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An interpretation of this plastic seismic analysis in light of the observed
structural failure is given in the text of the paper. Recommendations are

made with respect to future design.



INTRODUCTION

On July 8, 1971 at 23:09 hours local Santiago, Chile time an earthqué,ke .
of Richter magnitude 7. 5 was detected at the University of California,
‘Berkeley seismological station. The epicenter of this earthquake was 1ocallted
at latitude 32° 45' South and longitude 71° 58' West and at a depth of approxi-
mately 60 kilometers, The location of the epicenter is shown in Figure 1 and
significant ground shaking was felt throughout central Chile.

A careful study of the damage experienced as a résult of this South

American earthquake is being'rhade' by the faculty of the University_of‘
Chile, (l)*_ The reader is referred fo that report for a city-by-city descrip-
tion of damage, The authors have conducted é. detailed study of the dramatic
structural 'fa_ilﬁre of a reinforced concrete frame building located in the city
of Vina del Mar.

This paper describes the failure as well as a post-mortem analytical
seismic analysis which was performed on the structure. First,. a static dead
.load analysis of a typical interior frame was performed in order to estimate
the frame' s dead load bending moment diagram, Next, an eigenvalue analysis
was performed on the same interior frame, assuming it to be linearly elastic,
in order to determine its natﬁral fr‘equgricies and normal mode shapes of
vibration.. Finally, a pseﬁdo-dynamic ‘failure analysis was carried out on the
frame, In this latter‘anélysis it was assumed that the seismic loading acted

in a static manner and in proportion to the structure! s generalized modal

% _
Numbers in paranthesis refer to References Listed at End of Paper,



displacement. This static loading was incrementally increased until
structural collapse, Suc¢h a pseudodynamic analysis was necessary because
no strong motion ;'ecord existed at or near the structure! s site,

This papef was encouraged and partially financéd by the University df
California-University of éhile Convenio Program., In August, 1971 as part
of this program, Profeséors Gary C., Hart and C. Martin Duke of the
University of California at Los Angeles, USA visited Chile and observed the

damage experienced as a result of the July 8, 1971 earthguake.

DESCRIPTION OF THE STRUCTURE

The bﬁilding under stﬁdy is located in the city of Vina de.l Mar, see
Figure 1, and approiima‘tely 50 kilometers from the epicenter of the July 8,
1971 earthquake, The city of Vina del Mar experiehced significant ground
shaking (peak écceleration estimated at approximately 20 percent gravity);
and its Modified Mercalli Intensity was approximately VIII. Modern, rein-
forced concrete, high -rise buildings in the éity experienced no major struc-
tural failure; however, most interior partitions had diagonal shéér cracks,
Also, significanf damage was usually observed at the éonnection between two
or more structural elements due to the differential movement, Major damage
to exterior walls in the residential area and other smaller and o_1de"r buildings
was also observed,

The building discussed herein was constructed in 1946 and is one of two
structuré.lly identical reinforced concrete frame buildings. The structures
are located within 20 meters of each other, Oné building experienced only

minor visible damage during the earthquake; whereas the other building



suffered complete structural collapse. Figure 2 shows plan and elevation
views of these buildings and Figure 3 shows photographs of the building which
remained standing after the earthquake.

Certain particularities are evident in the building design_. First, the :
concrete vaporization vents located at the apex of the rigid frame provide a
large dead load and only nominal reinforcing. Second, the rigid frame rein-
forcement is continuous throughout the frame' s bea..ml-coluxnn region; and
tension spalling of the concrete on the intérior of this interface seems highly
probable, 'I‘hird, all reinforcing bars in thisr structure are underformed,

Thé 8 July earthquake caused one of the aboire noted buildings to
completely collapse. Figures 4 and 5 show the post-earthquake condition of

the building.

ANALYTICAL MODEL OF STRUCTURE

The reinforced concrete frame shown in Figure 2 was analytically
modeled by the authors as a two~dimensional planar structure. We utilized
the finite element method of analysis to discretize a typical interior frame .
into a finite number of beam elements, each beam element being allowed to
'havé constant structural properties. It‘was assumed that the internal defor-
mation pattern of each finite beam element is completely defined in terms qf.
the two perpendicular 'translatiénal and one rotational degree of freedom at
its ends.

Figure 6 shows an elevation of the structural frame and the 22 beam
finite elements comprising the analytical model. All finite beam elez';lents'
except nu.m‘bers 11 and 12 were assigned equal structural properties, see

Table 1,



In all the analyses it was assumed that the base of the columns was

rigid and that soil-structure interaction was not significant.

STATIC DEAD LOAD ANALYSIS

‘As a first step a static dead load analysis was performed on a typica.il
interior frame. The tributary dead load acting on this frame was estimated
to be 3.2 tons per horizorﬂ:al meter, Figure 7 shows the :I:‘ramei s dead load
bending .m:oment diagram. Also shown in this figure is the plastic moment
capacity of each structural element.(z) It is immediately apparent that the
dead load structural moments never approach the structure's plastic

moment capacity, and in fact, the dead load factor of structural safety was

never less than 2.

MODAL CHARACTERISTICS OF THE STRUCTURE

The finite el,ement model was then utilized to calculate the fréme'. s
natﬁral periods and modé shapes of vibration., "A stiffness matrix condensa-
tion procedure was used to reduce the order of the Systein aﬁalyzed from 63
static to 26 dynamic degrees of freedom. In so doing it was assumed that the
inertial effect 6f the loading associated with the axial deformation and joint
rotation was negligible,

Table 2 1ists the frame' s first six natural periods of vibration and

Figure 8 shows its first antisymmetrical and symmetric mode shapes. . .

PLASTIC FAILURE ANALYSIS

A step-by-step dynamic inelastic analysis of this structure was not felt

to be warranted because there existed no time history of seismic ground



motion at or near the structure's site, Instead the authors decided to conduct
a pseudo plasﬁc dynamic ar;alysié utilizing the structure' s modal properties,

In the analysis performed, the static déad loads were first applied-to
the structure and the corresponding bending moments in all finite elements:
were calculated (Figure 7). Then, in addition to these dead 10ac'l—s a static
loading equal in magnitude to a constant, o, times the frame' s total tributary
dead weight was added to the frame, Inthe fixlst case studied, called Caéé A,
the total dynamic load was distributed over the structure in prop_or'tion ’t.o the
first antisymmetric modal displacements. The greatest modal displacement
being set equal to unity, This case reflected a pse-udo dynamic loading that
was entirely lateral in direction and the constant o can be interpreted as the
seismic lateral load coefficient. The second case studied, Case B, distrib-
uted the total pseudo dynamic load in lproportion to the first symmetrical
mode shape, This case resulted in a dynamic loading in the vertical direction
and @ can be interpreted as the seismic vertical load coefficient,

. The analysis procedures followed in both cases were identical, First,
the load coefficient, ¢, was increased in magnitude until a singlé plastic hinge
was obse;'\}ed. Then the coefficient was increased even further in magnitude
until a structural mechanism was formed and the frame collapsed,

Subjected to Case A type loading, .the structure forme_d'plasticlhinges
sirnulta.néously at nodes 10 and 14 when o = 0, 24, The structure became- a
mechanism and hence collapsed at the slightly greater loading condition
& = 0,25, The mechanism of collapse was formed by the development of hingeg

at nodes 2, 10, 14, and 22, It is important that in this case where lateral



seismic loading was applied to the structure the increment of load necessary
to go from first hinge to collapse was only one percent of the structpre' S
weight, |

The plastic response of the structure under vertical loading was stuéied
in Case B, Here it was found thgt hinges were first formed at nodes 11 and
13 when & = 0, 15, Note that this seismic coefficient is significantly less than
that of Case A, However, in Case B it was found that not until o = 0. 52 did a
structural mechanism exist by virtue of hinges forming at nodes 2, 6, 11, 13,

18, and 22. A sketch of this féilure mechanism under both of these loading

cases is shown in Figure 10,

SUMMARY AND CONCLUSIONS

The prefoffnance of the formulated analytical structural model and the
actual building was guite similiar, Structural .collapse was predictable from
the structﬁral model and hinge locations as postulated from the plaStic anal-
ysis corresponded to observed failure mechanism.

It appears that the structural failure was a combination of vertical
seismic forces which caused the formation pf the first structural hinge and
horizontal seismic forces which actually éaused structural collapse, |

‘This study recommends that seismic codes consider an extension of

there static load céncepts to.include a seismic analysis of the type preformed

here in, Such an analysis includes both vertical and lateral seismic forces

and their influence upon structural behavior.
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Number

1-10,
13-22

11-12

"TABLE 1

i

PROPERITIES OF STRUCTURAL ELEMENTS

Bending Modulus Shear Modulus

of
Elasticity

2.1 =x 106

2.1x 106

Moment Cross Shape
- -of of Sectional Factor
Elasticity Inertia Area

6 . -2
0,84 x 10 1,82 x 10 W 2T 1,2
6 _ n=2
0.84x 10" 14,00x 10 .69 1,2
Units: Tons - Meters
TABLE 2

NATURAL PERIODS OF VIBRATION

. Mode Number

1

5

6

Period (sec)
0. 52
0.25
0.12
0. 08
0. 04

0,03

Mode Type

1st Anti-Symmetric

1st Symmetric
2nd Antisymmetric
2nd Symmetric
3rd Antisymmetric

-3rd Symmetric

First and second mode shapes are shown in figures 8 and 9.
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Photographs of Building:

3

igure

F




v

Figure 4,  Photographs of Building: Post-Earthquake




Figure 5. Photographs of Building: Post-Earthquake
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