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SUMMARY

A network model and a related computer program for nonlinear seismic analysis
of plane reinforced concrete frames, presented in a previous paper, are here im-
proved by a substructuring technique, so that computing time is drastically re-
duced and preparation of input becomes simpler and more systematic. Improved mo-
del and program are applied in a simple, economical and, at same time, accurate
way, to seismic analysis of buildings with a soft first storey.

INTRODUCTION

Recently, a network model and a related computer program, were presented (Ref.
1), for nonlinear seismic analysis of plane reinforced concrete frames. This mo-
del and program were applied to seismic analysis of an one-bay, two-storey frame,
for which experimental data are available (Ref. 2). And agreement between computa-
tional and experimental results was satisfactory. However, above model and pro-
gram consumed a lot of computing time and had a complicated way of preparation of
Input data. In order to cure these deficiencies, an improved model and a related
computer program were developed.

In new model, regions of frame joints are assumed rigid, as shown in Fig. 1a.
So, network model of frame splits into substructures, one for every beam. As will
be shown in following, this substructuring has as consequences, first, a signifi-
cant saving of computing time and, second, a simpler and more systematic prepara-
tion of input data.

Improved model and program can be, in a simple, economical and, at same time,
accurate way, applied to seismic analysis of buildings with a soft first storey.
Indeed, as shown in Fig. 2, upper part of building can be roughly assumed as a
big rigid joint of the frame, as the details of its dynamic behavior are not of
interest. On the contrary, columns of soft first storey, which constitute the
most sensible, to earthquake, part of the building, are accurately simulated by
networks.

In present paper, improved, by substructures, model and program are briefly
documented. And some applications of the above are given, with emphasis to buil-
dings with a soft first storey.
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DESCRIPTION OF NETWORK MODEL

In Fig. 1, it is shown how a plane reinforced concrete frame can be simulated
by proposed here network model with substructures. Regions at frame joints are
assumed rigid; to every rigid joint, mass m and rotational inertia my of neigh-
boring part of frame are assigned (Fig. 1a). The beams (columns and girders) are
first divided to rectangles, which are, then, 'simulated by networks (Fig. 1b),
with bars obeying nonlinear unaxial stress-strain laws of concrete and steel
(Fig. 1c, d). In Ref. 1, formulae are given for determination of sections of bars
of model. Rigid frame joints, as well as nodes of network substructures, can bear
static loads, like P in Fig. la. Seismic excitation is introduced as known histo-
ry of ground displacements, like u in Fig. 1a, with respect to time t (Fig. le).

INPUT AND OUTPUT OF SEISMIC ANALYSIS

Input data for seismic analysis of proposed network model are the following:
- For every frame joint: support conditions (free joint or ground support), ini-

tial coordinates X, Y of its center, mass m and rotational inertia me, static
loads Py, Py.

- For every network substructure, first, input data of every node are given:
support conditions (free node or-connected to a frame joint), initial coordi-
nates x, y and static loads Py, Py; then, for every bar, are given: the two no-
des it connects, material (concrete or steel), section A and underformed
length 1,.

~ Histories of seismic ground displacements uy, Uy with respect to time t.

Output data of seismic analysis are the histories of coordinates X, Y and in-
clinations ¢ of frame joints, and of coordinates x, y of nodes of network sub-

structures, as well as the histories of any other variables dependent on the abo-
ve ones.
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EQUATIONS OF THE PROBLEM

For every free node of a network substructure, two equations of static equili-
brium along x, y are considered. Whereas, for every free rigid frame joint, three
equations of dynamic equilibrium are considered, corresponding to translations
along X, Y and rotation; damping is omitted.

Geometric, constitutive (stress-strain), static and dynamic equations of pro-
blem, with input data, form an initial value problem. For its numerical integra-~
tion, we shall use a step-by-step algorithm. Sc, time t is divided to intervals
At, which are small enough, so that, within each of them, we can assume that all
equations of problem are linear. For every bar, we write, within At, the simple
linear incremental stress-strain relation Ao = EtAg€, where Ey is called tangenti-
al elasticity modulus of the bar and is constant within At.

We form the state vector y ={r v } where r includes coordinates and inclina-
tion X, ¥, ¢ for every frame joint and v = F.

Now, dynamic equations of problem can be written:

" Y

y.—.q()') or [ ] = [V (1)
v ¥ (T)

where 7(r) = M1 £(r). (2)

T contains accelerations of free joints, M is the diagonal mass matrix and f

contains forces and moment Fy, Fy, M for every frame joint. Function of eg.(R)

is known and linear within At.

In order to integrate numerically the above ordinary differential equation
(1), we can use the step-by-step algorithm of trapezoidal rule, combined with
predictor-corrector technique, with two corrections per step, as recommended in
Ref. 1.

DESCRIPTION OF THE PROGRAM

Based on the above chosen algorithm, a simple and short computer program (435
Fortran instructions) has been developed. This program, consisting of main pro-
gram and six subroutines, is briefly described below.

First, main program is described, following flow-chart of Fig. 3. Beginningof
algorithm. Input data are read as mentioned previously. Then, subroutine NONL is
called to determine, on nonlinear accurate basis, variables of the problem corres-
ponding to time t = O. Also, subroutine STIF is called to form tangential stiff-
ness matrices of substructures, for t = 0. ’

For every degree of freedom of every joint, a small displacement 4X, AY or 4%
is performed. Each time, subroutine LIN is called to find corresponding accelera-
tion increments Ay of joints. So,we form the Jacobian matrix Ay/Ar=M~1af/ar=M-TK.
Then, as recommended in Ref. 1, we find an upper bound for eigenfrequencies of
structure m02 =llM‘1Kl[ and determine the constant time steplength of algorithm
At = 2.0 rad/uwg.

Any step of algorithm. First, increments of seismic ground displacements, cor-
responding to present At, are performed. Then a step of algorithm of trapezoidal
rule, combined with predictor-corrector technique, with two corrections, is appli-
ed, as shown in flow—chart of Fig. 3. We observe that, in this P-C process, sub-
fouti?e g%N is called three times to estimate function q(y) which reduces to y(r)

eq. 1, 2).

Subroutine LIN is called, for a fourth time, in order to find the displace-

ments 4x, 4y of nodes of network substructures.
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After updating of coordinates X, ¥, ¢ of frame joints and x, y of nodes of
network substructures, subroutine NONL is called to calculate the variables of
problem, corresponding to present time instant; any of these variables can be
printed out.

Then, subroutine STIF is called to form new tangential stiffness matrices of
network substructures. And we proceed to next step of the algorithm.

End of algorithm.Whenpresent
time t exceeds total time inter-
val t,, in which we wish to stu- < INPUT
dy dynamic behavior of structure,
algorithm is interrupted. Call NONL,STIF

Present program has the follow-
ing six subroutines. w?auMTK 1, At=2.0rad lu,

Subroutine NONL applies nonli- 7
near accurate equations of pro-
blem. From coordinates x, y of no-

Formation of Ay/Ar=M~TAf/Ar= MK

1
[t=t+a8t, n=n+1 |

des, strains € of bars are calcu-
lated. For every bar, subroutine
CONCR or STEEL is called to update
its stress ¢ and tangential ela-
sticity modulus Ey. Then, axial
force of bar is found, N = oA, and
projected along x, y. These proje-

[[Ground displacements |
1

Call LIN = g(yn)
Prediction:yf,=yn + q(ys) 8t
Call LIN — q(ySa1)

1st correction:y} 4=y, + %[q(yn) « qly%)] At

ctions are assembled to forces and
moments Fy, E“Y’ M of frame joints;

Call LIN — qly',)

2nd correction :yn,s= ¥a + = [4(yn)+ a(yh.)] At

from these, finally, accelerations R 2
Yx» Yy» Y. of frame joints are Call LIN — AX,AY of nodes
found.

X=X +AX , Y=Y+ AY

Subroutine STIF forms, for eve-
ry network substructure, its tan-
gential stiffness matrix.

Subroutine LIN performs linear
transformations. From displace-
ments AX, AY, A® of frame joints,
first, displacements Ax, Ay are Yes
found for these nodes of network
substructures which are connected
with frame joints. Every network
substructure is statically analys-
ed, for the above support displa-
cements, by calling of subroutine GAUS, and displacements Ax,Ay of its free no-
des are obtained. From these, reactions AFy, AFy of support nodes are found,
which are assembled to forces and moments AFy, AFy, AM of frame joints; these,
finally, give acceleration increments Ayyx, Ayy, Ay. of frame j oints.

Subroutine GAUS solves a linear algebraic system.

Subroutine CONCR describes the nonlinear unaxial stress—strain law of a con-
crete bar. :

Subroutine STEEL describes the nonlinear unaxial stress-strain law of a steel
bar.

Call NONL

Call STIF

Fig. 3: Flow-chart of main program
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Fig. 4: Second application. Seismic analysis of a building with
a soft first storey.

APPLICATIONS

1. The same one-bay, two-storey frame of Ref. 1, for which experimental data
are available (Ref. 2?, was analysed by the improved model and program and gave
again satisfactory agreement between computational and experimental results. As
in Ref. 1, in improved model, too, attention must be paid to reduction of widths
of beams.

Improved program run in an IBM-4381 computer, with a speed of 20 sec of dyna-
mic analysis per 1hr of CPU time, that is, it proved three times faster than
program of Ref. 1. This saving of computing time is justified by the fact that,
the big global algebraic system of static equilibrium, solved four times within
each step of the algorithm (each time that subroutine LIN is called), splits into
small systems, one for every substructure.

Another improvement of new program is that preparation of input data becomes,
thanks to substructuring, simpler and more systematic, mainly because we are re-
lieved now from the care of optimum numbering of nodes (needed in Ref. 1, in
order to minimize the bandwidth of global stiffness matrix of structure).

2. In Fig. 4a-d, input data are given for seismic analysis of a plane frame
of a building with a soft first storey, where, as mentioned previously, upper
building is assumed rigid, whereas columns of first storey are accurately simu-
lated by networks. This application run in an IBM-4381 computer with a steplength
At = 16.7 msec. This large At is justified by the big mass of upper building
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which means low eigenfrequencies of structure, which, in turn, give a large At
and therefore, a significant saving of computing time. Present application spent
only 5 min of CPU time.

In Fig. 4e-h, some diagrams are shown, based on output of present applicati-
on. Fig. 4e describes the history of horizontal, relative to ground, displace-

ment Au of upper building, whereas Fig. 4f the history of sum of shear forces
IQ of columns.

Fig. 4g, resulting from combination of two previous figures, presents the
diagram of variation of IQ versus Au, by its virgin curve and envelope of hyste-
retic loops. Finally, Fig. 4h presents, for time t = 5.1 sec, the deformed con-
figuration of the structure and its dynamic equilibrium under the action of self

-weight and inertia forces of upper building, as well as ground reactions of co-
lumns..

3. In previous application were only changed: height of upper building to 24
m and mass to 800 t. This higher and heavier building was found resisting only
until time = 5.0 sec, when strong seismic action begins, as shown in Fig. 4d,
and, then, it collapsed.

CONCLUSIONS

1. A network model and a related computer program, for nonlinear seismic ana-
lysis of plane reinforced concrete frames, have been improved by a substructur—

ing technique. Improved program is simple and short, and a brief documentation
of it has been presented here.

2. Thanks to substructures, the big global algebraic system of static equili-
brium, solved four times within each step of dynamic algorithm used, splits into
small systems, one for every substructure; so, computing time is drastically re-
duced. Also, thanks to substructures, preparation of input data becomes simpler

and more systematic, mainly because we are relieved from the care of optimum
numbering of nodes.

3. Improved model and program can be, in a simple, economical and, at same
time, accurate way, applied to seismic analysis of buildings with a soft first
storey. Columns of first storey are accurately simulated by networks, whereas
upper building is assumed rigid; and its big mass means low eigenfrequencies of
structure, which, in turn, give a large time steplength At of algorithm and,
therefore, a significant saving of computing time.
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