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1.0 INTRODUCTION

This report presents a detailed description of SLAM Code, a large
finite element computer program to treat the two-dimensional (axisymmetric
or planar) wave propagation problem through arbitrary nonlinear materials
and the interaction of these mot.uns with a flexible structure embedded within
or on the soil. The acronym SLAM standc for Stresses in Layered Arbitrary
Media; the Code, originally developed for the Air Force, has been in a con-
stant state of development and improvement. Prior to presenting the details
of the code operation and usage, a brief summary of the method of analysis
and capabilities of the Code will be presented.

1.1 General Capabilities of the Code

The basic configuration of interest is shown in Figure 1 and consists
of a general flexible stru-ture embedded within a soil/rock foundation com-
posed of an arbitrary number of material layers or zones, each layer possessing
its own, generally nonlinear, constitutive law. To this system, loadings can
be applied in any or all of the following ways:

1. Specified pressure histories can be applied to either boundary

or interior surfaces in an arbitrary fashion, including the effects
of moving loads.

2. Specified input motions (displacement or velocity pulses) can

be applied to either boundary cr interior surfaces cr nodes, and

3. Specified force histories can be applied to the structure in terms

of its generalized forces.

The general characteristics of the Code can be summarized as follows.
More vetails on the specific methods of anai.ysis will be presented later.

The wave propagation from the input locations into the free-field is treated

by finite element methods of analysis, including the effects of nonlinear



properties of the soil. The finite element anproach has been taken in this
development to allow the user a general flexibility in treating problems of
rather complex geometry (material layering, structural inclusions, etc.).

To treat the interaction of the free-field soil/rock with the embedded
structure, two methods of analyses can be used, both available in SLAM Code.
First, the finite element mesh can be continued throughout ihe structure as
well as through the free-field. ‘hus, no special considerations need be
made in the develop.d “ode (save for possible separation and sliding effects
which will be discusse? later). Such an approach would be desirable when
either nonlinear ¢,..amic response of the structure or wave propagation
through the structural wall is of concern.

When such is not the case, the use of finite elements through the struc
ture can lead to serious drawbacks. Many more elements would be required to
treat the stucture in this manrer, increasing computer running time. Of
more impciiance, however, is the following consideration. The stiffest
material encountered in a typical problem is usually the structural material.
In addition, the smallest sized elements in the problem occ.i through the
relatively thin wall of the structure. This combinatior leads to extremely
high frequencies in the mesh which, in turn, lead to extremely small time
steps in the required numerical integration procedure. This occurs because
the mesh in the structural wall is ab’2 to transmit tl.e high frequency
through-the-thickness waves which will aevelop.

Whenever ihis refinement in the solution is unwarranted, a second method
of structural analysis is available in the Code. In this case, the structure
is represented by its rigid body modes together with its lower free-free
elastic modes of vibration. In this case, the critical frequencies of the

system are thoce associated with the free-field as well a. those lower



frequencies of interest of the structure, and computer running times again
become similar to those reeded to solve the free-field problem alone.

By either method of structural representation (finite elements or
flexible modes), potential separation and sliding between the strucutre and

ne S0i1 is accounted for by making use of a special (zero thickness line)
element which is placed between the structural and scil nodes in the mesh.
This element can be used with a simple Coulomb shear raterial model to limit
both tensions and shears transferred between the soil and the structure.

An additional characteristic of the SLAM Code which has been incorporated
concerns the use of non-reflecting or "quiet" boundaries. These boundaries
are used to limit the size of the required mesh while at the same time mini-
mizing the effects of reflections caused by artificial boundaries of the mesh.
Such characteristics are desirable when long duration responses of the struc-
ture are desired.

To summarize then, the following general characteristics of the SLAM
Code are available to investigate various two-dimensional (axisymmetric or
plane) wave problems.

1. The free-field is represented by finite eler~nt methods including

nonlinear material property effects.

2. The structure can be arbitrarily embedded within the free-field

and can be represented by either finite elements or by its rigid
body and elastic free-free mode shapes.

3. Pote.tial separation and sliding between the structure and the

s0”| can be tre-*ed by means of a speci+! zero thickness element.
4. Non-reflecting boundaries can be used to minimize the size of re-

quired meshes for a given problem.



1.2 Free-Field Analysis

To treat the free-field wave propagation probiem, the soil/rock material
is divided into small elements, these elements being connected to each other
at their vertices. The types of elements used in SLAM Code are rectangular
elements, triangular elements and a zero thickness element which is used to
simulate crack and soil-s*-ucture interface conditions. This latter element
will be described more fully in a following section. The data that is
developed is the motion history (displacements, velocities, accelerations,
stresses, etc.) at these node points or vertices as a function of time. This
method of mesh formulation is a physical one, as opposed to the more abstract
approach of finite difference methods.

In the analysis, any material constitutive laws can be used, provided
of course, that it can be suitably described for inclusion in the program. The
specific soil/rock models used in the current code will be described in a
later paragraph. The computational procedure starts from some time at which
the complete solution is known; that is, displacement, velocities, and accelera-
tions of all the nodes are specified, as well as the entire stress and strain
his*ory up to and including this time. Typically, this time is the zero or
initial time, although it need not be. The problem then is to determine these
same variables at the following instant of time, ¢.itably taking into account
the nonlinearities introduced by the material properties.

A typical interior node point of a two-dimensional mesh is shown in Figure
2, this node being connected to its surrounding nodes through the interconnecting

elements. The equations of motion for this node can be written symbolically as:

A R
Fon = Fuw

MUy
Moy = Py - P

m ’

(1)



where "N is the total nodal mass composed of the mass contributions from each
adjacent element, (Fﬁu, FGN) are the horizontal and vertical forces applied
to the nodes (if any) and (FSN, FSN) are the node-resisting forces developed
by the distortions of the surrounding elements, the summation being takeu
over all of the surrounding elements. Clearly, a displacement field causing
only rigid body motions of the elements will develop no resisting forces
at the nodes. The details for computing the node resisting forces from the
element distrotion are prese~ted in refevences 1, 3. 3, and 6.

Combining the equations for all the nodes, a set of second order equations
2re developed for the entire mesh which can °~ written symbolically as:
" : (2)

where M is a diagonal mass matrix, x is a displacement vector consisting of

MX + Kx = F + FN
the horizontal and vertical displacements of the nodes, K is the usual banded
system elastic stiffress matrix and FA is the vector of applied nodal forces.
FN is a vector of correcti 2 forces which account for the nonlinearities

in the material stress-strain properties or devia.ions from the elastic case.
These nonlinear correction forces are computed at each time step for each
element surrounding a given node.

The numerical integration scheme used to treat the wave propagation
phenomena follows directily from Eq. (2). At a given time, t, when the nodal
displacements and velocities are known (together with the previous histories),
the nodal accelerations are computed by determining the applied loads (deter-
mined from any applied surface pressures), and the nonlinear correction
forces (by knowing the current displacements and the previous element dis-
placement and stress histories). Knowing the accelerations at this time,

the disp.acements of the nodes can be determined at the following time, t + At,

by a suitable numerical integration scheme. Knowing the new displacements,



the cycle can be started again by determining the accelerations from Eq (2)
a. time t + At, etc. In this manner, the solution is marched out in time

to obtain the complete history of the motion of all the nodes. txamples of
various solutions obtained in this manner are presented in reference 6.

1.3 Material Constitutive Laws

The computer program developed to treat this problem contains a catalogue
of material stress-strain laws which can be added to with little difficulty
without changing the operaticn of the Code. Each material occurring in a
particular problem can then be allowed to have any of the material properties
available in the catalogue. The current catalogue allows the specification
of the following stress-strain relations:

1. Elastic material, either isotropic or anisotropic.

2. Linecr compressible fluid.

3. Elastic plastic material satisfying the Mises yield criterion with

arbitrary s*rain hardening effects.

4. Elastic plastic material satisfying the Coulomb-Mohr yield criterion.

5. A nonlinear material law which contains a stiffening effect under

hydrostatic pressure as well as a plastic dissipation under deviatoric
strains to account for compaction effects in soils.

6. A special crack model which allows shear and tension transfer in a

specified direction to be limited by a simple Coulomb shear law.

The last four of this list are the only nonlinear laws currently avai’-
able in the Code, and have been included in an attempt to at least crudely
approximate some known responses of soil/rock materials. Quite apparently,
none of these models are completely adequate but until further advances in the
state-of-the-art occur, only such approximations are available for applications

to earth media.



1.4 Soil-Structure Interaction

The treatment of the interaction between the structure and soil begins
with the assumption of continuity, that is, the nodes at the soil-structure
interface are assumed to be attached to the structure and move with it. Separa-
tion and sliding between the soil and the structure is accounted for separately
and will be discussed in a following paragraph. Let the displacements of the
nodes attached to the structure be defined by the vector xg @ subset of the
free-field displacement vector, x, defined in Eq. (2) . If there are p such
nodes and if two-dimensional motion is considered, the components of Xg are
then

{xf} = {u], Wis Up, Wy . up, wp} (3)

where (u, w) are the horizontal and vertical displacements of the nodes.
Tne equations of motion of the structure are defined by its modal
equations
"sys * Ky = Qg (4)
where Ys is the mode vector of the structural degrees of freedom and consists
of the rigid body coordinates. MS is a diagonal mass matrix consisting of
the modal masses, Ks is a diagonal stiffness matrix, and QS is the vector of
applied structural modal loadings. The displacements of the structure at the
locations of the attached nodes are obtained by superimposing the modal vectors,
or
xg = Fy (5)
where F is a matrix composed of the structural mode shapes.
From Eq. (2), the equations of motion of the nodes attached to the
structure are
R

Mfﬁf + Ff = -P (6)



where P is the vector of interaction forces developed between the nodes and

the structure. With these interaction forces, the corresponding modal loads
applied to the structure are then

Q = Fip (7)

where the superscript indicates the transpose of the matrix. Substituting

Eqs. (6) and (7) into Eq. (4), the equations of motion for the structure become

& R
ﬁsys RV, v Py (8)
where ﬂg is a nondiagonal mass matrix including the inertial coupling between

the structure and the free-field, and is defined by

M= M+ FIMF (9)
From this point on, the solution to the interaction problem procedes

in a similar manner to the free-field problem. At a particular instant of

time, the displacewents of all the free-field nodes and structural mode dis-

placements are known. The accelerations of all the nodes (except the attached

nodes) are computed as before from Eq. (2). The resisting force vector, F?,

of Eq. (6) is determined during this computation. The modal accelerations

of the structure are then computed from Eq. (8). The displacements of the
free-field nodes and the modal displacements are then determined at the fol-
lowing instant of time by the integration algorithm. The displacements of

the attached nodes are then computed from Eq. (5) and the solution then marched
out in time as before.

1.5 Separation and Sliding Between Soil and Structure

In treating this separation and sliding problem, it is desirable to use
a technique which does not deviate from the method of analysis outlined above.

To accomplish this objective, a new finite element model was developed. For

e A,
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two-dimensional problems (axisymmetric or planar motion), a rectangular
element is used which has a finite dimension in one direction and a zero di-
mension in the normal direction (see Figure 3). The properties of this ele-
ment are determined by applying the limit process to the properties of the
finite size rectangular element normally used. Of the four nodes comprising
this element, two at one end have the same coordiiates and two at the other
end have the same coordinates. This element is situated between the soil and
the .tructure so that the side of finite length lies on the interface. Two
nodes are then located on and attached to the structure while two nodes are
attached to the free-field nodes. Shear and tension transfer across this ele-
ment can be governed by any of the nonlinear material properties available in
the catalogue. The details of 9is element formulation are presented in
Appendix €.

1.6 Quiet or Non-Reflecting Boundary

In nrder to obtain motion histories of adequate duration, mesh boundaries
must be placed far enough from the area of interest so that no unwanted re-
flections from the mesh boundaries will arrive within the time period of
interest. This requirement can lead to large meshes which, in turn, lead to
long computer running times. In an attempt to overcome this situation, the
"quiet” or non-reflecting bcundary has been introduced to eliminate or at least
reduce any unwanted reflections. These boundaries are placed away from the
zones of interest but not as far as ordinary boundaries of the mesh would need
to be located. Of course, the use of quie* oundaries implies that no effects
of changes in materials past the boundary can be accounted for; that is, the
use of the quiet boundary implies that the materials outside of the mesh are

the same as those inside the mesh.



Various methods are available with which to achieve the quiet boundary.

If only plane one-dimensional elastic wave problems are of interest (clearly
not of interest herein), a simple and, what is more important, stable scheme
can be devised. Since it is kncwn that for such problems the stresses at
any location are proportional to tne particle velocities, or

o = pcv (10)
where p is the material mass and ¢ is the materiai wave speed, a simple
dashpot can be placed at the end of the rod with a damping constant equal
to pc.

If the rod material has nonlir2ar material properties, this can be used
but with a time-varying damping constant depending upon the current wave speed
at the end of the rod (a more difficult task from a programming point of view).
For two-dimensional problems, this approach cannot be used since, even for
elastic materials, there are two wave speeds and the simple relation of Eq. (10)
no longer applies. All other methods of analysis are based upon predicting
the velocities of the nodes on the quiet boundary from the velocities of the
nodes immediately adjacent to the boundary at previous time steps.

Assuming continuity of velocities between nodes, the velocity of the
quiet boundary node can be determined by the Taylor expansion:

i
L#

where the subscript j refers to the boundary node, the subscript j-1 refers

_ 4 i-1 i-1
" ¥ + a(avfax)j_] + At(av/at)j_] . D (1)

to the node adjacent to the boundary node, the superscript i refers to the

current time and the superscript i-1 refers to the previous time steps.

In Eq. (11), the parameter, a, is the distance between the nndes j-1 and j,
and the coordinate, x, refers to the direction from j-1 to j.

The time derivative in Eq. (11) is merely the acceleration of node j-1
at the previous time step. To approximate the space derivation, various forms

can be used such as:
- 10 =



(vi° } }) (forward differencing)
(avlax);: - (vj ] 1 ])/a (vackward differencing) (12)
(v}" - vj:z)IZa (central differercing)

For the problems run to date with known solutions (one-dimensional rod prob-
lems), the central diffcrencing scheme yielded the best results.

It should be pointed out that other technigues can and have been used.
For example, if steady motion is assumed, the time derivative can be related
to the space derivative by

vt = -clavpAx) . (13)

Such an approach has been used in reference 7 for similar problems. However
in that report, the dilatational wave speed was used for horizontal motion
while the shear wave speed was used for the vertical motion. It is felt that
such an approach is not necessary and, although adequate for one-dimensional
elastic problems, is questionable for the general problem of interest.

A1l of these methods, however, are fundamentally unstable in théir approach.
That is, if the predicted velocity at the boundary is in error &t a given time,
this error will oropagate back into the mesh at the following time steps. In
turn, the crrors so propagated will influence the predicted velocities of
the boundary nodes at later times so that after significant times, it can be
anticipated that major errors in the computation may develop. The actual
estimate of the errors involvea must await further expe imentation with larger

problems run for longer times.

- 11 -



2.0 General Formation of SLAM Code

The remainder of this report emphasizes the usage and operation cf SLAM
(ode, while at the same time presenting some more detailed information on
the analysis not contained in the references.

The program is divided into three primary segments which can be labeled
as LINK1, LINK2, and LINK3. The function of these segments or links are;

- LINKi - generates data and tables required for the numerical

integration phase,

. LINK2 - computes the motion history of the finite element mesh

and the embedded structure by a numerical integration
technique, and outputs the history data generated, and

+ LINK3 - computes shock spectra at desired locations.

Several pre- and post-processor programs have been previously developed
to assist the user in preparing input data and analyzing output results.

A program has been written to generatc the mesh data (node and element data)
required for a lTimitad though important class of problems. This "mesh
generator" program eliminates the need to manually key-punch this extensive
data. A mesh plotiting program is also available to plot the mesh, generated
by hand or by the mesh generator program, to assist the user checking the
accuracy and adequacy of the developed data. This program is discussed in
Appendix D.

The subroutines compricing SLAM Code are shown in Table 1. Tne control
of the program is maintained by the MAIN program which initiates calls to the
proper segments. Each segment, in turn, initiates calls to its various sub-
programs to generate the required data. The program makes extensive use

of tape storage which helps satisfy two requirements, namely, to provide as

- 12 -



large a flexibility as possible in the problem, and to maximize core storage

available (increasing the problem size that may be treated). The program
was initially written for a machine wit: 32K-word high speed memory and

12 physical tapes. The program, as currently developed, makes use of 8 tapes
(or files) as well as the usual input and output files, together with about
45K word memory.

The need for auxiliary tape storage has also been caused by an additional
capability introduced into the code. Much data generated (motion history,
required tables, etc.) are permanently saved on tape for either a restart of
the problem solution or for later analysis of the data. This additional
capability increases the versatility of the code from a user's viewpoint.
However, this increased capability is achieved (as always) at a price, this
price being increased running time. The continued use of auxiliary (tape or
disk) storage increases running time significantly since these peripheral pro-
cesses interrupt the central processing or operation of the code. Signifi-
cant time savings can easily be achieved by eliminating the tape handling
aspects of the program. At the same time, however, the versatility of the
code is significantly decreased.

In the following sections of this report, the details of the code opera-
tion are presented, together with the analysis used where required. The data

setup and format are presented in a final segment of this report.

o)) e



3.0 Descrintion of LINK]

The first scction of the program consists of a series of nine segments,
L1A to L1J, which are used for table generation. A1l the data needed to
describe the mesh and its properties is read (off cards) and used to gencrate
three tables (stiffress tables, stress tables and nonlinear element tables)
which are required for oneration in the second link. In the following para-
graphs, these sections of the Code are discussed.

The first four segments of the program (L1A to L1D) are used to set up
and process the data required in the following parts of the program. The
primary function performed in thic section is to take the mesh data (node
numbering scheme) read from input data cards and rcorder (or renumber) the
nodes into a form more suitable for the computations to follow. Basically,
the objective is to minimize the bandwidth of the stiffness matrix which is
to be formed in the following sections of the Code.

The stiffness matrix is to be maintained on tape for the integration or
solution phase of the problem (in LK2B) since, in general, there is not
enough core storaae available to maintain the matrix in high speed memory
continuously. Thus the stiffness data at each step of the computations are
read into core in a serfes of "clusters" into a buffer storage arca. Each
cluster is comprscd of the data of N consecutive rows of the stiffness
matrix. The value of N has been arbitrarily set to 100 in this version of
the Code which allows sufficient storage to be treated in a 45K word machine.
Obviously, the larger this cluster size, the more efficient the integration
(Tess taoe reads ner time step). For most problems of interest, this cluster

size cannot be too siqgnificantly reduced.

- 34 =



In forming the system stiffness matrix (in L1E), each elemont is treated
one at a time, an element stiffness matrix comnuted and then distributed in
usual fashion to the system matrix. Therefore (since data for only 100 nodes

are maintained in core at one time), each element 125t have node numbers

which differ from each other by less than 101. If this is not satisfied,

the element matrix cannot be distributed to the system stiffness matrix. In
addition, the smaller the maximum difference between element nodes (bandwidth),
the more efficient the stiffness matrix formation (less tape usage).

Since the element and node data are cntered in an arbitrary fashion by
the user, the node numbers must be reordered to ensure satisfaction of the
above criteria. In addition, the stiffncss matrix storage requirements can
be further reduced if the bandwidth is suitably small. However, this option
has not been used in this version of the Code. This additional saving of
core storage is achieved by taking advantace of the symzetry property of the

stiffness matrix. The details will be described in Section 1V of the report

vhen describing subroutine ACCFL.

Segrent L1A
This subroutine is used to read all the data associated with the mesh

from data cards. This data includes:

a. HNode point data

b. Element data

c. Output element data

d. Material property data

e. Loaded node point data
The details of this data are deferred to a later sectica. For each material

(or zone) in the oroblem, the material elastic stress-sirain matrix is

- 15 -



determined from subroutine ELAST and stored for use later in the program.

The element nede data is ordered into the proner sequence in subroutine

ORDER and all the element data placed on Tane 1 for future use. In addi-

tion, those elerents comnosed of materials with nonlinear material pronerties

are stored (tocether with requisite information) on Tane 14.

ORDEP

-——— -

Subroutine CRDER is used to reorder the element node data so that the

Nodes I, J, K and L are nlaced in clockwise order. In addition, the variable

KASE. is determined to add to the eleiont data list placed onto loaical Tape 1

in subroutine L1A,

KASE =

Searment L1B

1
2

0 O a2 W

The variable indicates the following:
aeneral {rianaular element

triannle with one node on axis of symmetry
(for axisymmetric problenm oniy)

trianale with two nodes on axis

general rectanoular element

rectangle with one node on axis

rectanale with two nodes -n axis.

The purnose of this routine is to form the "adjacency"” table which is

made up of the followina arravs:

(a) NADINP (1)

(b) NADOEL (1)
(¢) NPAD2(1,0)

the number of nodes connect-d or adjacent

to the llode 1

the number of elements surroundina the Node I, and

the numbers of the nodes adjacent to the

Node T (J=1, NADO'P(I)).

- 16(-



Each clement data list is read off Tane 1, one element at a time. A call
is made to subroutine AD)'IP to distribute the element node nunbers to the
prooer location in the Takle NPADJ, At the end of this operation, each

rov of the matrix NPADY is scanned to determine the array HNADINP (in sub-

routine YADJ'IP),

Seanent L1C
The maxirum ¢ifference (terned the bandwidth) between adjacent nodes
is then comnuted based on the original numbering scheme., This value is then
printed out (value of MAXBD). A call is then made to subroutine PATH to
deternvine an.initial renumberina scheme, This subroutine is used to ocner-
ate trial vectors NPT!(1) and NPTP(I) based upon the input path or start
data stored in vector MSTART(I). These arrays are:
NPTP(I) = new node numbers in the oriainal order,
(1 =1, NuUwP)
NPTH(I) = oriainal node number in the new or revised order,
(1 =1, NuMnp)
NSTART(I) = start nodes,
(I =1, nusT)
Another array (IFP(I), I = 1, HU'GP) is also formed in subroutine PATH for
additional information onlv. The details of the computation will be deferred
until subroutine PATH is described,
Again, the banduidth (IAXBD) is comnuted for this new or trial number-
inqg scheme. This trial data is then entered into subroutine MIMI which
continues the minimization nrocess to obtain (honefully) a minimum bandwidth

(or optirum numberina scheme). A hanhazard set of start nodes should not

- 37 -



be used as this may not lead to an increase in the bandwidth. The algorithm
used is deferred to the descrintion of subroutine MINI, Yith this new
nurbering scheme, the adjacencv table is altered to reflect the new node
numbering scheme, The node numbers of the loaded node points are then
revised.

A call is then made to subroutine SIZE in which clustering information
{s deternined. This, basically, is to determine hes the stiffness (as well

as nonlincar element) data are to be "clustered" on their respective files.

PATH

This routine obtains the first trial for a revised node nunbering schema.
The routine, together with subroutine MINI, forms the algorithm to minimize
the bandwidth and represents a compromise arong various optimizing algorithms
available. Idecally, the user would like to have an algorithm which is inde-
pendent of any input, save for the input m2sh data (or original numbering
schema). Various minimizing schemes are available and have been tested to
obtain reerdered numbering schermes. In general, these use more machine time
than the algorithm used herein. For most of the problems of interest, how-
ever, a reasonable starting point for a renunbered system can be chosen by
the user. For other reasons (primarily data input information), another
"nonoptimum® scheme is more convenient for the or‘ginal numbering system,

In any case, the routine uses as input a series of start nodes
(NSTART(I), I = 1, NUMST) which are read in from data cards. These start
nodes are usually a series of nodes lying on a surface at one side of the
mesh., These nodes form the nodes in the first "partition” of the node data
and are numbered from 1 to NUMST in the rcordered system, A1l the nodes

connected tc these nodes are placed in the second "Lartition" and are
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numbered consecutively in the reordered system. Continuing, the nodes
connected to this second "partiticn® are placed into a third "partition®
and numbered consecutively, etc. Thus, the PATH roatine forms the shortest
path between any two nodes in the system.

Alternatively, the routine uses as a first trial a renumbering scheme
wherein the nodes adjacent to each other are nunbered close to each other,
in *his process, the two vectors KPTH(I) and NPTP(I) are formed which keep
track of the relation between the new and oriainal numbering schemes, The
vector NPTH(I) indicates the oricinal node numbers placed in their reordered

system. Conversely, the vector NPTP(I) contains the now node numbers placed

fn their original order.

MINI

——

The trial numbering scheme is refined in this subroutine by foiming a
vector S(I). This vector is obtained by the relation

K
S(I) = 1 I 14
(1) Ty { +J:]Nj} (14)

where I is the node number, NJ is the number of the adjacent node and the
sum is taken over the K adjacent node points. The number S(I) therefore
represents an average node number. If there are significant differences
between adjacent nodes, the value of S(I) wil usually be different than
the liode Number I. Ideally, if the nodes are nusbered or perly with all
adjacent nodes numbered close to each othar, the value of S(I) will be

close to I for all the nodes.

The nodes are reordered again by sorting the vector S(I) into ascending

order (performed in subroutine SORT1). The new bandwidth is then computed.
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If this is less than the previous, the oneration is performed again, IT
the banduidth increases, the previous nunbering scheme is used @s the
final revised numbering system,

The algorithn used can be shown by examnle to be highly sensitive to
the oriainal start nodes used as input, and does not lead, in general, to
an o, tinum set (or mininum bandwidth)., However, for most problems of
interest, it '.as lcd to an adequate scheme, using relativeiy little machine
time. Other algorithms are being tested with the view of obtaining systems

which are more user independent while at the same time being simple.

SORT1
See description of SORT2,

SI2E
This routine determines the node cluster information stored in the
following arrays:
NPLOWU(I) = first node number of the cluster
NPHIGH(I) = Yast node nunber of the cluster

NPOUT(1) = one less than the smailest node number attached
to any node within the cluster

NUMCP(1) = laroest node number attached to any rode
fn the cluster

The clustering used herein is in multinles of 100, Thus, NPLOW(I) = 1,
101, 201, etc., while NPHIGH(I) = 106, 200, 300, etc. The total number

of clusters is determined and stored in NUMCLS.

Segment L1D
The final operation on the input data is perform2d in this section

of the code. The original element data records are taken from Tane 1,
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the node nunbers are changed to the vevised scheme, and a number (KEY)

added to indicate the smallest node number of the element.

This revised data is placed onto logical Tane 3. A call is then made
to subroutine GSNRT which reorders or sorts the element data according
to the lowest node nunber of the element (KEY) and places this revised
data onto lcgical Taoe 1. Thus, when forming the stiffness data, all nodes
numbered less than the current value of KEY associated with the particular
element being treated will be unaffected by this element and all of the
following elerants,

Similarly, the node data which were maintained on Tape 14 are posted
in GSORT according to the new numbering scheme and placed in ascending order
onto Tane 4, The nenlinear element data are then taken off Tane 14, cluster

number determined (JJ), and reordered by ascending cluster nuzder.

GSORT
This routine is a centrol routine to sort a series of data maintained
on an input file (INTAPE). The data are stored in a buffer array (IARRAY)
which can store up to MXPCDS data records, each record containing N.RDS
vords. The data is to be reordered in increasing order of the word speci-
fied by NKEY which indicates which word of the data record is the key for
sorting. The resorted data are placed }n an output file (IOUTAP). Two
intermediate t1les (INT1 and INT2) may ?e used as intermediate storage
in the sorting operations,
If all the data records to be sorted can be stored in the buffer area,
a core sorting routine (SORT2) is used. If more recerds are available
than can fit in core, a tane sorting routine (TSORT) is used. For this

case, the two Intermediate files will be used.

- 21 -



SORT2 and TSORT

These two routines are used for sorting data records of various lengths
according to ascending order of one word of each record specified by NKEY.
The routines are based upon a simple "bubble sort" method in which two
adjacent records are compared (according to the NKEY word of the record)
and interchanged, if desired. In SORT2, all the data to be sorted are
maintained in machine core and the sort! ° done continuously. In TSORT,
the data are taken from tapes in clusters, merged together and written onto
output files. The same "bubble sort" is used for cach cluster with an '
additional sort superimposed between each tape cluster.
Segment L1E

This segment of the program generates the elastic stiffness matrix of
each element and assembles the system stiffness matrix. The specific formulas
used in the development are contained in refererce 3 for both the triangular
and rectangular elements and need not be repeated herein. The development
of the stiffness matrix for the zero thickness or cracked element is preserted
in Aopendix C. The node point data are maintained (in the revised order) on
logical Tape 4, the adjacency data on logical Tape 8 and the element data
on logical Tape 1. The buffer stiffness matrix is first zeroed out and the
node and adjacency data for up to 100 nodes taken into core.

The element data are taken off the tape one at a time. For each element,
the data read from logical Tape 1 consists of

KEY = lowest node nuwuer
NUME = element number

material zone number

"

1Z70NE
KASE

1]

element type (as described previously)

-32 =



NTI, etc. = new node rumhers

NCRACK = 0 - reoular element, =1 - crack element

The element stiffness matrix ([CK]) is then computed in STIFF. (A call
from STIFF to INTER is made to coroute the required element integrals.)

The elemant stiffness matrix is then adjusted in ADJUSK if any of
the element nodes are roller supported (ITYPE = 1), The matrix is adjusted
to the directions parallel and perpendicular to the roller support. The
element matrix is then distributed to the system matrix in DI'TK. The mass
matrix is computed and distributed in subroutine MASS. This element data
are then placed on loaical tape 12 temporarily for later use in determining
the stress matrix.

This procedure is continued urtil the first element {s reached vhose
largest node number excecds the node numbers in core. A* this time, the
completed stiffness matrix (I = 1, KEY-Y) is printed, if desired, in sub-
routine PRNK and the completed stiffness data written off or o logical
Tape 10. The remaining data are moved up in core, more node and adjacency
d..a taken into core, and the computations continued until all the elements
have been treated. In addition, the highest main diaconal "frequency" is
computed as the stiffness data are completed. This Jata are required for

choosing integration time steps and are discussed further in a later section.

Segment L1F
This routine 1s used to determine the elastic stress displacement matrix

required for stress computation for those outnut elcments which are composed
of linear elastic material. BRasically, the stresses are computed at the

centroid of each element by the relation (see Ref. 3)

-2 =



{e} = [SHx) (15)

where {x) is t»~ .ent displacement vector. For those output elements
which are composed of nonlinear material, the element stresses are required
fn the inteagration computation. Thus, this step is omitted for these

clements. The develonment of the [S] matrix for the crack element is also

presented in Appendix C.

Seament 116G
Subroutine L1G is used to Torm the pressure cocificients CPRCSS. These
coefficients are used in LINK2 to convert anplied pressure data to equivalent

nodal forces. The coefficients are computed in subroutine COEF and are

based upon the relations presenied in Pef, 3,

Seanent L11

This subroutine is used to cluster the stiffness data developed in LIE
into nodal clusters of 100 each and store these on logical Tape 10 for use
in the integratifon step. In addition, the nonlinear elements are clustered,

with al) those elements affecting any node in a cluster filed together.

Segment L1J

This routine is used to gencrate the initial nonlinear 2lement tape
required in LINK2 to compute the nonlinear nodal forces. This data is gener-
ated for all the elements composed of potentially nonlincar materials. The
specific computations are presented in Ref. 1 and also in the description of

subroutine PLASTF.
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4.0 Description of LINK2

The foliowing paragraphs resent a description of the operation of
the integration (or solution) s:ction of the SLAY Code. The motion history
of all the nodes as well as .a.t 0f the embeddad structure (if any), are
stored on ta~~ for possible use in LINK3 or with any plotting prograns, if
desired. Output is also printed out at sele ced time intervals during the
integration.

The equations of motion for beth the nodos and the crbedded structure
are presented in Section I in Equations (1) and (8), respectively. To cor-
respond to the notation used in the computer program, the resisting forces

at llode i can be written as

R S uu nu
Fui £ |Kij u Fi
= §= J/. (16)
R wu nw
Fwi Kij Fi

Yy
nu nw

where (Fi , Fi ) are the horizontal and vertical force components of the

correction for-es to account for the difference in material behavior from

the linear elastic case. Ine x watrix of Eqration (16) represents the

usual stiffness matrix for lirear elostic systems. The K terms multiplied

by the corresponding node displacurents (uj. wj) represent the elastic

resisting forces developed by the distortion of the elements surrounding

a particular node 1. The summation in Cquation (16) is taken over all of

the nodes adjacent to the particular node i, plus the node i itself,

The numerical integration procedure is a simple one and is based on the

wellknown Newmark Beta method (Ref. 2) with the parameter 8 chosen te be zero.
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Thus the procedure is basically a predictor method of numerical integraticn.
To simplify the description further, the equations of motion can be writien

simply as
(a) tix = FM - FR

(17)
= I
(b) Figxg + Koxg = -F'F" + q?

where Q: are the anplied (if anv) structural rodal loads.

At some time t, let it be assumed that the complete solution is known,

that 1s, x(t) and x(t) are specified together with all of the previous
history required. Knowing this data, the anplied and rcsisting forces
developed at this time, t, can be computed (the details of which will be
discussed in a later description). From Fquation (17), the node and struc-
tural mode accelerations, x(t) and xs(t). can then be calculated. The
objactive is now to determine the displacements and velocities at the fol-
lowing instant of time, or x(t + At) and x(t + At), as well as the corres-

ponding structurz]l terms. This is done by the extrapolation formulae

x(t + at) = x(t) + x(t)at + x(t)(%g)z
(18)
x(t + at) = x(t) + (x(t) + x(t + At))(gjﬂ

Note that in determining the velocities at (t + at), th2 accelerations at
this time, x(t + at), are required. For forces [FA. FF of Equetion (17)]
that are dependent only on time and displacerents (no velocity dependence),
the procedure is to compute the predicted displacements, x(t + at) and

xs(t + at), and to use these to ohtain the predicted accelerations x(t + at),
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which can then be used to compute the predicted velocities, x(t + aAt).
A simplified flow diagram for this procedure is shown in Figure 4.
Prior to discussing the details of the integration phase of the solution,
a description of the tane usage is presented.
Tape Usace:
There are four vrimary files used in the integration step of the
solution, these tanes being lcheled as follows:

(a) The Pestart Tape (Loaical 8) which contains all the
data necessary for restarting the problem,

(b) The Stiffness Tane (Looical 10 and/or 1) which
contains the K matrix of Uquation (1).

(c) The Nonlinear Elemont Tapves (Loaicals 12 and 3) vhich
contain all data required to cormoute the ronlinear
forces, and

(d) The History Tape (Logical 14) which contains the
motion history records for a selected set of eleront,
node and structure data.

The restart tape contains all th problem paramoters associated with
both the free-field and the structure .ogether with the motion (displacement,
velocity and acceleration) for all nodes and structural rodes at a particular
time. This tape is written at a specified (by input d:ta) number of time
intervals during the integration. To restart the probicm at a later date,
these data are read into the code and the integration continued.

The history data tap2 contains a restricted set o7 dzta for all time
steps through the integration, thus providing a "contiiuous" record of the
motion history. This tane can then be used later as ir)ut to a plotting
program to automatically plot the results gencrated.

As mentioned previously, the element tanes contain all the data required

to corpute the nonlinear correction forces for those eleoments composed of
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(potentially) nonlincar matarials. During the acceleration computation
initfated by the call to ACCFL, the nonlinear data from the previous time
step 1s rcad off one logical tape, nonlincar forces cormputed, the new
stress-strain state for each nonlinear element updated, and written off
onto a second logical tape. For the following tim2 step, this second tape
is used as input, the data again updated anc written off back onto the
first tape. This procedure is continued through the integration procces
alternately reading and writing the elemant tapes to continually update
the element data. The two tanes used to store the element data are Logicals
3 and 12,

Integration Step Size

In the gencration of the elastic stiffness tables performed in
LINK1, a pseudo-period is determined by the following m2thod. The equations

of motion for cach node (Equation (1)) can be written as
o A N
[MT ) + [KMx) = (F7) + {F) (19)
if typical matrix notation is used. A dynamic matrix can be found from
& o iz R
(+[M] (KM = [M] ({F) + (F)) (20)

vhere [ M ]'1[K] is the dynamic matrix, and [ M ] is a ¢ agonal mass matrix
(lumped mass confiquration). If the dynanic matrix is diagonalized, the
diagonal terms will, of course, correspond to the elastic frequencies of
the system, A reasonable approximation to the highest frequency of the
system can be chosen as the largest value of the main diagonal of the
dynam!~ matrix, avoiding the necessity of diagonalizing the system, A
similar operation is perfermed on the coupled structural equations

[Fquation (17b)] to chtain the highest frequency for the soil-structure

system, - 28 -




This highest frequency approximation is used to deter—ine the shortest

period in the system or

T = 2rn (21)
m
max

vhere Wea is the largest frequency. The intogration interval must be

some fraction of this period; this fraction being determined by the stability
of the integration routina used. For the systom used in SLAM Code, it has
been found that the time increment should be less than 1/18 of the smallest
pseudo-period. The period is printed out in LINKY, after the stiffness and

mass tables are comnleted.

The data read in LX2B (variables ET, KDT and KINT) are used to determine
the time increment used. If KDT is set to zern, the time increment used

(PT) is taken as the variable read in ET. This is then checked against the

minimum time given by
DT = Tain/KINT (22)

If DT is less than DT as read, the program is halted; otherwise, the inte-
gration procedure begins with the time increment as read. If KDT is set to

one, the time increment is chosen as the value DT obtained from Equation (22).

Relation Between "esh and Intearation Step Size

As mentioned ahove, the time step required for stable integration
ts determined by the highest frequency in the system (or highest vave speed).
In most problems of interest, the computed resoonse is desired so as to pro-
vide reasonable results cver a particular frequency range of interest. The

low frequency ranae, in fact, defines the overall size of the mesh since
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a suitably long record length s required to adecquately defin: the low
frequency content. For examnle, if data are desired around tne 1 cps
frequ~ncy ranoe, the record lenath should be at least several seconds long.
Boundaries (including transmitting or nonreflecting boundaries) must then
be placed suitably far from the zone of interest so as not to obtain
spurious signals durinag the time of intercst from the mesh boundarfes.
At the high frequency end of the snectrum, the required mesh or
element size can be estimated from the approximate relation
f=c_
4a
where ¢ is the dilatational wave sceed and a is the dimension of the smallest
element in the mesh. If the high frequency response is specified, the size

of the elements required can be determined from the ahove relation,

ACCEL

This subroutine comnutes the accelerations at each node in the free-
field and for each strustural mode at a given instant of time. From
Equatfon (1), the node accelerations are comnosed of

. applied nodal forces

. nonlinear correction forces

. elastic stiffness forces.
The stiffness forces are determined by multiplying the stiffness matrix
coefficients by the appropriate node displacenent; the stiffness matrix

being obtained from tape in blocks or "clusters" of 100.
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Tha data read off the tane 1s stored in a buffer area in core

(as specified by the COMMON/B/ storage allocation). As will be noted in

a later description of subroutine PLASTF, this same storaqe arca is used

when computing the nonlinear corru.cion foices,

The parameters associated with the stiffness tables have the follcwing

s¥gnificance:

NADINP(I) = number of nodes adjacent to or connected to a
particular node {less than or cqual to 8)

ITYPE(I) = the tyne of node (0 is froe in bhoth directions,
1 means free in one direction, 2 means fixed in
both directions. Sce description of data input).

THETA(I) = angle of roller sunport, if ITVPE = 1, (See
description of data innut).

MASS(I) = node mass
Referring to Fquation (16), the stiffness forcae terns can be uritten for

Node i as:

i . us Ny, AN,
u-equition: Kiiu‘ 4+ k“w1 *jz1(k‘3 b kiJ J)

. MU N , v,
w-equation: kiiui + Y vig +j£](Y]J ; L J)

Thus, the stiffness variables in the proaram can be related to Tquation (23)

by the following table:




Program Variahle Stiffness Variables

SHPUU(T) xf?

supL(1) ngy. ‘??

SHPUI(T) x?f

NADONP(T) N

uu

SADUU(T,J) Kij

uw

SADUM(T,d) Kij

SADYLIT,Y) x??

SAD(T,Y) x??

The adjacent stiffness values (SADIU to SADWW ) are stored in compact form,
To determine the node number associated with these values (the j of
Equation (11)), the Table HPADJ(I,J) is used. That is, to determine the
force contribution from the first term of, say, SADUU (SADUU(I,1)), this
term rust be rultiolied by the u-displacement of Node HPADJ(I,1). The
term MXADJP refers to the maximum number of nodes that are allowed to be
adjacent to any node which is previcusly set to 8.

In the node force computation, the first step is to determine the
pressures annlied to the nodes that are loaded (the node numbers specified

by the Vector NPLOAD(I,J)). Up to 100 nodes can be specified as potentially

loaded nodas along a single surfaece with two such surfaces allowed. The R



and Z coordinates of these nodes are contained in the arrays RAD and ZAD
which are maintained in CO'YWON, With minor corrections, an arbitrary number
of Yoade!' surfaces may be allowed. This procedure will be described in the
discussion of subroutine PRESS. The pressures aonlied to these nodes are
determined by the call to subroutine PRESS. Both the horizontal (PRESSU)
and the vertical (PRESS!) nressures are returned to ACCEL, The PRESS
routine is independent of the rest of the program and any routine required
for a particular program can be substituted.

The prescures are converted to node point forces by using the coeffi-
cients CPRESS which are determined in L16G and transferred through CO'1ON.
For exanple, if the horizontal applied force to Node j is to be computed,
the following relation is used:
= p;’_lc} + pgcg + °3-’+1C§ (24)
where pg is the horizontal pressure at !ode j, and the C;'s are coefficients
converting pressvres at Nodes j-1, j and j+1 to the horizontal force at
Node jJ. The vertical force comoutation is similar, except that the vertical
pressures are substituted for the horizontal pressures. The develoninent
of the coefficients C; (i=1, 2, 3) is presented in Ref. 3.

After the pressures are computed at all the loaded node points, the
nonlinear forces are determined by the call to PLASTF. If the number of
nonlinear elements (NUMPEL) are zero, this step is, of course, omitted.

In PLASTF, the nonlinear forces are stored in the preper acceleration loca-

tions. The node stiffness data is then read and stored into the buffer
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storage region (this region was already used in PLASTF to compute the
nonlinear correction forces). Tor this cluster of data, the applied forces
developed at all loaded nodes within this cluster are computed. If the
node type (ITYPE) is 1 (roller sunport), the applied force is converted to
force components parallel and perpendiculer to the roller. The applied
node forces are then added to the previously determined nonlinear force
components.

The remaining force computation is the elastic stiffness forces which
are computed for the cluster in core. This computation is accomplished
by multiplying the stiffness data by the anpropriate node displacement.
Again, this is added to the acceleration data already generated, The final
accelerations for all the nodes within the cluster are determined by
dividing the accumulated force data hy the anpropriate node mass. The
procedure is repcated for all the node clusters until the accelerations
of all the nodes are comp ted.

Prior to reading into core tle data for the next cluster, the resisting
forces at the nodes attached to the structure (the KX terms minus the non-
1inear correction terms) are stored in a separate array for later use in
computing the structural accelerations. At the completion of the free-

field calculations, the structural accelerations are then determined.

PLASTF

This subroutine is used to comnute the nonlinear correction forces
develooed by any materia’ which exhibits nonlinear or nonelastic behavior.
These correction forces are computed on an element-by-clement basis with

the nonlinearities for cach element determined at each time step. If the
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mesh is composed of materials (zones), all of which possess potential

nonlinecarities, data for all the elements must be stored on the element
tapes. If, however, only some materials in the problem have nonlinear
properties, only those elements which are within these zones of materials
must be maintained on the element tave.

For cach element of interest in this computation, a block of data
(61 words) is used for transmission and updating of data. The buffer arca
(cor0y/B/) contains space to accept 73 elements at one time into core.
Thus, the element tapes are blocked in clusters of 78 elements. In each
pass (integration step) through PLASTF, the required data is read in from
the input tape, a cluster at a time, undated, and written onto the output
elenent tape. The next time step uses this output tape as input, updates
and generates a2 new outout tane which was the previous input tape, ete.

The computaticn of the nonlinear correction forces is based on the

following analysis (Ref. 1). The stress-strain relation for the nonlincar

materials considered is
(o) = [CeT) - (M) (25)

where (cT) is the total strain vector {cr. €g» € v). {cN] is the non-
linear strain vector, [C] is the elastic stress-strain relation, ana
{0} is the stress vector s Ogs Ty 1}. The total strains are related
to the node displacements by

ey = [8(x) (26)
where {x) is the node displacement vector (ui. Y uj. "j’ Ups Vs Uy w]).
u and w are the aode displacements as before, and B is a matrix defined by

the element geumetry. If the element is a triangle, tne : nde displacemert
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vector is a (1x6) array with the last two elements (Node 1) missing.
Thus, the B matrix is either a (4x6) or (428) array depending upon whether
the element is triangular or rectangular.

The element nonlinear correction force can be detemmined by the rela-

tion (Ref. 1)
®Y = ™M (27)

vhere (R") is the vector (R?u, R?w. .... ) and is cither a (1x6) or (1x8)

array depending on the element shape. Once the element nonlinear correc-
tion force is determined, it is merely distributed to the nodes of the
element. The total nonlinear correction force (FN) of Fquation (2) is
determined as the sum of all the element nonlinear forces surrounding the
nodes .

The procedure folloved in PLASTF is then fairly straight forward.
At any time, t, the current node displacements as well as the past history
of the elements are known (or at least all the data that are required is
maintained). The cbject is to determine the nonlinear strain vector
(cN} for each element, which depends upon the particular constitutive law
of the clement material. The element cluster data fron the previous time
increment is read into the buffer region in core.

The data on this taoe is the following:

NUMCEL = number of elements already investigated plus the
number of clements being read in this cluster

NELBUF = number of elements being read in this cluster
NODFEL = ariginal element number read in from cards

1Z0NE gounter describing which material zore the ¢lement
ies in




NP = node numbers of the element nodes

B = B matrix of Equation (26)

EPSTI1 = total strain vector at centroid of element from
previous time increment
EPSPI1 = nonlinear strain vector €vom previous time step

SIGI1T = previous stress vector

u

general data aoplicable to each material which must

N
be used for that material analysis.

The next step is to determine the {x)} vector of Fquation (26) from
the knoun node displacements (u, w). If a node is on a roller support
(ITYPE=1), the value of u is taken in the direction of the roller while
w is maintained as zero. The total strains at the current time, EPSTI,
are computed from Equation (26). With this data, entry is made into the
material subroutines (MISES, COULMR, COMPCT or NCOUL) depending on the
value of the parameter IPLAST. The current values of the various parameters
are returned from the subroutine and the necessary data updated.

The element nonlinear forces are then computed (FPLAST) from Equation
(27). These forces are then stored in the proper node acceleration loca-

tions (UDDN, MDDM). The new data are then written off onto the element

update tape.

L 4

MISES

This routine is used to determine the current stress and strain state
for a material satisfying the Mises yield condition (Prandtl-Peuss flow
equations) with arbitrary strain-hardening properties. The yield surface
fs defined by the maanitude of effective stress

52 3lo, - 0g) + (0g - 0,02+ (0, - 0,)% + 62%)1/2 (28)

= 3 =




The strain hardening is defined by linear seqments as shown in Fig. 5.
Up to 10 segments are provided for and these seagments are defined by the
parameters SSTAR(J) indicating the effective stress at the beginning of
the seqnent and HSTAR(J) indicating the slone of the scament.

If the previous stress-state lay on the yield surface, the plastic
strain-rate vector is defined from the usual nomality condition. If the
plastic flow occurrina over the increiment is assumed to follow the initial
strain-rate vector, the plastic strain increments can be written as

e’y = afith) - %g_”_[n](o)i_l (29)
i-1
where (Acp) is the plastic strain increment vector, (éP) a vector propor-
tional to the plastic strain-rate vector, $i.1 is the effective stress at

the beginning of the increment, {o) the corresponding stress-state,

i-1
Aep the increment in effective nlastic strain and G a matrix defined by
"2 < -} 0
-1 2 -1 0
(6] = (30)
-1 -1 2 0
| 0 0 0 6
The total effective plastic strain is then qiven by
eP = zse’ (31)

where the sum is obtained by addina the effective strain increments
developed during each time increment.
The procedure to determine the current stress state from the previous

known state 1s as follows: A fictitious stress state is first comnuted




by assuming that no ncw plastic strains will occur over the time increment,

If this were the case, the new stress state would be

(;)‘ - rC]({cT)‘ = (EP).'_]) (32)

where the subscript i vrefers to the current time step. The eiffective stress
associated with this state, E}, is obtained from Equetion (28). If
E}'g_s!_l. then ro yielding took nlace and i%e barred state is the actual
state. In this case, {c")i = (cp)1 = {cp)i_]. Yote that for this material,
the nonlinear strains correspond to the plastic strains and the sunerscripts
N and P are interchangeable.) If E} A PRT then the fictitious stress

state is inadmissable and a current state rust be Tound, together with the

amount of incrcased yielding. The new stress state is given by
to;) = [ty - (" - 2efiefs; ) (33)

vhere it is assumed that yielding follows the initial strain rate vector.

From Fquations (32) and (33), the correct siress state is
{o); = (o) - ae’[c)ie) (34)
g i g i € i-1

This new stress state mist also lie on the yield surface, that is, the

new effective stress must satisfy
s, = s, , + Hae' (35)
i i-1

Substituting Equation (34) into Cquation (28) and equating the result to
Equation (35), the following relationship can be obtained to determine

the plastic strain increment,
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ot - Bk 4 y=0 (36)
For the planc strain or axisymn:iric problem, the parameters of
Equation (36) are given by

P

O
"

(E/s, ,)ae

A - (H/E)2

B + 2(M/E)

= 2
(5,/5, 4)" -1

<
"

A= [3/2014v)7° (37)

B = [3/(1+v)](1/si_‘)(5}_cr +o.r, a,c, + 17)

where H is the slope of the effactive siress-plastic strain curve (Fig. 5)

and E is Young's Yodulus. For the plane stress problem

= 9/4(1+)% - [(2-v)(1-20)/2(1-v")2 ) (o, + o,)150°

- 2 2 (e = .
B = [1/00-v*)J[(5-6v)/2)( (5 o, + 5,0,)/s%] + i

[(5v-4)/2)[(c o+ E;or)/szj + [901-v)(71/5%))

where the barred stresses refer to thuse computed from Equation (32)

and the unbarred stresses to the actual stresses at the beginning of

the increment.
In the subroutine, this procedur> is Tollowed 'iroctly with some

minor additions. The variahles SSTA?, ESTAR, HSTAR refer to the

effective stress and plastic strain at the beqinnina of the seqment of
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Fig. 5 and HSTAR is the forward slope of the segment. The variable NOYILD
indicates the number of segments in the yield curve of Fig. 5. Other

variables of interest are

SYI1 = yield stress
SMAXI1 = maximum effective stress previously obtained, < SYIl
SI1 = the effective stress at the previous time step, <SYIl
EEFF1]1 = effective plastic strain at the previous time
EPSDI1 = plastic strain rate vector at the previous time step.

The first step in the procedure is to compute the barred stresses of Equation
(32). If yielding is to occur (SBAR > SYI1), the remaining procedure is
started. If the previous stress state was below the yield surface, the
stresses and strains are adjusted to obtain a new previous state lying on the
yield surface. The value of & of Equation (36) is then computed, which, by
definiticn, must be positive. If not, an error flag is detected, data

printed out and the probram halted (Cards 1740 to 1950). This usually occurs
when the total strain increment ({cti}‘; {e‘}i_]) is relatively large, so

that a solution based on the initial strain-rate vector is obtainable. It can
easily be shown that if this increment is small, a solution always exists.

As a further check on the solution obtained, an iteration cycle is then
begun to determine an improved value of ac? (variable DEEFF). If the initial
solution is good, obviously only a few cycles need be performed. The itera-
tion cycle is set to continue until the error is computed stress is within
1 percent of the yield surface. This iteration cycle is also needed if,
during the increment, the slope of the plusiic yield curve changes so that

adifferent slope H must be used.
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This subroutine is used for materials which obey the Coulo:h-Mohr yield

condition with its associated flow rule (normality condition). Tie yield

surface is definea by

f-cll+/r,",=k (39)
where
Iy = °. + " ‘e,
'é‘g“r'%ﬁ*(%'°32+“z'%fl+3 (40)
and a and k are material properties related to the usual soil prooerties,

the angle of internal friction, ¢, and cohesion, ¢. If these pronzrties

are deteimined from a triaxial test series, the parameters of the yield

surface may be found by
a = (2¢//3)[sing/(3 - sing)]
k = (6¢//3)[cos¢/(3 - sing)]. (1)

As for the Mises maierial, the plastic strain rate vectors are obtained from

the normality condition, or
(") = a1 + (1/67T3)(6)(0) (42)

where {I) is a unit vector {1,1,1,0) and G is the matrix defined by

Equation. (30).
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In princinal stress space, the yield curface is a cone (Fig. 6) whose
axis makes cqual angles with the stress axes., If we call this axis the A

line, the angle between une A line and the normal to the yield surface can

be found from

cose = [a2/(a? + 1/6)1'/2 (43)

As before, we proceed by first assumine that no plastic strain occurs

over the increment; & fictitious stress state can be comnuted fiom
(0), = [€)(teN, - 1Ny, ) (44)
i i i-1

If this new stress state lies below or on the yield surface, it is accept-
able and is the true state. If it lies above the yield surface, it is
inadmissible and the correct stress vector nust be determined. This new
stress state lies on the yield surface also, and once acain, it is assumed
that the plastic strain increment is proportional to the initial strain

rate vector. As in Equation (34), the new stress vector is given by
(o); = {a), - A[CHeN (45)
i i i-1

where A is a factor of nroportionality to be found. To conform to the

notation of the program, a vector {A) is defined by

<& =

{A) = [c](ép)M (46)

>
N

=
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so that
{o}; = (Gii - A{A) (47)

The stress invariants of tha new stress state are

(48)

—
"
g
‘
n
P
o=
+
P

vhere

Tk ol T

B, = %j(or - o)A - )+ (o - oz)(A? = A}t
(o, - o)A, - AD +7A,

) 2 Y t 2 2

83 : %{(Ax 2 Ay) + (Ay - "z) + (Az Ax) ) + AW

Substituting Equazions (48) into the vieid condition, the parameter A can

be found from

2
DA + DA + D, =0 (49)
where
" - alpl
D] (83 a B])
D, = (26°T:B. - 26, - 2a%B,)
2 1% 2 “0

T 2 252
03 = (lz - k" + ZukTi - a ]])

As for the Mises material, if the strain increment "s too large, a solution

for A (which must be positive) cannot always be found.
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The previous analysis, of course, is based on the assumption that the

initial stress state is not at the apex of the cone. IF it is, the strain-
rate vector is undefined since the stress invariant Ié is zero. The pro-
cedure used in the subroutine is as follows: It is first assumed that the
stress state, (o}i. remains in the corner. Since the stress is then the same
as the previous stress, {°)1-1’ the elastic strain is the same as previously.

Therefore, the entire strain increnent had to be plastic, that is,

e = ey - e,
- {CT)i - (CE)i_] = {Cp)i_] (50)
= (') - teh) ) - [K(-2v)/3aE 1)

If the angle between this strain increment vector and the A line is less
than o (defined by Fquation (43)), this ascumotion is correct.

If the angle is greater than 8, the stress vector {5)i is used to
define the current stresses. The deviatoric comnonent of (E)i is reduced
until the stress point lies on the yield surface. This new stress point is
taken as the current stress point.

In the subroutine, the variable KOPNER is used to determine if the
initial stress state lies at the cone apex ur not. If IXORNER=0, the stress
state at the begiriing of the increment is not at the anex; while if KORHER=1,
the initial state lies at the apex. The routine follows the analysis out-
lined above. The only variation is an iteration routino which refines the

solution for A after it is computed from the above proc:.dure.

coMpPCT

This subroutine is used to determine the nonlinear strains developed

in a material which exhibits irreversible comnacting properties under

- 45 -
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The second option allows for a choice of flow rule to use with the

yield surface. 1f an associated flow rule is chosen, the usual normality
criterion is entu.~ed stating that the plastic strain-rate vector is normal
to the yield surface if o material is being loaded. An alternite option can
b2 used, this 2)lowing a nonas<ociated flow rule to define the strain-rate
vector., This nonassociated flow rule uses the Mises flow criterion through-
out the yield surface. By noting Fig. 7, this implies that the Mises flow
rule applies even for valuzs of the first invariant of stress ll greater
than the parameter ¢, This option plays a significant role in specifying the
material behavior and has as much validity as the associated flow rule for
real soil materials.
(a) Hydrostatic Prooerties

As mentioned, two different hydrostatic stress-strain relations
are incorporated in the subroutine which we will denote as Case A and Case B.
The first relation (Case A) is written as a relation between the bulk modulus

and the first stress invariant (I) or

Ky - K](I] + vc) + KZ“I + yc)z, for |I]| > ye

(K, - veKy/78) + [(K/ve)(1y + ve/2)%1, for |l]|_§ ye

vhere KL is the bulk modulus for the loading case (that is il > 0), and
Ko’ Kps K and y are material parameters. For an unloading situation (i] < 0),

the bulk modulus is defined as

2 L
Kb - Klll + Kz(l]) , for (I‘ + 1]) <0
K, - (54)
1/2
Kg(1 - ol /k) 7, for (1 +17) > 0
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vhere

: e Ly2 L, y1/2
Ky = [K) + K1)+ Kz('l) 171 + ol /k)

and I% is another material property. The relationship between K and 1
is shoun in Fiq. 8 and was developed to reoresent data for a particular
soil type (Ref 4). The value of I: is chosen to represent fluid or linear
behavior at hioh hydrostatic stresses, Below this value, the material is
much stiffer on unloading than on loading.

The second representation of the hydrostatic properties is hased upon
a trilinear model as shown in Fig. 9. The unloading modulus (Ku) must be
greater than the loading moduli (Ko, Ky KZ). The parameters I, !i. KB'
K], K2 and Ku must be supplied as input data to the code.

In both cases, no information on the tension side is required since
no hydrostatic tensile stresses are allowed in the subroutine.

As mentioned previcusly, two different flow rules are speci-

fied in the subroutine. The nonassociated flow rule, being simpler, is dis-

cussea first. The first step in the analysis s to divide the stress and

strein vectors into their hydrostatic ard deviator components, or

{s} + H{I)
{e) + E{1)

{0}
{e)

where {I} is the unit vector {1,1,1,0), as before. The stress-strain

(55)

relation is simply:

£ = (17300
(e} = (1/26){s) + ar{s)

(56)
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where K is the bulk modulus, G is the shear modulus and A is a factor of
proportionality (greater than or equal to zero) to account for plastic strain
increments.

The invariant relationships are

l] = 3H
: (57)
Il = 3H
and
1) = -(1/72){s}'[F){s)

2 (53)

I3 = -{s)'[F){s)
waoere F is the matrix
0 1 1 0]
1 0 1 0
[F]1 = (59)
1 1 0 0
0 0 0 -2 |

The yield condition can be written as

k2
e
I

N -

or (60)

bt - —

2 = BNy

where Ko is a function of I, only and is defined in Equations (51) and (52).

The term B is

B = 2k.k. (61)
where

ké = dke,dll
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Substituting Equation (56) into (67) and usina the relations of

Equation (58), the paramcter A may be found from
x = (17461 ( -8 - (sf[r]{i)} (62)
where the vector {é) is defined as
(5) = 26(6) (63)

From Equation (56), i] can be found from
I, = 9KE. (64)

In the subroutine, Relation (62) is used to obtain the value of A by
using the values of the variables at the beginning of the increment tonether
with the known increments in strain,

The develonment for the asseciated Tlow rul2a is similar to the zbove

except for the influence of plastic flow on ths hydrostatic stresses. The

stress-strain rate relations are

E = (1/3K)H - k!

. . - (65)
{e} = (1/26)(s) + (x/z«ﬁé){s).
Substituting these into Equation (60), the paramater A can be found as

A = (-9K8E - {s)'[F(5)). (66)
(ZGJTE + 9Keké)

NCOUL
This routine is used for materials whose shear strength transfer is

defined by a sinole two-dimensional Mohr envelone, rather than the complex

- S =




relations for the general Coulomb-Mohr material defined previously. A Mohr
envelope is defined again by the cohesion and friction angle. The element
(the zero thickness crack model) has a given orientation defined by the

angle of the element to the horizontal. All strosses and strains are rotated

to this orientation.

A fictitious stress state is first computed assuming that no shear slip
occurs during the increment and that both normal and shcar stresses are

comuted. If the shear stress exceeds the 21lewable, defined by the relation
Ty "€ o tans, (67)

the shear stress is then reduced to the allowable. This new stress state is

rotated back to the (R,Z) directions and nonlinear “"strains" computed from
(M = (") - (1) (68)

These plastic strains although not related to any "flow rule” for the material
will yield the correct stross state in the usual calcul:ions performed in

the remainder of the code.
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ZAD = yertical coordinates of the loaded nodes (inches)
T = time (seconds)
T = constant to convert T to real time (seconds)

The output from the subroutine is PPFSSU and PRESSH, the horizontal and
vertical pressure components applied to the nodes.

As mentioned previously, the current formulation accepts pressure applied
along two loaded surfaces of connected ncdes. To include several more such
loaded surfaces in the problem, only minor changes must be made. In this
description, it will be assumed that M-loaded surfaces will be allowed and
that N (< M) surfaces will be used in a particular problem.

(a) The COM1ON region variables should be changed to
LOADNP(), NPLDAD(M,100), RAD(M,100), ZAD(M,100),
CPRESS(M,100,3).

(b) The COM“0N/A/ region variables should be changed to
PRESSU(M,100), PRESSH(M,100). The changes in }a) and
(b) will allow up to 100 rodes on each of the M-loaded
surfaces. These can be decreased by changing the
dimension of these varfables as desired.

(c) In the MAIN routine, set MXLINE=M.

(d) In LIG, make sure the proper data for N-loaded surfaces
are read from cards (LINES=N).

The specific pressure routine included in this version of SLAM Code
s designed to generate the overpressure history for ground ranges in the
10 to 50 psi region. The pressure pulse is assumed to be a steady one

(constant shane) which travels from left to right at a constant shock
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velocity {(U). The computer time (t) is assumed to start when a ground
disturbance reaches the left hand boundary of the mesh. The airblast
pulse is then assumed to be delayed by an amount (tU). such that at a
specific time, t, in the computations, the air pressure shock front has

reached a range

R=U(t -t (69)

U)’

Conversely, at a given range, R, the arrival time, ths of the shock front is
ty = tp + R/U. (70)

The parameters of the pressure pulse form are taken from Ref. 9. The input
to the problem is specified as the peak overpressure (PO), the weapon yield
(W) and the delay time, ty- At a given ground range (), the pressure pro-

file is given by

0 ’ for t < t,\
- » —OT = < <
P(t) = Poc (1 - 1) » for ty <t < (ty + tp) ()
0 , for (tA + tp) <t
vhere

v = (t - ta)/tp

t, = arrival time (Fquation (70))

tP = positive phase duration.

The parameters of Equation (71) are defined by

U= 1100[1 + (6//)(P0/M./)J”2

a = (log P )/1.53 (72)




t, = (0)'[(6.25 - Tog P )/18]
where the units are Po in psi, U in fps, and ¥ in KT,

Subroutine OUIET

As discussed in Section I of this report, the quiet boundary condition
makes use of the central difference scheme, The data transfeirrad to the

subroutine and contained in the list are:

T = current time in the machine

DT = integration time step

UD,WD = yvelocity vectors of all the node points
upn,MDD = corresponding acceleration vectors

RUMNP = number o: node points in problem

MAXNP = maximum number of node points

NPTN = vector converting criginal numberina scheme to

new numbering scheme,

The OUIET subroutine is entered at cach time step in the integretion after
all the node accelerations have been computed in ACCEL., The objeciive is to
modify the accelerations of the quiet boundary nodes such that these nodes
behave as though other node points exist outside the mesh. Any algorithm

desired can be used in place of the one included in this version of SLAM Code.

Subroutine BOUND,
This subroutine is used to input any motion time history (cither dis-
placenents or velocities) to a particular set of node points or a boundary

surface. The variables transferred through the subroutine list are:
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T = machine time

MAXNP = maximum nunber of node points
NUMNP = number of node points
UN, N = either n.ae displacement or velocity vectors
RPTN = yector converting oricinal nunsbering scheme
to new numbering schom
ISWTCH = counter to indicate if cither displacerents or

velocities are specified.

As may be noted from Subroutine LK2B, calls te Subroutine BOUND are initiated
both before and aftur the accelerations are computed in ACCEL. If displace-
ments are to be specified (I1SYTCH=1), these should be specified bofore the
node accelerations are computed. If velocities are to he specified (ISWICH=2),
these should be specified after the node accelerations ere computoed,

The specific routine included hcrein is one in vhich displacements are
to be specified from data cards. This routine allows specification of the
displacement history along a vertical line of nodes in the mesh. Horizontal
and vertical displacement records are entered at several depths (up to 4)
and displacements comouted at the nodes between these dopths by linear inter-
polation. HNodes above the first depth receive the same motion as the first
record while nodes below the last depth receive the sana motion as the last

record.

Subroutine NGENER

This subroutine is used to generate the modal forces applied to the
embedded structure. Again, any subroutine can be used to satisfy a given

problem. The particular one included herein takes specific data rcad from

- 56 =




cards at given times. These input times are converted to machine time by

the parameter TSTART or

.. tinput » tstart (73)

For the data spe:ified, space has been allowed for up to twenty generalized
forces (associated with 3 rigid body + the free-field modes) for twenty time
periods. For times between these input times, linear interpolation is used,
while for times greater than that associated with the last force record,
the gencralized forces are set to zero. More space can be easily supplied
if more digitized force data are to be used as input.

The data transferred to the calling program (ACCEL) through the sub-

routine list are:

MXSEQS = maximum number of modal equations of motion for
structure
NUMEQS = number of <tructural modal equations
T = machine time
QSA = generalized force vector associated with this machine
time
NUMSTR = embedded structural type.
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6.0 Description of LiNK3

As di' cussed previously, the output for a eelected set of node points
and elements as well as the structural rodal coora.w 5 are stored on
Logical 14 vor potential use in LINK3 or for plotting purposes. If the
parameter KSPEC in the MAIN progrem is sel ecqual to 1, LINK3 is performed.
In LINK3, the shock spectra for a select~d s=t of free-field node points
or structural boundary node peints can be corputed. The nodes specified
for shock spectra calculations rust be from among the nodes vhose history
has been stored on Logical 14 (originally snecified as the output nodes in
LINK2). Mot all of the output nodes need have spectra computed for its
generated motien.

Either or both of the ') izental and vertical shock spectra can be
computed for the free-fic.u nodes as w21l as the structural nodes. For
each node point in the free-field, the acceleration history is taken from
Logical 14, stored in core, and a call te subro: .ine SPECTA initiated to
compute the shock spectra. For the strictural boundary node points (if any),
the motion history is computed from modal cornonent histories. The shock

spectra is computed as before.

Subroutine SPECTA
The subroutine computes the shock spectra for a given acceleration-time

history suoplied as input through the subroutine list. The frequency band

for spectra computation has been set in the DATA stateient from 1 cps to

1,000 cps. The chock spectra is comouted from the solution of the simple

linear oscillator with a specified damping subjected to the acceleration input.
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7.0  Output Mrom Code

As discussed previously, two typcs of output are gencrated, tape
storage and printed storage. In subroutine FOM1, three output parameters
are read from cands, namely, I0TAPE, i"PAPE and I0SAVE,

IOTAPE indicates the numter of inleoration steps between tape writes
for the motion history onto Logical Tane 14, A selected amount of data
generated at each time step, concernod with output elements, output nodes
and structural notion is stored permanantly onto this tape for later use
(plot and/or analvsis).

IOPAPE indicates the number of ini»gration steps between paper printout
of the same data. Usually, nrintout is not desived as often as the data
is written onto the save tape.

The parameter IOSAVE is used to indicate when the entire problem param-
eters and motions are stored onto th2 restart tane (Logical Tape 8). This
is usually done at the beginning of tha problem and at thc end of the run.
However, if physical tanes are used in the run, breakdowns usually occur
due to excessive tane wear during the run. In this case, the save tape
should be written more often so that restart can begin at a later time in
the run.

The output data that is stored on the tape is data associated with
elements, nodes and the embedded structure. The elem2ats for which output
is desired are soecified from cards in LIA by the parancters [NFLOUT(I),

1 =1, MELOUT]. The data associated with this are the following:
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KELOUT = element number

STRESS (4) = stresses at the centroid of the clement
(or. Tgr 9 1)

STRMAX = maximum principal stinss

STRMIN = minimum principal strass

ANGLE = angle of principal stresses from horizontal

The nodes for which output is desired are speciiied from cards in FORA
by the parameters [HPOUT(I), I=1, MUOUT]. The data associated with this

are the following:

MOOLD = original node nusher
MONEW = npew node numher

horizontal and vertical displacements (inches)

i

UDISPL, WDISPL
UVEL, WVEL
UACCEL, WACCEL

horizontal and vertical velocities (ips)

horizontal and vertical accelerations (q's)

PU,PW = horizontal and vertical pressures (psi)

The structural data stored (and printed) are the following:

Xs(1) = modal displacrirants

Xso(r1) = modal velocities

Xson(1) = modal accelerations

OsA(1) = modal loads applied to the structure
FRSTRC(J) = resisting forces develoned at the attached

nodes to the structure.

Each time the restart tipe or the history tape is written, a message is

printed out so that the user can monitor the latest state of the data storage.
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NELOUT
STRESS (4)

STR1AX
STRMIN
ANGLE

element nunher
stresses at the centroid of the element

(ar’ g UZ, T)

6
maximum princival stress
minimum principal stress

anqgle of prirciral stresses from horizontal

The nodes for which output is desirc! cre specified from cards in FORM

by the parameters [WPOUT(I),

are the following:

MOOLD

MONEW
UDISPL, WDISPL

UVEL, WVEL
UACCEL, WACCEL

PU,PW

The structural data stored

Xs(1)
xso(1)
xson(1)
QSA(T)
FRSTRC(J)

I...

"

"

i

1, MMoUT]. The data associated with this

original rode number

new node nusler

hoirizontal #nd vertical displacements (inches)
horizontal end vertical velocities (ips)
horizontal and vertical accelerations (g's)

horizontal and vertical pressures {psi)
(and printed) are the following:

modal displacements

modal velocities

modal accelerations

modal loads annlied to the structure

resisting forces developed at the attached
nodes to the structure.

Each time the restart tane or thc history tape is written, a message is

printed out so that the user can monitor the latest state of the data storage.
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8.0  Summery

This renort has attemnted to describe in detail the analysis and
program overation of SLAM Code. The program has been writter to provide
maximum flexibility to the user, making heavy usage of taoe files for
auxiliary storage. This additional flexibility has been obtained at a
price of slower operation (additional 1/0 procedures). The Code can be
easily modified, of course, to sveed up the operation by eliminating much
of the tane handling procedures. The user nust decide, therefore, which

is more important to solve his problems.
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STRUCTURE
\ LAYER |

SOLL LAYER 2

Figure 1. CGeneral Configuration

Figure 2. Typical Int rior Node, N, and Surrounding Nodes,S
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NODES ATTACHED TO STRUCTURE

PORTION OF STRUCTURE

THESE NODES ACTUALLY
HAVE SAME LOCATION

ZERO THICKNESS
ELEMENTS

FREE-FIELD
ELEMENT MESH

Figure 3. Example of Crack Elements

- @S »



INTERCHANGE DATA

COMPUTE ACCELERATIONS

"L

(SUBROUT INE ACCEL)
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STRESS,

EFFECTIVE

EFFECTIVE STRAIN, ¢




Figure 6. Coulomb-Mohr Yield Criteria

BULK MODULUS, K

FIRST STRESS INVARLANT, I

Figure 7, Yield Criteria for Compct Material
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COMPRESSIVE MYDROSTATIC STRESS M

Figure B.

Bulk Modulus Relation - Case: A

Figure 9.

COMPRESSIVE VOLUME STRAIN(3E)

Bulk Modulus Relation - Case: B
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10.

APPLIDIX A
CONTROL_CARDS

The following sets of control cards are used for a SLAM run:
Job Card: t, STMFZ, Ta, Pb,

title
running time in octal seconds

t

W oW

a

b = job priority 1 to 3 with 1 lowest
Account Card: Account (a,b)

a = 1D

b = Account Nunber

Tape Request for Restart (only needed if tapes are to be saved):
REQUEST, TAPE 8, *PF,
REQUEST, TAPE 14, *PF.
RFQUFST, TAPE 20, *PF.
SLAM Program: FILE, TAPE, RT=W, BT=J, MBL=5120
STAGE, TAPE, NT, PE, E, VJIN=K2690

OR
AITACH (OLDPL, SLAM1, ID = 77GCAM)

Calcomp Tapes
ATTACH (L1BY, FR30I 1B)
ATTACH, LIB2, CALCOMPLIB,
LIBRARY (LIB1, 11B2)
ID cards for Microfiche output (only if microfiche requested)

ID CARD (TAPE 99, a, 1129, $ b$, PLFI)
ID CARD (MIKE, $ BS, a, 1129, PRFI)

a = Name
b = Title

UPDATE (F)
FIN (I= COMPILE, 1=0)
LDSET (PRESET = ZERO)
LGO (PL = a)

a = number of lires of output
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11. Save Tapes for Restart (only if required):

EXIT (V)

CATALOG (TAPE 8, SAVE 8, ID = a, RP = 10)
CATALOG (TAPE 14, SAVE 14, ID = a, RP = 10)
CATALOG (TAPE 20, SAVE 20, ID = a, RP = 10)

Note: If the problem is a Restart, then the following cards are
required ,: stead of the 3 cards above,

ATTACH (TAPE 8, SAVE 8, 1D = a)
ATTACH (TAPE 14, SAVE 14, ID = a;
ATTACH (TAPE 20, SAVE 20, ID = a

12, Copy output onto microfiche (only if microfiche requested)

REWIND (OUTPUT)
COPY (PUTPUT, MIKE)

13. EOR
14, EOR
15. SLAM Data
16. EOF

« J1 =
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Data Deck TInnut

1. Deck Setup

The Data Deck is read from cards in specific subroutines. Generally,
fivi- card colurns are used for integer nusbers and ten card columns are
used for floating point nunbers. The restart condition is determined
from the Tirst card by the Paramcter KRUN, If KRUN = 0, an initial run
is performed and all data cards are required, If KR(E! = 2, only the second
and third links (intearation and spectra calculations) are performed, For
this condition, however, previously calculaied data from an initial run must
be available from tape, namely, the Pestart fane (Logical Tape ), and the
Stiffness Save Tape (Logical Tape 20) which are required as input to the
program, The calculations are then continued from the last time on the
restart tape (last time from previous run) to a new final time TMAX. The
generated history tape (Logical Tape 14) which contains the motion data
for the output nodes, the stress data for the output elements and the struc-
tural mode histories, can either be placed on a new save tape or the new
generated history data can be added to the previous history tape generated
from the initial problem run. A data generator is available to generate much
of the following data. This is described in Appendix D.

For an initial ~un (KRUN = 0), the data deck input format is composed of
the following clusters of data:

Data Tape Subroutine
Restart Condition MAIN Program
Mesh Data L1A
Pressure Surface Data L1G
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Data Type Subroutine

Run Time Data LNK2
Output Node Data FORM
Pressure Data PRESS
Output Tape Data OuUTPUT
Boundary Input Motion Data BO'IND
Quiet Boundary Data QUIET
Shock Spectra Data LNK3

For a restart condition (KRUN = 2), the data deck format 1is

composed of the following clusters of data:

Data Type Subroutine
Restart Condition MAIN Pro:ram
Run Time Data LNK2
Output Node Data FORM
Boundary Input Motion Data BOUND
Pressure Data PRESS
Quiet Boundary Data QUIET
Output Tape Data OQUTPUT
Shock Spectra Data LNK3

2. Restart Condition Data

This data 1s read in the MAIN Program. It consists of the
parameters (the card fcrmat for this and all other cards 1is
shown in parentheses): KRUN, KSPEC, ANAME (215,11A6)

If KRUN = 0, initial run; if KRUN = 2, restart condition and
Logicals 8, 20 (and possibly 14) are required with card data.
If KSPEC = O, the shock spectra calculations of LK3 are omitted,

-8 =



While if KSPEC = 1, shock spectra are computed. If KPLOT = 0,
no CALCOMP plots are generated; if KPLOT = 1, CALCOMP plots augmented.
ANAME ic a program title name.
3. Mesh Data

The Mesh Data is read in Subroutine L1A. It consists of node data.

element data, material propervty data and outnui element data.

Card Groun Variabies Format
1.0 ANMME (Mesh Title) (IZAG)

A11 these variable desiorations allow
the use of alnhanumaric ¢'aracters to
aid in data cutnut interpiatation.
i MUt . NUMEL, ISTOTS, IPRINT (415)
MPMP - Mumber of Hode Paiats (< 1000)
NUMEL - Murber of Elemente
ISTEFS - Stress Condition,
= 0 axisyrmetric nroblens
= ] plane strain orohlon
= 2 plane stress problen

IPRIYNT - Intewrediate orintout of tables
in LYA; if = 0, no nrintout

2.0 AIAYT (Node Point Data) (12n6)

- A N, R{N), Z(n), TIYRE(H), TOCTA{NY (15, 2€10.0, 110, E10.0)
(Card 2.1 is repcated NP times)
N - Node Point lNurber
R - Padial coardinate (Tt), positive to right

7 - Depth coordinate (ft), positive dounward
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3.0
3.0

3.2

3.3

Card Groun

Variables Format
ITYPE - Pestraint Condition of !ede,

= 0 unrestrained
= 1 roller support
= 2 fixed node

THETA - If ITYPE=1, THEin s the angle
(in degrees) of the rsller
support measured rrom the
horizontal, nositive cleckwise

ANME (Zone or Material Property Data) (1206)
NZONES (15)

NZOMES = Mumber of Materials (or Zones)
in Problen (< 5)
(Pemainder of Card Group 3 is
concerned with data for each
zone and is therefore repeated
NZONES times)

1Z, ANAME (15, 12A6)

1Z = Zene Mumber of !Material for which
Material Property Data is to follow

ANAME = Material Zone MName
1ELAST, IPLAST, WGT, EV1, ...., E5 (215, 6£10.0)

IELAST - Specifies type of elastic
stress-strain relation of
material. I1f IELAST
= ] {sotropic
= 2 anisotronic
= 3 linear compressible fluid

IPLAS [ - Specifies type of nonlinearity
i{n material stress-strain law,
= 0 linear material

= 1 von Mises materizl

= 2 Coulomh-"ohr materizl

= 3 comnacting material

= 4 crack material.

If IPLAST#N, TELAST must equal )

since only isotronic nlastic
beshavior has been included.

- 3] -
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Card Group

3.4.1
3.4.2
3.4.3

3.5.1

Variables Fornat

WGT - Unit Weight ot Material (pcf)

El, €2, E3, E4, [5 -

(a) If TELAST = 1,

E1 is Young's !Modulus (psi)
2 is Poisson's Ratic, and
E3 to E5 are omitted.

(b) If IFLAST=2, thase are coef-
ficients of anisotronic nateriel
described in Ref, 1, Yol. 1, p. 6.
(E1=a, E2=a, E2=h, Fi=y, £5=y).

(c) If IELAST=3, F1 is the Tluid
bulk modulus and E2 to i5 are
omitted.

(I1f IPLAST=0, material) i3 elastic
and remainder of zon2 Jdaca is

omitted).

HOYILD (15)
(SSTAR(J), J=1, NOYILD) (7€10.0)
(HSTAR(J), J=1, NOYILE) (7€10.0)

NOYILD - Humber of line:r scoments
in the material stross-
strain comnression d-ta
(< 10) not courting the
initial linear segmont,

SSTAR - Styess at the heginning
of the linear scguent [psi)

HSTAR - Slopz of the lincar segaent
(psi)

(If IPLAST#}, Card Grour 3.4 is
omitted).

COHESMN, FRCTAN {2610.0)
COHESH - Soil Cohesien (nsi)

associated with !"ohr
failure envelero,
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Card_Group,

3.6.1

5.6.2

Variables Format

- e et e st

FRCTAN - Friction Anale in Deorees
(Note: These parameters coriespond to
the usual cohosion and friction
angle obtained from triaxial test
results on soil/rock scrioles).
(If IPLAST#2, Card Oroup 3.5.1 is onitted).
LINEAR, IASSOC, AGO, ALPIA, CAPPA, COMSTC (215, 4£10.0)
LINEAR - Comnacting !»dia Counter
=0 variable bulk modilus
material
=] trilincar bulk nodulus
material
IASSOC - Flow Rule Countor

=0 nonassociated Mov rule
=] associated flow rule

AGO - Shear Modulus (vsi)

ALPHA - Yield Coefficient a

CAPPA - Yield Coefficient k

CCHNSTC - Yield Coefficicnt ¢

AKO, AK1, AK2, GAMMA, AILIQ (6£10.0)

AKO - Bulk Modulus Coefficient ¥_ for
Variable Bulk "odulus “edi

AK1 - Bulk Mocdulus Coefficient K] for
Variable Bulk Modulus “2dia

AK?2 - Bulk “odulus Co~fficient K, for
Variable Bulk "odulus Medi

GA'MA - Bulk Modulus Coefficient y for
Variable Bulk Modulus !‘edia

AJILIQ - Bulk Modulus Coefficient JL
for Variable Bulk Modulus
Media

(Mote: Card 3.6.2 onitted if LINCAR=1),
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Card Groun

3.6.3*

3.7.1

4.0
4.1

4.2

5.0
5.1

Variahles

AKO, AKY, A¥2, AYU, A0, AJI]

AED - Initia) Dulk Modulus Ko for
Trilinear Yodia

AX, - Second Pulk Modulus KI for
Trilincar “odia

A2 - Compactina Pullk Modulus K

for Trilincar Media 2

AXU - Unloading Bulk Modulus K
for Trilincar 'odia

AJ10 - Hydrostatic Pressure at Hhich
Second 3ulk IMaduius Anpnlies.

AT - Hydrostetic Prossure at Which
Compactling Bulk !"»dulus Apnlies,

(Note: Card 2.6.3 cisitted if LINFAR=0,
Card Croup 3.6 cwitted if IPLAST#3).

COHESN, FRCYAM

COMESY - Cohrsion (nsi) for Cracked
Eleient for Sinale Coulomb-
Mohr Slip "ode)

FPCTAM - Friction Angle (degrees)

(Card 3.7.1 omitted if IPLASTZ4).

ANAME (Output Element Data)

MELOUT

MELOUT - Numher of Elements for Yhich
Stress futput is desired (<100)

(NFLOUT(J), J=1, MELOUT)

HELOUT - Elennt Murmbers of Dutput
Elemants

(Card 4.2 omitted if MELOUT=D),
MAE (Elerent Data)
HUME, TZ0NE, 1iPl, NPJ, HPK, NPL, NCRACK

(Card 5.1 repsated NIPFEL tines)

Format

(6£10.0)

(2€£10.0)

(1246)
(15)

(1415)

(12n6)
( 715)

* The data for the cormoctina madel is entersd with hvdrostatic corpressive
stresses taken as positive nurbiers, See Fiqures 8 and 9.
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Card Groun Variahles Format

NUME - Element Mucher

I1Z20NE - Zone of Matarial in Which
Flemont Occurs

NPT, NPJ, HP¥, NPl - Node Point
Numbers of the ''n’es of the [lement,
If triangular elerent, NPL=0,

NCRACK - If 0 roqular elerent
if 1 crack nodel.

Hode niurhers must be in

clociiise order for crack

mode) .,
6.0 ANAME (Startina "ode Nata) (12A6)
6.1 NUIST (15)

NUMST - Number of Staerting Hodes for
Renurhzring Algorithm

6.2 [NSTART(I), 1=1, NUMST] (1415)

NSTART - Kode Nurhers for Start liodes

4. Pressure Surface Nata

These data are read in Subroutine L1G. They describe the node points

to which pressures will be anplied (if any).

Card Groun Variahles Format
1.0 ANAME (Loaded tode Point Data) (1246)
1.1 LINES (15)
1.2 LOAD"P (15)
1.3 (NPLOAD(T), I=1, LOADIP) (1415)

LINES - YHumber of Loaded Surfaces
(up to two allowed)

LOADNP - Humber of 'odes on the Loaded
Surface (< 100)
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Card Group Variables Format

NPLOAD - Node Point Numbers of the
Loaded Surface. Entered
in consecutive order starting
with the first loaded node
point and moving in the direc-
tion on the surface such that
the outer normal is on the left.

(Cards 1.2 and 1.3 repeated L INES times)
(Cards 1.2 and 1.3 omitted if LINES=0)

5. Initial Stress Data
The Initial Stress Data is made in LK1J. Initial stresses are read

for NSTRSS elements in the following forms.

Card Group Variables Format
1.0 ANAME (Initial Stress) (127 )
2.0 NSTRSS (15)
3.0 These cards are repeated NSTRSS times
NEL, (SIGINLJ), J=1,4) (15,6£10.0
EPSTINLY), Jfl,4; SX.GEI0.0z
EPSPINLY), J=1,4), EFFIN 5x,6E10.0
NEL = Element number
SIGIN = INITIM STRESS VECTOR
EPSTIN = Initial total strain vector
EPSPIN = Initial plastic strain vector
EFFIN = Initial effective plastic strain

6. Structural Data

The Structural Data is read in LK2A. Special structural types have
been included and are specified by the counter NUMSTR. Tf NUMSTR = 0,
no embedded structure occurs in the problem and only a free-field wave
problem is investigated. If NUMSTR = 1, the embedded structure is con-

sidere1 to be a rigid body with three degrees of freedom (two translation
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and a rotation). If NUMSTR = 2, the structure is a general flexible circular
tunnel lining including shell bending according to the inextensional bending
theory. If NUMSTR = 3, the same circular tunnel model is treated but only
horizontal, e.g., motion is included. [f NUMSTR = 4, a general structural

model is treated, with general modal data used as input.

Card Group Variables Format
1.0 ANAME (Structural Data) (12A6)
1.1 NUMSTR (15)

(If NUMSTR=0, remainder of structural
data is omitted.)

1.2 NMSTNP (15)

NMSTNP - Number of Nodes Attached to
Structure (60).

.3 (NPSTRC(I), I=1, NMSTNP) (1415)
1.4 RCG, 2CG (2£10.0)

RCG, ZCG - Coordinates of c.g. of
Structure (ft)

1.5 ANAME (Structural Type Name) (12R6)
2.0 WEIGHT, ROTARY \2E10.0)
WEIGHT - Weight of Rigid Structure (1bs)
ROTARY - Rotary Weight (1b-ft?)
(Card 2.0 omitted if NUMSTR#1)
3.0 RADIUS, THICK, PCF, EMOD, XNU NBMODE (5£10.0,15)
RADIUS - Radius of Cylinder (ft)
THICK - Thicknez: of Liner (in)
PCF - Unit Weight of Liner Material (pcf)
EMOD - Elastic Modulus of Liner Material

XNU - Poisson's Ratio
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Card Group

4.0

4.1

4.2

4.3

7. Run Time Data

1.0

Variables Format

NBMODE - Number of Bending Modes ( < 8)
(Card 3.0 omitted if NUMSTR not equal to 2 or 3)
NSMODE, NSDOF (215)
NSMODE - Number of free-free modes of
structure (<20 including rigid
body modes).
NSDOF - Number of structural degrees of
frecedom for each mode vector for
structure (< 150).
NHOR(I), NVER(I) (215)
NHOR - Location in Mode Vector of
Horizontal Degree of Freedom
Associated with Attached Node I

NVER - Location in Mode Vector of Vertical
Degree of Freedom

(Card 4.1 is repeated NMSTNP times. Input

order must be the same as input order of

NPSTR of Card 1.3.)

FREQ, GMASS (2E12.5)

FREQ - Frequency of Free-free Mode (cps).
Zero for rigid body modes.

GMASS - Generalized Mass Associated with
Mode

(AMOOE (), I=1, NSDOF) (7611.4)
AMODE - Mode Vector for Pirticular Mode
(Cards 4.2 and 4.3 repe.tea NSMODE times)

TMAX, DT, KDT, KINT, KTAPE (2£10.0, EI5)

TMAX - Maximum or Final Time (sec)
of integration

DT - Time Increment (s%c) of integration

KDT = 0, us> DT as read ~

1, choose o7 from period

Hon
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9.

Qutput Node Data
1.0
1.1

1.2

1.3
1.4

Quiet Node Data
1.0
| ™

Variables lormat

KINT - Interval for choosing OT,
(usually 20)

KTAPE - 0, uses two tapes for stiffness
matrix
= 1, use cne tape

INAME (output Node Data) (1226)
NUMOUT, 10TAPE, 10PAPE {315)

HUSOUT - Nucber of Node Points for
which output history is
desived (< 100)

IOTAPE - Humber of Intervals belucon
Cutput Writes unto logical 14,
the Output History T:pe (Note that
the time increcment at which records
are written on 14 determines the
maximum frequency attainable in
response spectra)

I0PAPE - Nuiber of Intervals between
Qutput Printing

{ROOLD(1), I=1, nUM0UT) (1415)

NOOLD - Output Rode Nuubers (Note that spectra
may only be determined for these nodes)

(Card 1.2 omitted if NUMOUT = 0.)
ANAME (Save Tape Data Title) (12R6)
10SAVE (15)

10SAVE - Number of Intervals between
Save Tape (Logical 8) Writes.

ANAME (Quiet Boundary Data) (1204)
NRIGHT, NBOT, NLEFT, ICORNER (14r5)
HRIGHT - Number of Quiet Nodes in Right
Boundary
NBOT - tiukber of Quiet Nodes in Bottom
Boundary
NLEFT - Nusber of Quict Nodes in Left
Boundary
- 85 -
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Card Group

10.

1.8

1.3

2.0

Boundary Data
1.0
1.1

Variables Format

ICORNER - Left Corner Condition
= 0, Regular Bottom Boundary
= 1, Quiet Vertically only
NNODE(I), I=1, NRIGHT (1415)

NNOBE(I) - Node Nurber in Bottom
NNODE(1), I=1, NLEFT (1415)
NNODE(I) - Node Numbers in Left Boundary

NUMB, IZONE, NPI, NPJ, NPK, NPL, NL, DR, (715,2€10.0)
DZ, repeat NUMEL times

NUMEL - Number of Rectangular Elements on
Boundary

NUMB - Element Number
IZONE - Material Zone

M'PI, NPI, NPK, NDL - Corner Nodes of
Element

NL =0, Regular Element
=1, Cracked Element

DR - Width of Element (ft)
DZ - Depth of Element (ft)

ANAME (Boundary Data) (12A6)
NNODES, I10ISPL, ITAPE, ICOMP, IDIM (1415)
NNODES - Number of Boundary Nodes
101SPL =0, both Horizontal and Vertical
Record
=], Horizontal Record only
=2, Vertical Record only

ITAPE =0, Input off Cards
=1, Input off Tape 18



Lurd L.oup setiuules et

ICOMP =1, Displacements
=2, Accelerations

IDIM =1, Units (in)
=2, Units (ft)
=3, Units
7 (NODES(I), I=1, NNODES) (1415)
NODES(I) - Node Numbers
(Orbit Set 2.0, 2.1, and 2.2 if ITAPE = 1
2.0 NRCDS, TSTART, DT (15,2£10.0)
NRCDS - Number of records

TSTART - Starting Time of Problem with
Respect to Record (sec)

DT - Time Increment of Record (sec)
2.3 (UDISPL(I), I=1, NRCDS) (8£9.9)

Omit if I0ISPL=2
= Horizontal Record

2.2 (WDISPLLJ), 1=1, NRCDS) (8£9.0)
omit if IDIJPL=]

WDISPL(I) = Vertical Record
1. Pressure Nata

The Pressure Data are read in Subroutine PRESS which computes the
pressure applied to the loaded surfaces sneci®ied in Subroutine LIA,
If the number of LINES is zero, these data are omittad., Any routine can
be used as desired. The specific routine used is desciribed in Section V

of this report.

- B7 -



Card Groun

1.0
1.1

Yariables Format
AHIME (12A6)
YIELD, PO, TPHASE (3£10.0)
YIELD - Heanon Yield in KT
PO - Peak Nvernressure in psi

TPHASE - Arrival time (sec) of pulse
at left boundary of mesh

(Cards 1.0 and 1.1 are onitted if LINES=0).

12, Qpnp;p)jypﬁ_fprcpﬂﬂg@i

The routine is used to snecify the annlied qeneralized forces to the

enbedded structure (if any). As discussed in Section V, the specific

routine is included heyein as an examnle of its canstructlion,

fard Groun
1.0
1.1
2.0
2.1

Yariahles Forviat
ARAME (1246)
IPCNS, TSTART (15, £10.0)
TIRE(T) (r6.3)
[QFoncr(1,0), J:1, nUE0S]) (5612.5)

HRCDS - turher of Tim2 Pacords for
Genoralized Force Pata (< 20)
TSTART - Startinag Tim» (sec) which
when addee ta T1F (1) converts
the recovd Lire to rchine or
problem tiio

TINE - Tire at vhich foneralized Forces
are snecivied

OFORCE - Conaralized Force Vector

Cards 2.0 and 2.1 ure repeated HRCDS tirss)
Cards 7.0 and 2.1 «re omitted if NRCDS=0).



13. Outout Tane Nata

These data are read in subroutine OUTFUT and concern the record

formation on the Nutnut Historv Tane (Loaical 14).

Card firoun
1.0
1.1

Variables Format
ANAME (Outnut Tane Nata) (12A6)
JPCDS ( 15)

JRCDS - Mumber of Tire Historios Already
on the Nutnut History Tane from
a Previous Pun,  tow Pocords will
be placed af.er the last record,

14. Shock Spectra Data

These data are read in Subroutine LK3. All of these data are omitted

if KSPEC (MAIN Program) is set to zero.

Card Group
1.0
3.3

Variables Format
ANAME (Shock Spéctra Data) (12A6)
NNODES, MNODES, LDOFS, MBETA (415)

NNODES - Number of Free-field MNodes
(< 100) for which Spectra is
desired.

MNODES - Number of Interaction Nodes
(< 50) for which Spectra is
desired.

LDOFS - Number of Structural DOFs for

Spectra (< 50)

NBETA

Number of Damping Values for
Spectra (< 10)

ISPEC - =0; Beth Horizontal and Vertical
Spectra Computed
=1; Only Horizontal Spectra Computed

=2; Only Vertical Spectra Computed
IPLTOL

=0; No On-Line Spectra Plots
=1, Spectra to be Plotted on Line

IFLTCC - = 1, Calcomp Spectra Plots

- 8P -
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2.0

3.0

4.0

5.0

[NODES(I), T=1, NNODES)

NODES - Free-field Node Numbers
(Card 2.0 omitted if NNODES=0).
[NSTRC(I), I=1, MNODES)

NSTRC - Interaction Node Numbers
(Card 3.0 omitted if MNODES=0).
[NDOF(I), I=1, LDOFS)

NDOF - Structural Node Numbers
[XBETA(I), I=1, NBETA]

XBETA - Damping Values, %.



14. Integration Interval

As mentioned in paragraph 6.0, the integration interval should be chosen
such that DT is about 1/20 of the shortest period of the system, which is
printed in LINK]. The shortest period is, of course, a function of the
elastic modulus of the material as well as the sizes of the elements con-
necting the nodes. The smaller the element size (distance between nodes),
the higher the stiffness, and the higher the elastic modulus, the higher
the stiffness. The shortest period then corresponds to those nodes which
have the highest stiffness.

For yielding materials (Mises or Coulomb-Mohr), the elastic stiffness
is the controlling factor on the integration interval. TFor the compacting
media, however, the unloading modulus may be significantly higher than the

initial modulus. In this case, then, the time interval must be suitably

decreased.
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CRACK MODEL
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APPEEDIX €

Crack '*.del

The model used to treat the crack discontinuity problem is developed
from that of the ganoral rectanaular elvont, A Lyvical rectanqular elesient
is shown in Fig. C-) vhich has side divensions a and b, The énalysis for

this typical elewent begins with the definition of the stress-strain relation

or:
(o) = [C)(eT) - {M)) (1)

vihere (o) is the eleiwent stress vector, {aT) is the total strain vector
and (c") is the nonlincar or correction strain vector. The matrix [C] is
the vsual elastic siress-strain relation f2finced in Nederences 1 and 6.,

The total strains in the nlerent 2/ releted Lo the node point displace-

ments by the relation
(1) = [8){x) (2)

Included in the matrix [B] is the assusntion for the displacerent variation

over the element., fagain, the details of this forrwlation are presented in

References 1 and 6,

MApplying a virtual dispiacarent to the elerent node points, the virtual

work can be determined from:
on, f/;{ac}T(o)dv (3)

where the superscript T indicates the transpose of the vector. Substituting

Fquations (1) and (?) into (3), the virtual internal vork is:
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oMy = () kY00 - (6x)T(F) (4)
where the matrix [k] is defined by:

(3 =f (8370 Ten (5)

and the correction vector {F") by:

(@) <[ 101 re3eMar (6)

Both integrals in Fquations (%) and (6) are taken over the volume of the
elerent,
The external work done by a set of cquivalent roade point Torces during

this virtual displacement is sinoly:

My = (&x)T(F) (7

Tquating the internal to the external virtual work, the equilibrium equations

“or the element are then:
{(F} = [K)(x) - (F') (8)

The procedure for the zero thickness elemznt b2nins by first defining
an equivalent element strain vector defined by:

(ET) = b{cT)

(9)
&Y = biM

wvhere b is the thickness of the rectanaular element. The strain-displacement

relation becomes (from Equation 2)







to cach other, (nodes may overlan), althouch the actual differences are
small and unimportant. The actual size of these differences arve controlled
by the magnitude of the coefficients of the {C] ratrix. For example, in a
typical problem, if the coafficients of tw [{7] malrix are taken to be the
sama as those of the original [C] matrix for the suriounding nmaterials, the
differences during comnression of the elermsnt occur in the thivd significant
figure, clearly an insignificant ancunt,

During ternsion and/or shoar of the elenont, the "material" of the crack
can be made to follow any of the nonlinear lavs of the material catalegue
which limit the arount of tension and/er shear that may be transferred.

In addition, another siunle rodel that linits {hese values (Subroutine NCOUL)

assumas that a simole functionzl 1odal controls the stress transfer.

N -

i

Figure C-1. Typical Rectangular Element
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APPENDIX D
SLAM DATA GENERATOR

1.0 Introduction

The major portion of the input required for SLAM Code concerns the
mesh (node and element data) descriptior. These data follow very similar
patternc however for most seismic analysis problems. A preprocessor
program was written to generate this data.

2.0 Description of Problem

The SLAM data generator is written to generate the data for the
configuration :hown in Figure D-1. Only one-half of the problem needs
to be considered since a vertical axis through the facility is an axis
of asymmetry.

The user specifies the overall geometry of the problem with the
parameters: H, W, Hf. “s' the number of soil layers, and the depth to
the top of each layer. The details of the mesh are specified in terms
of the total number of elements wanted horizontally and the number of
element vertically within each of the soil layers.

A mesh is then generated satisfying these requirements. The left
boundary is taken as horizontal rollers to satisfy the asymmetric boundary
conditions; quiet boundaries are placed along the right boundary; and the
bottom boundary is restrained vertically and set to receive the horizontal
accelerogram. The node and element numbers start at the upper left and
are numbered down one column, to the top of the next column, then down
that column, etc. The following card groups required for SLAM Code are

generated:
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s

Interfaces Between
/ Soil Layers

}—— Element 1 /

#

: / H

=

|

| ith Soil Layer

} '

{Bedmck-lqput Quiet

Axis of Seismic Disturbance Boundary
Asymmetry

Figure D-1. Configuration for Data Generation
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Control Card
Mesh Data Groups 1.0,
Pressure Surface Data
Initial Stress Data
Quiet Node Data
Output Tape Data
In addition to the cards Calcomp plots of the mesh are generated.

The structure is defined using the same material as used in SIM Code
(Volume 3). The user must also specify: the foundation nodes on the
structure (these are use. to attach the structure to the free field); and
the datum for the elevations used in the structural description (so that its
correct elevation relative to the free field may be calculated). All of the

required structural data for SLAM Code are generated.

Interface with SLAM

The SLAM data generated are printed and may be punched on cards or
written on an output tape (Tape 14). The data is written in the required
order for SLAM Code with special flags inserted where additional SLAM input
is required. These flags are of

rexke*Name of Data Set to be Added****++
The following data sets must
e Mesh Data Groups 3.0 and 4.0 (Material Property Data,
Qutput Element Data)
Run Time Data
Qutput Node Data
Boundary Data

Shock Srzctra Data




Note that it is possible to run the data generator a second time

(with KRUN = 2) and add these SLAM data cards to the end of the first
run data set. In this case a complete set of SLAM input data is

generated.
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4.0 Use of Generator

1)

2)

3)

4)

5)

6)
7)
8)
9)

4.1 Required Control Cards

The following control cards are required:

Job Card: t, STMFZ, Ta, Pb
t = title
a = running time in octal seconds
b = job priority

Account Card: ACCOUNT(a,b)
a=1D
b = Account Number

Call in Program: ATTACH(OLDPL, GENI, ID=ZZG CAM)

Calcomp Tapes: ATTACH(LIBI, FR8OLIB)
ATTACH LIB2, CALCOMPLIB.
LIBRARY (LIB1, LIB2)
ID CARD(TAPE99, a, T129, $b$, PLFI)
a = Name
b = Title for Plots
Request PF for SLAM Data
(Only if Data is on Tape) REQUEST, TAPE14, *PF.
UPDATE(F)
FTN(I=COMPILE, L=0)
LGO
Save SLAM Data Tape
(Only if Data is on Tape) CATALOG (Tapeld, 9, ID=b)
a = Tape Name

b=1D
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4.2 Data Requirements

# of Cards Format
1 215
1 8A10
i 1415
NOD 15,2F10.0
NROT I5,F10.0
NBM 15,5€10.0

Variables

KRUN

ITAPE

ANAME
NOD

NBM
NEL
NROT

Y(J)

WR

KR
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Comments

M W W W

0 Do not write SLAM
Data on Punch on Tape 14

1 Write SLAM Data on Punch
on Tape 14. Omit sets
2, 3,9, 10, 12

2 Write SLAM Data on Punch
or Tape 14. Data for
sets 2, 3, 9, 10, 12, 14
required

1 Punch SLAM Data if
KRUN = 1 or 2

2 Write SLAM Data on Tape 14
if KRUN = 1 or 2
Problem title

of Nodes in Structure

of Modes

of Shear Beam

of Element

of Rotary inertia

Node number

Elevation of node (J) in feet

Weight attached to node J
in Kips

Node Number

Rotary inertia attached to
node J

Beam Nuiber
0 no moment release
1 release at KS

2 release at KE



# of Cards Format Variables Comments

KS Start node
KE End node
A Cross sectional area
As Shear area
X1 Moment of inertia
E Young's Modulus
G Shear Modulus
NEL-NBM 315,3E10.0 K Spring number
KS Start node
KE End node
SL Lateral stiffness
SR Rotational stiffness
SLR Coupled stiffness
1 15,2F10.0 IFOUND # of free field nodes
in structure
Depth Depth of burial (feet)
Datum Datum for structural

elevation in free field
coordinate system

IFOUND 14F5 INODE(I) Structural node numbers
attached to frez field

1 20AX ANAME Mesh Name
1 2F5,4F10.0 NL # of Layers
NH # of elements horizontal
H Depth of Mesh (feet)

W Width of Mesh (feet)




# of Cards Format Variables Comments

HS Depth of structure (feet)
WS Width of structure (feet)

215,F10.0 NV(1) of element vertically
in layer (I)

IZONE(I) Material numbers for
layer (1)

ZL(1) Depth of layer(1)

Omit the following if KRUN N.E.
Material Properties Data for SLAM
Output Element Data
Time Data
Qutput Node Data

soundar y Data

Shock Spectra Data




APPENDIX E
SAMPLE PROBLEM
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Sample output for the problem discussed in Volume 1 follows.
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SAMPLL PROGLEM 1
COMPLETE FROGAAM TO ne FUN
[ E CUTFUT

CALLOMP FLOTS TO BE SENE<ATED
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SAMPLc PROBLEM 1

NGs OF NOLE PUluTS= 215

R . — e —

NG« OF CLEMcNTS = 184

NT =
£s i = 71 PLANC STERAIN PRO3LEM

iPel
isTE
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172 1 186 F5% | 262 161 -0
172 1 5.5 § b T 4 eC3 172 =0
173 1 182 2.3 20t 1863 -0
YO e . AR T YT 1y T vy
17% i 154 245 206 165 -0
—1i76 i P F o % SRR, ¢ | T =T
177 1 i%6 gi? 208 127 -0
i7o 1 —ie7 Z.0 F4f ] 188 =T
179 i 108 2.9 €10 1829% -0
NE S M TR ¢ . R EmN | ¢ SEOLNESENe . | (SRSmasese | o
101 1 195 211 212 191 -n
S U Qe ans otk SeEORETNE . | TSRS ¢ SRS : 7 ESNEESEEE < S =T
13 1 1932 212 216 193 -0
s 1) ; = 159 E4%) ey 9% U
NU. OF ELASTIC QUTPUT ELEMENTS= Kl
WO, OF FLASTIC OUTPUT ELEFMERTS: T
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58 1 61 £ T4 63 62 -9
59 1 62 i3 Be 63 -1
bl i &3 o 856 &5 XY -
bl 1 b 35 &6 65 -1
62 1 65 2c 24 3 66 -0
b3 i ) o7 8s 67 -0
b i e7 85 8y 68 "
65 1 €9 9 91 7C -0
Y3 i TC 3 SRR SN 7i =7
6 1 71 3”2 83 72 -0
56 1 Te 33 Se 73 R
b9 1 73 i4 95 76 -0
70 1 4 E L —35 7% -
71 i 75 90 97 76 -0
Te i 78 e 37 P | NGaae 77 =0
73 1 77 39 93 14} -0
Th 1 e ] RS |} 79 =u
75 1 7% 162 101 ar N
7% 1 =T 71 10¢ 1 U
77 1 ¢ 1.2 163 82 -0
7o b 3 L.I'4 1.3 it ry Y T
79 1 3 124 105 EuW -0
L1 i g i T 19% .} |
(3} 1 85 1.6 107 86 -0
EY 1 B 177 it8 g7 )
33 1 az 1CH 109 és -0
sh 1 ['Y) 159 g g LE] =N
05 1 9L 111 112 91 -0
0b i 91 11¢ 113 52 -J
ol i 92 113 114 93 -0
13 1 o TIC 1% LS =0
Ex ) 1 Ji 118 116 95 -0
at i L 118 117 I =0
21 1 36 117 1156 97 -
3c 1 =7 113 LR ¢ 4 G5 =T
33 1 98 11% 120 99 -0
EI'S = N 127 121 ITT =T
45 i 12 121 122 101 -0
36 T 191 12¢ 123 ITe =u
37 i 102 123 126 103 -0
EL] 1 47 b4 T =0
45 1 1le 125 126 1Cs -0
5% T 1d. 0 €43 127 76 ="
1C31 i 136 127 128 107 -0
ite T 157 12E 129 iT¥ I |
63 i 108 129 130 1L9 -0
F P 1 13T i1 11r =u
105 i 112 132 133 112 -0
1.6 T 112 133 TI% 113 =0
1u7 ! 113 134 135 116 -0
108 1 11i% 135 3% 115 =2
1.9 i 115 136 137 116 -n
i1, 1 il® 137 133 5§ =0
111 1 117 138 139 118 -0
11¢ 1 118 133 140 119 —=n
133 1 119 140 141 126 -1
11 1 12V 1%s Y4 121 =0
115 1 121 142 163 122 -0
1% 1 122 A8 R 12 SR ¢4 S
a7 1 123 144 145 124 -0
118 b § ide L1ed 146 1¢o -1
119 1 125 146 147 126 -0
127 e % iy IR . 188 - v T =y
121 i 127 148 149 148 -1
122 1 127 133 157 T4 A =3
123 1 129 15L 151 130 -0
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NOe OF GRANU 2unTITIONS= 186

PERTITIUN Now KODE ND.
i 3
P4 °
3 15
“ - 24
5 17
[ 5L
7 75
R g T
3 123
X 1653
R [ T 16. .
12 17y
g . 1582
14 193
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ORIGINGL EANDWIOTH= 22
NEW candWloTh= 27
EaNCWIUTHE 7 36
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CLUSTERLING

nUe OF CLUSTERS= 3

NFLUR  NPHIGH  NPOUT

LNGE | MELCLS NNRGLE

T e i e L | CECueaee T & o SR i) -
[ TR . 200 75 212 (] [
T &1 ZiT i¥s 5T T T

NO« OF NONLINcAn ELEMENTS Oh TAPE=

3

- POOR ORIGINAL



SMALLEST MAIN DIAGONAL FSEQUENCY (SES/CYCLZ)

NCCE FOUNT= 63 PEFIGOU= J.bblebE-02
NULE POINI= <15 PErRLIUON= 2436778E-02
NODE TYPE = i

i
: ’N‘l - 126 -
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STR.

STRUCTURAL TYPE=

MAL  DATA

-

NO. OF NODES ON STRUCTURE=

NCOE

RADIAL

COCRDINATE OF CG
VERTICAL COORDINATE OF CO

RADIUS
FT

Q.
%.25000€+01

1.7003CE~C2
1.7GGICEC2
1.70000€E+02
1.70000€+02

(Fli=
(FT=

DEP™H
FT

8.00000E+01
8.00000E+01
8.00000E+0!
B8.00000E+01

g.

2.00000E+0!
%.00300E+01
6.00000E+01
8.00000E+01

g.
2.92360€+01

- 129 -
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Pl SIRLCIURE  DATA

SPLCIAL STRUCTURES DATA
NO. CF STRUCTURAL MODES . 7

NO. OF STRUCTURAL DOF - %9
INPUT NODE  WOR DOF  VER DOF
SEG. .
1 1 w2 “3
2 18 LY w5
3 35 “o 7
- k¥4 w8 “9
5 €9 %0 5;
+ 70 52 53
9 7 D) LT
8 72 %6 57
9 73 LY LT
MOOE SHAPE DATA
MOOE = i FREQ CPSe 1.60620€+00 GEN MASS= 5.0%300€-01
MOCE VECTOR
2.0%603E-02 1.8600J€-02 1.2%300C-02 5.99230€-03 1.76500C-03 -2.90800€-03 ~6. 15400€-03
~1.03700€-02 -1 .87500E-02 -1.98200£-02 %.92800£-03 ~3.45900L ~0% -5.62400E-03 ~1.09000C~02
-1.3%300£-02 -2.954C0E-03 -8.21700£-03 1.25600€-02 1.C0000E+00 9.12600£-03 6.67500C -0
-1.0120C€-02 -%, 11600 -4 ~5.070006-03 -9.58000£-03 ~1.41500£-02 -1.07200E-02 -2.37900£-02
-2.78200E-02 -3.23700€-02 -3.68700C-02 -%.14100C-02 -4, 555008 -02 -5, 040008 -02 -5.%00000-C2
-%.93300£-02 -6.37600C-C2 -§.817006-02 ~7.2970CE~02 -7.624002-02 -C.12835£-C2 2.05G00€-02
c. 2.0%600€-02 2.22600C-02 2.05650% -02 . %520GE =08 2.086008-02 6.67800C-02
-1.99300E-02 8.92800€-02 -1.03700€-02 1.11600E-01 1.76560€-03 1.33900£-01 1.2%300C-02
1.96100€-01 2.05600€-02 1.78100€-01
MODE = P FREQ CPSe 6.50%500€+00 CEN MASSe 1.10250E+00
MODE VECTOR
-9.95800€ - 0% 7.87000E-0% =5.3!1100E-0n -2.12400£-03 ~3.19600C-03 -3.01300C-03 -2.81600€-03
=2.%8270€-03 -2.0%800E-03 ~1.63700€-03 -1.2%500€-03 =1.%0%00£-03 =1.50400€-03 «1.63%00£-03
-1.91200£-03 ~%.3630CE-03 -5 .67%00E-03 1.00000E 00 =1.0%500€-01 3.03200£-03 1.16%00€-03
-1.22100£-03 <1.i9990E-02 -2.99200£-02 -4 .80000C-02 -6.65200€-02 -0.%51500€-02 =1.0%700E-01
-1 .216C0E-01 -1.39300C-01 =1.56402€-01 ~1.73100E-C1 -1.89100€-01 -2.05200€-01 -2.18%C0E-01
-2, 3%900E-01 =2.50%00€-01 -2.65000€-0 «2.78300E~01 -2.90200€-01 =3.001C0E-01 ~9,95800€ ~0%
0. =59.958006 0% %.33300£-03 ~9,95800€ 04 £.66700£-03 ~9.95800C - 04 n.;oooot-gf
~1.63700€-03 1.73200€-02 -2.48300€-03 2.26100€-02 ~3.19600€-03 3.19500€-02 +%.31i00€~
3.9%500F -02 ~9.95800€ -0% 3.46700€-C2
L 3 FREO CPSe 7.87210€+0C GEN gass- 3.0%060€+00
MODE VECTOR
1.28700€-01 1.18450€-01 8.29200C-02 %.%27002-02 1.97%00€ -02 «2.01700C-02 -4.67700C-02
-8.18200€ -02 =1.1%800E+~01 =1.%4000€-01 3.10900€-02 -9.%%300£-03 -%.0%%00C-02 -9.06i00C-02
- 130 -
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B
‘)9“-4:'
e«000L -

.28700€ -

- FFEQ CPS» T9S5CECI GEN MASS»

MOOE VECTOR

v

e

4

O




% .5%403CE~C1 5.76400E+01 6.58%30E+0!

2380801 8.2140CE 0! 9.524008 o0

1.06200F +02 1.1%200E 02 1.2220CE+02 1.30200% +02 1,302000902  ~%.7780CC 0|

"-n”m““:g; :-a“ag:} 'g: ';-'I';gggg-gé l.sg'g;ot-on -4, 776006 | 1. 278008 22
¥ . . . . =1.17600€+01 1 > 3.

~4.77600E+01  3.%0000€+02 2.550008 +2 3.20130€+0:
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MAX, TIME DL.aTION » 7.0C000€+00 SEC
I'D”" INCBEMENT - n.m| -93 SEC
AINT 15
KTAPE i



Py aeos ATA

OUTPUT NOCE DATA

NUMOUTs %
I0TAPEs &
IOPAPEs 200
OUTPUT NODES
s 7T 8 13 17 e B w2 6 0

noTn 13
SAVE TAPE INTERVAL

SAVE TAPE DATA

10SAVE= 500

NRCDS ON LOGICAL 1w= 3892

i ‘.v: -135-
AU LT Y “'

POOR ORIGINAL



QUIET  UNDARY DATA

NO. OF NOOES ON RIGMT BOUNDARYs 20
NO. OF NOCES ON BOTTOM BOUNDARYs -G
NO. OF NODES ON LEFT  BOUNDARYs -G
LEFT CORNER CONDITION .
TOTAL NO. OF BOUNDARY NCDES - 2

' ARY NODE NUMBERS
o %6 197 196 199 200 201 202 203 ore 205 206 207 208 209 210 211 212 23 21%

NO. OF BCUNDARY RECTANGULAR ELEMENTS. 19

NS NUME 120NE NODES OR(FT) DZ(FT)
i 165 ] 1™ 1S5 186 179 3.83300E+0! 2.00C00E 0!
e 166 1 179 186 187 176 3.83300001 €.00000E 01
3 167 i 176 197 188 177 3.83300£+0! 2.00000€+01
. 168 i 177 198 189 178 3.83300E+C1 2.C000CE+0!
S 169 1 178 199 200 179 3.83300E+01 @.00000E+0!
6 176 i 179 200 20! 180 3.8330CE+01 2.00000E+0!
7 171 ! 180 201 @202 181 3.83300£+01 2.00000E+0!
B 172 1 181 202 @203 182 3.83300E+01 @.00000E+0!
9 173 i 182 203 @20v 183 3.63300E+0! 2.00000C+0!
19 17w i 183 204 205 18% 3.83300E+01 2.00000E+0!
1 175 1 18+ 205 206 185 3.83300E+01 2.0000CE+01
" 176 i 185 @206 207 186 3.83300C+01 2.00000£+01
13 177 I 166 207 @08 187 3.8330CE+01 2.0000CE«0!
I 176 ! 187 208 @209 188 3.83300£+01 2.00000E+0!
i5 179 i 168 @09 210 189 3.83300€+01 2.C0000E+C1
16 180 1 189 210 21l 190 3.83300C«C1 2.00000€+01
17 181 1 190 211 2i2 19 3.03300E+0! 2.00000C+3!
i8 182 3 ISl @ie @2i3 192 3.8330GE+01 2.0C000€+01
19 183 i 192 213 2iv 1983 3. P1I00E01 2.00000c+0!

MATERIAL ZONC DATA

20N €PShH ey € EQUiv X ECUIY CPUIN/SEC) CSUIN/SED) RMO(LB-SEC2/ INW)

i 3.47220E+0% 3.50000E-01 3.47220€+0% 3.50000E-01 5.34996E +04 2.57004E 04 1.94E98E~ v

1ELER » o i

IELER = i e

e POOR ORIGIAD



BCUNDARY EL. «NT CONNECTIVITY

BOUNOARY ELEMENT  ELEMENT RHO*CP RHO*CS Const
NOCE NUMBERS WB-sEC Inm)

RIGHT ABOVE BELOW

195 0 1 1.04163E+01  S.00332E+C0  |.20000€+02
196 1 2 1.0%I63E+01  5.00382€+00  2.40000E +02
197 e 3 1.0916 €31 S.003(26+00  2.40000E+02
198 3 “ 1.0916:" oC1  S.003826+90  2.400O00E+02
195 . s 1.0%163FeLi  5.00382C+00  2.40000E «02
2c0 s 6 1.0W163E+01  $.00282€400  2.40000E+0e
201 6 7 1.04I63E+01  $.003820+00C  2.40000E+02
202 ? 8 1.0163E+01  5.00382400  2.40000E+02
203 8 9 1.0%I83E+01  5.00382€4G0  2.400O0E +02
20% B 10 1.0w163E+01  5.C0382E+00  2.40000E+02
2c5 10 1 1.041637+01  5.00382€+00  2.w0OCOE+02
2c6 1 12 1.0wI63E+0!  S5.00202€+00  2.40000F 52
207 12 13 1.04163E+01  5.00382€+00  2.40000F 02
o8 13 i 1.04163E+01 $.00382¢ +00 2.400008
209 I 15 1.04%163E+01 5.00382£+00 2.40000E+02
eio 15 16 1.04163E+01 5.00382€+00 2.4C000E+02
211 16 17 1.04163E+01 5.00392€+00 2.40000E «C2
212 17 18 1.04163€+01 5.C0382E+00 2.4C000E 02
an 18 19 1.0%163E+01 5.00322€+00 2.40000E+02
2in i9 0 1.0163€+01  5.00382€+00  1.20000€+02

=

INAL



o000
,

ooo0oO
ocooocooo
CO0DOOO0O

DOOODODOOO

D000 OC

Vo tIPS) ACCEL .UDO

oo

€
OO0

ooOOO0CO0O00
OooOc

o
OO OC
rooc

oot
.

» €

c

o
0.
pe
0.
0.

OO0

7.89261E-03 IRCOS»

1.976%52€ - 02 IRCDGe

2.36778€-02




1
-
7

10
13
17
18
3%
52
€9
70
71
72
73

. 3%5E6E-01

SIGMAR

-6.5076€-01
-2.0%00E+C0
=-2.0919€+00
-8.2%517€-00
~5.0806E+01
~%.5981E+01
=3.%129€+C1
-8.1570€+C0

1.3935€+01

DISP. U tIN)

T.7wN0E 01
9.1303E-01
1.0878E+C0
1.26858€-C0
1.5072E+00
1.6%32€+00
T.TeNSE-01
T.IN49E-01
T.INNSE-01
%.9023E-01
5.5737€-01
€.4435C-01
7.1811€-01
T.79N9E-01

STRUCTURAL RESPONSE

mCOE

NORF W -

DisP. X

2.%528E+00
“.6788E-C2
1.1778€-01
2.472iE-03
1.0%2%E-02
6.1511€~01
=1.916%£-03

HAVE WRITTEN QUTPUT TAPE, Te

HAVE WRITIEN QUTPUT TAPE, Te

MAVE WRITIEN QUTPUT TAPE, Te

HAVE WRITTEN OUTPUT TAPE, Te

TREAL®" 6. 34568E-01
SIGMAT SIGMAZ TAY SiCMx
=3.5041E€-01 =3.50%1E-C1 2.2282€+0! 2.1782E+01
=1.098%E£+00 =1.098%L+00 2.0862€+01 1.9398E+01
«1.126%E+00 =1.1264E+00 1.8936E+01 1.7333€+01
4 W4 32€+00 -4 WW32E+00 1.3864E+01 7.6465E+00
«2.73%7€+01 ~2.7357E+01 2.7187€+0! «G.wTHBE «00
«2.4759€+01 -2.475SE+01 1.4975E+01 «1.7017€+0!
«1.8377€+01 «-1.8377€+01 3.5168L+01 9.78%9€+00
=4 .3922€ ~00 %, 3922€+00 3.9471E+C1 3.3291E+01
7.5033 «00 7.5033E+90 3.33%3E+01 “.4217E+01
VEL.UD (IPS) ACCEL.UDD (G) PRESSJ (PSI) DISP. W (IN)  VEL.KD (IPS)
“.3573C+09 2.1777E«00 0. c. 0.
»,8837C+C0 %.2667€-07 0. 0. 0.
5.4264E+00  «7.B210E-Cw c. 0. 0.
5.644 3000 2.9%276-L 0. 0. 0.
%.9%71E+00 6.882%E-02 0. Q. 0.
=4, T7069F 02 +5.1967C+00 0. 0. 0.
%.3573E+00 2.0993E+00 0. «9.6612€-03 +5.5861E-02
%.3573E+C0 1.7951€+00 0. =-1.9311E-02 ~1.1195€-01
4,3%73C+00 1.0630E+00 0. -2.8972€-02 ~1.6762E-Ci
3.7879C+C0 5.3863C-01 c. =3.4770C-02 ~2.8397C¢-C1
3.9075C+00 5.5%%3E-01 0. 4. N 1TNE-02  -3.M00ME-0!
%.04C9C 00 i.4002C+00 0. 5. 711702 ~3.23775-0}
%.2160€+C0  -2.4778L+00 0. ~6.6M94£-02 -3.9036E-C1
%.3573C«00 ~1.8571E+00 0. =7.7214E-02  ~%.%69%-01
VEL. XSO ACCEL. XS0D APPL. LOAD ©
2.0%11€+C8 1.6uS1EeC2 0.
-1.20%2€-0} ~4,.973%C 01 0.
~2.3124EerQ 3.2645E+C1 0.
=1.6104€~01 3.6356E+00 0.
=9.4752E-02 2.8745C+00 0.
3.9880C+C0 1.03G1E01} 0.
=5.203%£-03  ~}1.66%6E-01 0.
6.39301E-01 SEC IRCOS 82
6.47,9%€-01 SEC IRCDS @3
6.55086L-01 Sec IRCOS 8%
6.62979¢ 01 SeC IRCDS ©9
i - 139 -
)

SICMN

-2.2783E+01
=~2.2937€+01
~2.0551E+01
«2.03%1€+01
-6 .8689E+C)
=5.3724E+01
«6.2292E+01
=4 ,.5790E-01
=2.2778E+01

ACCEL.WDO &)

-

cooooo

0.
=1.7773E-01
=5.7094E£-01
=1 .5602€+00
=9.50%1E-01
=4 . 0%567€-01

3.179%€-01

i.2023€-01
7.8%56%€-01

ANGLE

6.7597€+01
6.7822E+0!
6.786SE+01
6.945S5E+01
7.3332€+01
7.6330£+01
7.0656E+01
6.8183E+01

PRESSK (PSI)

OO0 00O0O0O0O0O
* s e s 8 s e n

POOR ORIGIRIAL



ERROR [N NOL7 “aTA

NPOLDe 16
nouio

SHOCK SPECTRA FOR NOOE NUMBER i

HORLZONTAL SPECTRA

NO. OF INPUT RECCRDS . 888
FINAL DISPLACE™ENT (IN. 1w 37I61E~C2
FINAL VELOCITY (IN/SEC) = .BI2BIED.
PEAK ACCELERATION (G, = 29773E+00
NO. OF RECCRDS ADDED - 90
FINAL NO. OF RECORDS - 978

FINAL VELOCITY (IN/SEC) = (4]
FINAL DISPLACEMENT IN.i=
THAX. (DURATION, SECS) =

.39972¢ +02
STT1Ee0)

- 10 13 17 18 3% % 69 W M
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1.82719
1.8699/
1.9137%
1.95%3%5
2.00%.C
2.051133
2.0991%
2.148%0
2.19863
2.2%028
2.3029%
2.3%688
2.%123%
2.%Eg%2
2.%2632
2.%58546
2.64559
2.7079%
2.77133
2.83€2!
2.90261
2.970%7
3.0%011
3.11129
3.18+12
3.25867
3.3I3:96
3. N130
3.9926%
3.5
3.6%640
3.7w40%
3.83171
3.921%1
v.01322
8,10717
“.22333
%.32173
W. W2
%.%50551
“.61099
“.718%
Y. B29%2
.28
$.0%819
%5.17€61
$.29780
5.%2183
5. 5876
5.67857
S5.61161
5.9%787
6.C859;
6.2292
€.37526
6.52v5!
6.6772%
6.6833%8
6.99357
7.1%729
7.32486
T.%56 3%
7.67i8%
7.851%5%
6.03%26
8.22338

19.€5-
19.8367°
20.C213%
19.99%58
19.965%3
22.303591
23.3Ck%2%
22.81531
Tr.58201
v, ' 1Bav
2. le709
23.83099
23.1v6186
22.2%C71
21.7987
21.517CS
21.70%88
22.233931
22.5976%
£3.126087
23.54620
23.31069
22.69%72
21.7188%
20.54009
12.96%77
16.93131
14.39927
15.260%0
15.01192
13.17659
1%.05%59
15.68483
15.785%1%
v, 11339
12.09209
12.193%3
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