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SUMMARY

A simple model is adopted for simulating hysteretic behaviour of actual
structures. P-A effects together with degrading of stiffness and strength
are introduced in the model by using appropriate deterioration laws which
can be derived by the measure of the amplification of the period of damaged
structures. Inelastic response spectra are then developed in terms of ducti-

lity and strength requirements for the earthquake recorded at Sturno on
november 23rd 1980.

INTRODUCTION

The seismic behaviour of a building undergoing a strong earthquake can
be considered as a process during which mechanical properties of the structu-
re modify. In fact, since the structure is designed to resist a medium-
intensity earthquake, it will undergo some cycles in the inelastic range
thus experiencing different types of deterioratiomns (cracking, loss of bond
and anchorage, crushing and/or splitting of the concrete cover, local buck-
ling, slippage of connections, etc.) which yield to degradation of general
mechanical properties. As a consequence of these phenomena, story drifts
become larger and larger thus leading to P-A effects which cause a further
geometrical deterioration. It would be cumbersome to take into account all
these effects in the dynamic analysis of a structure. Instead, these aspects
can be more concisely introduced in the S.D.0.F. model which can give signi-
ficant informations in the inelastic response spectrum representation, pro-
vided it is representative of a wide range of actual behaviour of structu-
res. Several models (Refs. 1,2,3,4) have been proposed by different authors
to represent the hysteretic behaviour of actual structutres, while the pro-
blem of the damage laws of mechanical properties has been investigated in
Refs. 5,6, 7 and 8. In this paper, a simple continuous model is adopted
for simulating the non-linear hysteretic behaviour. Deterioration of me-
chanical properties is assumed to depend upon deformation amplitude and
energy dissipation. Mechanical and geometrical deterioration are analyzed
separetely. These effects are then combined together in a parametric study
devoted to investigate the influence of different deterioration parameters
on the inelastic responsé of structures subjected to seismic loading.
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DYNAMIC BEHAVIOUR OF NON LINEAR S.D.O.F. MODEL WITH P-A EFFECTS

If we consider a S.D.O.F.

shear type model characterized by a constitu-
tive law F(u), for a given lateral strength F , initial stiffness k, elastic
limit u , damping c and mass expressed by:

y

m=l P/g 1)

the P-A effect can be taken into account in a linearized form by introducing
the fictitious shear:

Q(t) = Pu(t) /H (2)
Having defined with s | the peak acceleration, and with:
X
= s A =F /mf§ (3)
MO = ul) Y B

respectively the updated ductility factor and the lateral strength factor,
the equation of motion becomes:

W(E) + v () + w{q(u,idvu(e) b= -0 () /A (4 )

in which q(u, 1) gives the adimensional respomse, a(t) represcnts the base
excitation and Y a geometrical deterioration factor defined by:

2
Y = g/Huw

(5)
Geometrical deterioration

The introduction of the P-A effect (Refs. 9,10,11) in the model

allows to define a condition of geometrical collapse which is represented
by reaching of the maximum displacement u at which the fictitious shear

c
equals the lateral stremgth of the system. By taking into account this
condition, we will have:

¥ P/HK uc/u =1

(6)
y
which, upon substitution, leads to:

U =u/u =1

i Y /Y (7))

We can therefore infer that the inverse of the abovedefined geometrical
factor y, represents the value of ductility which yields to geometrical
collapse of the structure. In the particular case of elasto-plastic
constitutive law, the assumed geometrical deterioration, leads to the

92



model of fig. 1 where vy represents the slope of decreasing strength.
MECHANICAL DETERIORATION

The model (fig. 2) proposed to simulate the non-linear behaviour of
structures subjected to cyclic loading, tries to give a general representa-

tion with few governing parameters. This model is characterized by the fol-
lowing loading curve:

_ _ X
u o= F/Fy + (uL 1)(F/Fy) (8)

where p_ is the limit of ductility. The exponent r, representing strain-har-
dening %ehaviour of the structure, can be determined by appropriate condi-

tions on residual deformations. The unloading curve is assumed to be linear-
ly elastic.

Damage laws

Different deterioration laws(Refs. 5,6,7,8) have been proposed in order
to take into account degrading of stiffness and strength. These studies lead
to assume that deterioration mainly depends upon:

a) amplitude of maximum deformationms,

b) energy dissipated in the previous cycles.

If we indicate with u and 7 the limit values of deformation and energy
absorption capacity, the detg%foration law of the generic parameter of
strength or stiffness can be expressed by:

K=K -0k {aClul/l ' +b0m ™} (9)
0 r max

where K 1s the value of the parameter in the initial conditions and AK

is the maximum deterioration. This expression allows to represent deterio-—

ration both under few cycles, the governing parameter being exgressed by

the first term, and under low-cycle fatigue where the (P/D ) term can

be derived by the Palmgren—Miner law. It should be noted that deterioration

of stiffness corresponds to the amplification of natural elastic period of

the structure from T to T, (last cycle elastic period). If we assume, for

simplicity, a = 0, b =1 and o = Tf/T0 we have:

2 -1/2
1 = (1- G-17a5y/0 Py (10)
0 max
which gives the amplification law of the natural period with increasing
deterioration (fig. 3). This representation is physically more evident,

the parameters being derivable by means of experimental tests on real
structures.
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RESULTS

The parametric study carried out herein, is relative to t.:he Irpinia
Earthquake, recorded at Sturno on november 23rd 1980, of 6.5R1cht.:er magni-
tude, which yielded, in a wide regiom, destructive effects reaching grade
X of Mercalli scale with a maximum acceleration equal to 0.322 g. The
accelerogram is given in fig. 4 together with the elastic response spectrum.
In fig. 5 are represented the ductility spectra relative to the case in
which mechanical deterioration is not present (a= 1), for different values
of the strength factor A. These curves are bounded, in the upper part,
by the geometrical collapse condition (G.C.) as previously defined. It
should be noted that the required ductility increases for decreasing periods
T while it is significantly greater for larger values of y. As expected,
tlQlere is a decrease in ductility requirements for larger values of strength.
Particularly, this requirement is within u= 3 for A =1 and vy = 0.15.
However it is noteworthy that the more significative spectra are the ones
relative to A = 0.6, 0.8 which represent more common structures from the
actual specification point of view. Figures 6 and 7 show the minimum value
of required strength A ., in order to avoid geometrical or mechanical colla-
pse under the defined Selsmic excitation, for different values of the am-
plification period a according to Ref. 12 representation. It can be obser-
ved that the required strength is significantly higher for smaller periods,
while larger values of o or y lead to increased required strength, the
parameter y playing a major role. Significative indications on specifica-
tion requirements and provisions can be derived by the parametric study

reported herein, provided the analysis is extended to further earthquake
excitations.
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