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ABSTRACT

A procedure and a computer program are developed for the linear
structural analysis of frame and shear wall buildings subjected to both
static and earthauake Toadings. The building is idealized by a system
of independent frame and shear wall elements interconnected by floor
diaphragms which are rigid in their own plane. Within each column
bending, axial and shearing deformations are included. Beams and girders
may be nonprismatic and bending and shearing deformations are included.
Also, shear panels can be considered. Finite column and beam widths
are included in the formulation. MNonsymmetric, nonrectangular buildings
which have frames and shear walls located arbitrarily in plan can be
considered. Three independent vertical and two lateral static loading
conditions are possible. The static loads may be combined with a
lateral earthquake input whi;h is specified as a time-dependent ground
acceleration or as an acceleration spectrum response. Three dimensional
mode shapes and frequencies and evaluated.

Frame and shear walls are considered as substructures in the
basic formulation; therefore, for many structures input data preparation
can be minimized and a significant reduction in computational effort
can result in this approach.

This report is a minor modification of previous report [7].
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INTRODUCTION

A. General Programs For Structural Analysis

There are many general two and three dimensional computer

programs for the linear analysis of complex structures. Most of these

programs can be used for the analysis of buildings; however, there are

several disadvantages in the use of a general structural analysis pro-

gram for a building system. Some of the major difficulties are the

following:

1.

The innut data is unnecessarily complex since most
buildings are of simple geometry with horizontal and
vertical members.

Many of the frames and shear walls are typical. Most
general programs do not recognize this fact; therefore,
the input may be large and some internal calculations may
be unnecessary.

The Toading is of a restricted form and certain loads are
applied at only a 1imited number of Tocations.

Most general programs do not recognize that the floor
systems are very rigid in their own plane (this is true

in most well designed buildings). If this assumption is
not made the resulting set of equilibrium equations is
very large and may cause an increase in computation effort
by a factor of 10 to 100. Also, numerical errors may be
introduced since the inplane floor stiffnesses are several
orders of magnitude greater than the story to story stiff-

nesses; since these two stiffnesses are added in a direct



stiffness approach double precision may be required
in the solution.

5. In many buildings the size of the members are large and
centerline dimensions cannot be used to accurately
describe the structure. Very few general purnose programs
have a rigid joint ontion.

6. In the dynamic analysis of buildings the mass of the
structure can be accurately lumned at the floor levels.
This must be recognized if the resulting eigenvalue pro-
blem is to be of reasonable size.

7. In order to satisfy various loading requirements snecial
options are required in order to combine vertical, wind
and earthquake loadings.

8. It js desirable to have the computer output summarized in
terms of a particular frame, story, column and beam. Also,
snecial output such as story shears may be desirable.

Because of these and other reasons the need for special programs for
building analysis is apnarent.

B. Existing Building Analysis Programs

Four different programs have been developed at the University
of California at Berkeley for the linear analysis of multistory
buildings during the past ten years [1], [2], [3]. These programs
have been used in the profession on many major structures in many
different countries. One of the major reasons for the development of
the program presented in this report was the direct "feedback" from
the profession in the use of these programs.

The first program is identified as FRMSTC and is a static



load analysis of symmetrical buildings with narallel frames and shear
walls. Lateral mode shapes and frequencies are also evaluated.

The program FRMDYN is the same as FRMSTC excepnt that the
Toad is the ground accelerations due to a specified earthquake time-
dependent displacement and member forces are produced but are not
combined with the static loads.

The program LATERAL is an extension of FRMSTC to the static
analysis of a system of frames and shear walls which are not parallel.
Three degrees of freedom exist at each story level. This program does
not have dynamic options.

Recently, a general comnuter program for the analysis of
comnlex beam and finite element systems has been developed. This nrogram
is called SAP and has an option which allows tﬁe rigid floor approxima-
tion to be introduced. However, it still has some of the Timitations
mentioned in the nrevious section. This program also has dynamic
ontions.

The new computer pnrogram for the analysis of buildings which
is nresented in this report is intended to replace the first three
programs. However, for a limited number of complex buildings, where
incompatible column deformations are not acceptable approximations,

a program such as SAP will still be the most appropriate type of program
to use [4].

C. Earthquake Analysis of Buildings

At the present time, very few buildings in California,
constructed in earthquake areas, are designed based on the results of
a dynamic load analysis. The Uniform Building Code allows earthquake

loads to be approximated by a static lateral Toad. The magnitude of



the Toad depends on the seismic zone and the fundamental period

of the building. An approximate formula may be used to estimate the
fundamental period. The suggested distribution of the lateral loads
over the height of the building includes some approximation of second
period effects. Also, local foundation characteristics are not included
in the code. In addition, the code load requirements are only a small
fraction of the loads developed during a significant earthquake. As a
result of these limitations the need to conduct a more comprehensive
earthquake analysis of buildings is apparent to most structural
engineers [5].

There are several reasons why a more rational earthquake
analysis of buildings has not been professionally implemented. First:
the research which has been conducted in earthquake engineering has not
specifically suggested how the code can be imnroved. Second: a
design earthquake record or design spectra has not been suggested for
buildings. Third: the effect of the foundation structure interaction
during an earthquake has not been understood clearly. Finally, computer
programs which adequately represent complex structures have not been
presented to the profession in a form convenient for direct application.

One of the purposes of this renort is to provide clarification
of some of these areas. Hopefully, it will result in the development

of more rational earthquake analysis methods.



2. STRUCTURAL IDEALIZATION

An exact three-dimensional structural analysis is required
for only a Timited number of buildings. For the majority of buildings
two approximations can be made which greatly simplify the preparation
of input data and significantly reduce the comnutational effort.
Elevation and plan views of a typical building are shown in figure 1.

The assumption that the floors are rigid in their own plan
is a realistic approximation (bending deformations in the horizontal
beam and floor slabs are included). The horizontal lateral loads are
assumed to act at floor levels. Therefore, the Tateral loads are
transferred to the columns and shear wall element through these rigid
floor diaphragms. This results in three displacement degrees of freedom
at each floor level--translation in the x and y directions and a
rotation about the vertical axis. In additinn, at column and shear
walls at each floor level there is an additional vertical displacement
and a rotation.

A. Compnlete Structure

The complete buildings considered here are composed of
structural components which can be separated into a series of planar
rectangular frames. Isolated shear walls are considered to be frames
consisting of a single continuous column Tine. Each frame is treated as
an independent substructure. The complete structure stiffness matrix
js then formed under the assumption that all frames are connected at
each floor level by a diaphram which is rigid in its own plane.

Each frame is permitted two degrees of freedom per joint

(vertical displacement and in-plane rotation) and one lateral translation
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per story.

The two joint degrees of freedom being eliminated by static

condensation before structure stiffness assembly. The structure

stiffness array is permitted three degrees of freedom ner story:

two translations and one rotation in a horizontal plane.

follows:

The overall assumptions inherent in this approach are as

1.

3.

Compatibility is not enforced with regard to joint
displacements at joints which are common to more than one
frame. Thus axial deformations in common columns will
not be the same; however for design purposes, these
column axijal forces may be added directly to give reason-
able results. As for joint rotations, if the frames with
common members are perpendicular in plan view, then the
rotations are uncounled. For structures in which frames
are not arranged in a reasonably rectangular fashion in
plan, the use of this program is questionable.

The floor diaphrams are assumed to be rigid in their own
planes. Bending stiffness of the floors may be included
approximately in the modeling of the individual frames.
It is apparent that axial deformation is not permitted in
the beams. Floor levels must be the same for all frames.

Torsional stiffness is neglected for all members.

B. The Frame Substructure

An elevation of a typical frame is shown in figure 2. Column

centerlines and floor levels are the basic reference lines used in the

frame descriptions. Finite beam and column widths may be specified.

Deformations within joints (shown as shaded areas in figure 2)
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are neglected. Hence the effective length of a beam is reduced by half
the width of the columns below. Also the effective height of a column
is reduced by the average depth of the girders on either side of the
column.

Columns must be prismatic; however shearing and axial
deformations are included. Beams need not be prismatic but must be
symmetric about their vertical midplane. Only stiffness and carry
over factors are given. Shearing deformation may be considered by
appropriate modification to the stiffness factors.

A special column (panel) element is included to model infill
panels and discontinuous shear walls. This element is considered to
carry shear and bending and may be arbitrarily nlaced within the frame.

Members may be omitted from any position simply by specifying
zero properties. However it should be noted that if two adjacent beams
are omitted, the lateral displacement of th~ common joint is still
constrained to be the same as other joints at that level. Hence, the
appropriate column is considered to be laterally supported at the floor
level.

Vertical loading is applied to the individual frames by means
of sets of fixed end forces associated with each beam. For uniform
beams the fixed end forces can be calculated automatically within the
program.

C. Lateral Frame Stiffness

The approximations described in the previous section allow
each frame (or shear wall) to be treated as a separate substructure.
The only connection is through the common displacements at the floor

levels. The first step in the development of stiffness of the complete



building is to develop the lateral stiffness of each frame.

The complete stiffness matrix for each frame is assembled
by the Direct Stiffness technique. With the frame degrees of freedom
apnropriately ordered, the frame equilibrium equations have the form

shown below;

R Ky o G E, "
R ol ko E r
=2 =1 =2 22 =2 -2
R ol k.o E r
R3 C, K3 G5 Es rs
-n “-Nn =-n gn -n
R | ch ok E r
-n+1 =n  -n+l -n+1 -n+1
RN-1 Kn-1 Sn-1 Encq rN-1
R ¢l ok, E r
i Chor Ko Ey y
T T T T T T
P BB - o B BB BNOK L
g e 1 o

Where N is the number of stories in the frame, r = is the
vector of joint disnlacements (that is vertical disnlacement and

rotation) at story Tevel n and r. is the vector of Tateral story

L
displacements. Note that the lateral Tloads, PL are not known until
the complete building is solved. Lateral loads are applied to the
complete structure and are considered when the lateral stiffness matrix

for the complete building is assembled. Evidently, Gaussian

- 10 -



elimination may be performed on the full system up to and including the

equations

BT Sver I o Kenv t B (2.2)

The Tast N equations (rL is a vector of order N) may now be written as
Pt RS K (2.3)

The vector R' is used to indicate that the lateral Toad
submatrix is modified by the elimination process due to vertical loading
on the frame. These terms represent the sidesway effects of a non-
symmetrical structure or vertical loading. The matrix Ei clearly
renresents the frame lateral stiffness matrix; i.e. the stiffness
matrix of the frame in terms of only the lateral story disnlacements.
Note that it is not necessary to know the applied lateral Tloads on
the frame, P ,
Within the computer program however, the following apnroach is

at this stage of the analysis.

adonted in order to reduce core storage requirements.
The assembly and reduction nrocess is carried out systematically
story by story from the ton of the structure such that at any level, n,

we consider the system shown below:

R K, ¢y Er 1 (I

R! S LY E! r (2.4)
-n+1] =n -n+1 =n+1 w -n+1 ¢ :

P, + R el ok || |

-L - L L--n -n+1 -L J ‘\.-L

where again the prime indicates that the submatrices may have been

modified by previous elimination.

-1 -



At each level the following steps are performed.
1. Add in the individual member stiffnesses for Tevel n.

These are shown below :
i i % 4 h=

: | ! I . n+1

2. Perform the elimination on the equations of the unpermost
partition in equation (2.4) above

3. Save these reduced equations for subsequent back-
substitution.

4. Rearrange the submatrices in equation (2.4) appropriately

in order to proceed to the next Tevel. This rearrange-

ment is as follows;

1 - | 1 -
I3n+1 Kn+1 0 En+1 T+l
Q = Q Q Q rn+2 (2'5)
P, + R L0 K r
fLF 5 = L

5. Repeat the above steps for the next level. Thus after
the elimination is completed for joint displacements at
all story levels, we are left with the lateral stiffness
matrix for the frame.

D. Individual Member Stiffness

1. Column stiffness
In terms of deformation coordinates shown in figure 3, the

column stiffness may be defined as follows:

- 12 -
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[’ M Sa Sp 0 ([ 4
CoMgop= sy s, 0 6, (2.6a)
s 0 0 s 5
C-J
or S¢ = ke ¢¢ (2.6b)
_ 2Bl , 2.+38
where S_ = (75 28 ) (2.6¢)
261, 1-8
%= T (Tv2) (2.6d)
LA
SC = T (2.6e)
g = —SE (2.6)
L2 A G

where B 1is the shear flexibility factor, A is the effective shear area
and other symbols are standard.

In Tine with the direct stiffness technique we now develop a
transformation between the member deformations and frame displacements

shown in figure 4. This transformation is given below:

o
o8
—~ ~1 1 a ] ﬂuB
J%I L S A e
0
_ 1 a _1 T
i\ 6 { =lo {1+ - 0 0 > (2.7)
u
.
s L0 0 0 0 1 -1]
Vg
VT
~

Equations (2.6a ) and ( 2.7) may be rewritten symbolically as follows.

(2.8)

Sc = ke o¢

- 14 -



FIGURE 4 COLUMN DEFORMATIONS AND
JOINT DISPLACEMENTS
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and
6 = a r (2.9)
where the subscript ¢ indicates column, a. is the transformation matrix
and re denotes the appropriate subset of the frame displacements.
Following standard theory, the stiffness matrix for an

individual column, Ec is given by

K. = a_  k a (2.10)

2. Beam member
Beam stiffness is derived in a very similar fashion except
that the axijal deformation term is neglected. 1In this case, equation

( 2.1a) becomes

M. S S O
1 = a b 1 (2.-‘")
Mj Sb Sa ¢j
or -
S T ky ¢

With reference to figure 4, the transformation matrix is as

follows; (—eL R
b1 a 1
2 T T L T L >
T T A (2:12)
%5 L L L L R
VR~
or
?b = a Ty (2.13)

From equations ( 2-11) and ( 2-13) the beam stiffness matrix, K

is given by

_ T
Kp = 3 Ky 3p (2.14)

- 16 -



FIGURE 5 BEAM DEFORMATIONS AND
JOINT DISPLACEMENTS
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3. Panel Stiffness

The standard column stiffness including bending and shearing
deformation (equations 2.6) is used. However each end rotational degree
of freedom is transformed into the two vertical displacements of the
adjacent joints. This approach requires special modelling details which
are discussed in section 4D.

The deformation-displacement transformation matrix is given by

(o )
s
] 1 1 1 B
(4 R "h ~d a9 O 0 | ur
v
LB
-1 1 1 1
¢j = h ol 0 0 q ] y (2.15a)
RB
1 1 1 1 v
L(S LO 0 E '2— -f —-2-_‘ LT
v
L RT)
or
¢p T 3 Ip (2.15b)
Member deformations and joint displacements are shown in
Figure 6.
From equations (2.6) and (2.15), the panel stiffness matrix
is given by
T
= k .
Ko = 2, ko 3, (2.76)

- 18 -



FIGURE 6 TYPICAL PANEL DEFORMATIONS AND
JOINT DISPL ACEMENTS
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E. Assembly of Building Stiffness From Frame Stiffnesses

In order to combine the frame lateral stiffness matrices
into a complete structure lateral stiffness matrix, each of the frame
stiffnesses must be transformed to a common displacement coordinate
system (which will be referred to as the global system). The global
system chosen is two translations and one rotation per story. The
origin of these global displacement coordinates at each story level
is taken at the center of mass of that story segment. This nosition
may vary from story to story. Therefore the mass matrix reauired for
dynamic analysis will be a diagonal matrix thus simplifying the eigen-
value solution.

The first step is to develop the transformation between the
frame lateral displacements and the global disnlacements. With
reference to figure 7, the transformation at any level, " is as

follows;

rXH

"in T <cosa sina - d > un (2.17a)

on

where the symbols are defined in figure 7 or symbolically 2.19a is written

as

= 2.17b
an én rn ( )

Assembling the transformations for all floors, we obtain the comnlete
transformation between frame Tateral disnlacements and global displacement

as follows.

- 20 -
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e ™ r
"L]W 4 | no)
L2 a o
= (2.18a)
an -n -n
"W, L AN ™
or
s Ar (2.18b)

r is the complete vector of global displacements. The frame lateral

stiffness is transformed to the global system and becomes;

T
Ki = A Ky A (2.19)

where the subscript i denotes the ith frame.
The structure lateral stiffness is assembled by the

addition of components from all frames: 1i.e.

K = (2.20)
;

&
The frame lateral sway affects must also be transformed to

the global system. This transformation is shown by;

R. = Al R

-1 -i -Li (2.21)

The global Tload vector is formed by the summation of frame

sway affects and the addition of externally applied Tateral loads F i.e.

- 22 -



R = © R, + F (2.22)
1

The global forces F are specified; however, they are also given by

_ T
Fo= 2 A Py (2.23)

It is worth noting the form of the transformation shown as
equation ( 2.19). When written in the submatrix form of equation
(2.18), the transformation matrix A has diagonal form. Writing
equation ( 2.19) in expanded form, we have.
Ky K AN BRI \fa )
11 =12 ' =1 11 "2 = ~{0

T L] - L -
Kor K22 - . 32 3
. L4 . - L4 T L]
Eij a, g4
» * 3 T °
. . . K a . ., k a
g SIS WL L 4
T
i A KL 4
. . s T

A typical 3 x 3 submatrix Ki s within K, has the form a, Eij 3
Obviously this product may be formed independently for each term in
and added directly into K.

Hence, the global equilibrium equations are formed.

R = K r (2.24)

It may be noted that the global stiffness K is a full matrix,
but it is of course relatively small comnared to the total number of

degrees of freedom associated with all the frames in the structure.

- 23 -



F. Solution for Static Load Cases

The equations (2 -24) are solved directly by Gaussian
elimination giving a vector of global lateral displacements, ¥

Next, for each frame, the lateral displacements, r . are computed

using equation (2-17). To complete the solution for each frame, the

following system is considered.

Note that these are the equations which were reduced, then
saved at each Tevel, n, of the frame. (Refer to equation

That is, Eﬁ was triangularized. At any stage, n, r

are known and so r,

sequence, we simnly note that for N = N (the number of stories in
the structure) CN+T renresents the disnlacements at the foundation
which are zero since columns are assumed rigidly connected to the
foundation. Thus the frame joint disnlacements are computed succes-

sively story by story and individual member forces may be computed

at the same time in standard fashion.

- 24 -
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is computed by back substitution.

(2.25)

To start this



3. EARTHQUAKE ANALYSIS

A. Mass Approximation

The exact formulation of the dynamic response of a structure
involves an infinite number of degrees of freedom. For most structures,
however, the response may be adequately described by a 1imited number
of discrete points (or joints) within the system. 1In the.bu11dings
considered here, the response may be described by the lateral motions
of each floor level, as nreviously described for the formation of the
structure stiffness matrix. Correspondingly, the mass of the building
js Tumped at each floor level. With this lumped parameter idealization,
equilibrium of the structure is described by a set of ordinary second
order differential eguations.

B. Dynamic Equilibrium Equations

The equilibrium equations for a structure, including dynamic

effects, may be written in the following form;

ME, 4 CF o+ Kro= P (1) (3.1)
where M = mass matrix
C = damping matrix
K = stiffness matrix
P (t) = applied load vector, which may be time varying

r = displacement vector of deformation relative to sunport
motion

= absolute acceleration vector

r and r_ are related in the following fashion

- 25 -



= v + r (3.23)

where yg is the vector of pseudo-static displacements due to support

movement. also
s = ¥y + 7 (3.2b)

These vectors have the following form for a typical floor,

of a building shown in figure 8 below.

va vgx *n sing L
= + = +
! rya ng ryn COSR vg ryn
L.rea n Vge _"on 0 _J "on
and
J” P a [ sinB (.?xn \\
) o
\ vya = ] COSR vg + \\ fyn ( (3.3a,b)
K.Fea n k. 0 ven J
i.e Pa = D Vg tor, (3.3c)
Or, for all floors
ry = B Vg + r (3.3d)
where
()
by
B - by )3 by = b, etc. (3.3c)
by

- 26 -
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In the case of seismic analysis, there are no externally
applied Toads; i.e. P (t) = 0. Then equation (3.1) may be written

as

1=
—~
-
+
o
<
S~
+
)
1.
+
1=
1=
I
1o

(3.4a)

or

=
-
+
Fep)
1S e
+
=
1=
1]

1

=<
1o
1<

(3.4b)

This coupled set of equations may be solved simultaneously
with an appropriate numerical technique. Another approach, which will
be used here, is to find a transformation which uncouples the equations
so that they may be solved independently. This transformation of

course is via the eigenvectors or mode shapes of the system.

C. Mode Shapes and Frequencies

The vibration mode shapes represent the solution of the

undamped free vibration problem given by

ME o+ Kr o= 0 (3.5)
The eigenvalue problem to be solved is written as
_ 2
Kg = w Mg (3.6)

- 28 -



where mode shapes

oS-
1]

1=
"

frequencies
The mode shapes are normalized such that

T

¢ M o = (3.7a)

—

then also

of K o o= W (3.7b)

Also, it is assumed that the damping matrix C is of a form

that is uncoupled by the mode shanes; specifically it is assumed that
¢ C ¢ = [ 20, W J (3.7¢)

so that Xm represents the damping of the m th mode.
The actual displacements, r, are now exnressed as a linear

combination of the mode shapes.

E—Z](t)T
roele % % iy i Rt) (3.8a)

L zy(t)
i.e ro= ¢ Z (3.8b)
also P L (3.8c)
and P o 1 (3.8d)

where Zm(t) represents the response of the m th mode.

D. Dynamic Response Analysis

Using equations ( 3.8 ), equation ( 3.4b) may be rewritten as

M¢Z + CoZ + KgZ =- MBY (3.9)

- 29 -



Premultiplication by @T yields the uncoupled set of second order

equations
AR SN N A (3.10)
where
x = 41 -
=g Mg =1 (3.11a)
C = o' Co = [20 w ] (3.11b)
- T 2 mm :
_ T _ 2
K* = ¢ K¢ = [w ] (3.11¢c)
PXy = ¢ MBY (3.11d)
- g = == 9
to find the form of P*, consider
m, rging
m, cosRB
J] 0
ms sing
MB = M2 / COsB (3.12a)
J2 0
J 0
_ NPU
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where m, = mass of story 1

J1 rotational mass moment of inertia of story 1

i.e. _m] sing
m] CcoSsB
0

B = m, sing (3.12b)

1=

m, COS
0

b -4

So, a typical term of P* has the form

-
Px = ¢ MB (3.13a)
_ e sing
<k Py D19 Pox %2y 926 -> My sing
m] COSR
0 (3.13b)
m2 sing
m2 COSR
0
L )
N .
Pr. = nE] m {sing ¢, + cosp Pny } (3.13c)

Now a typical equation governing the response in the m th mode has the

form . . 2 *
Z o+ ZAm W Lo towWp . = P v (3.14)
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For any earthquake, the ground acceleration, Vg is specified
as a set of discrete values and linear interpolation is used for inter-

mediate values. On any linear portion then

Vg = A + Bt (3.15a)

where A and B are computed from the end values as shown on Figure 9
X

g .
Vg(fz)

t ta
| | -
) \/ t
FIGURE 9 GROUND ACCELERATION
on (ty, ty);s A= vg(ty) (3.15b)
v (t2) -V (t])
B = E, - t]g (3.15c)



Now on (t], t2) equation (3.14) becomes

.. . 2 N *
Zo v 2 W T+ W z, = P (A + Bt) (3.16)

The solution to equation (3.16) on (t], tz) is given by

A ZAmB
Zm(t) o Zm(t1) - ﬁf- + 3 cos Wy t
m m

]
-o
(1

2
A A B(ZAm-l)

1 .
t o Zm(tl) A, Wm Zm(tl) "W + ———|sin met
Dm m wm
2» B
+ P; l%— - g + E% (3.17a)
W W W
m m m
where
_ 2, 1/2
me = wm (1 - Am) (3.17b)

and Zm(t]), im(t]) are the initial conditions for this linear portion.

Differentiation of equation (3.17a) gives the modal velocity
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(3.18)

At rest initial conditions are used for the first Tinear
portion. Equations (3.17) and (3.18) are used to compute the end values
which become the initial conditions for the second linear portion.
Repetition gives the complete solution over the required time interval.
With solutions for each mode, equation 3.8 is used to give the structure
displacements r as a function of time. Member forces follow as in

section 2F.
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E. Spectrum Analysis

Unless actual histories of displacements and forces are
required for a specific earthquake a more realistic approach is via the
response spectrum. For a particular ground motion history Vq(t), the
spectrum is defined as follows.

The response of a unit mass system with damping A, and
frequency w, is qgoverned by the equation

W)+ o alt) o+ wl ult) = v (t (3.19)

18}
J

——

Let u ., be the maximum value that u(t) attains. Then,
three spectral quantities are defined by

i) spectral displacement: S, (w, X) = ..,

4

(v}

ii) spectral velocity: S, (vs A) 2w
2

WT U

1

iii) spectral acceleration: S5 (w, A)

So, for a specific earthquake, for a series of damping values,
either spectral quantity may be evaluated and plotted against frequency
or period. Although spectral displacement is the most directly useful,
spectral acceleration is generally used as it gives a measure of
effective acceleration and may be expressed as a dimensionless fraction
of gravity.

Recalling equation (3.14) for the m th mode, in terms of

spectral acceleration, the maximum response is given by

Z(maX) _ P S, ()

m (3.20)

g

This implies a set of actual displacements
o Zémax) o (3.21)

and a corresponding set of member forces.
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The maximums in each mode will generally occur at different
times. A good estimation of the maximum displacements and member

forces is made by calculating the root-mean-square of the maximum

modal values.

F. Computer Program Dynamic Options

The options currently available in the program are:
1. Calculation of mode shapes and periods (frequencies)
2. Response spectrum analysis for any acceleration spectrum
supplied by the user with
a. Root-Mean-Square modal combination
b. Sum of absolute value modal combinations
3. Time history analysis for any ground motion supplied by
the user.
Option 2b is supplied as a matter of interest to give an
upper bound on the maximum values. Either dvnamic analysis may be

combined with any static load case.
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4. PROGRAM APPLICATION

The effective application of a computer program for the analysis
of practical structures involves a considerable amount of experience. The
most difficult phase of the analysis is in the selection of the appropriate
model which represents the significant structural properties of the
building. The foundation is an area of particular concern. The rotational
stiffness under column and shear walls can be very difficult to model. It
is possible to select an extra "dummy story" in order to approximate these
properties. In addition, the effective width of various structural members
and the participation in bending of the floor slabs must be estimated. The
most practical solution to these problems is to run several analyses in
order to examine the sensitivity of these parameters and to establish their
relative importance. Verification of results is another very important
phase o the analysis. Static equilibrium checks are necessary not only to
check the computer output but to understand the basic structural behavior
of the building. The purpose of this section is to present some guidelines

in these general areas.

A. Foundation Building Interaction

In recent years considerable research has been conducted in the
area of foundation - structure interaction. However, very Tittle of this
work has been of direct value to the profession involved in the earthquake
analysis of buildings. Several of the suggested approaches have been diffi-
cult to apply in case of complex buildings, or they have had serious
theoretical restrictions.

Before foundation interaction effects are included in the analysis
it is necessary to define the exact location of the earthquake input. If

the design criteria states that the input is at the base of the building
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then it is impossible to say that the building will modify the input, and
it is impossible to include interaction effects.

A Targe amount of research in this area has been associated with
machines vibrating on an infinite foundation where the term radiation damp-
ing has been used. This work has Tittle value in earthquake engineering
since the energy source is not at the base of the building. It is easy to
show that the energy stored in the building is very small compared to the
energy stored in the immediate foundation area in the case of earthquake
input. Also, the machine vibration problem is a steady state phenomenon;
whereas, earthquakes produce a transient loading.

The continuous foundation contains an infinite number of degrees
of freedom. Therefore, any approach which suggests representing the lateral
behavior of the foundation with a simple spring, dashpot and mass system is
a very gross approximation. In fact, this technique can produce a filter-
ing effect on the earthquake input and cause serious errors. For lateral
earthquake input, this type of approximation is only acceptable in the
representation of the rotational stiffness at the base of columns and shear
walls.

The most significant factor to consider is the modification of
the basic earthquake rock motion by the Tayers of soil material under the
building [6]. For certain earthquakes and locations this may be a factor
of 2 or 3 in amplification. Therefore, it is very important that the dynamic
behavior of the site is studied independently of the building. The results
of such a study will result in a suggested acceleration spectrum to be used
in the analysis of the building. FigurelOindicates the type of results

which can be expected from such a site analysis.
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B. Vertical Earthquake Analysis

For certain types of earthquakes it has been observed that the
vertical accelerations are comparable in magnitude to the lateral accelera-
tions. However, all buildings have been designed elastically for a minimum
of 1 g in the vertical direction; therefore, these additional vertical forces
very often do not cause direct damage to the structure. Of course, they
should be considered in the design of members in addition to the lateral
earthquake Toads.

For most structures the stiffness in the vertical direction is
very large; hence, the vertical periods will be very small. Therefore, a
dynamic analysis in the vertical direction may not be required. A direct
increase in dead Toad stresses may be a good method to approximate the

effects of vertical earthquake Toads.

C. Design Spectra

The deficiencies of the present seismic design procedures are
clearly summarized in reference |5]. It is apparent that the present code
is a very approximate method based on the first mode only. The foﬁndation
factors discussed in the previous section are not considered. Another
factor which is important in an elastic analysis is the damping factor &
Spectra for damping of 2 and 10 percent are shown in figures [11] and [12].
It is clear that the Uniform Building Code seismic loads are very small
compared to the forces produced in recorded earthquakes. It has been esti-
mated that earthquakes of the Parkfield magnitude can be expected about once
per year at some point in California, and earthquakes of the E1 Centro
magnitude may be expected every five or six years.

The selection of a design spectra for a particular building will
depend on the geographical area, the local soil condition, the type of

construction material and the intended use of the building. It is
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apparent that certain types of public buildings will justify a design for
a large intensity earthquake. In all cases the UBC code should only be

considered a mininum design criteria.

D. Special Hodeling Problems

The program is restricted to frames which are basically rectan-
gular with continuous column lines. However, if appropriate member properties
are selected, frames with a complex geometry can be considered. For an example,
the frame shown in figure 13 contains a massive shear wall terminated by two
columns at the first level. This type of frame mav be modelled in the followina
WaY .

Consider a two-bay frame with column lines A, B and C. The first
level can e accurately represented. The solid wall above level one wmust be
modelled using only a panel if continuity hetween the infill panel and the
bounding columns is to be maintained. For program input, this implies that
panel section properties be computed using areas ajy, ap and aj and the columns
input on lines A and B above level one should have zero section properties.

ALSO it must be noted that the panel is not associated with the
rotational degrees of freedom of the adjacent joints. Therefore it is necessary
to supply massive beams at levels 1, 2 and 3 in bay AB to force the rotations
of these joints to be consistent with overall wall displacements and so produce

accurate morments in the beams of bay BC, and the first level columns A and B.
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E. Static Checks

Results from a dynamic spectrum analysis will not satisfy statics
since the method involves the summation of absolute values of individual
analyses. A1l static load conditions must satisfy statics. Because of the
consideration of finite-size members and the rigid-floor approximation, the
evaluation of joint equilibrium is not a simple procedure. Figure 14
illustrates the result of a static load analysis on a joint of finite size.
It is necessary to include the member shears in the moment equilibrium
equation because of the finite size of the joint. Note that all horizontal
forces are transferred at the floor level and not at the center of the beams.
This is also the level where external loads are applied,and the story mass

is Tumped.
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5. FINAL REMARKS

A general computer program for the elastic three-dimensional
static and dynamic analysis of frame and shear wall buildings has been
presented. For buildings which can be approximated by independent frames
and shear walls the program is very economical and easy to use as compared
to a general purpose three-dimensional structural analysis program.

In this report an option has been added to the computer program
to evaluate the time-dependent displacements and stresses within the building
due to ground time history acceleration input. At the present time the
value of such an analysis for most buildings is not justifiable since the
selection of a "design earthquake” is much more difficult than the selection
of a design spectrum. Also, an upper bound on such an analysis can be
determined by the utilization of the direct summation option in the
spectrum analysis.

It is apparent that if nonlinear effects are to be considered
a step-by-step response analysis is required; however, this involves a
significant increase in computational effort and will be justified for
only a lTimited number of buildings. In addition, the nonlinear material
properties both for most structural and non-structural members have not

veen established accurately from experimental work.
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THREE-DIMENSIONAL ANALYSIS OF BUILDING SYSTEMS - TABS

A. Numerical Definition of the Building

For the purpose of preparing numerical input to the computer
program, the building must be separated into a system of planar frames or
isolated shear walls. A plan view of a typical building is shown in Figure
Al.

The center of mass for each story level must be calculated and
supplied by the user. The location of the reference point (origin of global
X,Y coordinates) is arbitrary and must be selected by the user; the refer-
ence point is the same for all story levels. Note that the line of action
of the earthquake force resultant acts through the center of mass at each
story level.

Each frame or shear wall element is assumed to have stiffness in
only one (1) direction, "2". Elements which also have stiffness in another
direction must be defined by an additional element. For example, the prop-
erties of columns which are common to different frames must be supplied
twice; the axial deformations in these double defined columns will not be
the same (compatible), and it should be noted that this is one of the basic
approximations of the analysis used in the program. For tall structures
(over twenty stories), incompatible corner column axial deformations will
cause the structure to be more flexible. However, for design purposes, the
axial forces may be added directly to give reasonable results for the short
building.

The properties of a frame or shear wall are given with respect
to its local stiffness direction, "2" ; a typical frame/shear wall element
is shown in Figure A2. Floor levels and column centerlines are the basic

reference lines used in the frame description. Floor levels are the same
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for all frames. ATl lateral loads are applied at the floor levels and act

on the complete structure. Columns may be omitted by specifying zero prop-
erties for the member.' Bending stiffness of the beams (girders) may be
neglected also. However, axial beam areas do not enter the stiffness calcu-
lations because all frames at a given floor level are assumed to be connected
by a floor diaphragm which is rigid in its own plane.

Deformations within joints (shaded areas in Figure A2) are
neglected. The effective length of a beam is reduced by the half-width of
the column below. The height of a column is reduced by the average depth
of the girders on either side of the column.

Columns must be prismatic; however, shearing and axial deformations
are included. Beams need not be prismatic but must be symmetrical about
their vertical mid-plane--only stiffness and cérry-over factors are given.
Shearing deformation may be considered by appropriate modification to the

stiffness factors.

B. Summary of Input Data

Ordering of a complete data deck with a]]vof TABS options is shown

here. 6.LOAD DEFINITION CARDS

EARTHQUAKE ACCELERATION
5. CARDS (NOT REQUIRED FOR
STATIC ANALYSIS) :

4.FRAME LOCATION CARDS

3 FRAME DATA (ONE SET FOR EACH
"DIFFERENT FRAME OR SHEAR WALL)

2.STORY DATA

TABS CONTROL
INFORMATION CARD

ORDERING OF TABS DATA DECK
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C. Input Data
1. CONTROL INFORMATION CARD (7I5,9A5)

Columns Note*
1- 5
& - 10 (1)
11 -15 (1)
16 - 20 (2)
21 - 25 (3)
26 - 30 (4)
31 - 35 (5)
36 - 80

Entry

Number of stories in the complete building
(not including the footing line)

Number of frames with different properties
or different vertical loading

Total number of frame or shear wall elements
in the structure

Total number of load conditions
Analysis type code:

EQ.0; Static loads only

EQ.1; HMode shapes and frequencies only

EN.2; Static load analysis + mode shapes
and frequencies

EQ.3; Lateral earthquake <pectrum in addition
to analysis tvpe 2, above

EQ.4; Lateral earthquake response in addition to
analysis type 2, above.

Number of frequencies t¢ be calculated

Allowable story degrees of freedom:

£EQ.0; X,Y translations + _story rotations

EQ.1; X translation only(. » . \
E).2; Y translation only for symmetrical bldgs. only

Building identification information to be
printed with the output

[*See next section for notes.]

2. STORY DATA - Prepare two (2) cards per story level;
data is entered in sequence from top to
bottom of the structure.

First Card

Co]umhs

1 -
6 -

5

10

11 - 20

Note

(A5, 15, 7F10.0)

Entry
Five characters to be used for level identification
Blank

Story height [distance from the floor (or roof)
level to the floor (or foundation) level below]
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21
31

41

51

61
71

30
40

50

60

70
80

Columns

1-10
11 - 20
21 - 30
31 - 40
41 - 50
51 - 60
61 - 70
71 - 80

(6)
(6)

(7)

(7)

(8)
(8)

Second Card (8F10.

Note

Translational mass

Rotational mass moment of inertia about a vertical
axis through the center of mass

X-distance to the center of mass measured from the
reference point

Y-distance to the center of mass measured from the
reference point

External story stiffness in the X-direction
External story stiffness in the Y-direction
0)

Entry

Fxp load for lateral Tload case A

FyA load for lateral load case A

XA; X-ordinate at the point of Toad
application for Toad case A

YA; Y-ordinate at the point of load
application for Toad case A

FxB load for lateral load case B
FyB load for lateral load case B

X .

B X-ordinate at the point of load

application for load case B

Y .

B’ Y-ordinate at the point of load

application for load case B

4k F Positive Definition of Loads
—_ —2p o

A

y Fy

—» X
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FRAME DATA - One set of data must be entered for each
different frame. Frames with different
Tocations but with identical properties and
vertical loadings need by entered only once.

Frame Control Card (715,9A5)

Note

(12)
(13)

(14)

(15)

Entry
Frame identification number
Number of vertical column Tines in this frame

Number of story levels above the foundation
level

Number of sets of different column properties

Number of sets of different beam (girder)
properties

Number of sets of different fixed-end moments
and shears to be applied as vertical loads to
beams (girders)

Number of panel elements in this frame

Label information to be used to identify this
frame type

Bay Width Data (8F10.0)

Note

(16)

Skip this section of the input if the number of
column lines in this frame is one (1).

Entry

Bay width between column lines 1 and 2
Bay width between column lines 2 and 3

Bay width between column Tines 7 and 8

Column Property Cards (I5,F15.0,3F10.0)

a.
Columns
1- 5
6 - 10
11 - 15
16 - 290
21 - 25
26 - 30
31 - 35
36 - 80
b.
Columns
1-10
11 - 20
71 - 80
c.
Columns
1- 5
6 - 20
21 - 30

Note
(17)

One card must be supplied in this section for each
different column in this frame.

Entry
Identification number for this column property set
Modulus of elasticity, E

Cross sectional area, A
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31 - 40 Moment of inertia, I

41 - 50 Effective shear area, AV
51 - 60 (18) Column width, w

d. Beam Property Cards (I5,F15.0,3F10.0)

One card must be supplied in this section for each
different beam in the frame; skip this input if the
frame has only one column line.

Columns  Note Entry

1- 5 (19) Identification number for this beam property

set

6 - 20 Modulus of elasticity, E

21 - 30 Moment of inertia at midspan, I0

31 - 40 Stiffness factor (eqﬁa]s 4 for a prismatic
beam), K,

41 - 50 Carry over factor (equals 0.5 for a prismatic
beam), C]

51 - 60 (20) Beam depth, d

Data entries referenced above are defined in the following sketch:

1RADIAN
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Fixed-End Beam Loads (2I15,5F10.0)

One card must be supplied for each different type
of vertical beam loading; omit these data if this
is a single column Tine frame.

e.
Columns
1- 5
6 - 10
11 - 20
21 - 30
31 - 40
41 - 50
51 - 60
f.

Note
(21)

(22)

Entry

Identification number for this vertical
loading set

Input code:

EQ.0; Fixed-end forces are applied at the
column faces

EQ.1; Fixed-end forces are applied at the
column centerlines

Fixed-end reaction, M]
Fixed-end reaction, V]
Fixed-end reaction, M2
Fixed-end reaction, V2

Uniform force per unit length, w, acting
downward to be added to fied-end reactions

COLUMN ~ COLUMN

¢ ¢
AN

g 2l

4 ‘Tv, VQT “
N L '
| |

b

Beam Cards (5I5)

One card per girder must be input from top to bottom
and from left to right in the frame (unless the data
generation option is used). This section of data must
be omitted entirely for single column Tine frames.
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Columns

1- 5
6 - 10
11 - 15
16 - 20
21 - 25

Entry

Beam property set identification number for
this girder

Number of beams in sequence below to be generated
having the same properties and vertical
loading as this beam

Vertical Toading set identification number
for vertical Toad case I

Vertical Toading set 1dentification number
for vertical load case II

Vertical loading set identification number
for vertical load case III

g. Column Cards (2I5)

One card per column must be input from top to bottom
and from left to right of the frame (unless the data
generation option is used).

Columns
1- 5
6 - 10

Note
(27)
(28)

Entry
Column property set identification number
Number of columns in sequence below to be

generated having the same properties as this
column member

h. Panel Element Cards (215,5F10.0)

Enter one card per panel in any order; no generation

is allowed.

Columns
1 - 5
6 - 10
11 - 20
21 - 30
31 - 40
41 - 50
51 - 60

Note
(29)

Entry

Level identification number at the top of
this panel

Column line number at the left side of this
panel

Modulus of Elasticity, E
Cross section of area, A
Moment of inertia, I

Effective shear area, Av

Shear modulus, G
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4. FRAME LOCATION CARDS (215,4F10.0,4A5)

One card must be entered in this section for each frame (or single
column) in the building; the total number of frame locations to be
read is controlled by the entry in card columns 11-15 of the
CONTROL INFORMATION CARD, section 1, above.

Columns Note Entry
1 - 5 (30) Frame identification number

6 - 10 (31) Force calculation code:
EQ.0; frame forces will be calculated and
printed
EQ.1; frame forces will not be calculated

11 - 20 (32) Distance, X1

21 - 30 Distance, Y]
31 - 40 Distance, X2
41 - 50 Distance, Y2
51 - 70 Information to be prin*~d with the output which will

identify this particular frame

AY !
" /

i‘Z ANY POINT IN THE PLANE

OF THE FRAME OTHER THAN
POINT ONE
X Y2
REFERENCE »
|
P X

5A. EARTHQUAKE ACCELERATION SPECTRUM CARDS

These data cards are required only if the analysis type code was set
equal to three (3); see section 1, above.
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a. Control Card (I5,5X,2F10.0,10A5)

Columns Note Entry
1- 5 Number of period cards used to define the
acceleration spectrum
11 - 20 Scale factor for accelerations
21 - 30 (33) Direction of earthquake input, ¢
31 - 80 User information to be printed with output

b. Period Cards (2F10.0)

1 -10 Period entered in increasing numerical sequence

11 - 20 Spectrum acceleration

. TIME HISTORY CARDS

These data cards are required only if the analysis type code was
set equal to four (4); See Section 1 above.

a) Control Card (215,3F10.0,10A4)

Columns Note Entry

1- 5 Number of acceleration cards (see ¢ below)
6 - 10 (36) Number of time steps to be used in the analysis
11 - 20 Scale factor for accelerations
21 - 30 (33) Direction of earthquake input, ¢
31 - 40 Time increment At, for print of results
(see columns 6-10 above)
41 - 30 User information to be printed with output.

b) Damping Cards (I5,F10.2)
One card must be supplied for each frequency in the analysis (see note 4)
Columns HNote Entry

1 - 5 (4) Mode number (in ascending order)
6 - 15 Damping ratio: Modal Damping/Critical Damping

c) Acceleration Cards (2F10.0)
One card must®be supplied for each time point, at which ground acceleration

is specified, in increasing time order. The time span must be greater than
the number of time steps times At.



Columns
1 -10
11 - 20

Note

Entry

Time
Ground acceleration

LOAD CASE DEFINITION CARDS (8F10.0)

Load cases for the complete building are defined as a
combination of vertical conditions (I, II and III),
lateral loading conditions (A and B), and earthquake

One card must be entered in this
section for each different building load case; the total
number of building load cases is controlled by the entry
in card columns 16-20 of the CONTROL INFORMATION CARD

spectrum loadings.

given in section 1, above.

These data cards should not

be supplied if the analysis type code was set equal to

one (1); see section 1, above.

Columns
1 10
11 20
21 30
31 40
41 50
51 60
61 70
71 80
Notes

Note

Entry

Multiplier
Multiplier
Multiplier

Multiplier
Multiplier

Multiplier
Multiplier
Multiplier

for
for
for

for
for

for
for
for

vertical Toad case I
vertical Toad case II
vertical load case III

lateral load case A
Tateral 1 .id case B

spectrum- Tloading
spectrum-2 loading [See 5A]
earthquake response [See 5B]

(1) Input data for frames with identical properties and

vertical loading are given only once--see section 4,
FRAME LOCATION CARDS.

(2) Load conditions are defined as combinations of the

seven (7) basic Toad cases--see section 5, LOAD
CASE DEFINITION CARDS.
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(3)

(4)

(5)

(7)

(10)

(11)

(12)

(13)

(14)

(15)

Mass properties of the structure are not required
for analysis type "0".

The number of frequencies must be less than the number
of stories times the number of degrees of freedom per
story.

For symmetrical buildings, the capacity and speed
of solution of the program is improved if the story
rotation is set to zero; i.e., "1" or "2" in card
column 35.

The translational mass has units of force divided by
acceleration (W/g). The rotational mass moment of
inertia is not required if the allowable story degrees
of freedom do not include rotation. Mass properties
need not be supplied if this data case is for static
loading only.

The location of the center of mass (X ,Ym) need not
be given if this data case is for stalic™oads only.

The external story stiffnesses act on Tlines through
the center of mass. These stiffnesses can be used

to represent restraints (or braces) at the story level
or can be used to represent soil stiffness below the
ground Tlevel.

Frame identification numbers must be entered in numer-
ical sequence, beginning with number one (1). This
frame may be Tocated (repeated) at different positions
in the structure.

An isolated shear wall is a single column line frame.
For this case all data pertaining to beams (girders)
is meaningless and must be omitted in the data input
section to follow below.

If a frame does not extend the full height of the
building, then only those story levels actually
existing in the frame are input below.

Column properties may be referenced to any number of
columns in the frame.

The number of beam property sets controls the number
of cards to be read in section 3.d, below.

If no vertical (static loads act on the structure,
then omit this number, and skip section 3.e, below.

If no panel elements are included in this frame,
then omit this entry, and skip section 3.h, below.
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(16) The bay width is the center-to-center distance between
adjacent column lines; see Figure 2. Bay widths are
input from left to right as one views the frame in
elevation. The column Tine numbers increase in the
positive "&" direction, where "2" is directed from
the viewer's Teft to his right. Input as many cards
in this section as are required to define all bays
in this frame, eight (8) bay widths per card.

(17) Property set identification numbers must be in
increasing numerical sequence beginning with one (1).

(18) The column width is used to reduce the effective
length of the girders connecting to the column.
For single column line frames (shear wall) the
column width is not used.

(19) Property set identification numbers must be input in
increasing numerical sequence beginning with one (1).

(20) The beam depth, d, is used to shorten the effective
length of columns below the member.

(21) Load set numbers must be input in sequence.

(22) Reactions act on the beam ends and are positive
as shown in the sketch.

(23) Additional fixed-end forces due to the uniform load.
w, are calculated using:

M o= we?/12; vV = we/2

and are added to any specified fixed-end reactions.
The forces due to w are exact only for prismatic beams.

(24) Beams with zero (0) stiffness (missing girders) may
be input as having a property set number of zero;
if the beam has finite stiffness, the set number must
reference an existing property set defined previously
in section 3.d, above.

(25) The generation option can only be used to define girders
within the current bay; a new bay must be started with
a new beam card.

(26) The vertical Toading sets defined in section 3.e, above,
are applied to the girders via the references in card
columns 11 - 25. Three (3) independent vertical load
distributions (I, II and III) are allowed, and these
distributions are combined with the lateral load cases
(A and B) and the earthquake spectrum analysis to
form load cases for the complete building; see section
6, below.
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(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(36)

Missing columns may be input as having a property set
number of zero (0); if the column has finite
stiffness, then the set number referenced must
correspond to one of the property sets defined
previously in section 3.c, above.

Generation is allowed only within the current column
line; begin a new column line with a new column card.

The foundation 1ine is defined as level zero, and
the roof level number is equal to the total number
of stories in the building.

Frame identification numbers may be repeated, but
location cards must be input in frame identification
number sequence.

A frame force calculation code of one (1) will
suppress output for the frame.

The (X,Y) ordinates of points one (1) and two (2)
are with respect to the reference point; points 1
and 2 define the plane of the frame (as shown in
the sketch) and can be any two points in this
plane. The direction 1-2 defines the positive sign
for output of displacements and forces.

The angle "¢" is measured positively clockwise between
the global Y-direction and the 1ine of action of the
earthquake direction; see Figure Al.

Two different spectrum analysis options are available.
In the first (spectrum-1), modal forces are

combined by the Root Mean Square method. In the second
(spectrum-2), modal forces are combined by taking

the sum of the absolute values.

Multiples should be specified either for spectrum analysis
or for earthquake response analysis as specified in section
1, CONTROL INFORMATION CARD as only one of these analysis
types may be performed in a single program execution.

The total time span of the computed response is equal to the
number of time steps multiplied by the time increment (At).
Output is given at each time step. Since explicit integration
is used in computing the response, numerical instability
problems are never encountered and the time increment may

be any desired sampling value.



E. OUTPUT FROM THE PROGRAM

In addition to a print-out of all input data, the following

output is given by the program:

1.

For the complete building.

a)

b)

Story displacements for load cases I, II, III, A
and B. (Not given for analysis type code equal to
one (1)).

Structure mode shapes and periods. (Not given for

analysis type code equal to zero (0)).

For each frame (note that for individual frames, the

following output may be suppressed).

a)

b)

c)

Lateral frame disnlacements for each overall building
load case.

Member forces for each overall building Toad case.
(Sign convention is defined below).

Story shear at each Tevel of the frame for load cases

I, IT, III, A and B.

Member Force Sign Convention. Figure A-3 shows positive

forces on the different elements.

F. PROGRAM CAPACITY

The program is written in FORTRAN IV with dynamic storage

allocation for major arrays in blank COMMON. Thus the amount of high

speed storage required for a narticular problem may be changed by

altering the following two cards at the beginning of the main program;

COMMON A (n)
MTOT = n

For a given building the value of n required is computed
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as follows.

1. For each frame, calculate

Nf = 14 * NST + NS * (4 * NB + NC) + NN * (NN + 3)

+ 5 * (NBP + NCP + 2) + 8 * NFEF + 7 * NPAN + NB

where, NST

NS =
NC =
NB =
NN =
NBP

NCP

NFEF
NPAN

number
number
number
number
4 * NC
number
number
number

number

of stories in the building

of stories in this frame

of column Tines in this frame

of bays in this frame (equal to NC - 1)
+ NS + 1

of beam property sets in this frame

of column propnerty sets in this frame
of fixed end force sets in this frame

of panel elements in this frame

2. For the complete building, calculate

Ny

where NSS

8 * NST + NSS * (2 * NSS + 3)
3 * NST if three degrees of freedom per story

are allowed in the analysis.

= NST if only one degree of freedom ner

story is allowed in the analysis.

3. If a dynamic response analysis is required, calculate

Nd = 8« NST + (5 + NTIME) « (NSS + NST)

+ NTF & (9 + NST)

where NTIME = number of times that output is required from

the response analysis.

NTF = total number of frames in the building

The minimum value required for n is the maximum of the set

of values of Ng, Ny and Ny
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For typical buildings, N¢ will usually govern if
only one degree of freedom per story is allowed in the
analysis but Ny may be the critical value if three degrees
of freedom per story are allowed. Ny may be critical if a

large number of output times are required.
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Appendix B

Internal Organization of Program






The program is divided into the following five major parts

(subroutine organization is shown in figure B1):

The first operation performed by the program is to read the basic

control information and the data associated with the complete

building (subroutine TABI)

The next operation involves the formation of lateral stiffness for

each different frame and shear wall in the building. The Tateral

stiffness and backsubstitution equations are stored sequentially

on tapes (subroutine TABF)

The frame location cards are then read and the total stiffness of

the complete building is formed (subroutine TABL)

The system is solved for one or two of the following conditions:

a. The static vertical loads, I, II and III and the lateral loads
A and B are applied (subroutine TABQ)

b. The three-dimensional mode shapes and frequencies are evaluated.
The earthquake acceleration spectra is read and the maximum
story displacements associated with each mode shapes are
calculated (subroutine TABE)

c. Earthquake ground motion is read and the structure displacements
are computed for each time step (subroutine TABDY)

The load case definition cards are read and the total story

displacements are evaluated. For each frame in the structure the

lateral displacement are evaluated and joint displacements calculated
by backsubstituting for each static load displacement and each modal
spectral displacement or response time increment. As these frame
displacements are determined the member forces are also evaluated

and are combined according to the load case definition cards. The
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TABS

TABI
TABF
TABX
TABY
TABR
TABPN
TABCBL
TABL
TABQ
TABE
TABH
TABA
TABDY
TABRI
TABD
TABP
TABC
TABU
TABPLT
TABO
TABZ
TABR TABW

FIGURE B1 PROGRAM ORGANIZATION
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root-mean-square or the direct summation is conducted at the member

force level (subroutine TABD, TABP)
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Appendix D

Example Input and Output
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