure stiffness maintenance and access.

2.5.3 Modules at Elemeni Level.

2.5.3.1 lnput Phase

[

Data input and initialization.

2.5.3.2 Analysis Phase

i6.

11.

12.

Static tangent stifiness formation.
Dynamic tangent stiffness formation.
Static stiffness ¢hange.

Dynamic stiffness change.

Static initial force calculation.
Dynamic initial force calculation.
Creep initial force calculation.

Event factor computation.

Midstep error calculation.

State determination and envelope update.

Static internal resisting force calculation.

Dynamic internal resisting force calculation.



2.5.3.3 Qutput Phase
1. Current state printout.
2. Envelope values printout.
3 Envelope re-initialization.

4.  Current state saving for post-processing.



3. ANALYSIS PROCEDURES AND OPTIONS IN ANSR-IIT

3.1 OVERALL ARCHITECTURE OF THE PROGRAM

The overali LOGIC of the ANSR-TII program is shown in Table 3.1. In each analysis

phase, a number of computational steps of the type considered in Chapter 2 are performed, and

certain data is generated. Each type of computational step is executed by an ANSR subroutine

{or subroutine sequence). The computational steps are similar for each analysis phase, and

hence, different phases can share subroutines at both the structure and element levels. These

subroutines are identified in the following section.

3.2 ANSR-HT ANALYSIS SUBROUTINES

3.2.1 Subroutines at Structure Level

TEMPLD
RDYNAM
CRLOAD
DYNMBC
ICOND

STIFST

STIFD!,STIFD2

PLD
EXTLD
INCLD
CONLD

PDSET

DYNAP,DYNAPP

EFFL,MEFFL

DISSOL

Initial Temperature and Pressure Load Assembly
Initial Dynamic Load Assembly

Initial Creep Load Assembly

Boundary Conditions for Dynamics

Initial Conditions for Dynamics

Assembly of Static Tangent Stiffness or Change in
Stiffness

Assembly of Dynamic Tangent Stiffness or Change in
Stiffness (for DYNMIT and DYNMIC).

Nodal Pressure Load Formation

External Static Load Formation

Static Load Increment Formation

Configuration Dependent Static Load Formation
Prescribed Displacements Formation
Application of Dynamic Loads

Effective Dynamic Load Formation and Moadification
for Imposed Displacements

Solution of Equilibrium Equations



SEVENT,.DEVENT

MIDSTEP

BFGS

SCALE

RESPON
RESPD1,RESPD2,
RESPD3,RESPD4
CRESP]1,CRESP2
ENVUP

UNBAL

UNBALN
UNBALL,UNBALV
ENERGY
PRINT,PRINDY
ENVOUT

RSTRT3

Minimum Event Factor Calculation for Statics and
Dynamics

Midstep Error Assembly for Time Step Control
BFGS Sitiffness Modification
Displacement Scaling

1

State Determination for Statics

State Determination for Dynamics

(DYNMIT,DYNMIC, In-core, Out-of-Core)

State Determination for Creep (In-core, Out-of-Core)
Envelope Values Update

Unbalanced Load Calculation for Static Analysis
Unbalanced Load Calculation for Dynamic Analysis
Unbalanced Load Calculation for Visco-Static Analysis
Energy and Energy Balance Calculations

Current State Printout (Static, Dynamic)

Envelope Values Printout (Nodal and Element)

Save Results on Restart File

Some of the above subroutines call other subroutines which control element data transfer.

These are as follows:

RDYNAM — RDYNX
CRLOAD — CRLDX
STIFST,
STIFDI1, - STIFX
STIFD2
- OPTSPD
- OPSUPD
DISSOL

Obtain Initial Dynamic Load from Ele-
ments

|

Obtain Initial Creep Load from Ele-
ments

|

Obtain Static or Dynamic Tangent
Stiffness or Change in Stiffness from
Elements

In-Core Symmetric Equation Solver
In-Core Unsymmetric Equation Soiver

i
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- OPBSPD
- OPBUPD
RESPON,
RESPDI, - STATX
RESPD2,
RESPD3, — RINTX
RESPD4
PRINT,
— OUTSTA—OQUTSX
PRINDY

| |

|

|

Qut-of-Core Symmetric Equation
Solver
Out-of-Core  Unsymmetric  Equation
Solver

State Determination of Elements

Obtain Internal Resisting Forces from
Elements

Output Current State of Elements

3.2.2 Subroutines at Element Level Called from Structure Subroutines

For each element, ten computational steps can be identified. For each new eiement type

which is added to the element library, ten subroutines must be developed, one for each compu-

tational step. The subroutines are identified as RDYN**, CRLD**, etc., where ** is & two-digit

element type number. The element subroutines and the base program subroutines from which

they are called are as follows.

Base Program

Element Subroutines

RDYNX — RDYNOT,RDYNO2,... = Initial Dynamic Load
CRLDX — CRLDO1,CRLDO02,... = Initial Creep Load
TEMPLD — INITO01,INITG2,... = Initial Strain Loads
STIFX — STIF01,STIF02,... = Tangent Stiffness
STATX — STATO1,STATO2,... = State Determination
RINTX —  RINTOLRINTO2,... = Internal Resisting Force
SEVENT,

DEVENT — EVNTO1,EVNTO2,... = Event Factor
MIDSTEP — MDSE01, MDSEQ2Z,... = Midstep Error
ouUTsSX -~ QUTS01,0UTS02,... = Current State Printout
ENVOUT — EQUTO01,EOUTO02,... = Results Envelope Printout
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3.3 INPUT AND ANALYSIS PHASES

3.3.1 General

The input and analysis phases involve sequences of subroutine calls. These sequences are

sumrmarized in this section.

3.3.2 Input Phase

Subroutine INPUT controls storage allocation and data input by calling the following sub-

routines.

XYZORD = Input Node Coordinates

DISDOF = Set up Node DOF Connectivity Array

LUMASS = Input Nodal Masses

CRINPT = Input Creep Property Tables (Stored In-Core)

ELINPT = Input Element Data (Location, Properties, ...): Calls Ele-
ment Subroutines INELO1, INELO2, etc.

STLOAD = [Input Static Load Patterns

CONFIG = Input Configuration-Dependent Loads

TEMPIN = Input Temperature Loads

PRESIN = Input Pressure Loads

PDPAT = Input Prescribed Displacement Patterns

AXLREC = Input Ground Acceleration Records

PTRECD = Input Dynamic Force Records

SDRECD = Input Support Displacement Records

BLOCK = Stiffness Matrix Blocking

RSTRTI,

RSTRTZ = Data Saving and Recall Using Restart File

3.3.3 Analysis Phases

The analysis controllers (STATIC, DYNMIC, etc.) string together sequences of opera-

tions as considered in Chapter 2 and identified in Section 3.2. The essential features of these
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controllers are listed below. The static, visco-static, and creep analyses are only briefly
described herein and are explained in detail in {21, [3], and [4]. The dynamic analysis phase

has, however, been a part of the current research and is described in detail in Section 3.4,

3.3.4 Static Analysis
The static analvsis phase makes use of the following subroutines:

TEMPLD; STIFST, PLD. EXTLD; INCLD; CONLD; PDSET; DISSOL; SEVENT;

BFGS; SCALE; RESPON; ENVUP; UNBAL; PRINT; ENVOUT; RSTRT3.

The actual sequence of cperations, as controlled by STATIC, depends on the solution

strategy being used.

3.3.5 Dynamic Analysis
The dynamic analysis phases make use of the following subroutines:

DYNMBC; ICOND: EXTLD; DYNAP and DYNAPP. EFFL and MEFFL; STIFD! or
STIFD? (for DYNMIT or DYNMIC);, DISSOL; DEVENT (for DYNMIC only);
MDSTEP (for DYNMIC only); RESPD1, RESPD2, RESPD3, or RESPD4 (for DYNMIT
or DYNMIC, in-core or out-of-core); ENVUP; UNBALN; ENERGY; PRINDY;

ENVOUT; RSTRT3.

The sequence of operations is controlled by the DYNMIC or DYNMIT analysis con-

troller.

3.3.6 Visco-Static Analysis
The visco-static analysis phase makes use of the following subroutines:

ICOND; EXTLD; RDYNAM; STIFST; DISSOL; RESPDI1 or RESPD2 (in-core or out-

of-core); ENVUP; UNBALL; UNBALV; PRINDY; ENVOUT; RSTRT3.

Subroutine VISCOS controls these operations.
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3.3.7 Creep Analysis
The creep analysis phase makes use of the following subroutines:
CRLOAD:; STIFST; DISSOL; DEVENT; CRESP1 or CRESP2 {in-core or out-of-core);
UNBAL; PRINDY.

Subroutine CREEP controls these operations.
3.4 STEP-BY-STEP DYNAMICS

3.4.1 Basic Equations
The step-by-step solution strategy is based on the constant average acceleration assump-

tion. The solution is obtained by solving the following equations:

Z‘t—z_ﬁf—rcrﬁt Kiar = RU+ M 250+—£—’jo +2Cr i 3.1)
AF = =2i, + %A_r (3.2)
AF = =27, - :—{jo + ‘—:[—ZA_r (3.3)
RY = R = [Rl+ M, + Cri) G4
where
Ky = tangent stiffness matrix;
Cr = tangent damping matrix;
M = mass matrix;
R U = unbalanced load vector at beginning of step;
RE = external load vector at end of step;
R! = internal resisting load vector at beginning of step (only elasto-plastic forces
included);
1. I, = velocity and acceleration vectors at beginning of step;
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Ar, Af, A¥ = displacement, velocity, and acceleration increments; and

Ar = time step.

Eqgn. 3.1 can be wriiten as:

KiAr = AR’ (3.5)
where
K7 = effective tangent stiffness matrix;
AR’ = effective load vector;
. 4 2
Ki= S-M+5-Cr+ Ky (3.6)
» E ] e 4 » » L
AR = R “50+MIO+E.ZO + Crr, 3.7
If mass and stiffness proportional damping are used:
ET = am;M+aBo_1ga+BT£T (38)

where a ., B,, and 87 are proportionality constants. The effective stiffness matrix and effective

load vector are then:

* 4 2am 2 2
Ky = F+ At]'M+!AtBO K, + |l + AI‘BT]KT (3.9)
AR" = RE= R+ [1+a,| Mz, + | +aul Mi+ 8.k, +8rKr| i, G10)

For the Hilber-Hughes-Taylor (HHT) scheme, K7 is modified as follows.

4 2C!m
=+
A At

»

Ky

= M+

K, + Ky (3.11)

2 2
AP aPrte
where a« = HHT integration constant.

For Hibbitt’s version of the HHT scheme, K7 is given by Eqn. 3.11 and AR " is modified

as follows:
AR = 1+ RE—aRF-RI+ 1 +a, M7, (3.12)
|2+ an| Miy+ 18K, + Br KA,
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3.4.2 Time Step Control

A criterion for time step control based on the equilibrium error at midstep has been pro-
posed by Hibbitt and Karlsson [9]. This critericn assumes that if the midstep error is small,
then since the error at the end of the step is zero (assuming iteration to convergence), the
overall effect of equilibrium errors should be small, and the calculated response should be accu-

rate.

Hibbitt and Karlsson appear to iterate to convergence in each step, then obtain the
midstep error (half step residual) by an explicit equilibrium error calculation at midstep. For
the ANSR scheme, use is made of the observation that for a linear problem the midstep equili-
brium error, AR,,, can be easily caiculaled as shown in Fig. 3.1. Because the midstep value of
7, 5, and R (assuming a linear variation of R) are averages of the step 'end values, the midstep
error is related to the displacement deviation at the midstep, Ar,. The midstep equilibrium
error vector, AR, can thus be obtained as:

AR, = Kr-Ar, =

—AS—’gTA_f (3.13)

or, from Eqn. 3.2,

A . 2
= = - - 14
AR, 5 KT[ 25, + AIAI] (3.14)
For a linear problem this midstep error calculation is exact. For a nonlinear problem it is

only approximate but is easy to calculate and provides an effective means of controlling the

time step.

In ANSR-III, midsteb error calculations are performed at the element level, and AR, is
assembled from the element contributions. If the maximum norm of AR, exceeds a user-
specified upper tolerance, the time step is reduced by a user-specified factor (usually 0.5). If
the norm is less than a lower tolerance for two consecutive steps, the time step is increased by

a second user-specified factor (usually 2.0).
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3.4.3 Event-to-Event Stratcgy

The event-to-event strategy used in the dynamic analysis is an extension of the static
event-to-event procedure. Fig. 3.2 illustrates behavior which is linear between well defined
events. In this case, the solution follows the exact response path ABCD. In contrast, with
Newton-Raphson iteration, the solution follows path ABB"C'C”, the load unbalances R{ and

RY being corrected during the iteration.

The main disadvantage of using the event-to-event strategy is the need for calculation of
event factors. The strategy has the advantage, however, that it follows the true equilibrium

path more closely, and hence, tends to be more stable.

A more likely type of behavior, which is not linear between events, is illustrated in Fig.
3.3. In this case, the solution does not follow the exact response path, and an equilibrium
error, RY is present at the end of the step. In ANSR-III, this equilibrium error is usually
small, because of the time step control and because the choice of events avoeids substantial non-
linearity in the elements. Any error at the end of the time step can in most cases be eliminated
by adjusting the nodal accelerations to satisfy equilibrium. Alternatively, the option is available
to apply an equilibrium correction in the following time step. If a structure degree of freedom

has zero mass, this second option is automatically used at that degree of freedom.

3.4.4 Midstep Error Calculation

If no event occurs within a time step, the midstep error, AR, is calculated by Eqn. 3.14.
If, however, one or more events occur during the siep, the complete step is divided into sub-

steps. If the proportion of the complete time step is «; for substep i, then R,, is calculated as:

AR, = 3T Kr [v—Za,-_fo + -f—,A_r,-] (315

where Ky, = tangent stiffness matrix in substep i and Ar; = displacement increment for sub-

step 1.
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3.4.5 Viscous Damping
In ANSR-IIL, the effective load vector, AR, in Eqn. 3.7 is assumed to remain constant
throughout the step (i.e., it is assumed not to be affected by events within the step). This is a

correct assumption if Cy remains constant during the step but is not correct if €7 changes.

In ANSR-111, the option is avajlable to assume mass and stiffness proportional viscous
damping, so that Cris:

Cr=amM+B. K, +BrKr (3.16)

where «,,, B, and By are proportionality constants. Because the term 87 K7 changes as a

structure becomes nonlinear, it is recommended that 87 be specified as zero. This is partly to

avoid errors due to changes in AR " when events occur in a time Step. A more important rea-

son, however, is {0 avoid the large equilibrium unbalances, and the associated numerical shock,

which can occur when the damping forces suddenly change because of a change in Kr.

3.4.6 Energy Calculation

Inaccuracy or instability in a dynamic step-by-step scheme is most often associated with
energy errors. In particular, if the numerical scheme allows progressive accumulation of

energy, instability will result.

There are three types of energy to consider, as follows.
{1) Work done by external loads and reactions on the structure and by a ,, M damping forces.
(2) Kinetic energy.

(3) Internal element energy, consisting of elastic strain energy, plastic work, and work done

against viscous damping forces of 8K type.

Ideally, the external work during an analysis should exactly equal the kinetic energy plus the
internal energy. This is not difficult to achieve for a linear problem. In the nonlinear case,
however, energy errors will generally be present because equilibrium is not exactly satisfied and
work is done by the unbalanced loads. Step-by-step strategies have been proposed which can

ensure an energy balance [11,12]. However, those strategies are too complex for
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implementation in a general purpose program such as ANSR. Hence, energy errors are not
eliminated in ANSR-1Il. Instead, these errors are monitored to provide an indication of

whether substantial errors may have developed.

The internal element energy is ideally obtained by calculating the areas under the load-
deflection curves for all elements. This procedure has been used, for example, in the DRAIN-
2D2 program {131, This procedure is difficult to implement in ANSR-III, however, because the
ANSR elements are much more complex than those in DRAIN-2D2. Hence, a simpler, but
approximate, procedure has been used. This procedure involves computation of the work done
by the internal resisting load, jg’, moving through the corresponding nodal displacements. This

procedure is only approximate because it ignores any nonlinearity within the step (see Fig. 3.4).
In ANSR-III, the internal element work in time step i is calculated as:
T
aw; = w(RL + YA (3.17)

where RL, = resisting force at end of step i-1; R/ = resisting force at end of step i; and A7,

= displacement increment in step i.

The kinetic energy and the work done by the external forces are obtained in a similar way.

3.5 EVENT-TO-EVENT SCHEME WITH VARIABLE TIME STEP

The flow diagram in Table 3.2 illustrates, the logic followed by the event-to-event strategy

with time step control. The major operations are as follows for each time step.
(1) Begin with the state at the beginning of the step.
{2) Set up the load vector, AR .

(3) Increment the substep counter (NSUB) and check against the maximum allowable
number of substeps (MAXSUB). If MAXSUB is exceeded, reduce the time step (DT) by

the factor CRED, reform the stiffness matrix, and repeat from Step (1).

(4) Solve the equation: KyAr = AR’
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(5)
(6
(7)

(8)

(9)

(10)

(11)

(12}

(13)

Compute the velocity increment, A 7.
Calculate the event factors and retain the minimum factor (FACTOR).
Calculate the midstep error and assemble R,

Compare the maximum norm of R, against the upper tolerance (TOLUP). If the toler-
ance is excecded, repeat from Step (3).
Check the norm of R, against the lower tolerance (TOLOW)}. If the tolerance is

exceeded, set the counter LOTOL to one.

Check if FACTOR = 1. If so, the step is complete and the displacements, velocities, and
accelerations may be updated. If not, scale the displacement, Ar, by FACTOR,

Perform a state determination.

If the step is complete, check LOTOL. If LOTOL is zero, increase the time step indicator
(INCDT) by one. and check if equal to two. If so, increase DT by the factor CINC, reset
INCDT to zero, reform K7, and continue from Step (1).

If the step is not complete, modify K7, compute the remaining proportion of the load

vector by scaling AR " by (1 - FACTOR), then continue from Step (3).

3.6 ITERATION SCHEME WITH CONSTANT TIME STEP

The flow diagram in Table 3.3 illustrates the logic followed by the iteration solution stra-

tegy with constant time step. The major operations are as follows for each time step.

(1)
(2)
(3}
(4)

(5)

Initialize the state at the beginning of the step.

Set up the load vector, AR .

Update the velocities and accelerations by the terms not involiving the displacement Ar.
Begin the iteration. Increment the iteration counter (NIT) by one.

Set the stiffness update code (ISTIF) and state update code (ISTAT) to zero or one

depending on the solution scheme used (e.g. Newton-Raphson, path dependent, etc.).
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6
@)
(8)
(%)
(10}

an

(12)

If ISTIF=1, modify K.

If ISTAT =1, reinitialize the displacements and update the state.
Solve the equation: KrAr = AR’

Increment the velocities, accelerations, and displacements.
Perform the state determination.

Perform an equilibrium check, by calculating R, checking the Buclidean norm or max-
imum norm against the convergence tolerance. If the tolerance is exceeded, set

AR" = Ry and perform the next iteration from Step (4).

Begin the next step, from Step (1),
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4. ADDITION GF ELEMENTS

4.1 ELEMENT SUBROUTINES

Ten interface subroutines are called from the base program to perform element computa-
tions. These subroutines musi be provided for each new element type that is added to the ele-
ment library. The names of these subroutines and their functions are as follows. The “**" in

the subroutine name must be the element type number in the library.

SUBROUTINE NAME FUNCTION

(1) INEL*™ Input and initialize element group data and general element data.
(2) STIF** Calculate element static or dynamic total stiffness or stiffness change.
(3) STAT** Perform element state determination calculations.

(4) RINT™* Calculate internal resisting forces for current state.

{5) RDYN** Calculate dynamiic initial forces.

{6) INIT** Calculate static initial forces.

(7) EVNT** Calculate event factor for event-to-event sirategy.

(8) MDSE** Calculate midstep equilibrium error for control of time step.

(9) OUTS** Qutput element current state.

(10) EQUT** Gutput element envelope results.

The subroutine names for Element 1 (truss bar element), for example, are INELO1, STIF01,
STATOI1, etc. Additional subroutines may need to be added if new analysis options are added.
For example, for creep analysis, a subroutine CRLDO! is required for creep initial force caicula-
tion. |

The interface subroutines may call other subroutines as appropriate. It is recommended
that all subroutines called from the interface subroutines be identified with the element type

number (e.g. MULTO1). This will avoid duplicate subroutine names.
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4.2 CONTROL VARIABLES

4.2.1 Control Variable Categories

A number of variables are used to control the computation. These variables can be

grouped into three categories, as follows.
(1) Structure control variables.

(2)  Group control variables.

(3) Element control variables.

The control variables are defined in the foliowing sections. The procedures for using

them are described later.

4.2.2 Structure Control Variables

Structure control variables are defined at the structure level and are the same for all ele-

ment groups. All control variables in this category are set by the base program.

ISTEP = Current step number in the step-by-step integration sequence. For
static analysis, ISTEP < 0. For dynamic analysis, ISTEP > 1.

TIME = Current f{ime in a dynamic analysis.

KPR = Print indicator. If results are not to be printed, KPR = 0, other-
wise, KPR = element group number.

NIT = Total number of nodes in the structure.

NDKOD(NIT,6) = Array containing the structure degree-of-freedom (equation)
numbers corresponding fo the X,Y.,Z displacements and X,Y,Z rota-
tions for each node of the structure.

X(NIT),Y(NJT),Z(NJT) = Nodal coordinates.

TEMPN(NJT),PRESN(NJT)= Nodal temperatures and pressures.

ZERO,ONE = Variables set to 0.0 and 1.0, respectively, to simplify double preci-
sion conversion.

ISTFC = Indicator specifying whether the total element stiffness or only the
change in stiffness is required {1 = total; 0 = change).
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C7,C8 = [ntegration constants (e.g. for Newmark 8 = 1/4 method, C7 =

and C8 = 0).
EVFAC = Event factor for governing event in event-to-event analysis.
IEVEL = Flement number corresponding to governing event.
IEVGR = FElement group number corresponding to governing event.
IEVNT = Ewent type number (depends on element type).

4.2.3 Group Contrel Variahles

Group control variables are defined at the element group level and are the same for all
elements in the current element group. Some of these contro! variables are set by the base pro-

gram, and some must be set within the element subroutines.

DKO = Initial stiffness damping factor, B¢

CDKO = Value of constant Cg8y {e.g. for Newmark 8 = 1/4 method, C =
2/DT, where DT = time step) in effective stiffness calculations.

DKT = Current tangent stiffness damping factor, 8 .

CDKT = Value of constant Cg8 r in eflective stiffness calculations.

NGR = Element group number.

NELS = Number of elements in group.

MFST = FElement number of first element in group.

IGRHED(10) = Array containing group heading, in 10A4 format.

NINFC = Number of words of information stored for each element in group.

This is the length of the labelled common block /INFEL/ (see Section
4.3) and is also equal to the sum of LSTAT, LSTC, and LSTF (defined
below). To compute the length for double precision, each integer vari-
able counts as one word (4 bytes) and each real variable as two words
(8 bytes). If integer variables are used at the beginning or middle of
/INFEL/, it is advisable to arrange them in even numbered groups, so
that all real variables begin on 8-byte boundaries. This is necessary to
avoid segmentation problems on some computers.

LSTAT = Number of words of stare information stored for each element in
/INFEL/ (see Section 4.3).

LSTC = Number of words of stiffness control information stored for each ele-
ment in /INFEL/ (see Section 4.3},



LSTF = Number of words of stiffness informarion stored for each element in
/INFEL/ (see Section 4.3).

NDOF = Number of degrees of freedom for elements in group {(number of
rows in element stiffness matrix).

EPROP(1000) = Array which may contain element group information (i.e. informa-

tion which is common to all elements in a group). This avoids having
to store the information separately for each clement.

The control variables DKO, DKT, NGR, NELS, MFST, and IGRHED(10) are set by the
base program when the input data is read for each element group. The control variables CDKO
and CDKT are computed by the base program and provided for each element group for use in
the element stiffness subroutine STIF**. The control variables NINFC, LSTAT, LSTF, LSTC,

and NDOF must be set in the element input subroutine INEL**,

4.2.4 Element Control Variables

Element contro! variables are defined at the element level and may be different for each

element. Some of these variables are set by the base program, and some inust be set within the

element subroutines.

IMEM = Element number within its group.

NDF = Number of element degrees of freedom (number of rows in ele-
ment stiffness matrix).

FK(NDF ,NDF) = Array for returning the total element stiffness (if ISTFC = 1), or
the change in stiffness (if ISTFC = 0).

INDFK = Indicator determining the element stiffness storage scheme. For a
square matrix, INDFK = 0; for the lower half of the matrix only, com-
pacted column-wise, INDFK = 1.

ISTFC = Indicator used to specify if array FK contains the total element
stifiness or the change in stiffness. If ISTFC = 1, FK coniains the
total stiffness. If ISTFC = 0, FK contains the change in stiffness.

KST Stiffness update code, as follows:

(a) KST=1: The tangent stiffness of the element has changed in the
current step.

(b) KST=0: No change in element stiffness has occurred.
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KEXEC

EFAC

IEV

LM(NDF)

Q(NDF)
VEL(NDF)

DVELE(NDF)

ACC(NDF)
FE(NDF)
FD(NDF)

FZ(NDF)

RF(NDF)

= Data check parameter. If any error occurs in the input data. set
KEXEC to 1. Execution will then stop at the end of the input phase.

= Element event factor {proportion of the current displacement incre-
ment at which the next nonlinear event occurs).

= Event type indicator {a code to indicate whether the event is vield,
unioading. gap closure, etc.). The exact meaning of IEV varies with
the element type.

= Element "location matrix" containing numbers that refer to the loca-
tion in NDKODNJT,6) of the struciure degree of freedom number
corresponding to each element degree of freedom.

= Inc¢rement in nodal displacements.

= Current nodal velocities.

= Increment in nodal velocities. This is replaced by the midstep error
vector for the current element in MDSE**.

= Current nodal accelerations.
= Elasto-plastic resisting forces for the current element.
= Viscous resisting forces for the current elementi.

= lnitial dynamic nodal forces for the current element for the next
time step.

= Initial static forces due to initial strain effects.

The variable ISTFC is set by the base program. The arrays Q, VEL, and ACC are sent in

by the base program. The variables IMEM, NDF, INDFK, K5T, KEXEC, EFAC, IEV, and

the arrays FK, LM, FE, FD, FZ, and RF must be set in the element subroutines. The array

DVELE is sent in by the base program and modified in the element subroutine.
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4.3 LABELLED COMMON BLOCKS

4.3.1 List of Blocks

(1)

(3)

(4}

(6}

The following labelled common blocks are used for element processing:

Element Group Information:

COMMON /INFGR/ NGR NELS MFSTIGRHED (10}, NINFC,

LSTAT,LSTF.LSTC,NDOF,DKO,DKT,EPROF (1000
Element Information:

COMMON /INFEL/ IMEM KST,LM( ..

Event Data:

COMMON /EVNT/ EVFAC,IEVNT IEVEL IEVGR
Input/ Output Units:

COMMON /TAPLES/ NIU,NOU,NT1.NT2,NT3 . NT4 NT5,NT6 NT7 ,NT8.

NTONTIGNTII,NTI2 NTI3 NT14 NT15NT16
Double Precision Constants:

COMMON /PRECIS/ ZERO,ONE

Temporary Storage:

COMMON /WORK/ IWORK (4000)

4.3.2 Element Group Information

Common block /INFGR/ contains information common io all elements in the current

element group. The variables in /INFGR/ are initialized in subroutine INEL**.

gram stores the data and makes /INFGR/ for the current element group available to subrou-

tines STAT**, STIF**, RINT**, RDYN**, INIT**, EVNT**  MDSE**, OUTS**, and EQUT**.

The data in /INFGR/ must not be modified in these subroutines.
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4.3.3 Element Information

For each element, a common block /INFEL/, containing element information, must b‘e
created and continually updated. All the information to be retained for any element musi be
contained either within this block or within the /INFGR/ block. The total length of /INFEL/
is NINFC, which is set in INEL** and is the same for all elements in any group. The informa-

tion must be arranged in the following order:

(1) State Information:v This data must begin with variables IMEM, KST, and LM{ ), respec-
tively. The remaining data will typically consist of: node numbers; control cedes for
results output, large displacements, yield behavior, etc.; element stiffness properties;
cross-sectiori properties; strain-displacement transformations; stresses and strains; toler-

ances for event calculations; and peak {envelope) values of siresses and strains.

(2) Siiffness Control Information: This data will typically consist of yield status information,

which will be used to control the stiffness update code KST.

(3) Stiffness Information: This data will typically consist of the tangent stiffness matrix. If the

stiffness matrix is symmetric, only the lower triangle may be stored.

The /INFEL/ block must appear in all interface subroutines. During the execution of
subroutine INEL**, the block must be initialized for each element. It is then transferred, by
the base program, to two storage areas (the first for state information, the second for stiffness
control and stiffness information). Each time computations for an element are to be carried
out, the base program first transfers the appropriate data from the siorage areas to the /INFEL/
block, then calls the appropriate interface subroutines. When control is returned from the sub-
routine to the base program, the base program transfers the updated data to the appropriate

storage areas (this is done for STIF** and STAT** only).

4.3.4 Event Data

For each element, event calculations are performed in EVNT™, and an event factor for

the element is returned to the base program. The minimum factor is refained by the base pro-
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gram, together with the corresponding element group number, element number, and event type
indicator. This information is stored in common block /EVNT/ by the base program and may
be needed during certain state determination calculations in the STAT** subroutines. For
example, il temperature strains are to be accounted for, the event factor is needed in STAT™”

to get the amount of initial strain to be considered in the current state determination.

4.3.5 Input/Output Units

Common block /TAPES/ contains file numbers assigned by the base program. Input unit
NIU and output unit NOU are required by the element subroutines whenever data is to be read
or printed. Units NT1 through NT16 are used by the base program as scratch files and must

not be used in any element subroutine.

4.3.6 Double Precision Constants

Common block /PRECIS/ contains real constants 0.0 and 1.0. It is recommended that
these constants be used whenever real variables are compared with zero or onc in IF state-
ments. This avoids the need to change the IF statements when conversion to or from double

precision is made.

4.3.7 Temporary Storage

Common block /WORK/ provides a work area for use by the element programmer. This
area must be used only for scraich storage within a subroutine and should generally not be used
to transfer data between subroutines, because the data will not generally be retained after con-

trol is returned from any interface subroutine to the base program.
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4.4 ELEMENT SUBROUTINES
4.4.1 ENEL** - Group and Element Data Input
4.4.1.1 Beginning Statements

The SUBROQUTINE, COMMON, and DIMENSION statements for subroutine INEL** are
typically as follows:
SUBROUTINE INEL** {NJT NDKGOD XY, Z.KEXEC)

COMMON /INFGR/ NGR,NELS,MFST.IGRHED (10),NINFC,LSTAT,LSTF,

LSTC,NDOF,.DKO,DKT,...

COMMON /INFEL/ IMEM,KST.LM(...
COMMON /TAPES/ NIU NOU,NT1,... ,NT1é6
COMMON /WORK/ ...

COMMON /PRECIS/ ZERO,ONE

DIMENSION NDKOD(NJT,6), X (NJT),Y{(NJT),Z(NJT)

4.4.1.2 Variahle Types
The variables transferred through the argument list are of two types, as follows.
{a} Input: These are set by the base program and must noi be modified.

(b} Output: These are set by the interface subroutine and returned for use by the base pro-
gram. They are typically initislized to zero before entry to the interface subroutine. In

cerizin cases they may be left unchanged in the interface subroutine.
For subroutine INEL**, 1the variables are of the following types.
{3 Input: NJT, NDKOD, X. Y. Z

{b) Output: KEXEC.

4.4.1.3 Purpose

Subroutine INEL** is called from the base program once for each element group in the
input phase. Its purpose is to read the input data for all elements in the group, echo print the

input data in appropriate forms, and initialize the wvariables in the /INFGR/ and /INFEL/
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blocks.

4.4.1.4 Tasks to be Performed

(1)

(2)

(3)

(4)

Set the values of KST, NINFC, LSTAT, LSTF, LSTC, and NDOF in /INFGR/. KST

must be set {o one.

If desired, set up element property tables in EPROP{1000) in /INFGR/.

Read all element properties (node numbers, large displacement codes, material properties.

initial states of stress, etc.).

For cach element, carry out the following initialization operations.

(a)

(b)

(d)

{e)

Set IMEM in /INFEL/ 10 the glement number within the group.

Set up the LM array in the /INFEL/ block. This is done by calling subroutine

NCODLM for each element degree of freedom with the statcment:
CALL NCODLM (LM (*) NJT,NOD,N)

where * is the clement degree of frecdom number, NJT is the total number of
nodes in the structure, NOD is the global node number, and N is the local degree of

freedom number at node NOD.

Initialize all variables in /INFEL/ to appropriate values corresponding to the initial

state of the structure.
Call subroutine BAND with the statement;
CALL BAND

to permit the base program to establish information on the form of the structure
stiffness matrix. This call may be made any time after the LM array has been

defined.

Call subroutine COMPAC with the statement;
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CALL COMPAC

to store the element data {emporarily on scratch files. This must be made after the

data in /INFEL/ is fully initialized.
4.4.2 STIF** - Element Tangent Stiffness Calculation

4.4,2.1 Beginning Statements

The SUBROUTINE, COMMON, and DIMENSION statements for subroutine STIF™ are
typically as follows.

SUBROUTINE STIF** (ISTEP,NDF,CDKO,CDKT,FK,INDFK,ISTFC)

COMMON /INFGR/ NGR,NELS, MFST,...

COMMON /INFEL/ IMEM, KST,LM(...

COMMON /fWORK/ ...

COMMON /PRECIS/ ZERO,ONE

DIMENSION FK (NDF,NDF)

4.4.2,2 Varjable Types
The variables fransferred through the argument list are of the following types.
(@) Input: ISTEP,NDF,CDKO,CDKT,ISTFC

(b)  Qutput: INDFK,FK

4.4.2.3 Purpose

Subroutine STIF™ is called from the base program whenever the structure stiffness is to
be formed or modified. If the total element stiffness matrix is to be formed, the subroutine is
calied once for each element. If a change in stiffness is being formed, the subroutine is called
only for those elements which have undergone stiffness changes. The total stiffness or change

in stiffness must be returned in array FK, for assembly into the structure stiffness.
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4.4.2.4 Tasks to be Performed

N

(2)

(3

(4)

(5)

(6)

Set the value of INDFK, specifying the storage scheme in array FK. If FK stores a square

matrix, sct INDFK to 0. If FK stores only the fower half of the matrix, set INDFK to L.

If ISTEP=0, form the static stiffness of the element (add geometric stiffness if appropri-
ate), and return in array FK in the appropriate form. This stiffness is used io set up the
static structure stiffness at the beginning of & new static analysis phase.

If ISTEP <0, form either the total tangent stiffness or the change in stiffness, depending

on the value of ISTFC (see Section 4.2.4}, and return in array FK.

If ISTEP=1, form the dynamic stiffness and return in array FK. This stiffness is used to
set up the dynamic structure stiffness at the beginning of a new dynamic analysis phase.
The dynamic stiffness mairix is given by:

-

K" = CDKO - K,+ (1 + CDKT) - Kr
where K, = elastic stiffness and K7 = tangent stiffness.
If ISTEP> 1, form either the total dynamic stiffness or the change in stiffness, depending

on the value of ISTFC (see Section 4.2.4) and return in array FK.

Status codes defining the previous and current states of the element, as established in sub-
routine STAT**, will typically be used to determine the nature of the siiffness change.

Set the previous codes equal to the current codes.

4.4.3 STAT** - Element State Determination Calculations

g.4.3.1 Beginning Statements

The SUBROUTINE, COMMON, and DIMENSION statements for subroutine STAT™® are

typicalty as follows.

SUBROUTINE STAT** (NDF,Q,TIME)
COMMON /INFGR/ NGR.NELS MFST....

COMMON /INFEL/ IMEM KST,LM{(...
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COMMON /EVNT/ EVFAC,IEVNT,IEVEL,IEVGR
COMMON /WORK/ ...
COMMON /PRECIS/ ZERO.,ONE

DIMENSION Q(NDF)

4.4.3.2 Variahle Types

The variables NDF, Q, and TIME are all of input type.

4.4.3.3 Purpose
Subroutine STAT™" is called frequently during the analysis. Its purpose is to update the
element state information in /INFEL/, given the current state and an increment of nodal dis-

plucement (array Q) set up by the base program.

4.4.3.4 Tasks to be Performed

{1} Perform the state delermination computations. These vary greatly with the type of ele-
ment. In general, the clement deformations are determined using the Q array, and hence,

all element state quantities in /INFEL/ are calculated and updated.
(2} If initial strain effects are considered, compute nodal increments of temperature {DTEM)
and internal pipe pressure (DPRES). This is done with reference to the global node

number (NOD} by calling subroutine GETNTP for each node with the statement:
CALL GETNTP (NOD,DTEM,DPRES)

If initial strain effects are present, or if the element contains internal degrees of freedom.
the governing event factor, EVFAC, stored in /JEVNT/, will be needed for the state
determination calculations. In such cases, initial strain quantities will have been stored in
INIT** for a full static load increment, and only EVFAC times these initial quantities

must be used in the siate determination.
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(3) Update the envelope values of stresses and strains in /INFEL/.

(4) If the element changes such that its status is different from the status at the last stiffness
update (because of yielding or unloading), set the stiffness update code KST in /INFEL/.
If jarge displacement effects are included for the specific element, KST is usually set to 1

in all cuses. :
4.4.4 RINT** - Internal Resisting Loads

4.4.4.1 Beginning Statements

The SUBROUTINE, COMMON, and DIMENSION statements for subroutine RINT** are
typically as follows.

SUBROUTINE RINT** (NDF,Q,VEL,FE . FD,TIME)

COMMON /INFGR/ NGR ,NELS MFST,..

COMMON /INFEL/ IMEM KST, LM (...

COMMON /WORK/ ...

COMMON /PRECIS/ ZERO,ONE

DIMENSION Q(NDF},VEL(NDF),FE(NDF),FD(NDF)

4.4.4.2 Variable Types
The variables transferred through the argument list are of the following types.
(@) Input: NDF, Q, VEL, TIME

(b) Output: FE, FD

4.4.4.3 Purpose

Subroutine RINT** js called for each element at the beginning of the analysis and after
each state determination if needed. lis purpose is to compute the nodal loads which are in

equilibrium with the current state of stress.
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4.4.4.4 Tasks to be Performed

(1) For static or dynamic analysis, compute the elasto-plastic nodal forces from the current

state data, and return to the base program in the FE array.

{2} For dynamic analysis only (TIME > (), compute the viscous damping nodal forces from

the current state data, and return to the base program in the FD array. FD is given by:

fp = —{DKO K, + DKT - K;1- @

where K, = elastic stiffness; K = tangent stiffness; and @ = velocity array (VEL}.
4.4.5 RDYN** - Initial Dynamic Load

4.4.5.1 Beginning Statements

The SUBROUTINE, COMMON, and DIMENSION statements for subroutine RDYN**

are typically as follows.
SUBROUTINE RDYN** {(NDF,Q,VEL,ACC,FZ,C7,C8)
COMMON /INFGR/ NGR,NELS,MFST,...
COMMON /INFEL/ IMEM,KST,LM{(...
COMMON /WORK/ ...
COMMON /PRECIS/ ZERO,ONE

DIMENSION Q(NDF},VEL(NDF),ACC(NDF),FZ(NDF)

4.4.5.2 Variable Types
The variables transferred through the argument list are of the following types.
(a} Input: NDF, Q, VEL, ACC, C7, C§

() OQutput: FZ

4.4.5.3 Purpose

Subroutine RDYN** is cailed for each element at the beginning of each time step. lts
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purpose is to compuie, for the next time step, the initial loads associated with the step-by-step

integration method being used.

4.4.5.4 Tasks to be Performed

Only damping contributions to the dynamic initial load vector are typically present at the
element level. This is because the mass is typically lumped at the nodes, so that inertia effects
are accounted for in the base program. Internal element inertia can, however, be considered.
The initial forces must be catculated and returned in array FZ. The precise procedure 1o be fol-

lowed depends on the element characteristics. FZ is given by:

[ = [DKO -K,+ DKT - K7} - [0+ CDQ+ C8 - 0]
where K, = elastic stiffness; Ky = tangent stiffness; Q = velocity array (VEL); and O =

acceleration array (ACC),
4.4.6 INIT** - Initial Static Load

4.4.6.1 Beginning Statements

The SUBROUTINE, COMMON, and DIMENSION statements for subroutine INIT™* are

typically as follows.
SUBROUTINE INIT** (NJT,NDF,RF)
COMMON /INFGR/ NGR,NELS MFST,...
COMMON /INFEL/ IMEM,KST,LM(‘.‘..
COMMON /WORK/ ...
COMMON /PRECIS/ ZERO,ONE

DIMENSION RF(NDF)

4.4.6.2 Variable Types

The variables transferred through the argument list are of the following types.

56



(a} Input: NJT, NDF

(b) OQutput: RF

4.4.6.3 Purpose

Subroutine INIT** is called for each element at the beginning of each load step. Its pur-
pose 1s to compute the initial forces caused by temperature and by internal pressure changes in

pipes.

4.4,.6.4 Tasks to be Performed

(1) Calculate increment of nodal temperature and internal pressure by calling GETNTP as

described in Section 4.4.3.4.

(2) Calculate the initial nodal forces due to temperature and pressure changes and return to

the base program in the RF array.
4.4.7 EVNT** - Event Factor Calculation

4.4.7.1 Beginning Statements

The SUBROUTINE, COMMON, and DIMENSION statements for subroutine EVNT**

are typically as follows.
SUBROUTINE EVNT** (NDF,Q,VEL,ACC,EFAC,IEV)
COMMON /INFGR/ NGR,NELS MFST,...
COMMON /INFEL/ IMEM,KST,LM(...
COMMON /WORK/ ...
COMMON /PRECIS/ ZERO,ONE

DIMENSION Q(NDF),VEL (NDF),ACC(NDF}
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4.4.7.2 Variable Types
The variables transferred through the argument list are of the following types.
(a) Input: NDF, Q, VEL, ACC

(b) Outpui: EFAC, IEV

4.4.7.3 Purpose

Subroutine EVNT** is called for each element at frequent intervals during the analysis.
Its purpose is to calculate the proportion of the displacement increment, Q, which can be
applied to an element before a significant nonlinear event occurs. Typical events are vielding,

gap closure, and unloading.

4.4.7.4 Tasks to be Performed
(1) Calculate the element strains using the displacement increment in array Q.

(2) If initial strain effects are considered, it may be necessary to obtain increments for nodal

temperature and pressure by calling GETNTP as in Section 4.4.3.4.
(3) Calculate the event factor, EFAC, for the first nonlinear event for the element.

(4)  Set IEV to a code which indicates the event type.
4.4.8 MDSE** - Midstep Equilibrium Error

4.4.8.1 Beginning Statements

The SUBROUTINE, COMMON, and DIMENSION statements for subroutine MDSE**

are typically as follows.
SUBROUTINE MDSE** (DVELE,NDF)
COMMON /INFGR/ NGR,NELS,MFST,...
COMMON /INFEL/ IMEM,KST,LM(..

COMMON /WORK/ ...
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COMMON /PRECIS/ ZERO,ONE

DIMENSION DVELE(NDF)

4.4.8.2 Variable Types
The variables transferred through the argument list are of the following types.
(a} Input: NDF

(b) Output: DVELE

4.4.8.3 Purpose

Subroutine MDSE** is called for each element at frequent intervals during dynamic
analysis. Its purpose is to calculate an approximation to the midstep equilibrium error, and
return it to the base program. The equilibrium errors are assembled by the base program and

used to control the time step size.

4.4.8.4 Tasks to be Performed

(1) Calculate the midstep error vecior as the product of the tangent static stiffness matrix and

the increment of nodal velocities transferred in array DVELE.

(2) Replace DVELE by the midstep error vector.
4.4.9 OUTS** - Output Element Current State

4.4.9.1 Beginning Statements

The SUBROUTINE and COMMON statements for subroutine OUTS** are typically as fol-

lows.
SUBROUTINE OQUTS** (KPR,TIME)
COMMON /INFGR/ NGR,NELS,MFST....
COMMON /INFEL/ IMEM,KST,LM(...

COMMON /TAPES/ NIU NOU,NT1,..NT16
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4.4.9.2 Variable Types

The variables KPR and TIME are both of input type.

4.4.9.3 Purpose

Subroutine QUTS** is called for each element at specified output intervals, as controlled
by the base program. Its purpose is to print the current element results {stresses and strains,

status information, etc.) from the information in /INFEL/.

4.4.9.4 Tasks to be Performed

(1) For the first element in the element group G.¢. if IMEM = MFST) print an appropriate

heading for the current element results output.

(2) If KPR is not zero, and if the element print code (set in INEL™ and stored in /INFEL/)
is also not zero, print the current element results. If KPR =0, or the element print code

in /INFEL/ is 0, do not print results,

4.4.10 EOUT** - Output Element Envelope Results

4.4.10.1 Beginning Statements

The SUBROUTINE and COMMON statements for subroutine EQUT** are typically as

follows.
SUBROUTINE EOUT**
COMMON /INFGR/ NGR,NELS,MFST....
COMMON /INFEL/ IMEM KST LM(...

COMMON /TAPES/ NIU,NOU,NT!,.. NT16

4.4.10.2 Purpose

Subroutine EQUT** is called for each element at certain time step or load step intervals.

Its purpose is to print envelope values of stresses and and strains {rom data stored in /INFEL/.
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4.4,.10.3 Tasks to be Performed

(1) For the first element in the element group {i.e., if IMEM = MFST), print an appropriate

envelope results heading.

{2} Print the envelope values from /INFEL/.
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5. U-BAR RESTRAINT ELEMENT

5.1 INTRODUCTION

The wbar type element is intended primarily for modeling U-bar pipe whip restraints of

General Electric type. However, the element may be suitable for modeling restraints of other

types. The essential features are as follows.

(1)

(2)

(3)
(4)

(5)

(6)

1dealization as an inelastic bar, arbitrarily oriented in space. Resistance along restraint

axis only.

Multilinear force-extension relationship in tension (up to 6 linear segments), with initial

gap. Inelastic unloading. Zero stiffness in compression.
Option for large displacement analysis, to allow for changes in direction of restraint axis.
Anchorage to a fixed point is required.

Option for pipe displacements perpendicular to U-bar plane to be ignored, to allow unres-

trained axial movement of pipe.

Assumed to have negligible mass.

The features of the element are described in physical terms in Section 5.2. The element theory

is presented in Section 5.3.

5.2 ELEMENT PROPERTIES

5.2.1 Genera) Characteristics

A restraining device in the form of a U-bar has been designed for use as a pipe whip res-

traint by the General Electric Company. The device is illustrated diagrammatically in Fig. 5.1.

For analysis, the restraint is idealized as an inelastic bar, as shown in Fig. 5.2. The bar

possesses only axial stiffness and exerts a restraining force only along the axis of the restraint.

This is a simplified idealization which ignores such effects as bending of the U-bar and friction

between the U-bar and the pipe. The idealization may be inaccurate if the pipe displacement is

not parallel to the initial U-bar axis,
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A restraint element may be arbitrarily oriented in space. The orientation is defined by
specifying two nodes at the element ends (Fig. 5.2). Node 1 is a node of the pipc system.
Node J will typically be a fixed anchor point {i.e. a node with specified zero displacements).
However, node ] may be a structural node if desired. If node J is fixed ("single node" option),
the element extension depends on the displacements of node 1 only. If node J is not fixed, the
element extension depends on the relative displacements between I and J, and restraint-forces
are exerted at both nodes. Two or more elements may be connected to a single pipe node if

desired.

The relationship between axial force and axial extension is assumed to be multi-linear,
with up to six linear segments (Fig. 5.3). The stiffness may increase or decrease with increas-
ing extension. The stiffness in any segment may be negative but must always be nonzero. The

unloading stiffness is assumed to be equal to the largest of the loading stiffnesses.

In practice, U-bar restraint elements may be guite short in length, sd that displacements
of the pipe which are not parallel to the initial restraint axis may produce substantial rotations
of the element. That is, for structural analysis purposes the displacements may be large, and
the influence of change in geometry must be taken into account. The user may specify either
that small displacements of the restraint be assumed or that large displacements be taken into

account.

5.2.2 Normal Displacement Option

Figure 5.4 shows a typical restraint, in which the axis of the pipe is normal to the plane of
the U-bar. In some cases, there may be significant pipe displacements along the pipe axis as

well as in the U-bar plane.

When the large displacement option is used, the element extension is the difference
between the current and initial element lengths. All displacements of the restrained node,
including the component along the pipe axis, thus contribute to the calculated extension. If the

U-bar is placed between collars on the pipe, then the bar will rotate as the pipe moves axially,
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and the calculated extension will be correct However, if there are no collars present, the U-bar
will not be affected by axial movements of the pipe. In particular, closure of the initial gap will

be governed only by pipe movements in the U-bar plane.

To allow for this effect, an option is provided to allow node displacements normal to the
U-bar plane {i.e. axial movements of the pipe) to be ignored, up to the time the initial gap

closes.

Figure 5.4 shows a length of pipe and a U-bar restraint. The restraint element is defined
by nodes I and J, as before. In addition, a third node, K, may be specified, such that the IJK
plane is normal to the U-bar plane. Typically, the U-bar will be at ‘right angles to the pipe, and
node K will be a node on the pipe. The angle JIK will then be a right angle, and the direction
of the free movement will be along IK. More generally, K may be any point in the plane ncr-
mal to the U-bar plane, as shown, in which case the free movement is along line /XK', where X'
is in the IJK plane and angle JIK' is a right angle. Point K’ is determined automatically by the

ANSR-III code.

If node K is specified to be nonzero in the input data, pipe displacements along fK' are
ignored in computing the new axial length of the element. This is done until the new axial
length exceeds the original length plus the clearance. The U-bar then functions to restrain the
pipe. After this time, all pipe displacements are used to calculate the axial length of the ele-

ment (that is, the bar is assumed not to slip along the pipe) until such time as the gap reopens.

5.2.3 Viscous Damping Option

Viscous damping may be specified for the element, if desired, to introduce a simpie form
of sirain rate dependence. If nonzero values are specified for factors 8, and/or B, a viscous
damper is introduced in parallel with the element. When the element gap is closed, the damp-
ing coefficient, C, is given by: |

C = BoKi+BrKry

where K, = stiffness of first segment, as shown in Fig. 5.3, and K7 = stiffness of current seg-
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ment (K, K, etc., depcnding on restraint extension). The effect is to increase both the
stiffness and strength of the element by amocunts which depend on the rate of extension of the
element. When the restraint is not active (i.e. before the gap closes), the value of C is set to

Zero.

Appropriate values of 8p and 8 r must be selected using experiment and expericnce.

5.2.4 Stiffness Reformulation Tolerance

With the ANSR-III strategy for nonlinear analysis, the structure stiffness mairix is
modified only when changes occur in one or more elements. If the behavior of the structure is
piccewise linear, as is often the case for small displacement analyses, the structure stiffness is
modified only at each yield event. For large displacement analyses, the element stiffnesses
change continuously, and hence the structure stiffness should strictly be modified in every time
step. In many cases, however, the stiffness change from one step to the next may be smaltl,
and it may be reasonable to retain the same stiffness for several steps. To allow this, some of
the ANSR-IIl elements contain stiffness reformulation tolerances, which enable the user to

control the frequency of stiffness reformulation.

For the U-bar element, stiffness changes occur when the tangent stiffness changes and as
the orientation of the element changes (large displacements option). The reformulation toler-
ance applies to the change of orientation. If the change of orientation is small, the stiffness
change will be small, and a modification of the structure stiffness witl not be necessary. The
reformulation tol_erance is an angle. Each time the element stiffness is changed, the direction
of the element is saved. If the angle between the current direction and the previous direction is
less than the tolerance angie, the stiffness is not changed. An angle of about 0.1 radians is sug-

gested.
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5.3 THEORY AND COMPUTATIONAL PROCEDURE
5.3.1 Element Stiffness

The matrix of direction cosines of the line from node J to node 1 (Fig. 5.2) is

T=<dd d> (5.3.1)

where d,, d,, d, = direction cosines with respect to the global X,Y,Z axes. For the large dis-
placements option, the direction cosines are continually updated. For the small displacements

option, they remain constant.

For any given state of the element, the current extensional stifiness, K, is determined
{equal to zerc for an open gap; a nonzero value depending on the force in the element when
the gap is closed). Hence, the element stiffness matrix, ‘I_(-, for the "single nede” case {node J

fixed) is:

K=I"-K-T - (5.3.2)

For the "two node" case {node J not fixed), the stiffness matrix, X', is:

r_ K —A
K = |5 T_] (5.3.3)
§.3.2 Effectiive Dynamic Stiffness

If nonzerc values are specified for. By and/or By, the effective stiffness for dynamic
analysis is determined following the standard ANSR-III procedure, except for the following
modification. If the gap is closed, then the B8y K stiffness is determined using K| (Fig. 5.3).
However, if the gap is open, the value B¢ K is assumed to be zero. This is because it wou_ld
clearly be incorrect to assume the damping is present in an inactive restraint. The element

resisting forces due to damping are calculated using the same assumption.

5.3.3 Geometric Stiffness

For large displacement analysis, a geometric stiffness is included. If node J is fixed, the
geometric stiffness matrix in terms of local translations (in the local coordinate system x,y,z,

with axis x along the axis of the U-bar) is:

N Jooo
= e— ..4
K- T Ig(l)? (5.3.4)



where N, is the current axial force and L, is the current length of the element.

If node I is not fixed, the geometric stiffness matrix in terms of local translations at I and

Jis:
K —Kg
¢ = | (5.3.5
£o l_—_KG Ko )
The matrix K’y is transformed to the global coordinate system, X,Y,Z, as follows:

K'¢=T" K¢ T (5.3.6)

in which

) TO

I = [z_y z-l (5.3.7)

and T is a 3 x 3 matrix of direction cosines of the angles between the focal and global axes.

That is,

dxX dx)’ de
,T = dyX d_v)" d)Z (5.3.8)
d:X d:}’ d:Z
in which d,y = cosine of angle between the x and X axes, etc.
In order to compute the direction cosines in matrix 7T, the local x-axis is directed along
the U-bar (i.e., the first column in T will be the direction cosines of the U-bar). The local y-
axis can be oriented in any direction in the plane perpendicular to the axis of the U-bar and is

determined by fixing a node K" (similar to node K described in Section 5.2.2). Once the local

y-axis is determined, the local z-axis is found by takiné the cross product of the x and y axes.

5.3.4 Stiffness Reformulation

The stiffness reformulation code is set if (a) the extensional stiffness, K, changes, or (b)
the angle between the current restraint axis and the axis when the stiffness was last reformed

exceeds the user-specified tolerance (the latter for the large displacements option only).
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5.3.5 Displacements Normal to U-Bar Plane

iIf node K is specified and the gap is open, the components of nodal displacement parallel
to the IK' direction (Fig. 5.4} are ignored for calculating element deformations and direction

CoSines.

Let di be the direction cosine matrix of JK' This matrix is calculated for the initial
configuration and is assumed to remain constant during the analysis. Let the vector of incre-
ments in nodal translations at 1 be Ar,. The components of this displacement increment paral-

lel to IK' are given by

Arg = die - dk - Ar/ (5.3.9)

Hence, a2 modified displacement increment is calculated as

Ar; = Ar—b&rx - ' (5.3.10)
This modified increment is used to calculate the element extension and to update the element

orientation.

For the "two node" option, the procedure is applied to the displacemenis of both node !

and node 1.

5.3.6 Event Factor Correction for Large Displacements

For the event-to-event solution strategy, an event factor, «,, is required. For large dis-

placement analysis, the axial deformation, A v, for the current step is calculated as:

Av = L.~ L, (5.3.11)

where
L. = current length of the bar; and
L, = previous length of the bar.

Let v be the extension of the bar at the beginning of the step. An event occursif v + Av
exceeds the yield extension, v,, plus an overshoot tolerance, Av,. That is, a yield event occurs

when the exiensicn is 4 v,, where:

69



Ay, = »,— v+ Ay (5.3.12)

If the calculated displacement increments at ends 1 and J of the bar are Ar; and Ar,, an event
factor, «,, is required such that the bar extension due to «Ar; and alr, is equal to Av,. The
value of «, is, however, not simply Av./Av, because the extension is not a linear function of

the nodal displacements.

Let

d = Arr—Ar (5.3.13)

and let

D= (d7 d"% = lengthof d (5.3.14)

Let T and ] be the previous positions of nodes ! and J, and /' and J' be the new positions (with
an extension Av), as shown in Fig. 5.5. The relative displacement vector, d, is thus the vector
J"J. From the geometry of triangles I'HJ and J"HJ/', a quadratic relationship between Av

and D can be derived as:

(L, +av? = (L, + Deos#)? + D21 — cos’) (5.3.15)

If u is a unit vector along 1}, then,

d7u
= 2= 3.1
cosf D (5.3.16)

Solution of Egn. 5.3.15 for D (taking the positive root) gives:

D = —L,cos6 +~/ L cos + Av? + 2L ,Av (5317

Similarly, if D, is the length of vector d when the event occurs, then:

D, = —L,cos8 +~/L2cos® + Av} + 2L,Av, (5.3.18)

Because D is a linear function of the nodal displacements, it follows that:

D, = a,D (5.3.19)

where «a, is the required event factor. Hence,

D
o, = —b"— (5.3.20)
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6. EXAMPLE ANALYSIS

6.1 GENERAL

Analysis results for a building frame with base uplift (Fig. 6.1} are presented in this
chapter. This example has been chosen to test the features of ANSR-III for nonlinear dynamic
analysis and to compare accuracy and number of steps for different solution schemes. In partic-
ular, the relative merits of the constant and variable time step strategies have been compared.
No attempts have been made to compare the computed responses with experimental resuits.

However, the results are compared with the results obtained by the DRAIN-2D2 program [13].
6.2 FRAME WITH BASE UPLIFT

6.2.1 General

The overturning moment at the base of a structure resulting from the lateral inertia forces
which occur during a major earthquake can exceed the overturning resistance provided by the
dead weight of the structure. Hence, the structure can uplift from its foundation. Experimen-
tal studies indicate that allowing for uplift can lead to reduced internal forces and ductility

demands, and hence, permit 2 more economical design.

Experience has shown that nonlinear dynamic analyses of this type of behavior using a
constant time step can be inaccurate unless a very small time step is specified. The accuracy of
the solution is particularly questionable if there is very stiff impact between the structure and
the foundation. This éxample has been considered to test the ANSR-III dynamic analysis
options and to determine \#hether the variable iime step algorithm is significantly more accurate

or more economiical than the algorithm with constant time step.

6.2.2 Three-Story Steel Frame

The three-story, one-bay steel frame shown in Fig. 6.1 has been studied both analytically
and experimentally by Huckelbridge and Clough [14]. For the experimental study, a special

mechanism was designed to accommodate the uplift response. Impact pads of two different
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stiffnesses were provided beneath the column base (stiffnesses of 40 k/in. for Phase | and 400

k/in. for Phase II).

Figure 6.2 shows the analytical mode shapes and frequencies of the mathematical models
used for Phases I and I, as calculated by Huckelbridge. Figure 6.3 shows that the pad

stiffnesses have a significant effect on the natural period of the structure.

Huckelbridge investigated two cases analytically, using the DRAIN-2D program [15).
Constant time steps of .01 and .005 second were used for the Phase 1 and Phase 1 pad
stiffnesses, respectively. The smaller time step for the Phase Il analysis was needed to prevent
instability in the numerical scheme. The correlation between analysis and experiment was only
fair, although satisfactory from an engineering point qf view. Only the Phase II pad stiffness

was considered in the current study.

6.2.3 Analytical Medel

The mathematical model shown in Fig. 6.4 was used to analyze the frame using ANSR-
III. Uplift effects were modeled using the U-bar restraint element, acting as a reverse gap ele-
ment with zero compressive strength. The beams and columns were modeled using the three-
dimensiona! beam-column element developed by Chen [5]. All beams and columns were
assumed to behave elastically {i.e., high positive and negative yield strengths were specified).
Column extensions were permitted, but beam extensions at the second and third floors were
ignored (i.e., equal displacement d.o.f. were specified for the nodes connecting these beams).
The P-delta effect was ignored. Masses were associated with both the horizontal and vertical
displacements, based on the dead load. Gravity load produced initial stresses, which were
obtained by performing a static analysis, with loads applied at the nodes. Based on results
obtained by Huckelbridge, it was decided to use original stiffness damping only, with g, =
0.002196. Damping was introduced in the beam and column elements only, with zero damping

in the U-bar elements.

The node and element numbering is shown in Fig. 6.4. The ANSR-III input data is listed
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in Table 6.1.

6.2.4 Solution Strategies

The frame was analyzed for the first 7 seconds of the El Centro, 1940, N-S earthquake

record shown in Fig. 6.5. The following six cases were studied.

[§))

)

(3)

(4)

(5)

(6)

Case Al: Constant time step of .005 second, with the event-to-event strategy (yield

overshoot tolerance = .05 Kips, and unioading overshoot tolerance = .00005 kips).

Case A2: Constant time step of .005 second, with iteration (unbalance tolerance = .01
kips).
Case Bl: Variable time step with the event-to-event strategy, 2 maximum midstep error

of

0.05 (L M) A%, = 0.48 kips,

a minimum midstep error of
0.005 (EM,) Aic'gmax = 0.048 kips,
a maximum step size of 0.04 second; and a minimum step size of 0.0004 second.

Case B2: Variable time step with the event-to-event strategy, a maximum midstep error

of 1.0 kips; a minimum midstep error of 0.1 kips; a maximum step size of 0.04 second;

- and a minimum step size of 0.0004 second.

Case B3: Variable time step with the eveni-to-event strategy, a maximum midstep error
of 4.0 kips; a minimum midstep error of 0.4 kips; a maximum step size of 0.84 second;

and a minimum step size of 0.0004 second.

Case C1; Variable time step with the event-to-event strategy, a maximum midstep error
of 0.48 kips, a minimum midstep error of 0.048 kips; a maximum step size of 0.005

second; and a minimum step size of 0.9003 second.

The maximum step size of 0.04 second in Cases Bl, B2, and B3 was chosen equal to the

minimum time difference between two consecutive points on the earthquake record, with the
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aim of avoiding inaccurate modeling of the ground motion. Energy guantities were calculated.
6.2.5 Results

6.2,5.1 General

The numbers of time steps for the six cases analyzed are given in Table 6.2. Results from

the analyses are shown in Figs. 6.6 through 6.33.

6.2,5.2 Third Floor Displacements

Time histories of third floor horizontal displacements for all cases are compared in Figs.

6.6 through 6.11. The following observations may be made.

(1} Figs. 6.6 and 6.11 show that there is virtually no difference between the results obtained

for Cases Al, A2, and C1.

(2) Figures 6.7 and 6.8 show that the agreement between Cases Bl and B2 is very close,
although the number of time steps for Case Bl was 1141 compared to only 8435 for Case

B2.

(3) Figures 6.9 and 6.10 show a substantial disagreement between Cases Al and B3, and

between Cases Bl and B3, The reason is considered beiow.

6.2.5.3 Column Uplift

Time histories of right and left column uplift for aill cases, except A2, are compared in

Figs. 6.12 through 6.19. The following observations may be made.

(1) Figures 6.15 and 6.19 show that there is virtually no difference between the results

obtained in Cases Al and C1.
(2) Figures 6.13 and 6.17 show that the agreement between Cases Bl and B2 is very close.

(3) Figures 6.12, 6.14, 6.16, and 6.18 show a substantial disagreement between Cases B3 and

Al, and a noticeable disagreement between Cases Bl and B3.
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6.2.5.4 Reactions in Resiraint Element

Time histories of the left restraint force for Cases Al, Bl, B3, and C1 are compared in

Figs. 6.20 through 6.22. The following observations may be made.

(1) Figure 6.22 shows that there is virtually no difference between the results obtained in

Cases Al and Cl.

(2) Figures 6.20 and 6.21 show a substantial disagreement between Cases Bl and Al, and

between Cases B3 and BI,

6.2.5.5 Time Step Size

The variations of the time step for Cases Bl, B2, B3, and CI1 are shown in Figs. 6.23
through 6.26. It can be seen that the time step is greatly reduced at the times of gap closure,.

with much larger values for the remainder of the response.

6.2.5.6 Energy Quantities

Time histories of accumulated energies for all cases, except A2, are shown in Figs. 6.27
through 6.31. Time histories of accumulated energy unbalances are compared in Figs. 6.32 and

6.33. The following observations may be made.

(1) Figures 6.27 and 6.31 show that there is virtually no difference between the results

obtained in Cases Al and Cl.
(2} Figures 6.28 and 6.29 show that the agreement between Cases BI and B2 is very close.

(3) Figure 6.30 shows a substantial disagreement between Cases B3 and Bl, and between

Cases B3 and Al.

(4) Figures 6.32 and 6.33 show that the energy unbalances obtained in Cases Al, Bl, B2, and
Cl are almost identical. However, there is a substantial difference between Case B3 and

all other cases.
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6.2.6 Conclusions

(1)

(2)

(3)

CY)

(5)

(6)

The following conclusions can be drawn from this example.

The constant time step schemes with a step size of 0.005 second (Cases Al and A2} cal-
culated the response accurately. This is confirmed by comparing the variable time step

scheme with an upper limit of 0.005 second for the step size (Case C1).

The variable time step scheme with an upper limit of 0.04 second for the step size (Cases
Bl, B2, and B3) failed to calculate the response accurately. The reason is the poor
discretization of the acceleration record which results when the time step is allowed to
become large, even though this was taken into account in selecting the .04 second upper
limit.

The agreement between the variable time step schemes with different midstep error toler-
ances was close. A maximum midstep tolerance of about 5% of the peak nominal inertia
force appears to be necessary for an accurate solution. However, it vappears that accept-
able results can be obtained with a tolerance as large as 40% of the peak nominal inertia

forces.

The calculated energy errors are small compared with the total energies for all cases. That

is, energy error does not appear to give indication of the accuracy of the solution.

The results obtained by ANSR-III for this example were compared with the ones obtained
by the DRAIN-2D2 program {13]. Very close agreement beiween these setis of results

was observed. This further confirms the correctness of the ANSR-III analyses.

More investigation and study is needed to determine the most appropriate value for the
upper limit of the time step and for the maximum tolerance on the midstep error. The
purpose of the study described in this chapter has been to check the ANSR-III algorithms,

not to provide a detailed study of solution strategies.
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7. CONCLUSION

7.1 PURPOSE OF STUDY

This report has described the computational steps, features, and options required for a

general purpose analysis scheme and computer program for the static, dynamic, visco-static, and

creep analysis of nonlinear structures. The purpose of this study has been to implement the

scheme in an improved and extended version of the ANSR computer program. The resulting

program is believed fo be a valuable tool for research and practical analysis, eliminating most of

the limitations of the two previous versions of ANSR.

7.2 ACHIEVEMENTS

(1)

(2)

(3)

4)

(5}

(6)

The following achievements have been accomplished.

The computational operations have been analyzed for different types of structural analysis

(linear and nonlinear, static and dynamic).

The computational and data moduies required by different analysis algorithms have been

identified.

An improved dynamic solution strategy has been developed, based on an event-to-event

strategy with automatic {ime step control.

The existing ANSR dynamic analysis algorithm (an iteration scheme) has been improved

and made more flexible compared with ANSR-II.

A complete new version of ANSR has been constructed, incorporating essentially all pre-
vious features plus ihe new dynamic option, improved data handling, improved overall
logic, and major improvements developed separately by Simons [2], Riggs [3], and
Mosaddad [4]. The overall architecture of the program has been made more modular to

permit the addition of new analysis strategies in the future.

Detailed documentation on the element modules has been developed, with instructions on

how to add elements to the program. The procedure for adding elements to the base pro-
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gram has been simplified compared with ANSR-II, by separating the tasks into more

clearly defined modules.
(7} An energy balance option has been added for dynamic analysis,

{8) A sample element {the U-bar restraint element) has been developed, checked, and docu-

mented to illustrate the addition of elements to the program.

7.3 FUTURE DEVELOPMENTS

The ANSR-III program is believed to be a powerful general purpose program, suitable for
both research and practice. However, more developments are always possible and useful.

Some possible major improvements are:

(1) A black-box data base manager could be added to simplify data storage and manipulation.

The data handling technigues currently used are still rather cumbersome.

(2) A post-processor capability is needed, with production of a results file and development of

post-processing modules.

(3) The element library has been much improved compared with ANSR-II, but a great deal of

work remains to develop new elements, particularly with a variety of material models.

It is anticipated that these improvements will be implemented in the future,
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Input Phase

Analysis &
Output Phase

4

TABLE 3.1 - OVERALL LOGIC

OF ANSR-III

ANSR

INPUT

MAIN

P

-~

P

Program Initiation

Storage Allocation

Analysis Driver

-

!

l

l

Existing Analyses

STATIC DYNAMIC | | DYNAMIC VISCO-STATIC CREEP MODAL | : ETC
OPTION 1 OPTION 2 (VISCOS) SR
(DYNMIC) (DYNMIT)
L
IV

Possible
Additional
Analyses



TABLE 3.2

LOGIC FOR EVENT-TO-EVENT DYNAMIC ANALYSIS (DYNMIC OPTION)

©

Sy K3 R AR5 s

INCDT = 0
!

DATA AVAILABLE AT BEGINNING OF STEP

INITIALIZE VARIABLES
NSUB =03 R =05 FACREM=1.0; Ar_=0; LOTOL =0

)

SET UP LOADS

R = RE - RY 4 aR
= T3 T o

|

(::> INCREMENT SUBSTEP COUNTER
+

NSUB = NSUB +1

!

7

REDUCE STEP

At = AL*CRED

*

REFORM K

CALL STIF**
}

RESTORE S_
}

O,

(REPEAT STEP)

125 < NsuB > MAXSUB >0

¥
SOLVE EQUATIONS

*x %
ETAE"AB
CALCULATE VELOCITY INCREMENT

. . 2
=. 7. % 4k NI
Ay = -2. *FACREM*y =+ A ¢ Ar

}

CALCULATE EVENT FACTOR
CALL EFAC**, RETAIN MINIMUM FACTOR = FACTOR

4,
(continued)
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Table 3.2 (cont'd)

4

CALCULATE MIDSTEP ERROR
CALL MDSE**, ASSEMBLE Aﬂm.

l

ACCUMULATE MIDSTEP ERROR
R = Bm+ FACTOR * ABm

( :)._<N° R | < TOLUP >Tes

|

AR | > ToLON e
—

LOTOL =1

|

No FACTOR = 1.0 “>t8S

s

|

UPDATE DISPLACEMENTS, VELOCITY

AND ACCELERATIONS

SCALE DISPLACEMENT INCREMENTS

Ar = FACTOR * Ar

Ar = Ar + Ar

A[a

r

r

Aﬁa + Ar

STATE DETERMINATIONM

CALL STAT** FOR ALL ELEMENTS, GET STATE, S.

v

{continued)
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Table 3.2 (cont'd)

¥

No FACTOR = 1.0 “stes . | assemeLE RI

CALL RINT**

i ¥

MODIFY KX No " LoToL = 0 >es

CALL STIF**

| 3

CALCULATE REMAINING LOAD FACTOR INCDT =0 INCDT = INCDT+1
FACREM = FACREM*(1-FACTOR) |

! NO “IncoT = 2 \Yes

SCALE LOAD INCREMENT o~

AR = AR* (1 - FACTOR)

INCREASE STEP

l At = At * CINC
INCDT =0
(NEXT SUBSTEP) l
*
REFORM Ki

CALL STIF**

|

(NEXT STEP)
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TABLE 3.3
LOGIC FOR DYNAMIC ANALYSIS WITH ITERATION (DYNMIT OPTION)

DATA AVAILABLE AT BEGINNING OF STEP

. Ko, RY; AR
HA LA A___O: _tos

J

INITIALIZE VARIABLES
ISTAT =05 ISTIF=0

J

SET UP LOADS

M
29 o0 5o

UPDATE VELOCITY AND ACCELERATION (PORTION NOT DEPENDENT ON Ar)

o= e 4 AY R
—0 gl _ -0 A..___

}

BEGIN ITERATION

NIT = NIT+1
SET UPDATE CODES: ISTIF AND ISTAT
No l Yes
ISTIF =1 !
UPDATE STIFFNESS, KY
CALL STIF**
|
No o rsTaT=1 Hres
REINITIALIZE DISPLACEMENTS, Ar.,
J AND UPDATE STATE
|

{continued)
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Table 3.3 (cont'd)

1

SOLVE EQUATIONS
KF ar = aR"

|

UPDATE VELOCITY, ACCELERATION AND DISPLACEMENT

v =.i' + A&j
ro=r' A
r=r +Ar,

}

STATE DETERMINATION

DETERMINE NEW S BASED ON CURRENT STATE OR REFERENCE
STATE DEPENDING ON VALUE OF ISTAT; CALL STAT** AND

RINT**

}

CALCULATE UNBALANCE LOAD, RU

. * U
AND SET AR™ = R

No

™~

/////CHECK CONVERGENCE \_
Y < Tor =
<
o

|
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bt s

3-story single bay uplift steel 2-d frame

TARLE 6.1

INPUT DATA, CASE Bl

star
nofi
core Ssyrm
19 15 2 o} 0 3
1 J. 203,
4 144, 208,
5 O l44,
8 144, 144,
9 Q. 80.
10 48, 80,
1 72. 80,
i2 96, a9,
13 1446, B0,
14 D 40,
15 144, 40,
16 (6 De
17 l44, Qe
18 . 10.
19 144, 10,
1 4 2 1
5 8 2 1
1 01110 15
16 101110 17
18 111111 19
1 2 3 4
5 6 7 a8
1.000544041.000544041
2.005880829.005880829
54N00621762.000621762
65,00588032%.005880829
9,000%82902.0005829¢2
10.00%58808729.,005880829
11.000103627.000103627
14 .2001%94301,.000194301
16.000077720.000077720
5 2 1
1 0
400, 40D . 400 .
40000, 4900000).
1 16 173 1 o 1
2 17 19 1 0 1
& 20 1 002196
3 o n
i
629300, 629200 . 623100,
629300, 52920D. 629100,
629300. h29200. 629100,
102660, 122560 . 102460.
2
6171700 617600 . 617500,
617700. 517600, 617500,
517700 617600, 617500,
136300, 136200, 136100.
3
35960, 35863 . 35760.

u~bar restraint elements

« 0%
205

(o N e

629000,
629000,
629000.
102360.

617400.
617400
6176400.
136000.

35660 .

131

00005
0000%
beam-column elements

1300.
1¢00.
1000,
1300.

1000.
1000.
1000.
1000,

1000C.

1100.
1100.
1100.
1100.

1100.
1100.
1100.
1100,

1100.

1200.
1200,
i200.
1200.

1200,
1200.
1200.
1200.

1200,

N

Lol o



TABRLE 6.1 {(CONTINUED)
35960, 35360, 35750, 35660, 1000. 11CC.
35960, 35860 . 35760, 35660, 1000, 11¢0.
41760, 41660, 41567, %1460, 1800, 1100,
1 1 2 1 o 1 1 ¢ G 1 0 2
4 5 6 1 0 1 1 0 Q 1 0 (0]
I 9 19 1 0 1 i o 0 1 0 9]
11 1 5 3 0 2 2 4] ¢] 1 o 0
13 5 9 1 0 2 2 0 0 1 4 o
14 8 13 1 0 2 2 ¢ ¢ i (4 Q
15 9 14 1 0 2 2 o 0 1 o 0
16 13 15 1 o 2 2 o ] 1 0 o
17 1% 16 1 0 2 2 0 0 1 0 0
18 1% 17 1 Q 2 z2 0 0 1 0 0
19 11 1% 1 o] 3 3 o 0 1 O C
20 11 15 1 4] 3 3 0 o 1 0 0
1
9 gravity load
1 Ja -a21 0. O Co
2 0. =227 De Ce 0.
5 0. -a24 0o Osw Te
5 O. =227 O 0. Oe
9 Da - 225 0a O. 0.
1¢ De =2627 D. Oa Oo.
11 0. ~ .04 O. 0. Ou
14 O« =075 0. Oo O
16 O. ~e0)3 D. C. D.
1 0 0 0 o 150
el -centro 1340 n~s earthquake record
15¢ 1 Q. 772,
0.00C .0000 0,042 ,0010 0,097 .,0159 0.161-.0001 0.221 .0189%
04291 0059 0,332-.0012 0,374 0200 0.429~.0237 0,471 .0076
0.623 0094 0,665 0133 0,720-.0088 0,720~-.0256 0,789~.0387

0.872-.0232
1.,066-.0381
1.440-.0945
1.800 1423
22320-.2984
2.708 .1087
3.212 - 0065
3.668 0365
4,106 0216
6:665‘-2045
5.199 .0267
59510'.1021

0.872~.0343
1.094-.0429
1.481-.,0885
1.85% 1777
2,395 .0054%
2.769-.0325
3.253-.2060
3.738=.0736
§,222-«1372
4.756 L0608
5233 21252
5.606 L0141

0.941-,0402
1.168 0897
1.509-,1080
1.926=.2610
2.450 ,2865
2.893 .1033
3.386 1927
3.335 ,0311
Ge3214-,1782
4,831-.2733
5.302 .1290
5.690-.1949

0.941-,0603
1.315-.1696
1-53?“1280
2.007=.3194
2.519-.0469
2.976~.,0803
3.4419-,0937
3.904-,1833
beG16 41460
%.970 #1779
5.330 .1089
Se773-.0242

132

0.997=-.0789
l.386-,0828
1.628 .114%44
2.215 .29352
2.575 41516
3.068 0520
3,530 ,1708
4.014 ,D227
4.471=-,0047
5.039 .0301
5.363=-,0239
5.800=.0050

1290.
1296.
1200.

0. 4
O 3
0. 9
0. 7
0. 3
0. 2
0.
0.
D.

(12F6.0)

3.263
J.581
0.739~-
1.C66-
la412-
1.703
2.270
2.652
3.129-
3,599~
4.256~
$.618
5.108 .2183
5.454 .1723
54809~ .0275

«0001
« 0425
0563
«06€8
«0828
«2355
02634
237177
«1247
«0359
+0455
« 2572

LACIE S S I B E

[y



5.869-.0573
6.132 0014
6,326-.0058
6.520 0043
6.686 ,0457
6,352 ,0022
7149 0026
7425 0186
T:6672-,0196
71960‘.”140

1 2

4

16
stat

5
e
He
Heo
6.
&
7'
Te
Te
e

17
stat

© b b
DO

1.
dynamt
0

«+ 2004

1400 Te
1 0.
1 OD

none

stop

dynl
1

TABLE 6.1 (CONTINUED)

883~.0327
174 40493
368=~,0603
534-,0040
714 .0385
308 .00%2
171 0272
461~.0253
691 00589
987-.0056

5.925 .0216
6.138 ,0149
6.3%92~,0162
6:562=.,0099
6728 0009
£.%391~.0996
Te226 0576
Te525=.0347
7.752'.005“
8.701 0222

5.580 ,.0108
be188~.0200
65,409 ,0200
6.575-.0027
6.769-.0288
7.074 0360
7.295-.0492
7.572 0036
Te704=-.0603
8.070 04818

6.013 .023%
6.22%=-,0381
6.459=,0176
6.603-,0170
769 00156
7.121 0073
T370 0297
T4600-,0628
Te835-,0357
8.126 0260

ic analysis with gravity load

Qe 0
i 3
«21

1
o
«01

1. 1

c analysis using event-to—event
« 005 D 0.
«05 5 2a

strategy with
Oa -1 1
« 05 ALY,
o1
1 0
1.

133

6.085-.0665
6,279 L02C7
6.478-,0033
6,695 0373
6.811 .0113
7.143=-.0277
T.406 0109
7:641~.0280
T.877~,0716
8.126'.0335

variable time step



TABLE 6.2

NUMBER OF TIME STEPS

Case No. of Steps No. of Steps
ANSR-III DRAIN-2D2

Al 1400 1400

A2 1400 -

Bl 1141 1208

B2 845 990

B3 533 571

cl 1763 -
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APPENDIX A
ANSR~-III PROGRAM - USER'S GUIDE

A. PROBLEM TITLE

One card,

COLUMRS NOTE NAME DATA

2 - 5(A) Execution indieator:
(a) STAR : Execute.
(b) CHEC: Data check only.
{e¢) STOP : End of data.

9 - 80(A) Problem title,

137



B. RESTART SPECIFICATION

One card.
COLUMNS NOTE NAME DATA

2 - 54 B.1 IDAT Data file code:
(a) OLDF: Use existing file.
(b) NEWF: Start new file.
(¢) NOFL or blank: No file. Leave rest of
card blank,

6 - 10(1) B.1 NRSEQ Data sequence number for restart (OLDF
only). Zero or blank = unstressed state.

15(1) Print code for restart data (OLDF only):
(a) 0: No print.
(b) 1+ Geometry data only.
(e) 2: Element states only.
(d) 3: Geometry data and element states.

16 - 80(A) B.2 Data file identifier (OLDF or NEWF only).

138



C. STORAGE ALLOCATION AND PROBLEM SIZE

Cl, STORAGE ALLOCATION
One card,
COLUMNS NOTE NAME DATA

2 - 54 C.1 Storage scheme indicator:
(2) CORE: Entirely in-core
(b) DISK: Element data out-of-core,  Stiff-
ness may be in-core or blocked.
Duplicate stiffness out-of-core.

7 - 10(A) C.1 Stif fness matrix type:
(a) SYMM: Symmetric
(b) USYM: Unsymmetrie

11 - 20(1) C.1 Stiffness storage allocation (DISK option
only). No, of words of ecore to be used for

used for stiffness matrix storage. Default =
all available,
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C2. PROBLEM SIZE
One card. Omit for OLDF option,

COLUMNS NOTE NAME DATA

1 - 5(D) NODES  No. of nodes,

6 - 10(1) NCNOD No. of control nodes (coordinates specified
directly). (Section D1)

11 - 15(I) NODGC No. of coordinate generation cards (Section
Dz)v

16 - 20(1) NCSYS  No. of rotated coordinate systems (Section
D3).

21 - 25(1) NDSYS  No. of coordinate assignment cards (Section
D4).

26 - 30(1) NDCON No. of cards specifying deleted d.o.f.
(Section D5).

31 - 35(1) NIDDOF No. of cards specifying equal d.o.f. (Section
D6).

36 - 40Q1) NMSGC No. of cards specifying nodal masses
(Seetion D7).

41 - 45(I) C.2 NELGR No. of element groups.

46 - 50(I) NCREEP No. of sets of creep properties.
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D. NODE DATA
Omit entire Section D if IDAT = OLDF.

D1. CONTROIL NODE COORDINATES
NCNCOD cards.

COLUMNS NOTE NAME DATA

1 - 5(I) D1 Node number, in any sequence.
6 - 15(F) X eoordinate.
16 - 25(F) Y coordinate,
26 - 35(F) Z coordinate.
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D2. COORDINATE GENERATION
NODGC cards.

COLUMNS NOTE NAME DATA

1 - 5(D D.2 NB Node at beginning of line,
6 - 10(I) NE Node at end of line,
11 - 15(D) NOD No. of nodes to be generated.
16 - 20(I) ND Node number difference, Leave blank if
nodes are listed. May be negative,
21 - 30(F) D.2 SPAC Spacing between nodes:
(2) Zero or blank: Uniform spacing.
(b) < 1.0: Spacing = (length of line) x
SPAC.
(e) » 1,0¢ Spacing = SPAC.
(d) < 0.0: Error.
31 - 80(I) List of nodes, Up to 10 nodes, in 5-column

fields. Omit if ND is nonzero.
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D3.

NCSYS cards.
COLUMNS

1 - 5(I)

6 - 16(F)
16 - 25(F)
26 - 35(F)
36 - 40(1)

41 - 50(F)
51 - 60(F)
61 - T0(F)

ROTATED COORDINATE SYSTEMS

NOTE

D.3

B3

DATA

Primary direction:

(a) 1: rotated X.

(b) 2: rotated Y.

(e) 3: rotated Z.

Direction cosine w.r.t, global X,
Direction cosine w.r.t. global Y.
Direction cosine wer.t. global Z.
Secondary direction:

(a) 1: rotated X.

(b) 2: rotated Y.

(¢) 3: rotated Z.

Direction cosine w.r.t, global X,

Direction cosine w.r.t. global Y.

Direction cosine w.r.t. global Z.
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D4. COORDINATE SYSTEM ASSIGNMENT

NDSYS cards.

COLUMNS
1 - 5(1)
6 - 10(1)
11 - 15(I)
16 ~ 20(1)
21 - 86(I)

NOTE

D.3

NAME

N

NE

ND

NLIST

DATA
Node, or first node in a series,
Rotated coordinate system number.

Last node in series, Blank if a single node
or if nodes are listed,

Node number difference. Default = 1.

List of nodes. Up to 12 nodes, in suceces-
sive 5-column fields. Omit if ND is nonzero.
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D5. DELETED DEGREES OF FREEDOM
NDCON cerds. |
COLUMNS NOTE NAME DATA
1~ 5D D.4 N Node, or first node in a series.
10(1) Code for X translation:

(a) 1: Deleted.
(b) 0 or blank: Not deleted.

11(1) Code for Y translation.
12(1) | Code for Z translation.
13(1) Code for X rotation.
14(I) Code for Y rotation.
15(1) Code for Z rotation.
i6 - 20(1) L.5 NE Last node in series. Blank if a single node
or if nodes are listed.
21 - 25(1) ND Node number difference. Default = 1,
26 - 80(1) NLIST  List of nodes. Up to 11 nodes, in succes-

sive 5~column fields. Omit if ND is nonzero.
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D6. NODES WITH EQUAL DISPLACEMENTS

NIDDOF cards.

COLUMNS
(1)

2(1)
3(D)
A1)
5(1)
6(1)

11 - 80(1)

NOTE

D.6

NAME

NLIST

DATA

Code for X translation:

(a) 0: X displacements identical for all

nodes in list (same d.o.f.).

(b) 0 or blank: Not identical (different
d.o.f.)'

Code for Y translation.

Code for Z translation.

Code for ¥ rotation.

Code for Y rotation.

Code for Z rotation.

List of nodes, Up to 14 nodes,
sueeessive 5-column fields.
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7.

NMSGC cards.

NODAL MASSES

COLUMNS
1 - 5D
6 - 15(F)
16 - 25(F)
26 - 35(F)
36 - 45(F)
46 - 55(F)
56 - 65(F)
66 - 70(I)
71 - 75(1)

NOTE

D.7

NAME

NEF

NL

ND

DATA

Node, or first node in a series.

X mass.
Y mass.
Z mass.
X rotational inertia.
Y rotational inertia,
Z rotational inertia.

L.ast node in series.
node.

Node number difference.
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D8, STORAGE ALLOCATION FCR CREEP PROPERTIES

NCREEP CARD.

COLUMNS
1 - 5(I)
6 - 10(1)
11 - 15(1)
16 - 20(1)
21 - 25(1)
26 - 30(1)
31 - 35(1)

NOTE

D.8

NAME

NCSS

NCST

NCPS

NCPT

NCSS

NCST

MNTPR

DATA

No. of rows (stress values) in secondary
dashpot property table.

No. of ecolunns (temperature values) in
primary dashpot property table,

No. of rows in primary dashpot property
table.

No. of colunns in primary dashpot property
table,

No. of rows in primary spring property
table.

No. of columns in primary spring property
table,

Max. no. of time steps in creep analysis.
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D9. CREEP PROPERTIES
NCREEP sets of cards.

D9(a). CONTROL CARD
COLUMNS NOTE NAME DATA
1 - 5(I) KIL.OG Interpolation Code:
(a) 0: Interpolate linearly between natural
values.
(b) 1: Interpolate linearly between loga-
rithmic values.

11 - 30(A) IFCRM Input format.

D9(b). PROPERTIES FOR SECONDARY DASHPOT
As many cards as needed to input table CS (NCSS, NCPT), row by row
with format IFORM.

D9(c). PROPERTIES FOR PRIMARY DASHPOT
As many cards as needed to input table CP (NCPS, NCPT), row by row
with format IFORM,

D9%{(d). PROPERTIES FOR PRIMARY SPRING

As many cards as needed to input table KP (NKPS, NKPT), row by row
with format IFORM,

149



ELEMENT DATA

Insert cards defining elements. The input requirements are described in
separate reports.

Omit entire Section E if IDAT = OLDF.
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F.

F1.

One card.
COLUMNS
1- 5(1)
6§ - 10(1)
11 - 15(1)
16 - 20(D)
21 - 25(D)

STATIC LOAD PATTERNS

Omit entire Section F if IDAT = OLDF.

CONTROL INFORMATION

NOTE

NAME
NPNF
NPFF

NPTP

NPP4

NPND

DATA

No. of nodal foree patterns (Seetion F2).
No. of follower force patterns (Section F3).
No. of nodal temperature patterns (Section
F4), These patterns may also define internal

pressures for pipe elements.

No. of 4-node surface pressure patterns
(Section F5).

No. of imposed nodal displacement patterns
(Section F6).
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F2, NODAL FORCE PATTERRNS

NPNF sets of cards.

F2(a). CONTROL INFORMATION
Cne card.

COLUMNS  NOTE NAME

1 - 5(1) NCNEF

9 - 80(A)

F2(b). NODAL FORCES
NCNF cards.

COLUMNS NOTE NAME

1 - 51 NF
6 - 15(F)
16 - 25(p)
26 - 35(F)
36 ~ 45(F)
46 - 55(F)
56 - 65(F)
66 - 70(I) NL
71 - 75(I) ND

DATA

No. of eards defining this pattern.

Optional pattern title.

DATA

Node, or first node in a series.

X force.
Y force,
Z force.
X moment.
Y moment,
Z moment.

L.ast node in series.
node.

Node no. difference.
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F3. FOLLOWER FORCE PATTERNS

NPFF sets of cards.

F3(a). CONTROL INFORMATION

Cne card.
COLUMNS NOTE NAME
1 - 5(1) NCFF

9 - 80(A)

F3(b). FOLLOWER FORCES
NCEF cards.

COLUMNS NOTE NAME

1 - 5(D) NODA
6 - 10{1) NODD
11 - 20(F)

DATA
No. of ecards defining this pattern,

Optional pattern title.

DATA
Loaded node.

Follower node.

Force, positive towards follower node.

153



F4. NODAL TEMPERATURE PATTERNS

NPTP sets of cards.

F4(a). CONTROL INFORMATION
COLUMNS NOTE NAME DATA
1 - 5{) NCTP No. of cards defining this pattern.

9 - 80(A) Optional pattern title.

F4(b). TEMPERATURES ARD PRESSURES

COLUMNS NOTE NAME DATA

1 - 5(I) NF First node in a series.

6 - 10(D) NL Last node in series. Blank for a single
node,

11 - 15(1) ND Node number difference, Default = 1.

16 - 25(F) TEMP Temperature at nodes.

26 - 35(F) PRES Pipe internal pressure at nodes,
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F5. 4-NODE SURFACE PRESSURE PATTERNS

NPP4 sets of cards,

F5(a). CONTROL INFORMATIORN
One card.

COLUMNS NOTE NAME DATA

1 - 50 NCEL No, of surface element cards for this
pattern.
10(0) KPRS Pressure code:

(a) 1: Nodal pressures input directly.
(b) 2: Pressure from fluid depth.
(e} 3: Uniform pressure.

11 - 15(1) NCPR No. of pressure cards (KPRS = 1 only).

16 - 25(F) (a) KPRS = 2: Fluid density.

it n

(b) KPRS = 3: Uniform pressure value,

26 - 55 For KPRS = 2 only, direction cosines or
projections of vertically upwards direction.

26 - 35(F) X direction cosine, or projection on global
X axis.

36 - 45(F) Y.

46 - 55(F) Ze

56 - 75 For KPRS = 2 only, cocordinates of & point
in the free surface.

56 - 60(F) X coordinate,

81 - 85(F) Y coordinate.

66 - 75(F) 7 coordinate,
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F5(b).

SURFACE ELEMENTS

NCEL cards. Enter nodes clockwise when viewed along outward normal.

COLUMNS
L - 51
6 - 10(1)
11 - 151)
16 - 20(I)
21 - 25(D)
26 - 30(1)

NOTE

F.1

NAME
NOD1
NOD2
NOD3
NOD4
NPS

NDF

F5(ec). NODAL PRESSURES

NCPR cards (KPRS = 1 only).

COLUMNS
1 - 51
6 - 10(1)
11 - 15(1)
16 - 25(F)

NOTE

NAME
NF
NL

ND

DATA

Node 1.

Node 2.
Node 3.

Node 4,
No. of elements. Default = 1.

Node no. difference. Default = 1.

DATA
First node.
Last node. Blank for a single node.

Node no. difference. Default = 1.

Pressure.
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Fé,

NPND sets of cards.

Fé6(a).

NODAL DISPLACEMENT PATTERNS

One card.

COLUMNS

1

9 - 80(A)

Fé(b).

NCND cards.

5(1)

COLUMNS
L - 5(1)
6 - 15(F)
16 - 25(F)
26 - 35()
36 - 45(F)
46 ~ 55(F)
56 - 65(F)
66 - 70(1)
71 - 75(1)

NOTE

NOTE

CONTROL INFORMATION

NAME

NCND

NODAL DISPLACEMENTS

NAME

NF

NL

ND

DATA

No. of cards defining this pattern.

Optional pattern title.

DATA

Node, or first node in a series,

X displacement,
Y displacement.
Z displacement.
X rotation.
Y rotation.
Z rotation.

Last node in series.
node,

Node no, difference,
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G. DYNAMIC LOAD RECORDS

Omit entire Section G if IDAT = OLDF.

Gl. CONTROL INFORMATION
One card.

COLUMNS NOTE NAME DATA
1

5(I) G.l NGAR No. of ground acceleration records (Section
G2)

6 - 10€I) G.1 NFHR No. of dynamic force records (Section G3),

11

15(1) G.1 NSDR No, of dynamic displacement records (Section
G4).

16 - 20(1) G.2 NFHN Max. no. of nodes with dynamic forces (must
not be less than total no. of nodes specified

in Section K7 or L6).

21 - 25(1) G2 NSDN Max. no. of nodes with dynamie support

displacements {must not be less than total
no. of nodes specified in Section K8 or L7).

2%

30(1) G.2 MAXIPT Max. no. of input values for an%x dynamic
record (see NIPT, Seetions G2(b), G3(b),
GA4(b)).
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G2. GROUND ACCELERATION RECORDS
NGAR sets of cards.

G2(a). RECORD TITLE
COLUMNS NOTE NAME DATA
1 - 60(A) Optional title.

61 - 80(A) G.3 IFORM  Input format. No default.

G2(b). CONTROL CARD
COLUMNS NOTE NAME DATA

1 - 5(I) NIPT No. of acceleration values.
Max, = MAXIPT, Section Gl.

10(n) Print code:
(a) 0: No print.
(b) 1: Print as input and scaled.

11 - 20(F) G.3 Input time interval:
(a) Zero or blank: Input time - acceleration
pairs.
(b) Nonzero: Input accelerations only.

26 - 30(F) G.4 Accelerstion scale factor, Default = 1,0,

G2(c). ACCELERATION VALUES
As many cards as needed to define NIPT acceleration values, with

format IFORM. If time-acceleration pairs are input, time must immedi-
ately precede corresponding acceleration,
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G3. DYNAMIC FORCE RECORDS

NFHR sets of cards.

G3(a). RECORD TITLE

COLUMNS NOTE NAME
1 - 60(A)
61 - 80(A) G.3 [FORM

G3(b). CONTROL CARD

COLUMNS NOTE NAME
1 - 51 NIPT
10(1)

11 - 20(F) G.3

21 - 30(F)

G3(c). FORCE VALUES

DATA
Optional title,

Input format. No default.

DATA

No, of force values. Max. =

Section Gl.

Print code:
() 0: No print.
(b) 1: Print as input and scaled.

Input time interval:
(a) Zero or blank:
(b) Nonzero: Input forces only,

Force scale factor.

Default = 1.0.

MAXIPT,

Input time - force pairs.

As many cards as needed to define NIPT force values, with format

IFORM.
corresponding force.
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G4. DYNAMIC DISPLACEMENT RECORDS
NSDR sets of cards.

G4(a). RECORD TITLE
COLUMNS NOTE NAME DATA
1 - 60(A) Optional title.

61 - 80(A) G.3 IFORM  Input format. No default.

G4(b). CONTROL CARD
COLUMNS NOTE NAME DATA
1 - 5(1) NIPT No. of displacement values.
10(1) Print code:
(a) 0: No print.
{p) 1: Print as input and scaled.
11 - 20(p) G.3 Input time intervals
(2) Zero or blank: Input displacement pairs.

(b) Nonzero: Input displacements only.

21 - 30(F) Displacement scale factor. Default = 1.0,

G4(c). MOTION VALUES

As many cards as needed to define NIPT displacement values, with
format IFORM, If time-displacement pairs are input, time must

immediately precede corresponding displacement.
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H.

Hl.

OUTPUT SPECIFICATION

CONTROL CARD

COLUMNS NOTE NAME DATA

1 -

6 -

11 -

H2.

5(I) NODSX  No. of ncdes for X-displacement printout.
Input -1 for all nodes, For dynamie analysis,
includes velocities and accelerations.

10(D) NODSY No. of nodes for Y-displacement printout.
Input -1 for all nodes.

15(1) NCDSZ  No. of nodes for Z-displacement printout.
Input -1 for all nodes.

NODE LISTS

Three sets of cards,

(1)

(2)

(3)

As many cards as needed. List NODSX nodes in suceessive 5-column
fields (integer format), sixteen nodes to a card. Omit for NODSX = 0 or
-1,

As many cards as needed. List NODSY nodes in successive 5-column
fields (integer format), sixteen nodes to a card. Omit for NODSY = 0 or

A.s many cards as needed. List NODSZ nodes in successive S-column
fields (integer format), sixteen nodes to a card. Omit for NODSZ = 0 or

-10
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I. ANALYSIS TYPE

COLUMNS
L - 44)
5 - 80(A)

NOTE
I.1

NAME

IANTYP

DATA

Analysis type code:

(a) STAT : Stetic analysis.

{b) DYN1 : Dynamic analysis using event-
to-event scheme,

(c) DYN2 : Dynamic analysis using iteration
scheme.

(d) VISC : Visco-static analysis,

(e) CREP: Creep analysis.

(f) NONE: End execution,
Default = NONE

Optiocnal analysis heading.
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Jd. STATIC ANALYSIS

Omit entire Section J if IANTYP # STAT.

Ji. TITLE
COLUMNS NOTE NAME DATA
1~ 5(I) J.1 NSAS No, of analysis segments

9 - 80{A) Optional analysis title.
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J2. SEGMENT SPECIFICATION

NSAS sets of cards, one set for each analysis segment,

J2(a). SOLUTION CONTROL

COLUMNS
5(I)
10(1)
11 - 20(F)
25(1)
30(I)
31 - 40(F)
41 - 45(1)
46 -~ 50(I)
55(1)

NOTE

Jd.2

J.3

NAME

KTYS

KPAS

DISI

NVES

KDIR

STEPI

MAXST

IEVENT

KTYI

DATA

Step type:
{a) 1: Load stepping.
(b) 2: Displacement stepping.

Stepping parameter (KTYS = 2 only):
(a) 11 Euelidean norm.
(b) 2: Maximum value,
(e) 3: Specified stepping vector(s)

Segment value (KPAS = 1,2 only).

No. of stepping vectors (KPAS = 3 only).
Max = 4, Default = 1,

Step direction code:

(a) 1+ Increase load magnitude each step.

(b) 2: Increase scalar displacement using
(critical) stepping vector (KPAS = 3
only).

(c) 3: Increase scalar displacement using
direction vector.

(d) 4 Determine sign of load increment
using Bergan's current stiffness

parameter,

Initial step factor for segment. Must be
between 0.0 and 1,0,

Maximum no. of steps, Analysis stops if this
no. is exceeded, Default = no limit.

Element event code:
(a) 0: No event check.
(b) 1: Event check, no limit on number of

events.
(e) N(>1): Check events, up to N events in
any step.

Iteration type:

(a) 1: Constant load.
(b) 2: Constant scalar displacement.
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60(I)

65(1)

70(1)

KPAI

MAXIT

IQUIT

Iteration parameter (KTYI = 2 only).

(a) 1:
(b) 2:
() 3:

(d) 4:

Constant work.
Constant "arc length".
Critical stepping vector (KPAS must

Iteration vector.

Max. no, of iterations per step.

Termination code:

(a) 0:

(b) 1:
(e) 2:
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J2(b).

SPECIFIED VECTORS

NVES sets of cards defining the stepping vectors if KPAS = 3. Plus

one set of cards defining the direction vector if KBIR = 3. Plus one
set of cards defining the iteration vector if KPAL = 4.

Each set consists of a veetor title card plus one or more cards
defining the terms of the vector, The number of terms for any vector
must not exceed 20.

J2(b) (i) VECTOR TITLE

COLUMNS NOTE NAME DATA

1 - 5(I) NDGC No, of terms in this vector (max. = 20).
6 - 15(F) FACI Segment value (stepping vectors only).
16 - 80(A) Optional title.

J2(b) (ii) VECTOR DEFINITION

As many cards as needed to specify NDGC terms, 4 terms per card.

COLUMNS NOTE NAME DATA

i-

11

41

5(I) Node no.

10(1) D.O.F. number (1-6).

20(F) Weighting factor. Default = 1.0.

40 Similar data for second term (215,F10.0).
60 Similar data for third term (215,F10.0),
80 Similar data for fourth term (215,F10.0).
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J2(c). STIFFNESS, STATE AND OUTPUT CONTROL

COLUMNS
1 - 51)
6 - 10(1)

15(1)

16 - 20(1)

25(1)
30(D

NOTE

.RAME

KUFS

KUF1

KBFGS

KUFSD

KPRIN

KSAVE

DATA

Step control for stiffness update, Stiffness
is updated every KUFS steps. Default = 1.

Iteration control for stiffness update,
Stiffness is updated every KUF! iterations,

Defauit = 1.

BFGS code:

(a) 0: No BIGS.
(b) 1: BFGS between stiffness updates.

Iteration control for state update. State is
updated every KUFSD iterations. State is

automatically updated at the end of every
step.

Results print code: .

(a) 0: No printed output.
(b) 1; Print at end of analysis segment

only. :
{e) 2: Print every step.
(d) 3: Print every iteration.

Results save code:
(a) 0: Do not save on restart file.

{b) 1: Save on restart file {at the end of
the analysis segment).
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J2(d). CONVERGENCE CRITERIA

COLUMNS
5(1)
10(1)
11 - 20(p)
21 - 30(F)
31 - 40(F)

41

46

56

66

45(1)

55(F)

85(F)

75(F)

NOTE

NAME

INRM

MOCD

TOL

TOLF

UNBLS

MAXLS

UPLS

BMLS

TOLS

DATA

Unbalance type:
(a) 0: Max. value.
(b) 1: Euclidean norm.

Moment code for unbalance:

(a) 0: Ignore moments.
(b) 1: Include moments,

Unbalance tolerance, for all except last step
of segment.

Unbalance tolerance for last siep. Default
= TOL.

Unbalance for step size sealing (must be

greater than TOL).

(e) 0.0: No scaling.

(b} >0.0: Linear scaling of step size until
unbalance is less than UNBLS.

Maximum no. of line searches for any
iteration. Default = none. (Leave rest of

card blank,)

Upper line search limit (multiple of
calculated displacement), Must be > 1.0,

Lower line search limit (multiple of
caleulated displacement), Must be between
.0 and 1.0,

Convergence tolerance for line search

(muitiple of initial unbalance for the
iteration). Must be between 0.0 and 1.,0.
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Jd2(e). RESTEPPING CRITERIA {(omit if IQUIT not 0)

COLUMNS
1 - 10(F)
11 - 20(F)
21 - 25(1)
26 - 30{D)
31 - 40(F)
41 - 50(F)

55(1)
56 ~ 65(F)
66 - 75(F)

. NAME

DNFAC

STPMIN

LQUIT

MINIT

UPFAC

STPMAX

ITPR

GRACE

WTIFAC

DATA

Multiplier for step factor reduection, If
MAXIT is exceeded step factor is muitiplied
by DNFAC. Default = 0.23.

Minimum allowable step factor, as a multiple

of the initial step factor. Default = 1/64 =
.0156,

Termination code:

(a) 0« If STPMIN is reached, continue with
step factor STPMIN.

(b) N: If more than N attempts are made to
reduce the step factor below
STPMIN, stop the analysis.

Lower limit on the number of iterations for
step factor increase, If convergence is
obtained in MINIT or fewer iterations,
multiply step factor by UPFAC.

Multiplier for step factor increase. Default
= 4,

Maximum aliowable step factor as & multiple
of the initial step factor. Default = 1.

Convergence prediction code:
(a) 0: No prediction.
(b) N: Start prediction at iteration N.

Grace ratio. If predicted no, of additional
iterations for convergence is less than

(GRACE)*(current iteration no.)
then iteration continues even if MAXIT is

exceeded, Default = 0.5.

Weighting factor for iteration prediction,
The convergence ratio of the current

iteration is weighted 1.0, at the previous
iteration 1.0/WTFAC, ete. Default = 1.0.
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J2(f).

STATIC LOAD PATTERN APPLICATION
The total number of static load patterns is
NPAT = NPNF + NPFF + NPTP + NPP4 + NPKRD

from Card F1. Static load patterns are numbered in the sequence that
they are input.

Use as many cards as needed to specify NPAT scale factors (one per

pattern), 8 per card in 8F10.0 format. To omit any pattern, specify a
zero or blank scale factor,
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K. DYNAMIC ANALYSIS USING DYN1 OPTION.

Omit entire Section K if TIANTYP # DYMI,

K1, ANALYSIS CONTROL

COLUMNS NOTE

5(I) K.1
6 - 10(D) K.2
11 - 20(F)
21 - 30(F) K.3
31 - 40(F) K.3
41 - 50(F) K.4
44 - 45(1) K.5

60(1) K.6

NAME

KTYP

ICOR

oT

ALPHA

BETA

DAMPM

NICGC

IGM

DATA

Solution type:
{a) 1: Event-to-event with variable time

step.

(b) 2: Event-to-event with constant time
step.

{e) 3: Variable time step with no event
caleulation.

Equilibrium correction codes

(a) 0: Adjust -accelerator at end of time
step to eliminate equilibrium

unbalance,

(b) 1: Apply correcting forces in next time
step to eliminate unbalance.

Time step (initial step for KTYP = 1 or 3).

Parameter o for integration scheme (< 03
default = 0.),

Parameter 8 for integration scheme.
Default = 0,25 (1 - a)?

Mass proportional damping factor, e, .

Initial conditions code:

(a) -1: Zero initial velocities and acceler-
ations.

(b) 03 If first analysis in this computer
run, conditions of restart data se-
quence NRSEQ, Section B. If second
or subsequent analysis, conditions at
end of preceding analysis.

(e) >0: Initial velocities and accelerations
specified (Section K5),

Ground acceleration code:

(a) 0: Ground accelerations not applied.

(b) 1: Ground accelerations applied (Section
K6).
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61 - 65(I) K.6 NDLGC  No. of dynamic foree commands:
(&) 0: Forces not applied,
{b} >0: Forces applied (Section KT7).

66 - T0(I) K.6 NSDGC No. of dynamic support displacement
commands:
{a) 0: Support displacements not applied,
{b) >0: Support  displacements applied
(Section K8).
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K2. TIME STEP SELECTION

Omit for KTYP = 2,

COLUMNS
1 - 10(p)
11 - 20(F)
21 - 30(F)
31 - 40(F)
41 - 50(F}
51 - 60(F)

65(1)

NOTE

K.7

NAME

DTMIN

DTMAX

CRED

CINC

IMOM

DATA

Minimum allowable step size:

(a) Positive : Continue analysis using
DTMIN.

(b) Negative: Stop analysis if time step is
reduced below DTMIN.

Maximum allowable step size,

It

Step size reduction factor (<1, default
0.5).

Step size increase factor (>1, default = 2.).
Upper toleraneé on midstep error.

Lower tolerance on‘midstep error,

Moment code for midstep errors:

(a) 0: Ignore moments.
(b) 1: Include moments.
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K3. TERMINATION CONTROL

COLUMNS
1 - 5
6 - 15(F)
16 - 25(F)
26 - 35(F)
36 - 45(F)
46 - 50(1)

NOTE

KAME
NSTEP

TINC

TOL

DISN.AY

BISLIM

MAXSUE

DATA
Max. no. of time steps for this analysis.

Max. time increment for this analysis. The
analysis stops when the number of time steps
reaches NSTEP or the sum of the steps
reaches TINC, whichever oecurs first.

Max. allowable unbelanced force. If ex-
ceeded, analysis stops. Default = no limit,

Max. sllowable displacement, If exceeded,
analysis stops. Default = no limit.

Max. displacement increment for event

control (for KTYP = 1 or 2 only). Default =
no limit.

Max, allowable number of substeps in any

time step (for KTYP = 1 or 2 only). Default

= 10:

(a) Positive : Continue analysis if MAXSUB
exceeded,

(b) Negative: Stop analysis if MAXSUB
exceeded.
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K4. OUTPUT CONTROL

COLUMNS
1 - 5()
6 - 15(F)
16 - 20(1)
21 - 30(F)
31 - 35(1)
36 - 45(F)
46 ~ 50(I)
51 - 60(F)

ROTE

. NAME

NITHJ

TITRJ

NITHE

TITHE

NIENV

TIENV

NISAVE

TISAVE

DATA

Time step interval for nodal response
printout, Default = very large (does not
control).

Time interval for nodal response printout,

The response is printed every NITHJ steps or
TITHJ seconds, whichever occurs first,

Default = very large.

Time step interval for element response
printout, Default = very large.

Time interval for element response printout,
Default = very large.

Time step interval for envelope printout.
Default = NSTEP (print at end of analysis
only).

Time interval for envelope printouts The
envelopes are printed every NIENV steps or
TIENV seconds whichever occurs first.

Default = TINC (print at end of analysis
only).

Time step interval for saving results on

restart file. Default = very large (does not
control).

Time interval for saving results on restart
file. The results are saved every NISAVE

steps or TISAVE seconds, whichever occurs
first. Default = very large.
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K5. INITIAL CONDITION SPECIFICATION

NIDGC cards.

COLUMNS
5(1)

6 - 15(F)
16 - 25(F)

26 - 80(1)

Omit if NICGC = 0 or -1,

NOTE

NAME

KDOF

DATA

D.O.F. code:

(@)1, 2, or 3 = X, Y, or Z translation,
respectively.

(b) 4, 5, or 6 = X, Y, or Z rotation,
respectively.

Veloeity.
Acceleration.

List nodes with the same initial veloecity and
acceleration, in suecessive S-column fields.
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K6, GROUND ACCELERATION APPLICATION

Omit if IGM =
COLUMNS  NOTE
1- 50
6 - 15(F) K.8
16 - 25(F)
26 - 50
51 - 75

NAME

NR

TR

SFAC

DATA

Ground @acceleration record no. for
direction. Default = none,

Time in record at time step zero.
Acceleration scale factor. No default.
Repeat for Y direction (15,2F10,0).

Repeat for 7 direction (15,2F10.0).
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K7.

NDLGC cards.,

COLUMNS
1 - 5()

10(1)
11 - 20(F)
21 - 30(F)
31 - 80(I)

DYNAMIC FORCE APPLICATION

NOTE

K‘S

HAME
NR
KDIR

TR

SFAC

NODL

DATA
Dynamie force record no.

Direction code:

(&)1, 2, or 3 = X, Y, or Z translation,
respectively,

(b4, 5 or 6 = X, Y, or Z rotation,
respectively,

Time in record at time step zero, May be
negative (time delay).

Force scale factor. No default,
List up to 1€ nodes in suecessive S-column

fields, Total nodes must not exceed NFHN,
Seetion G.1.
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K8, SUPPORT DISPLACEMEMNT APPLICATION

COLUMNS
1 - 50
1(1)
11 - 20(F)
21 - 30
31 - 8(D)

NOTE

K.8

NAME

NR

KDIR

SFAC

NCODL

DATA
Support displacement record no.

Direction code:

(@)1, 2, or 3 = X, Y, or Z translation,
respectively,

(b)4, 5 or 6 = X, Y, or Z rotation,
respectively.

Time in record at time step zero. May be
negative (time delay).

Displacement scale factor. No default.
List up to 10 nodes in successive S-celumn

fields. Total nodes must not exceed NSDN,
Section G.l.
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L. DYNAMIC ANALYSIS USING DYN2 OPTION

Omit entire Section L if IANTYP # DYN2,

Ll. CONTROL INFORMATION

COLUMNS
1 - 10(F)
11 - 20(F)
21 - 30(F)
31 - 40(F)

NOTE

NAME
LT

ALPHA

BETA

DAMPM

DATA
Time step.

Parameter o for integration seheme (< 0,
default = 0).

Parameter B for integration scheme.
Default = 0.25(1 - )%,

Mass proportional damping factor, Cre

181



L2,
COLUMNS
1 - 5(1)
6 - 10(I)

15(1)
16 - 20{1)
21 - 25(I)
26 - 30(1)
31 - 35(I)
36 -~ 40(1)
41 - 45(1)

ANALYSIS CONTROL

NOGTE

K.5

K.6

K.6

K.6

NAME
NSTEP

NICGC

1IGM

NDLGC

NSDGC

NITHd

NITHE

NIENV

KSAVE

DATA
No., of time steps for this analysis.

Initial conditions code:

(a) -1: Zero initial velocities and acceler-
ations,

(b) 0: If first analysis in this computer
run, conditions of restart data
sequence NRSEQ, Section B. If
second or subsequent analysis, con-
ditions at end of preceding
analysis.

(¢) >0: Initial velocities and accelerations
specified (Section K4),

Ground acceleration codes
(2) 0: Ground accelerations not applied.

(b) 1: Ground accelerations applied (Section
L5).

No. of dynamic force commands:
(@) 0: Forees not applied.
(b) >0: Forces applied (Seetion L6).

No. of dynamic support displacemnent

commands:

(a) 0: Support displacements not applied.

(b) >0: Support displacements applied
(Section LT).

Time step interval for nodal response print-
cut. Default = no printout.

Time step interval for element response
printout, DLefault = noc printout,

Time step interval for envelope printout,
Default = no printout.

Time step interval for saving results on
restart file. Default = no saving.
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L3. ITERATION PROCEDURE

COLUMNS ROTE NAME DATA

1 - 5{) MAXIT  Maximum no. of iterations in any time step.
Default = 1,

6 - 10(1) KSUF Time step control for stiffness update.
Stiffness is updated every KSUF time steps.
Default = 1,

11 - 15(1I) KIUF Iteration econtrol for stiffness update.
Stiffness is updated every KIUF iterations,
Defauit = 1.

16 - 20(1) KSDUF  Iteration control for state update. State is

updated every KSDUF iterations. Default =
1. State is updated at the end of each
{ime step, regardless of the value of KSDUF.

25(1) IQUIT Solution termination code.
(a) 0:  Continue with next time step if no
convergence.

(b) 1: Stop analysis if no convergence,
26 - 35(F) TOL Unbalanee tolerance.

40(1) Unbalance type:
{a) 0: Maximum value.

(b) 1: Fuelidean norm.

45(1) Moment code for unbalance:
(a) 0: Ignore moments,
(b) 1: Include moments,
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L4. INITIAL CORDITION SPECIFICATION

NIDGC cards. Omit if NICGC = 0 or -1.

COLUMNS

5(1)
6 - 15(F)
16 - 25(F)
26 - 80(I)

NOTE

NAME

KDOF

DATA

D.O.F. eode:

(@)1, 2, or 3 = X, Y, or Z translation,
respectively,

(b4, 5 or 6 = X, Y, or Z rotation,
respectively.

Velocity.

Acceleratian.

List nodes with the same initial veloeity and
acceleration, in successive 5-column fields.

184



L3. GROUND ACCELERATION APPLICATION
Omit if IGM = 0.

COLUMNS NOTE NAME DATA

1 - 5(D NR Ground acceleration record no. for X
direction. Default = none.

6 - 15(F) K.8 TR Time in record st time step =zero.

16 - 25(F) SFAC Acceleration scale factor. No default,

26 - 50 Repeat for Y direction (15,2F10.0).

51 - 75 Repeat for Z direction (15,2F10.0).
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L.6. DYNAMIC FORCE APPLICATICN

NDLGC cards.

COLUMNS
1 - 5(1)

10(1)
11 - 20(F)
21 - 30(F)
31 - 80(1)

NOTE

K.8

NAME
NR

KDIR

TR

SFAC

NODL

DATA
Dynamie force record no.

Direction code:

(&)1, 2, or 3 = X, Y, or Z translation,
respectively,

(b) 4, 5, or 6 = X, Y, or Z rotation,
respectively.

Time in record at time step zero. May be
negative (time delay).

Forece scale factor. No default.

List up to 10 nodes in successive S-column
fields, Total nodes must not exeeed NFHN,

Section G.1.
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L7, SUPPORT DISPLACEMENT APPLICATION

NSDGC cards,

COLUMNS
1 - 5

10(1)
11 - 20(F)
21 - 30(F)
31 - 80(1)

NOTE

K.8

NAME

NR

KDIR

TR

SFAC

NCDL

DATA

Support displacement record no.

Direection code:

()1, 2, or 3 = X, Y, or Z ftranslation,
respectively.

(by4, 5 or 6 = X, Y, or Z vrotation,
respectively,

Time in record at time step zero, May be
negative (time delay).

Displacement scale factor, No default,
List up to 10 nodes in successive 5-colunn

fields, Total nodes must not exceed NSDN,
Section G.l.
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M. VISCO-STATIC ANALYSIS
Omit entire Section M if IANTYP # VISC

M1. TITLE
COLUMNS NOTE NAME DATA
1~ 5I) NSLI No. of load inerements.

9 - 80(A) Optional analysis title.
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M2. ANALYSIS CONTROL

COLUMNS
4 - 5(1)
6 - 15(F)
16 - 25(F)

NOTE

NAME

NICGC

LT

THET

DATA

Initial conditions code:

(a) -1:
(b) 0:

(e) >0:

Zero initial  velocities and
accelerations,

If first analysis in this computer
run, conditions of restart data
sequence NRSEQ, Bection B, If
second or subsequent  analysis,
conditions at end of preceding
analysis.

Initial velocities and accelerations
specified (Section M3).

Time step.

Parameter in integration method:

(a) 1.0:
(b) 0.5:
Default
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M3. INITIAL CONDITIONS

NICGC cards.

COLUMNS
5(1)

6 - 15(F)
16 - 25(F)

26 - 80(D)

Omit if NICGC = 0 or -1,

NOTE

NAME

KDOF

DATA

DOF code:

(@)1, 2, or 3 = X, Y, or Z translation,
respectively,

(b)4, 5, or 8 = X, Y, or Z rotation,
respectively.

Velocity.
Acceleration,

List nodes with thé same initial velocity and
acceleration, in successive 5-column fields.
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M4. LOAD INCREMENT

NSLI sets of cards.

M4(a). CONTROL CARD

COLUMNS
1 - 5D

10(1)
11 - 15(D
16 - 20(1)
21 - 25(1)
26 - 30(1)
31 - 35(D)

40(1)

45(1)
46 - 50(1)
51 - 55(I)

NOTE

NAME

NSTEP

KSAVE

KLSUF

KTSUF

KIUF

KSDUF

KT5DUF

IQUIT

IQUITV

MAXSTP

MAXIT

DATA

No, of equal load steps:

{a) Positive : Results envelopes not printed
at end of increment,

(b) Negative: Envelopes printed,

Results saving codes

(a) 0: Results not saved,

{b) 1: Results at end of load inerement
saved on restart file.

Load step control for stiffness update.
Stiffness is updated every KLSUF load steps.
Default = 1,

Time step control for stif{fness update.
Stiffness is updated every KTSUF time steps.
Default = 1,

Iteration control for stiffness update.
Stiffness is updated every KIUF iterations,
Defaut = 1,

Iteration control for state update. State is
updated every KSDUF iterations. Default =
i,

Time step control for state update. State is

updated every KTSDUF time steps. Default =
1.

Solution termination code for load step:
() 0: Continue with next load step if no

converg ence,
(b) 1; Stop analysis if no convergence,

Solution termination code for time step:

(a) 0: Continue with next time step if no
eonvergence.

(b) 1: Stop analysis if no convergence.

Max. no. of time steps per load step.

Max. no, of iterations per time step.
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56 - 66(1)
61 - 65(I)
70(1)

NILSJ

NILSE

IPRNT

Load step interval for nodal response print-
out. Default = very large.

Load step interval for element response
printout. Default = very large.

Print code within load stepss

(a) 0: No printout.
(b) 1: Print at every iteration.

192



m4(b).

COLUMNS
1 - 10(F)
11 - 20(F)
21 - 30(F)
31 - 40(F)
41 - 50(F)

55(1)

60(I)

NOTE

NAME

TOLF

TOL

TOLEFV

TOLV

TOLS

CONVERGENCE TOLERANCES

DATA

Total unbalance tolerance in last step of

load inerement.

Total unbalance tolerance in all except last

step.

Non-viscous unbalance tolerance in last step

of load inerement.

Non-viseous unbalance tolerance
cept Jast step,

Unbalance tolerance to switeh
analysis,

Unbalance type:
{a) 0: Euclidean norm.
(b) 1: Maximum value.

Moment code for unbalance:

(a) 0: Ignore moments,
(b) 1: Include moments
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M4{c).

M4(d).

STATIC FORCE PATTERN APPLICATION

Omit for NSPAT = 0 (Section F.1), Otherwise, as many cards as
needed to specify NSPAT scale factors. For each pattern in turn,
specify a scale factor. 10-colunn (F10.0) fields, eight to a card.

STATIC DISPLACEMENT PATTERN APPLICATION
Omit for NPDP = 0 (Seetion F.l). Otherwise, as many cards as

needed tc specify NPDP scale factors, For each pattern in turn,
specify a scale factor. 10-column (F16.0) fields, eight to a card.
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USER GUIDE NOTES

NOTE B.l

When NEWF is specified, a new restart file is created. The structure
geometry data and the lcad data are stored, and =zero initial conditions
(corresponding to the unstressed structure) are automaticelly set up., During
the computer run, analysis results may be saved at ceriain stages in the
analysis (at the end of any static load segment, and at speecified time step
intervals in dynamic analysis), The saved analysis results sets are numbered
sequentially. Set number zero is the zerc initial congitions, The computer

printout ineluces a log of the results sets saved on the restart file.

For subsequent computer runs, the OLDY option may be used to recail the
geometry and load data, snd any resulis set number (NRSEQ). These results
are used as initial conditions for continued analysis. Additional results may
be saved during the analysis. These results are added to those previously

saved, and are numbered in conlinuing sequence,

NOTE B.2%2

for the NEWF option, the user must provide a restart file identifier. This
identifier is stored as the first record on the restart file, Subsequent uses
of the restart file (QOLDF) must specify the identical identifier, otherwise
execution will be terminated. The two Iidentifiers must mateh character for
character, including blanks.

NOTE C,1

The program includes in-core and out-of-core, symmetric and unsymmetric
equation solvers. The structure tangent stiffness matrix is stored columnwise
in compacted form omitting most zero elements ("active column" form). A

substantial amount of element data must alse be stored.
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As the structure becomes nonlinear, the tangent stiffness matrix progressively
changes, Two stiffness matrices are stored, one in the "triangularized" form
foltowing Crout decomposition, and a "duplicate,” which is not triangularized.
As the structure becomes nonlinear, a complete new stif fness is not assembled.
Instead, modifications are made to the duplicate stiffness, and these changes
are then incorporated into the triangulerized form. For structures with local
nonlinearities, this can be substantially more economical than forming and

triangularizing a complete new stiffness.

For small structures, or for computers with large real or virtual core
capacity, it is recommended that the triangularized stiffness, duplicate
stiffness and all element data be held in core {CORE option). For large
structures, or for computers with small core capacity, it may be necessary to
store the data out of core (DISK option). In this case, the element data is
stored on a sequential scratch file, one record per element, and the stiffness
matrices may be held entirely in core, or may be stored on sequential scratch
files in bloeks, If sufficient core 1is available, there will be only one
stif fness matrix block, and the matrices will be stored in core. If not, the
matrices will be blocked and stored out of core. For the DISK option, either
all available core (i.e., that remaining after other data is stored) may be
allocated for storage of the stiffness matrices, or else the amount of core to
be allocated may be specified, In this second case, the total core
requirement can be held below the full machine capacity, Note that if the
DEDF option is used, the storage allocation may be changed for each new

eomputer rui.

Execution times can be expected to be substantially larger with the DISK
option than with the CORE option, because of much larger I/O costs,

The number of stiffness matrix blocks is currently limited to 20, If the

number of blocks exceeds the value, execution ceases,
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NOTE C.2

The finite elements must be divided into "groups.” All elements in any group
must be of the same type (e.g., truss, 3-D solid), and, typically, all elements
of a single type will be included in a single group. However, elements of the
same type may be divided intc separate groups if desired, There is no limit
on the number of element groups.

The first element within any group may be given any number, not necessarily
1. The remaining elements in the group must then be numbered seguentially.

NOTE D.1

The "econtrol node" ccordinates must be defined with respect to an orthogonal,
right-handed coordinate system X, Y, and Z. The coordinates of the remaining
nodes may be generated. Only a straight line generation option is currently

available {(Seetion D2),

NOTE D.2

kEach generation command can generaie the coordinates of one or more nodes,
The coordinates of the nodes at the beginning and end of the generation
lines must have been previously defined, either by direct specification of by a

previous straight line generation,

The generated nodes are spaced along the geheration line as rollows:

(@) SPAC = 0.0: The generated nodes are uniformly spaced between the
two end nodes.

(b} SPAC < 1.0: The spacing between generated nodes is this
proportion of the length of the generation line, Note that this can
allow generated nodes to lie beyond node NE if desired,

(¢} SPAC > 1.0: The spacing between generated nodes is this distance,

Again, generated nodes may lie beyond node NE.
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The program also incorporates a default option for nodes whieh are not
otherwise defined. It is not necessary to provide generation commands for
nodes which are (a) sequentially numbered between the beginning and end
nodes of any straight line, and (b) equally spaced along that line., After all
generation commands have been executed, the coordinates for each group of
unspecified nodes are automatically generated, assuming sequential numbering
and equal spacing along the line joining the specified nodes immediately
preceding and following the group. That is, any generation command with

SPAC = 0.0 and a node number difference of one is superfluous.

NOTE D.3

The displacements at any node may be specified to be in a rotated coordinate
system rather than the global system. This 'allows, for example, ineclined
boundary conditions. The orientations of the rotated coordinate systems are
specitied by cards D3. The nodes are associated with particular ccordinate

systems by cards D4. The default is the global X,Y,Z system.

Rotated cocordinate systems are defined by specifying the direction cosine ot
two of the rotated axes with respeet to the global X,Y¥,Z axes. The two
rotated axes defined in this way must be perpendicular to each other. The
third rotated axis is determined automatically.

NOTE D.4

Each node ot the structure may have up to six displacement degrees of
freedom, namely, X, Y, and 7 displacement, and X, Y, and Z rotation.
However, some displacements may be constrained to be zero, and may be
deleted (constraint code = 1). It is important to note that all degrees ot
freedom at which nonzero static or dynamic displacements are to be imposed

must be "free" (code = 0).
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If constraint codes are specitied more than once for any node, the last
specified value is used, Hence, if most but not all nodes have similar
constraints, the first command may cover all nodes, and specify "basic"
constraint codes, Later commands may then modify the "basie" codes for

particular nodes,

For plane analysis, the out-of-plane displacement and in-plane rotations must
all be deleted,

NOTE D.5
If nodes are not listed, the affected nodes are nodes N, N + ND, N + 2*ND,

etc., up to node NE. If nodes are listed, NE and ND are ignored, and only
the listed nodes are affected.

NOTE D.6

If may often be reasonable to assume that certain nodes displace equally in
certain directions. The displacements (or rotations) can then be assigned the
same degree of freedom number., Each equal displacement command covers at
most 14 nodes. If a group of nodes has more than 14 nodes, specify the
remaining nodes with additional commands. The smallest numbered node in any

group must be the first node in the list for all commands defining that group.

Greater computational efficiency will often be achieved by constraining nodes
to have equal displacements. However, the effect may be to inerease the
effective band width of the structure stiffness matrix, and may increase the
required stiffness mafrix storage and/or the computational effort. Equal

cisplacements should therefore be speeified with caution.

NOTE D.7
Any node may, if desired, appear in more than one specitfication command. In
such cases, the mass will be the sum of the values specified in the separate

commands. If certain nodes are constrained to have equal displacements, the
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mass associated with the affected degree of freedom will be the sum of the
masses specitied for the individual nodes, If a mass is specified for any

degree of freedom that is deleted, the mass is ignored,

NOTE D.8

Each table defines the values of secondary dashpot properties (array CS(NCSS,
NCST)), primary dashpot properties (array CP(NCPS, NCPT)) and primary spring
properties (array KP(NKPS, NKPT)) as functions of siress and temperature.
Numerical values for any given stress and temperature are obtained by either
linear or logarithmic interpolation. FEach row of each array contains the
properties for one stress value, and each colunn the properties for one
temperature value. For stresses or temperatures outside the range of the

tables, the values for the nearest stress and/or ‘temperature are used.

NOTE G.1

Any number of ground acceleration record, dynamic force records, and/or
support motion records may be specified. Dynamic force records are applied
as nodal loads, and support motion records as nodal displacements. Records
can be applied singly or in combination., The combination factors are
specified in Sections G2, G3, and G4. The nodes affected by the records are
specified in Sections K7 and K8 or L6 and L7,

Ground accelerations are identified with the X, Y, and Z directions in Section
K6. Although any number of ground acceleration records may be defined, a
maximum of three may be applied at any time, one each in the X, Y, and/or Z
directions,

NOTE G.Z

The values of NFHN, NSDN and MAXIPT are required by the program for
storage allocation. 1f unnecessarily large values are specified, some core
storage will be wasted.
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NOTE G.3

The input format for reading time-value pairs for any dynamie record (ground
acceleration, dynamic force, or support motion) must be specified, No default
format is assumed by the progrem. The format must be eneclosed in
parentheses, e.g., (8F10.0), without the word "FORMAT." If any record
contains record values (aceeleration, forces, or support motions) at constant
time intervals, only the record values need to be input. The times of this
case are automatically generated by the program as 0.0, TINT, 2*TINT, . . .,
ete.

NOTE G.4
The scale factor may be used to convert from nmu tiples of gravity to
acceleration units, or to scale the record. A further scale factor may be

specified in Section KB6.

NOTE 1.1

Static or viscostatic analysis includes preseribed static loads and/or
displacements, Dynamic analysis ineludes ground accelerations, dynamic forees
and/or support motions, applied singly or in combination. Any sequence ot
static or dynamic analyses may be performed in the same computer run.

Execution is terminated with the NONE option (or a blank card).

NOTE J.1

Static loads and imposed displacements can be applied in a number of static
load segments. Each segment is obtained by combining static force and/or
imposed displacement patterms, Each segment can be applied in a number ot
steps that are either load-controlled or displacement-controlled. For each
step the solution is typically found in a number of iterations, the iteration
path depending on the solution strategy selected. The results at the end of

any segment may be saved on the restart file.
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A different solution strategy may h- =specified for 2ach new load segment.
The scale factors for the load ani d‘isplacem;i\z‘st_ patterns may also be

different from one segment to the next,

NOTE K.l

The dynamic analysis using DYN1 option permits three different solution
schemes, depending on the value of KTYP. For KTYP = 1, the event-to-event
strategy is used with automatic time step selection; for KTYP = 2, the
event-to-event strategy is used with a constant time step; and for KTYP = 3,
event calculations are omitted but the time step may vary during the analysis.
No iteration is performed within a time step. Any unbalanced force at the
end of a step is eliminated by applying correcting forces in the next time
steps or by adjusting the accelerations at the end of the step (see following
Note).

NOTE K.2
If ICOR = 1, any unbalanced forces are applied as correcting forces during
the next time step, If ICOR = 0, unbalenced forces are eliminated by

adiusting the accelerations at the end of each time step. That is, if ICOR =

0 and the unbalanced force for & given nodal displacement, ooy is Rui’ the

peceleration ro is Increased by Ary = R/M;, where M;j = mass (translational
or rotational) assoeisted with Iy This correction is possible only if M1. is
nonzero. For displacements with M; = 0, the accelerations are not modified,

and the unbalanced forces are applied as corrections in the next time step.

NOTE K.3
The Newmark "B = 1/4" scheme (the trapezoidal or T"constant eaverage
acceleration” scheme} is the default option (i.e, o = 0; B8 = 0.25). For

nonzero values of a (-0.33 < « < 0) Hibbitt's form of the Hilber-Hughes-Taylor

scheme is used, to introduce numerical damping. Modifications of these
schemes can be obtained by specifying 8 to be other than 0.25(1 -a )%

However, this is not recommended,
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NOTE K.4
See Note K.6 for the damping assumption, The stiffness proportional damping

factors, B, and 81, are specified separately for each element group.

NOTE K.5
For any dynamic analysis, initial velocities and accelerations are required.
The default option (MICGC = 0) is as follows:

(2) First analysis in this computer run (no prececing static or dynamic
analyses): Conditions of restart data sequerce NRSEQ; or, for no
restart, zero initial veloeity and acceleration.

(b) Second or subsequent sanalysis in this computer run:  Final
conditions of immediately preceding enalysis, If this was a static

analysis, the initial velocities and accelerations will all be zero.

The default option may be overridden by specifying MIGC = -1 or > 0, as
indicated, This override applied to veloecities and accelerations only. The
nodal displacements and element states of stress are those from the preceding
analysis (for restart, data sequence NRSEQ).

NOTE K.6

Ground motions may be specified using either ground acceleration specifi-
cation or dynamic support motion specification.

In the ground acceleration case, a "conventional" seismic time-history analysis
is performed, by integrating the equation
M.dxr + C.dxr + KT'dxr = -~M.dxg

in whiech x,. = nodal displacements relative to ground, and xg = ground
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displacements, For analyses of this type, all support points must move in
phase, and the calculated displacements, velocities, and accelerations are

values relative to the ground.

In the dynamie support motion case, the analysis is performed by integrating
the equation

M.dx + C.dx + Kp.dx = Kp.dx

in which x = tota] nodal displacements and Xy = ground displacements (at
support points), The support points need not move in phase, and the

calculated displacements, velocities and accelerations are total values.

The program allows both ground accelerations and dynamic  support
displacements to be applied simultaneously. However, the calculated results
will be inconsistent because relative and total values will be combined.
Because total values are calculated for dynamic foree application, it will also
be inconsistent tc combine ground accelerations with dynamic forces. A
similar inconsistency can arise if a ground acceleration analysis is followed by
a dynamic force or dynamic support motion analysis, because the fipal
conditions from the first analysis may not be consistent with the required
initial conditions for the second.

If only static plus "conventional" seismic analyses are being performed, either
the ground acceleration option or the dynamie support motion option may be
used. If both dynamic forces and seismic motions are to be considered, only
the dynamic support motion option should be used. If out-of-phase seismie
motions are to be ‘cons_idered, use of the dynamie support motion option is

essential.

The amount of viscous damping may also depend on the type of analysis being
performed. The damping matrix, C, is given by:

C=onM + BOKO + BTKT
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Because rigid body motion of a structure will be unrestrained, it follows that:
K.dxr = K.dx

in which K = K, or K.. Hence, if ¢, = 0, the damping forces will be the
same for both the ground aceeleration and support motion cptions. If ay #0,
however, the damping forces will differ. Physically, "caml\ " damping implies

the presence of mass-proportional damping links as follows:

(2) Ground acceleration option: links conneeting nodes to points whieh
move with the ground.
(b)  Support motion option: links connecting nodes to points whieh are

fixed in space,

NOTE K.7

If KTYP = 1 or 3, the time step, DT, will be varied automatically during the
analyses, If the midstep error in any time step exceeds the upper tolerance,
DT is multiplied by CRED and the time step is repeated. The value ot DT is
not allowed to be smaller than DITMIN, If the midstep error is smaller than
the lower tolerance for two consecutive time steps, DT is multiplied by CINC
for the next time step. The value of DT is not allowed to exceed DTMAX,

The midstep error is the maximum term in the midstep error vector, This
vector includes both translational forces and moments, and hence its terms are
not all in the same units, If IMOM = 0 (the recommended option) only
translational forces are considered in selecting the meximum term. If IMOM =
1, both translational forces and moments are considered.

NOTE K.8

Any dynamic record (e.g., ground acceleration record, forece record, or
support displacement record) may be applied with or without a time delay. If
a record is applied with no delay (TR 2 0.), time TR of the record
corresponds to time zero of the analysis. If a record is applied with a delay
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(TR < 0.), the record is not applied until the time o1 the analysis reaches TR;
up to this time the value of the record is assumed to be zero.

A typical application will be seismic excitation of structures which are long
in plan. Assume that the ground motion is a train ot waves traveling from
left to right (note that this is not correct for a true earthquake, but may be
a reasonable assumption). The delay for the first (leftmost) support will be
zero; the delay for the second support will be the wave travel time from the
first support to the second; the delay for the third support will be the wave
travel time from the first support to the third; etec.

Time delays will usually be needed if an analysis is stopped and restarted in
the middle of a record, using the option TR > 0.
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APPERDIX B

U-BAR RESTRAINT ELERERT
Bl. CONTROL INFORMATION
Two cards,

Bl(a). FIRST CARD

COLUMNS NOTE NAME DATA

4 - 5(1) NGR flement type indicator. (= 5 to indicate
that group consists of U-bar restraint
elements.)

6 - 10(1) NELS Number of elements in group.

11 - 15(1) MFST Element number of first element in group.
Default = 1.

16 - 25(F) DKO Initial stiffness demping factor, B.

26 - 35(F) DKT Tengent stiffness damping factor, 8;.

41 - 80(A) Optional group heading.

B1(b). SECOND CARD
COLUMNS NOTE NAME DATA
1 - 5() NM AT Number of different property types.
10(1) JFIX Connection code:
(a) Zero or blank: Single node option,
Node J assumed fixed.

(b) 1: Two node option. Node J assumed
not fixed.

209



B2. PROPERTY TYPES

NMAT sets of cards. Three eards’per set,

B2(a). CONTROL INFORMATION
COLUMNS NOTE NAME DATA

1 - 51 N Type number, in sequence beginning with 1.

6 - 10(1) NSEGG  Number of segments in foree-extension
relationship, Max. 6; Min. 2.

11 - 20(F) DBB Initial clearance,

21 - 30(F) TOLL Stiffness reformulation tolerance (radians).

Sug g ested value = 0.l.

B2(b). STIFFNESSES

COLUMNS NOTE NAME DATA

1 - 60(F) SPSTT  Up to 6 fields, each 10 colunns, Specify
NSEGG stiffnesses.

B2(c). STRENGTHS

COLUMNS NOTE NAME DATA

1 - 50(F) FFF Up to 5 fields, each 10 colunns. Specity
NSEGG-1 yield forces,
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B3. ELEMERT DATA
NELS cards. Generation is not permitted,

COLUMNS NOTE NAME DATA

1 - 50D NEL Element number.

6 ~ 10(I) NODI Node I.

11 - 15(I) NODJ Node J.

16 ~ 20(1) IMBT Property type number.
25(I) KGEOM Large displecement code:

(a) Zero or blank: small displacements.
(b) 1: large displacements.

30(1) KOUT Time history codes
(a) Zero or blank: No output,
(b} 1: Output required.

31 - 35(I) NODK Node K. Optional, to define normal
direction.
38 - 45(F) TOLY Overshoot tolerance for yield or gap

opening events.

48 - 55(F) TOLU Overshoot toleranece for unloading or gap
closure events.
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TABLE B.1l

U~BAR RESTRAINT ELEMENT

subroutine inel05% (njt.ndkodexsyyzekexec)
implicit double precision (a~hso-z)

sl e e ksl # K s e soode sl afeofe o e ofe el s e e e ool ook ek Dot e ol ek e e o e de e el e
subroutine to read, generate and print element cata.

elerent type = 5. u bar restraint element, type k.

gl g e edeote sl e e deeafe e S e e e e e ok gk kg S ek e e b el b ety b Qe e

commen finfel /7 imemykstyim{t}ynodi,nodjsnodkkgeoms jfixskoutsiups
iTowsliney,fupTexisyiszisxjeyjszjsspst{?)suval(t)d,
tolsflpsviotysftotsvlowsvup?esstsvupsdcosi3),
deosp(3)sdcoesn{3)sdismetdissfomstfcstolystolusxkp,
skp(21)

common ftapes / niusnousntlyntZ2.snt3;nté,ntS,ntb,nt7,nt8,nt9,
ntl0.ntll,ntl2yntl3,ntlé,ntiS,ntlé

common Zinfgr / narsnels,mfst,igrhed(iC)yninfcslistat,
Istfelsteyndof, dko;dkt,eprop(ﬁ,?‘C)

commen fprecis/ zerosone

commen fwork/ spstt(7.:20),uvall(6,20),fff{5),4t011(20)snsecl20),

dbb {(20)

dimersion x{njtley(njt),z{njt)yicom(l4s),ndkcd(njte6)
dimension iyesno(2)
eguivelencel{imemyicem(1))

data ivesnc/4h no,4h yes/

W G S o —— —— W W O A S N WL S W M WS M CUL M R G S S A I MDY W RS M S S S T e e R - - -

meanings of variables in common block /infel/

iMEMeesscesese~ Element number

kStasseesvasee— stiffness update code

]mf&’ﬁnmn.ocsu' 1OCati0n matrix

nodisrod jsnodk= node number at is jok

X1 s¥Yisz2iscanses™ coordinates of node i

XisVj12jeesese~ coordinates of node j

pst{Tlevesese— stiffnessces

uval{bleeeeeee~ extension at limits of stiffresses
KgeCMeessnssea~ geomelric stiffness code

HFiXesesneases— connection code

kouttton-t-e.'- (esponﬁe Output CGde

t0lsessecencne~ tolerance

fipocu.ou:‘oon- current m&mb&r Tength

VEOt evecessese™ current extension

Ftot weeswassree= current force

VUPeonsssarses— extension at upper limit of current segnernt
VIOWesoosseses™ extension at Tower limit of current segment
fUPpsssessesens~ next Tine if extension increases
flOResennresnese= NExXt lTine if extension decreases
JiNEeeesseesae~ current line

iup?‘ucwo-u-'o“ next line = 7

VupTeseseeaves™ extension at upper limit if line = 7
XKPeosonowesoo~ DPrevicus stiffrness

SStesssccesses~ elastic stiffness for beta=-0 dampino {alweys zero)
SKplZ2l)eacaeane~ current stiffness matrix
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TABLE B,l-(CQNTINUED)

c dees{3)seseese— direction cosine
c dcosp(3)seeese~ previous direction cosine
c dcosn{3)eseesa= direction cosine of normal direction
[ o diSHiaasssessess— mMaximum extension
[~ tdiSeansessnsne= time at which maximum ~xtension occurs
c fOMeseesnssnes— maximum force
c tfCrecosssnees~ time at which maximum force cccurs
c 10Ty anassnsence~ OVershoot teclerance for vield event
C t0TLesesesssse~ overshoot tolerance for unloadinc event
c
c e .- e ————— e e —— e ———————— - ———— o
<
c contrel variables
c
ninfc = 146
Istat = 102
Iste = 2
sttt = 42
ndcf =32
kst=1
if {mfstale0) mfst = 1
c
do 100 i=2,ninfec
100 tcom{il=0
c
c reac and print element arcup information
c

reac{niusl000)nmbty jfix
1000 formet(2i%)

if (jfix.ne.0) ndof=6

iflrrbttele0)nmbt=1

writel{nous2000)ngrenelsymfstyndofsninfcydkosdktynmbt, jfix
2000  forret(34hk u-bar restraint elements (tvpe b)//7/7/
: Sxsy26helement group indicator =13/
Exsl2€hno. of elements =i3/
Exs26hno. of first element =13/
Sxy26hnos. of degrees of freedom=i3/
bxsZ26hlength of element infor. =i3/

LTI R T ST R

SYxsZbhdampina coeff. beta-o =G H/
Hxs26hdamping coeff. beta-t =fG.5/
¥ Hxs26hno. of stiffress types =73/
S 5xs26hceonnection cocde =i3)
c
C stiffness properties
c

writelnou,2010C)
2010 formet(///716h stiffness types//

= IxethtypesZ2xsdh No.s2xs9hclearance,3x,5hevents
S 3xs%h NOse2XsthsecmsZx+9h db s3%X,5h tclef)
c
do 200 nt=l,nmbt
c

reac{niuy,sl1010)insnseqggsdbbint),toll{nt)
1010 formet{2i%:2f10.0}

write(nou2020)ntynseggsdbbint),toll(nt)
2020 formet(2i€,f11.3,f9.5)
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TABLE B.1 (CONTINUED)

toll{nt)=cos(tollint}}
if{nsegg.ge.2sand.nseggsle.&} go to 150
write{nous2030} . ,

2030 format{/25%h error in no. of segments/)
kexec=1
nseqc=56

1%0 nsegi{nt)=nseggqg
read{niusl020){spsttin.nt)sn=1,6}
10620 formet{6f10.0}
writel(nou,2040) (spsttlrsnt)yn=1,snseqgg)
2060 formet(40x,1lhstiffnesses,;éx,6e12.4)

spstt{7,nt)=0.
do 160 n=1snseqq
spett{7.nt)=amaxl(spstt{7snt)sspsttin,nt]})}
if{spstt{nynticne.zerolao to 160
kexec=1
writelnous2050)
2050 format(/23h error ~ zero stiffness/)
160 coent inue
C
nsegcsnsecg-l
read{niu.1C20){fffl{n)sn=1,nseqgq)
writelnous2060) (Fffin),yn=1,nsegg)
2060 formet{40x,12hyield forces,3x:5e12.4)
ffp=0.
uup=0C.
do 200 p=1 oy
ifin.¢tensegg}l go to 170
uvalll{nent)zuupt(fffinl~ffpl)/spstilin.nt)
vup=uvallin,nt)
ffp=fffin)
co te 200
170 uvall{nsnt }=1.e25
200 cont inye

< element data

write{nou,2070}
2070 fornet(///l?Zh element specification//
Ixsbhelems3xsdhnodes 2x0hnode 43X 4hst it y3IxydhgeomIxsdhtime,
3xsthnode s4xs%hovershootséxs9hovershoot /
Bx9hh NO.e3Xs4h 7 $2xs%h ] s3xs4htypes3xsdhcodey3xs4hhistey

3% 4%

% 3xs4h k &Xx,»%hyield tol,4x,%hunldg tol/}
c
nlast=zmfsttnels~1
do 3C0 imem=mfstynlast
[ o4

read{nius1030)nsnodisnedj, imbt,kgeomskoutynodkstoly,tolu
if (kout.ne.0} kout=1
if {(kgeom.ne.0} kgeom=1
Wr;te(nou,ZOBO)smem,noén,noq;,tmbt.cyesno(kgeow+1),|yesro(kout¥11,
% nodkstolystolu
1030 format{7i5,27f10.0)
2080 formet{i6,i7:i0¢i1Ts4Xsa4s3x,a8494716s2€15:%)
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TABLE B.l1 (CONTINUED)

c Jocation matrix
c

do €10 i=1,3
call ncodIm(Im(i)sn jtynocii)
21¢ call ncodim{Im{i+3}ynjtsnodjsi)

c
call hand(Imyndofyndkod)
c
c element properties
C

rsecc = nseg{imbt)
do 220 n=1,7
22C spst(n} = spsttin,imbt)
do 20 n=1,6
230 uvaltn) = uvallinsimbt)
Tine
vtot =dbtb(imbt)
ftot Oe
if (vtot.lesrero) ge to 232
line 1
vicw vtot
vup uvali(l)
ftot vict * spst{line)
ilow 7
Tup by
go to 233
232 viow = —].er%
vup = O
ilow = B
fup 1
232 tol toll(imbt)

&

T ] nou o

[ EIN T B | R 1}

c direction cosines of axis

x{nodi)
vinoedi)
z{nodi)
x{nodj)
yi{nodj)
z{nod ]}
XE=x i

yi=yj

i~z ]

tip = sqgrtldxFi2+dywi2+dzvi2)
dcos(l) dx/flp
deos(2) dy/flp
dcos {3} dz/flp

~<
WO ooy

do 24C i=
240 dcosp(i)

[L =

13
dcos{i)
C direction cosines of normal

ifincdk.eq.0)go to 280
dx = x{nodkl=xi
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TABLE_B.l (CONTINUED)

dy = vinodk}-vyi

dz = z{nodk)~zi

ff = sqrtldxssz4dys2+4dzr?)
dcosnil) = dx/ff

dcosn{2) = dy/ff

dcosn{3) = dz/ff

ff = Qs

do 2850 n=1,3
250 ffr=ff+dcosn{nltdcosi{n}

ffp = (s

do 260 n=1,3

dcosrnln) = dcosni{n)~ff=decosin)
260 ffp=ffptdcosni{n) ik

ffe = sqrt(ffp)

do 270 n=1,3
27C dcesnln) = dcosninl}/ffp

c
c compact element data
C
280 call compac
c
3Q0 cont inue
C .
return
end ,
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TABLE B.l1 (CONTINUED)

subroutine stif(5 (istepsndfycdkoscdktsfksindfksistfc)
implicit double precision (a~h,o-2) ‘

c .
c st oot Sestesle e shesge e el e sle sk slesde skl e slehen e s e e ol ek sl e el e e ekl e e n ol ek S ool e o A e ok ok
c subrcutine to compute element tangent stiffness matrix.
c element type = 5, u bar restraint elemant, type bt.
c e sheade sl ol S e oot sl o sl o slenlente etk sk sk e et e kel e ke stehe e e o ot sl sh el o ealesle sl stk
c
commrcn /Sinfel / imemskst,Im{6),nodi,nodi,nodk,kgeom, jfix,koutyiup,
* ilowsline,iupTexisyiszisxjevisz jespsti{7)suvallé),
% tolyflpy,vtot,ftotyviowsvupTssstevupasdcos{3),
% decosp{3)sdcosn{3)ydismytdis,fom,tfostoly,tolusxkp,
= skp(21)
commen /infgr 7/ ngrenelssmfstyiorhed{ld}sninfcslstaty
T 1stfylstcyncdofydkosdktyepropla,25C)
C
cdimercion fhindf,ndfl,s(t,é}
c
indfk = C
c
c stiffriess update
C
xk = (.
if{linecneBixk=spst{Tine)
xkp = xk
C
C stiftness for heta-C
c
sst = O,
if(line.ne.8)sst=spst{l)
c
c effective stiffness
C
if(ictepeateClxk=sst¥cdkotxk¥(1letcdkt)
c
C tornm ¢x6 element stiffness matrix
c
do 10C 1=1,3
cc = deosii)¥xk
o 100 j=i,3

1¢0 stisj) = celdcos( |}
iflifix.eqeClyo to 120
co 110 §=1,3
do 110 j=ie3

s{i,jt3) = ~s5(i,j)
s{jsi*3) = sf{isj*+2}
11¢ s{i+>,j43) = slisj)
120 cont inue
C
C ceometric stiffness
c
if (kcgeomeeg.0) gc to 15
c

pl = ftot/flp
ptrine = C.9999909
if (absldcos{(2)).at.ptnire} go to 140
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s{l1,3)
s{2s2)
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iF Ljfi
do 130
do 1320 j
s{iyj*+3)
st jsit3)

_.x
JLIN ! I

ot pad (P
- w 0

o e

s{i+2,j+3)

go tc 150

s{1s1}
s{3,2}
if (ffi
S(‘*!“)
s{tsb)
Stlfl‘)
s{3,8)
cortinue

([ ]

x

$HoM oo

s{1,1)
s{1,2)
s{1l,3)
s{2,2)
s{243)
s(3,3)

j*]
—t
£

s(1:1}
Q(B,B)

TABLE B.1 (CONTINUED)

decosi{l) ¥ dcos(2}
deos(2) =
deos{I)=%2

decos{3) .
+ dcos(3)%%2

( b123%2 + dcos(2)%*%2 }/denom

o)
rt

+ %
- plt * bl2
+ pY = { hi2 % b23 - dcos(l)} = dcos(3) )/cdenom
+ pl % denom
- pl * b23
+ pl %= ( b23%%2 + dcos(1)#%2 }/denom
o to 150
ie]?
isit3)
lyj)
+ pl
+ pl

{141}
s{3+3)
-s{1,1)
~5{342})

compute change i

n stiffness and retain currert stiffness

if (istfc.eq.0) go to 17C

tk fjp'}
skp(itj)
co t¢ 19

=
186
180

b s e

}
}

[ e I, IR S T ST o Wl N |
WX'FHHL*.Q [ LY

i
f
(
{
pl

wotlo, = )
il J N

»
'
¥

0

L 1

i on
w
-t
—ty

shdof
sndof
ij *
s{is
stif
stifd
stifg
stif

-t b

L LA O 1]

update element |

kst = 0

I
i}
= skplij}

nformation
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TABLE B.l (CONTINUED)

do 200 i=1,.3
200 dcospli)=dcos{i)

return
ehd
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TABLE B.1 (CONTINUED)

subroutine stat05 (ndf,qstime)

implicit double precision{a~h,o0~z)

gk Rl dedeak ik de deahak bl e e Qe S Gy ANt fdeb ok Sl sk b ek etk

subroutine for state determination calculaticns.

element type = S. u bar restraint elementy, type b.
-t

commen /infel / imem,kst,Im(6),nodiynodjsnodkskgeom, jfix,kouty,iupy
i]OWg]th,iUD?yxi;YigZipvaYj;thSPSt‘7),UV81‘6)!
tolyfipevtot,ftot,viow,vup7ssstsvupsdcos{2),
decosp{3)sdcosn({3) sdismstdis,fomstfostoly,tclu,xkpy
skp(2l)

common /infar / ngrenelsymfstyigrhed{lC)sninfcslstat,
Istfylstcsndof,dkosdiktyepropi{a,250}

commen /preciss zerc,one

dimension qindf)
dimersion disi{3),disj{3)

set current stiffness

Xk = Qe
if {line.ne.8) xk = spst{iline)

displacements affecting extension

153
(i)
G«0O}uo to 120
1,3
(i+

' et
-
a3

sweep out normal displacements

if{nocdk.ec.0s0r.1ine.ne.flaoc to 190
ff=0.

do 1%0 i=1,3
ff=ff+dcosn{id¥disili)

4o 160 =13 .
disili)=disiti)-ffdcosnii)
if(jtix.eq.0)lgo to 190
ff=0C,

do 17C i=14+3
ff=ftt+dcosn(i)=disjli)

do 180 1=1,3
disjli)=disjli}-ff¥dcosn(i}

large displacements

if {kceomeeqg.D) go to 210
xi=xitdisilli)
yi=yitdisi{2}
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TABLE B.1l (CONTINUED)

i=zitdisi(3)
f (jfixeeqs0) go to 200
i=x j*dis j(l1)
j=y j¥dis j(2)
z j=z7 j+dis j(3)
dx=xi=xj
dy=yi-yj
dz=zi=2j
200 fl=scrt{dxFa2+dyehd+dz o)

z
i
X
Y

c update direction cosine

decos{iy=dx/f1
decec{z)=dy/fl
deos{(3)=dz/f1
dv=f1-flip
t1p=11

co tc 230

c o small displacements
c
210 dv=0.

o 220 11,3
22C dv=cdv+dcos(il=(diciti)~disj{i})

c
C

230 if (ev) 900,500,300
C

c btar extends

C

300 fac=(vup~-vtot)/dv
if{fac.cesone) go to 500

dvzvtoet+dv-vup
ftot=ftot+{vup-vtotl)sxk
vitot=vup
line=ziup
xk=spettiupl
viow=zvtiot
iflivpe.eqg.7) co to 330
vup=uval{iup)
ilow=Y
fups tuptl
co to 300
33¢C vup=vup7

ilow=t
iup=iup?
go to 360
c
C bar shortens
C

400 fac={(vlow=vtot}/dv
if(fac.ge.one) go to 50C

dgv=victtdv=-viow
ttot=ftot+{vicow-vtot)Exk
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TABLE B.l (CONTINUED)

viot=viow
ifliloweeqgs.8) go to 430
xk=spst (7}
viowsvtot-ftot/xk
vup=vtot
vup7=viot
iup=line
iup7=line
Tine=7
iTow=8
go to 400

43¢0 xk =0,
viow==1,.e2%
vup=vtot
fup=7
11ows=E
lTine=§
go to 400

c complete cycle
500 vtot=vtot+dv

ff{line.1te7) viow=vtot
frot=ftot+xk=dv

c
c check for stiffness change
c
kst=C
smelin = l.e~G
iflabs{xk—-xkplo.gtesmallnlkst=1
c
c check rotation of axis = skip if line = 8
c

if{line.eq.8Yg0 to 600
{jV:O &
¢ BEQ §=1,3

55¢ gv=gvtdcoslil¥dcospli}
ifldveltoetollkst=l

c
¢ sccunulate envelopes
c
600 if {(ftot.le.fom} qgo to TCC¢
fom=1ftot
tfo=time
700 if (vtot.le.dism) return
dism=vtot
tdis=time
c
return
end
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TABLE B.l (CONTINUED)

subroutine evnt05 (ndf,qivel,accsefac,iev)
implicit double precision{a-hyo-2)

%vv*?ﬁﬁ**$$if**$*#*****$*$$** g ok cheley st e sl e g shal ook sl bl sl o el sl
subkroutine to calculate event factor.

.
element type = 5. u bar restraint element. type b,
e Ve ol ws wPe ‘ -H--F--&Jc-\.-' v s wtle whe ate afe wfi wlr ol ols alle afe abv wls atu ole dls oo she obs ofe offe ol ofs e nte ofty wls 2Fa wfs o¥s ole afe ofs wis o2 ol .\-Jy-&-’--&-ﬂr#-ﬁ‘..&-&-ﬁ:d e olle ot wle ol
R e et M e i e o e e e e e B e e e e S e A e

dimension q(ndf),vel{ndf)sacc(ndf)

_common /infel /7 imem,kst,Im(6),nodisnodj,nodk,kgecm, jfixskoutyiup,
Tlowsline, TupToxisyiezTaxisy sz jaspst{T}suvallé),
tolsflpsvtotsftotsviow,vup7ssstsvupedcosi3),
dcosp(3)sdcosn{3)  dismstdissfomstfostolystolusxkp,
skp(21)

commen Zinfgr / nagrynetsymfstyigrhed(l0}yninfcslistat,

Istfylstcyndofydkosdktseprop(44250)
commen /precis/ zera,one
commor /work / disi{3)scdisj(3),d(3)
iev event type indicator
ubar gap closure
ubar tensile yvield
ubar unloading
ubar gap opening

A£G R e D

LI I TR

displacements affecting extension

ptnire = .9999

do 100 1=1,3
disilil=q(i)
if{jfixeeq.0lao to 120
dgo 110 i=1,3
disjli)l=q(i+3}

go tc 140

do 120 i=1,3
disjli}=0.

sweep out normel displacements

ifincdke.eadbeorelinesne.Blgo to 199
FE=C.,
dgo 1%0 i=1,3

do 1&0 i=1.3
disi{i)=disi{i)-ffadcosn{i}
if(ifixeeq.0)lgo to 190

ff=(. .

do 170 1=1,3

ff=ff+dcosnli)disjl(i)}

a0 150 i=1,3

disjlil=disjli)-ff¥dcosn(i}

larce displacements
xa T (s
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TABLE B.,1 (CONTINUED)

(kgeom.eq.0) go to 210
xitdisi(l}
yi+tdisi(2})
itdisi(3)
jrdis j(1)
jrdis j(2)
zj*dis j(3}

0How ouwon
N

"

< X

n

i
x
Y
z
x
Y
z

e b g ey NS ey 2 o
| I S S,

i

i) - disjli}

x1 = x1 + decosti) = d{i)

x1 = abs(xl)

xq = d{1}%%2 4 d{2)%%2 + d{(3)%%2
if (xageneezero)l x1 = fip * x1/xq
go to 230

small displacements

dv=_.

do 220 i=1,3
dv=dvtdcos{il={disili)-disj{i})

efac = 1.0
tev = 0

if (dv) 400,500,300
bar extends

fac = (vup-vtet}/dv
if (fac.qt.ptnine} return

if (line.ne.fl} go to 350

iev = 1

efac = fac + tolu/l{{dv+vtot-vupl¥spstiiup))
go te 500

iev = ¢
efac = fac + toly/{dv¥spst(line})
go to 500

fac = (viow=-vtot}/dv
if (facsgteptnineg) return

if (Tine.eqs7) go to 450

fev = 3

efac = = tolu/l{dvFspst (7))
go toe 500

fev = 4

efac = fac ~ toly/{dv*spst(?))

224

sart((xii-xjjles2+({yii-yjjres2+(zii=2jjrs=2)



TABLE B.1 (CONTINUED)

500 itf {(xgeeqezero) return

dv = efac ¥ abs{dv)
efac = =x1 + sqgrtf{ x1%%2 + ( dv¥*2 + 2, = dv = flp )} / xq )

return
end
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TABLE B.l1 (CONTINUED)

subroutine mdse(% {(dvele,ndf)
implicit double precisionia-h,o0~z)

[ .
c 2 Jestesk sl ol oot ale sl e kol o ok ofe e et sl o K e ek e ool sl ok o ek ek e SR o R sk kR ey S e
c subroutine to calculate the midstep error
< element type = 5. u bar restraint element, type h.
c e e e e lisfe s el sieale e stn sl oot ssie s o ooty e e sty s e slole e sk sl etttk ol e e e e e e et s
c
dimension dvelef{ndf)
c
commen Zinfel / imemskstsIm(6),nodisnodisnodkskoeom, [fixskoutsiup,
g ilowsTine, iupTyxisYigZisxjeyiszjsspst{Tlyuvalled,
= tolsfipsviotsftotsviow,vup7ysstyvup sdcos(3}),
3 dcosp({3)sdcosnl{3) ,dismetdis,fomstfostolystolusxkpy
e skp(21)
commen finfor / ngranelsymfsteyigrhed(10}sninfeyslstat,
% Istfslstcsncofsdkosdktseprop(4,250)
commen fwork 7/ bl6),s6.6)
c
c form ex6 c¢lement stiffness matrix
c
xk = {ia
if (line.ne.8) xk = spstiiine)
c
do 100 351,32
cc = cdeosiPexk

do 1060 _}:‘]:3
160 sli,ji) = cc¥deost )
if{jfix.eq.0)lgo to 300
do 200 ¥=1,3
do 200 j=1,3
s{iy j#¥3) = =s{isj)
. s{i*+3,3) = =-s(i,])
200 S(i+39j+3} = S‘Egj’

C corpute midstep error

300 do BCC §=1yndof
sum = 0,0
do §0G j:l;ndﬂf
400 sum = sum + sliyjlFdvelel )
5G0 B{i} = sum
d¢o 6CO i=l,ndof
6060 dvelel(i) = bii)

return
end
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TABLE B.1l (CONTINUED)

sutrcutine rint05 (ndf.qsvel,fe,fd,time)
implicit dcubl¥e precision{a-hyo-z}

-—-‘:-’u- o --IC..A-J wlu we oo ol ol wta -'-J.-'."--'--‘--&-ﬂ.d-. ..Q..-.h-A-J’-J- o e o oFa s w2 ut, :‘ S ne oFe ol iBa My wla s ateuts ot e ol w ¢M-'-$(#.**.I.J P il d
B A R A B R T P e R B B N S S R R B A R AR S S R T A o e hr e e S A A S I R LI S N W RIS A RS AR RN “H N e
. .
subroutine for internal force calculations,
element type = ©. u bar restraint elemec nt, type b.
s 2t wty w w' J--P J--R--’ -Hy---ﬂ--l--'.v’--h.!--’—-ﬂ--'—.',-?rn'.-.'—.b-’-.h-l.-&-l.ﬂ--ﬂ"--‘— wle nfs wNa e w¥a .V -l.-\-J -'-H--I--ﬁ(-' oo vl whs afe o oy ale wfle wfs wlfs ofs oV ufs
R R R R e R I R e bt -‘-~-r4 St S o A AT R Sl A o AR e e

common /Jinfel / imemykstelm(b6lenodisnodisnadikskgecmy jFixskoutsiupy
iTowslinesiupTyxisyiszisXxjeyjezisspst(T)suvalle€),
toelsfipsvtot s ftotsviowsvup?ecstsvupsdecsi{3),
dcosp(2)sdecsn{2)sdismetdissfomstforstolystolusxkpy
skp(21)

commen /infar / ngrynels.mfst,igrhed(i10),ninfc,istat,
1stfslstcsncofydkoydkt seproplds250)

commen fprecis/ zercyone

dimension glndfl,felndf)fdincfl,valindf)

compute equivalent nodal Joads

feli)=ftot¥dcosii)
if(jtixesec.0lgo te 300
do 200 1=1,3
feli+t2)=-fe(i)

if{tire.eqgezerolreturn

Xk = {iq
if (line.red8) xk = spstiline}

dvd=C.

do GCC 121,43
dvd=dvd-dcos{i )= vel (i)
if(ijtix.ege0loo to 6C0
ao ’OC i=1:3
dvd=dvd+dcos(i)$ve1(i+3)

={ckosst+dktrxk )dvd

go 700 i1=1,3
tcti)=sd¥dcosli)
ifljfixsegsClreturn
ao EC0 i:}.g3
Fe(i+3)=-Fa (i)

return
end
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TABLE B.1 (CONTINUED)

subroutine rdyn05 (ndf,qsvelsaccyfzyec7,c8)
implicit double precisicn{a-h,o-z)

Kook ool ok kool b e e e e ool gl e e el ol ke ek bl e ek ke e A A R L
- - - .

subkrecutine for dynamic step load calculations.

element type = 5. u bar restraint element, type b.

e e e s e e e el e e e Rk e B e sl o ok el Skt e b e Al Ak e e okl

commen Zinfel / imem;kst,Im(6)snodisnodjsnodk,keeom, jfixskcutsiup,
ilowslinesfup7axisYigziexjoeYJezjespst{T}suval(t},
tol,flipsvtotftotyvilow,vup7ssstyvupsdcos(3),
decosp(3)sdcosn{3) ydismetdis,fomstfo,tolystotu,xkp,
skp{21}

commen /Jinfar / ngrenelsemfsty,igrhed(12) yninfcylistat,
Istf,1stcyndof ydkoydkt seproplé,250)

dimension qi{ndf),veli{ndf),acctndf),fz{ndf)
compute equivalent nodal loads

xk = Q.
if (line.ne.B) xk = spstiltine)

ovd=0.

ccT=1.%c?

do 1060 i=1,43
dvd=dvd+dcosli)=t{ccTHvel (i) +cB*accli))
if{jfix.eq.0lgo to 300

do 200 i=1,3 ‘
dvd=dvd=dcos{i)*{ccT¥vel{i+3)+cB¥acclit3))

sd={dko¥Fsst¥dktuxk )dvd

doe 4C0 §=1,3
fz{i)=sd*dcos(i)
tf(jfixeega0lreturn
do 5C0 1=1,3
fzltit3)y==Fz(i)

return
end
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TABLE B.1 {(CONTINUED)

subroutine outs0S (kpretime)
implicit douvie precision (a~h,o—2)

¢
c ST NI SEI R SR N e avR sl 30 e 3T T ale Mg el ane st ol s e st e 2l se sy el i e o0z shp sy st oy Sheals sl o el sl ook sy
c sybroutine to print time history of current state,
c element type = S, y bar resiraint element, type be.
c R R R e R N R N R e MR AN NG F WY carjo ve oughourlian NExE
C
common /tapes / niusnousntli,nteynt3,nté,ntbyntb,nt7,nti,nt <,
% REl0sntlisntlZentl3entig,ntlb,ntld
common /infgr 7 ngrynels,m¥styigrhed(10)sninfcristat,
w Istfylstoynoof sdkosdktyenrop(4,250)
commen /infel 7/ imemykstsIm{6)},ynodisnodjsnodk,kgeom, jfix,kout ,iups
W flowslineg, iupTsxisYisZisXjeyjeZjsspsti?lsuval (t)y
S 1ol flpsvtoty ftotywiowsvup?ssstyvupsdcosi3),
w dcosp(J},dcosn(j) disnstdissfometfostolystclusxkp,
@ skp(2Z21l)
c
it{imemscgemfst xhed=0
c

Pt (RPFrewGeD Ul skOULs2GeU) 0 to 200
it (khed.ne.0} go to 100
kkpr=iabsl{kpri
write(nou,ZUOu}prr,time,iqrhed
2uvly  tormaet{///16h results tor groupsi3y
= J4hy u~bar restraintss type by tine =ell 4//5x,1024//

w 5x35h eleme3xy,4hnode3x,8hnodes3xsshlinesbxyShrestrainty
W bxs9nrestraint/ _

u SxyBh  nosy3xs4h 0 p3x44h ] $3xs%0h nosyS5xe9h  force s
“ S5xs9heatension/}

kneoa=l

150 viclit=viot
it{linssegen) viott=vuj
writelnou,yZ2ulUiimemsnudisncajyline,ftot,vtott
2010 tormatliv,3i7+ve194%s214.4)
c write{ntlb,30Ge} time,ftot
3000 tormatl2lili.ol
200 continue
return
end
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TABLE B.1 (CONTINUED)

subroutine eout(5
implicit double precision({a-hso=-2z}

2 B A A SRR S R A SR A SR SE S PSSR LA T AEBSERL TSR
c subroutine to print peak values of response.
c element type = 5. u bar restraint element, type L.
c gk ke sk ekt ko ko el kb st o el e ke e e e e Rk e e ke e e sl e v ke el
c .
common /infel / imem,kst,Im{6),nodi,nodj,nodk,kceom, jfixskout,iups
% TlowslinesiupTeXxTayisZzieXJoyieZjespst{T}euvali{t)},
% tol.fipyvtotyftotsviow,vup7ssstyvupsdcos(2},
% dcosp{3)sdcosn{3),dism,tdis,fomytfostolystolusxkp,
% skp(21)
common /tapes / niusnou,ntlent2ynt3ontésntSentbsnt7?yntb,nty,
¥ ntlO,ntlil,ntiZ,ntl3,ntld,ntls,ntle
commen /infgr /7 ngrynels,mfsty,igrhed(1C)sninfcyistat,
¥ Istfslstcyndof sdkosdktseprop(4s250)
c
c envelope output - u bar restraintsstype b
c

if (imem.eqg.l)writelnou,200Cligrhed
2000C fOTﬂdt(ZSh u~bar restraintss type b//5x,10a4//
Exsthelemslxsbhnode s2xsGhnode b6y Thmaximum s 7x,%h s
Exs%h maximum » Txe4h /
BXxebh nO«e2Xs8h | 42%Xs8h  f »6%x,7h force s7x,Ghtine,
8xs%hextension, Ix,4htime/)

}’r

FIR )

c _ ‘
wri elnous2100) ‘memynodisncd jsfometfosdism,tcdis

2100 for{pat( igy Ef}’ iw,ﬁlS o 13)13¢492€I404)

c .

return

end
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