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Hysteresis model for the shear behaviour of R/C structures and its application
in the nonlinear response analysis of the 9-storey frame buildings with
diaphragms heavily damaged in the 1988 Spitak earthquake

M.G. Melkumian

Research Institute of Civil Engineering and Architecture, Armenia

ABSTRACT: The new hysteresis model describing the shear behaviour of R/C structures is deve-
loped on the basis of experimental results obtained from the horizontal load reversal tests
of diaphragms (shear wa.lls). The principle and rules for the formation of the hysteresis mo-
del are formulated. Cracking, yielding and ultimate points on the envelope curves for the
structures of different types are determined, With the help of the suggested hysteresis model
nonlinear earthquake response analysis of 9-storey R/c frame buildings with diaphragms was
carried out to investigate the reasons of their extensive collapses after the destructive Spi-
tak earthquake in Armenia., Two types of these buildings ("R"™ type with solid diaphragms and
ns" type where diaphragms have door openings) were calculated in longitudinal and transverse
directions with consideration of the influence of nonstructural elements, dead lcads and dy-
namic effect on the horizontal stiffness, Calculations were carried out using accelerograms
recorded during the earthquake in the towns of Gukasian and Yerevan, Mass destruction of bu-

ildings was main
spectrum of the earthquake.

I HYSTERESI S MODEL FOR THE SHEAR BEHAVIOUR
OF R/C STRUCTURES

The extensive experimental data obtained by
the author on different diaphragms were used
to develop a hysteresis model for R/C struc-~
tures with predominance of shear deformati-
ons. The envelope curve can be represented
with four linear broken lines (see Figure Ia).
Necessary to say that enough experimental da-
ta have not been, so far, accumlated for a
determination of descending limb of the en-
velope curve and hence further investigations
should be carried out for its clarification.
It is assumed that the envelope curve is sym-
metric about its origin.

In order to explain the principle of the
proposed model, schemes are shown in Figure
Ib. When the force and displacement exceed
the values of FC and DC which represent the
coordinates of the cracking point, nonlinear
behaviour of construction begins, At this
time, a crack may occur in a structure when

the displacement is DDI. When the unloading

happens at this moment, the unloading line,
as experimental results show, may be taken
parallel to the initial stiffness line until
the FC level. Then the direction of unloa-
ding line changes to the point (-FC, -~DC).
When the unloading line crosses the horizon-
tal axis (force is equal to zero), the cros-

sing point (0, DR*) characterizes the residu-

caused by undoubtedly huge force, unusually long duration and unfavourable

al deformation of the structure. At this mo-
ment, the crack has not closed and width of
its opening is reduced. The crack will close
completely when the structure is loaded in
the opposite direction and the loading line
reaches the vertical axis (horizontal displa-
cement is equal to zero). Then, with the in-
crease of horizontal force the squeezing of
this crack takes place and a new crack oc-
curs in the direction perpendicular to the
first., Here the displacement I)I)2 is larger

than -DC. If the unloading begins at the dis-
placement DD2, the structure will have a re-

sidual deformation DR when the horizontal

force is equal to zero and after that a new
loading cycle begins. The crack which occur-
red in the previous cycle starts to telax

and it causes the reduction of loading stif-
fness in comparison with the initial stiff-
ness, Therefore loading line strives for the

point (FC, DC+DR') which is considered as a
new cracking point. When the loading line
crosses the vertical axis, the previous
crack begins to open and at the displacement

DC+DR' the increase of the crack width and

the development of crack length simultaneous-
ly occur. It means that new parts of wall bo-
dy adjoining with the crack and other undama-
ged parts are involved in the work under the
horizontal force. As a result, the stiffness
increases and the loading line changes its
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Figure I. Schemes to explain the principle
and the rules of the hysteresis model

direction to the point corresponding to the

maximum displacement DM+ in the previous cy-
cle. Then the loading line goes along the en-
velope curve up to the displacement DD, whe-

3
re the unloading begins and so on.

With the increase of load, new cracks appe-
ar which cross each other and cover whole dia-
phragm body. It is assumed, that the descri-
bed deformation process takes place up to
collapse., Following this principle, ten rules
for the hysteresis model formation were defi-
ned. In the Figure Ia the numerals in circ-
les denote the numbers of the rules. For com-
parison, the experimental hysteresis loops
and model are combined and shown in Figure 2,
From here it obvious that proposed model is
close enough to describe the shear behaviour
of diaphragm under horizontal loadings.

2 DETERMINATION OF THE ENVELOPE CURVES
CHARACTERI STIC POINTS

The development of a hysteresis model and ru-~
les for its formation is, however, insuffici-
ent for earthquake response analysis of mul-
tistory buildings. It is also essential to
determine the characteristic points on the
envelope curves, corresponding to the points

4084

80+

-I0

Displacement, mm
L -40

- ~80

Figure 2. Comparison of the experimental hys-
teresis loops ( ) and the model (--=---)

after which qualitative changes occur in
structures as a result of previous quantita-
tive accumilations of deformations.
Determination of characteristic points al-
so was carried out on the basis of experimen-
tal data which were obtained during R/C I:5
scale model structure tests., Geometrical si-
zes and reinforcement of the specimens cor-
respond to the 9-storey buildings erected in
Armenia. In accordance with the design con-
cept, these buildings are categorized as a
frame system in the longitudinal direction,
and as a braced system in the transverse di-
rection., In other words, the frames have
strong beams which support the slabs in the
longitudinal direction and diaphragms and
weak beams height of which is approximately
equal to the thickness of slabs in the trans-
verse direction, There are two types of dia-
phragms panels - solid and with door ope-
nings, Characteristic points were determined
not only for diaphragms but also for frames
with weak and strong beams. It was revealed
from the experimental results that the ver-
tical load has substantial influence on the
stiffness, strength and ultimate displace-
ment. Taking account of less influence to-
ward the top of the building,the influence
of vertical load on the ultimate displace-
ments was, however, ignored to simplify the
subsequent calculations and the ultimate
displacements were assumed same as those
without vertical loads, From this point of
view, the average values of experimental da-
ta were derived and the parameters which al-
low to determine the characteristic points
on the envelope curves for different types
of structures were calculated (see Table I).

3 BARTHQUAKE RESPONSE ANALYSIS OF 9-STOREY
R/C FRAME BUILDINGS WITH DIAPHRAGMS

The calculation model of these buildings
may be assumed as a system with absolute ri-
gid slabs., Legitimacy of this assumption was
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proved by comparisons of calculated results
and experimental investigations. In particu-~
lar, it was stated that slabs work together
with beams up to the collapse stage and that
it is necessary to take account of the slab
contribution from each side of beam within
the width equal to the half of a span length
for a determination of the beam stiffness.

In this case, it is not difficult to show
that calculated values of the building's vi-
bration period will be very close to those
which were obtained on the assumption of ab-
solute rigid slabs. It should be noted, howe-
ver, that the ignorance of slabs may result in
significant errors in a determination of vi-
bration periods. Thus, for earthquake respon-
se analysis of 9-storey R/C buildings with
diaphragms, the calculation model was assumed
as a system with masses concentrated in the le-
vels of slabs which move only in horizontal
planes, Usually in design practice only struc-
tural elements are considered in calculation
and the influence of nonstructural elements,
dead loads and dynamic effect of loading on
total storey horizontal stiffness are not ta-
ken into account. However, experiments show
that mentioned factors play important role in
the forming of seismic forces. Nevertheless
until now they haven't been taken into account
what lead to not correct determination of vi-
bration periods and econsequently of inertia
forces on buildings.

In this paper mentioned factors were consi-
dered in the following. In accordance with
experimental results for R/C frame buildings
nonstructural elements bring to magnification
of the total storey initial horizontal stiff-
ness in I.6 - I.8 times., For frame buildings
with diaphragms magnification coefficient is
equal to I.I5-I.35 dependimg on the type of
diaphragms. Dead loads bring to magnification
of the colums stiffness in I.I-I.3 times and
of the diaphragms stiffness in I.I-I.6 times
depending on their place in the building plan
and the number of floors. Influence of dyna~

mic effect also was taken into account on the
basis of experimental data using coefficient
I.2 for increasing of the horizontal initial
stiffness of structural elements.

Earthquake response analysis was carried out
with the program which was developed by T.
Inoue at the laboratory of Professor T.Okada
and Y.Nakano of the Institute of Industrial
Science, University of Tokyo. In accordance
with Table I and initial stiffness input data
for displacements and forces corresponding to
the cracking, yielding and ultimate points
for colums, diaphragms and nonstructural ele-
ments were prepared., Damping coefficient was
taken 4% of the critical, For nonstructural
elements it was assumed that the stiffness
changing displacements were the same as those
of diaphragms but that the collapse immediate-
ly after yielding because of their poor ducti-
1lity properties.

In this analysis, two types of 9-storey bu-
ildings were analyzed; with solid diaphragms
and with diaphragms including door openings
(see Figure 3). Calculations were carried out
in the transverse and longitudinal directions.
The proposed hysteresis model was used for di-
aphragms and Degrading Tri-linear hysteresis
model for colums.,

Because of extremely serious housing situa-
tion in Armenia now the realization of seis-
mic protection of existing buildings without
eviction of lodgers is highly desirable. For
this aim it was proposed to construct on the
existing buildings the flexible upper floor
as a vibration damper., Therefore here corres-
ponding versions of buildings with vibration
damper were also calculated.

In the epicentral zone of Spitak earthqua~
ke instrumental records of ground motion we-
re not obtained unfortunately. But there are
two records of ground acceleration obtained
in Gukasian by accelerograph "CCP3" belon-
ging to the Institute of Geophysics and En-
gineering Seismology, Armenian Academy of
Sciences and in Yerevan by accelerometer
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®  Calculation results with respect to the vib-
ration periods are to testify that assump-
tion about absolute rigid slabs brings to 89%
reduction of periods in average. Combined con-
sideration of nonstructural elements, dead lo-
ads and dynamic effect brings to reduction of
periods on 40% in longitudinal direction and
1 30% in transverse. According to the experimen-
tal data first mode vibration period of that
buildings is equal to 0.65 sec in longitudi-
nal and 0.49 sec in transverse directions,
but average calculated periods are equal to
0,7 sec and 0,51 sec, respectively. Conse-
| quently, difference between results obtained
here and real values is very small. Thus, at
the formation of the calculation model for
frame buildings with predominance of shear de-
formations it is advisable to accept slabs ab-
solute rigid and take into consideration influ-
= ences of nonstructural elements, dead loads
L 6.0 ) 6.0 ) 6.0 ) and dynamic effect at the determination of the
1 i . 1 -+ + buildings total horizontal stiffness.

Under the Gukasian accelerogram action at
the peak accelerations 200, 400 and 800 gal
for both buildings the response shear forces
<——= longitudinal direction exceeded design forces 2.I, 3.4 and 4.6 times
in average, respectively. Under the action of
. . Yerevan accelerogram exceeding was I.4, 2.5
zl%uﬁ tlz'siiia.g gi‘apthh:az;:t?f;?{ i‘;par:c)a;bmlding and 3.4 times, respectively. It has b.een
b - with diaphragms including door openings shown, as well as data about deformation sta-
(rsn t ) ges, that the action of the Gukasian accelero-

ype gram was more unfavorable., The reason becomes
obvious if to compare the Fourier spectrums
of both accelerograms (see Figure 5). It is

<+——p transverse direction

"O0CII-2M" belonging to the Scientific Rese- easy to notice that predominant periods of the
arch Institute of Civil Engineering and Ar- ground motion at Gukasian are rather close to
chitecture, Armenian State Committee of Cons- the calculated buildings first mode vibration
truction (see Figure 4). Both records were periods. Despite the significant exceeding of
used herein for earthquake response analysis the design forces collapse was obtained main-
of the 9-storey buildings. The intensity of 1y of the nonstructural elements. In structu-
Spitak earthquake during the main shock was ral elements took place the intensive deve-

I0 on MSK scale. Then aftershocks with inten- lopment of plastic deformations (yielding sta-
sity 8, 9 and 9 followed. Therefore calcula- ge). Maximum ductility factors were for co-

tions were carried out herein using not the lums 3,28, for solid diaphragms 2,78 and for
original but the magnified accelerograms diaphragms with door openings 5.68 under seis-
with a peak acceleration of 200, 400 and 800 mic action corresponding to intensity IO. For
gal which corresponds to intensity 8, 9 and intensity 9 - I.37, 1.I8 and 2,54, respective-
10, respectively. ly. From Table I the ratios DU/DY are equal
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Figure 5. Fourier spectrum of Spitak earth-
quake observed at Gukasian (a) and Yerevan (b)

to 4,00, 3.75 and 3.65, respectively. Thus,
at intensity I0 the diaphragms with door ope-
nings were in ultimate stage (see Figures 6
and Ta). But here is very important to bear
in mind the following. In the calculations
the effect of dead loads on the stories she-
ar forces and overturning moment through the
lateral displacements of the buildings (com-
monly called P-A effect) was not taken into
account. Then, the bad quality of construc-
tion was not considered. At the same time,
as it has been mentioned above, the main
shock was followed by another three shocks
with very high intensity. But calculations
here were done only under the main shock ac-
tion. If to consider the influence of all
these factors on the behaviour of the buil-
dings and believing that the intensity of
the main shock in Gumry (Leninskan) was IO
it is possible to certify that destruc-
tions of buildings, especially of those whe-
re diaphragms had door openings, were una-
voidable.

Under the seismic action corresponding to
intensity 8 structural elements were in cra-
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Pigure 6. Restoring force - displacement re-
lationship for the first floor of the "S" type
building under the Gukasian accelerogram action
a - total; b - for diaphragms; ¢ - for colums;
d - for nonstructural elements
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Figure 7. Deformation state of the "S" type
building under the Gukasian accelerogram action
a - without flexible top storey;

b - with flexible top storey (vibration damper)

cking stage. That result also reflects the
real behaviour of the buildings during the
Spitak earthquake very well. Enough to remem-
ber that in Kirovakan where intensity was
8 no one building collapsed. This prove
again that undoubtedly huge force and unusu~
ally long duration of the earthquake were
the main causes that brought buildings to
massive destruction.

In the transverse direction of the buil-
ding with rectangular plan solid diaph-
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ragms are perceive about 70f% of horizontal
force, colums - 20% and nonstructural ele-
ments - I0%. In the transverse direction of
the buildings with square plan diaphragms
with door openings are perceive 60% of hori-
zontal force, colums - 30% and nonstructu-
ral elements - IO0%. In longitudinal directi-
ons of both buildings nonstructural elements
are perceive 30% of horizontal force. It me~
ans that nonstructural elements have notice-
able influence on the buildings behaviour. In
the further investigations and design more at-
tention should be pay to them.

One of the possible ways for further exploi-
tation of existing buildings under conditions
of increasing the seismicity of the territory
of Armenia up to intensity 9 is the using of
vibration damper in the form of flexible top
story. In accordance with calculation results
one-mass damper brings to reduction of the
shear forces in the transverse direction of
the "R" type building in I.8 times and in lon-
gitudinal direction - I.5 times in average.
For the "S" type building - in I.6 and I.3
times, respectively. Reduction of the hori-
zontal displacement on the level of nine sto-
rey for both buildings is 50% in average. Re-
duction of forces on the upper stories is mo-
re than on lower stories. It is necessary to
notice that because of the flexible top sto-
rey significant decreasing of deformation
stages level in structural elements also to-
ok place (see Figure 7b). But damper's struc-
tures come to yielding stage. It is quite
permissible because the flexible top storey
is not a dwelling one.

5 CONCLUSIONS

On the basis of experimental results the
hysteresis model was proposed to represent
the shear behaviour of R/C structures. Cha-
racteristic points on the envelope curves
for different types of structures were de-
termined., With the help of proposed hystere-
sis model earthquake response analysis was
carried out for two types of 9-storey buil-
dings which had extensive damages due to
1988 Spitak earthquake in Armenia and the
following main conclusions were obtained.

I. Mass destruction of buildings was ma-
in caused by undoubtedly huge force, unu-
sually long duration and unfavourable spec-
trum of the earthquake. At the ground mo-
tion acceleration of 400 gal and 800 gal,
corresponding to the intensities 9 and IO
by the MSK scale, the load affecting the
buildings exceeded the design force 3.4 and
4.6 times, respectively.

2. At this loading level, even without
considering the P-A effect and ignoring
the bad quality of construction, structu-
ral elements were mainly at the yielding
stage while diaphragms with door openings
were found at the ultimate stage. Nonstruc-
tural elements collapsed. Taking into ac-

count that the deformation stages, mentio-
ned above, manifested themselves immedia-
tely after the first shock, it may be cer-
tified that heavy damages and destruction of
the buildings could not be avoided after the
three strong shocks that followed.

3. At the acceleration of 200 gal, corres-
ponding to the design intensity 8, the res-
ponse shear forces exceeded the design for-
ces more than two times. At this loading le-
vel structural and nonstructural elements we-
re mainly at the cracking stage.

It indicates the necessity of revising the
existing seismic standard in order to clari-
ty the method of the seismic force determina-
tion. It is also necessary to revise cons-
truction requirements, aiming to provide a
greater ductility of structures.

4, A comprehensive on-site inspection of
the existing buildings must be carried out in
order to find optimum ways of their protec-
tion against possible earthquakes in the fu-
ture. Simple decrease of a number of storeys
in the existing buildings, especially those
erected on hard soils, may lead to negative
consequences.

5. Forming a calculation model for frame
buildings with predominance of shear defor-
mation, slabs should be assumed absolutely
rigid. When the building horizontal stiffe-
ress is determined it is also advisible to
take into account the influence of nonstruc-
tural elements, dead loads and dynamic ef-
fect. Combined consideration of these fac-
tors results in the vibration period reduc~
tion by 30 to 40%. Nonstructural elements
noticeably affect the building behaviour.

6. Further exploitation of the existing
buildings without evacuating the lodgers may
be possibly provided by application of the
flexible top storey as a vibration damper.
One mass damper reduces shear forces I.7 and
I.4 times in longitudinal and transverse di-
rections, respectively. Reduction of the ho-
rizontal displacement on the level of the
nine floor is I.5 times.
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