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SUMMARY

The main results of an extensive parametric studv of inelastic response
to three different groups of European accelerograms and to the group of stan-
dard Californian records are presented bv means of mean inelastic response
spectra. It has been found that the main features of the Furopean and Califor-
nian earthquakes are quite similar, except for the Friuli earthquake, where
the seismotectonic elements of the geologic structures seem to he different,
The scaling of the ground motion to spectral intensity has been proved to re-
duce considerably the scatter in response spectra in comparison with the sca-
ling to peak ground acceleration and only slightlv in comparison with the sca-
ling to peak ground velocity, The influence of different hysteretic bhehaviour,
simulating predominantly the flexural behaviour without the strength deerada-
tion, has bheen found to be small in the majoritv of cases. Relative displace-
ments are in the period range 0.8 - 2.5 s practicallv independent of the
strength and of the hvsteresis rule and only slightlvy dependent on the norma-
lized earthquake, In the predominant period range the input energv seems to he
a convenient parameter poverning design. The spectrum of the normalized input
energy is nearly constant in that range for strength levels provided by the
code design. Furthermore, it is practically indevendent of the damping and of
the hysteresis. The value of normalized energyv varies noticeably for different
input motions indicating a hetter method of scaling, presumahlv including the
duration of strong motion, is to be found,

SCOPE AND OBJECTIVE OF THE STUDY

Three main objectives of the study were:

(a) The comparison of the characteristics of strong motion records in Southern
Europe with the characteristics of well known Californian records;

(b) The evaluation of the methods for scaling input motions;

(c) The parametric study of inelastic response to earthquakes. Tn the study
the input motion and the most important structural parameters were varied:
strength, initial stiffness (period), hysteretic behaviour, and damping.

The results of such an analysis are easily represented hv means of response
spectra. These spectra usually plot, as a function of the period, displacements
or displacements ductility factors required for a specified level of strength
parameters. Recently it has been widely recognized that the maximum displace-
ments lack one important feature: they do not reflect the cumulative fatigue-
type damage. To study this nossibilitv it is convenient to introduce response
parameters which are related to the energy. Different complementary parameters
have been proposed (i. e. [3]). In our investigation, among others, the norma-
lized input energy has bheen used.
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SELECTION OF FARTHOUAKE RECORDS

Three different groups of strong-motion records obtained during recent
earthquakes in Southern Europe (Friuli, North. Ttaly 1976; Montenegro, Yupo-—
slavia 1979; Campania, South, Italy 1980) were used in the study. The main
characteristic of the Friuli earthquakes is the short duration of the strong
oround motion (less than 5 s). The predominant periods of all records are
rather narrow-banded from 0,1 to 0.5 s. Montenepgro 1979 is a stronger earth-
quake. The duration of the strong ground motion is 10 - 15 s and the nredomi-
nant periods of different records are in the whole range from N.15 to 1.7 s.
The records of the Campania earthquake give the evidence of multiple event
occurence (three events in 70 s) resulting in a very long duration. The pre-
dominant periods of different records are similar to those of the Montenegro
earthquake., Only the records with the maximum acceleration greater than 0.15 ¢
in at least one direction were chosen. Because of relativelv small number of
such records and because of the lack of information of site conditions for
some recording stations no attempt has heen made to compute site dependent
spectral shapes., Some details of the records are given in Table 1.

For the comparison a group of standard Californian accelerograms represen-
tative for severe ground motions at moderate epicentral distances was chosen.

The standard Caltech procedure was used for the correction of records.
All accelerograms were band pass filtered between 0.1 - N.33 and 25 - 27 Hz,
The applied uniform cut-off periods are justified by the range of freaquencies
investigated in the study (0.4 - 10 Hz),

SCALING OF THE GROUND MOTION

Three different methods of scalinp: (a) to peak ground acceleration agpax,
(b) to peak ground velocity Vomays and (c) to spectral intensity of the 5 %
damped pseudo velocity spectrum Ipyg have been analysed.

In Tabhle 2 the mean coefficients of variation V for displacements and in-
put energy are given for a pattern of the selected periods and strengths va-
lues. It has to be noted that some individual V for extreme periods (particu-
larly 0.1 s) and strengths (0,2 and 5) are higher, In the mid-period range
considered, the normalisation to aymax Obviously yields the largest dispersion.
As expected [2], the normalisation to spectral intensity reduces the disper-
sion. However, the differences between scaling to Vomax OF Ipye are onlv
§11ght. NDue to the easier prediction of Vomax In comparison with the spectral
intensity of any kind, the scaling to Vomax Was chosen in the parametric studv.

While the scaling to v, ax 15 quite satisfactory for the displacements in
the mid-period range (average V = 0,30 - 0,35), it appears that the duration
of the ground motion has to be considered in computing such narameters as
energy, the number of yield excursions or acumulated plastic deformations.

It was proved again (see [4]) that normalizing to Vomax Shows nearly con-
stant V over the mid-frequency range, and is practically independent of the
strength level, Furthermore, it was found that on the average the chosen
hysteretic rule and damping have no important influence on V. However, it can
be noted that V for the various repistrations of the same earthquake in each
Europe?n group is considerably greater than of different USA earthquakes. Tt
is believed that this difference can be attributed predominantlv to lgépér
differences in soil conditions of the European stations consid;;ed in tﬁe

studv. The method of scaling to I lead
Sealing b mommod pyg leads to the similar observations than
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STRUCTURAL  SYSTEMS

One degree of freedom systems have heen investigated, Various hysteresis
models, simulating dominantly flexural behaviour, were used (Fig. 1):
(a) Elastoplastic model, (b) Bilinear model, (c) Bilinear model with unloading
stiffness degradation (751\ (d) Negrading qtiffness 0 model ([6]).

F

r

max

a) EPP Model b) B (10, N) “adel c) B (10, 0,5) Model 4) 0 (10, 0,5) Model
Fip. 1. Hvsteresis models

The strenth parameter n which is defined as a ratio between the vield
resistance F,, divided by the mass of the system and by the peak ground acce-
leration

n= Fy/ (m agpay)
was varied. The value n = 5 was used to obtain elastic behaviour.

Mass proportional viscous damping was used. To study the effect of damping
a considerabhle number of 2 % damped systems was investigated.

DISPLACEMENT SPECTRA

The displacements are presented bv means of the mean displacement (Figs.
2 ~ 7) and displacement ductilitv (Figs. 14 - 1A) spectra for different groups
of earthquakes and different hystereses, All input motion were scaled to
Vomax = 50 cm/s (denmoted by Fl in figures).

It is the most outstanding feature of displacement spectra that for the
periods greater than approximately N,8 s the maximum disnlacements are practi-
cally independent of:

(a) The strength level and hvsteresis. Onlv a slight decrease of displacements
is observed for lower strengths and it is greater for EPP and hilinear
models than for the 0 model.

(b) The group of accelerograms (Figs. 2,3,5). Onlv for the Friuli earthquake
(Fig. 4) the displacements are noticeablv lower.

The coefficient of variation is relatively small (see Table 2),

Concerning the regularity of curves the preliminary formula for the ap-
proximate estimation of the maximum relative displacement is proposed, which
fits the mean values of the displacements for Montenegro, the iJ. S. A. and
Southern Ttaly ground motions, while it is conservative for the Friuli records:

= 2 E = %
Unax 0,16 (T + 1) Vomax for 0.8 <T<25s and§ =5

where up .. is the maximum rPlatlve displacement [cm], Vomax 18 the peak ground
velocity ¥cm/s], and T is the period of the structure [s]. The associated coef-
ficient of the variation is about 30 per cent.

For stiffer structures, where displacements increase with the decreasing
strength level, the influence of different hysteretic modelsis noticeable. The
increase is the greatest for the EPP model. A decrease in damping results in an
increase of displacements (compare Figs. 5 and 17, 15 and 18).
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TINPUT ENERGY SPECTRA

The input energy EI,defined as the work of equivalent loading ?n relative
displacements and equal to the sum of the hysteretic, damping, strain ?“? kine-
tic energy,has been found practically independent of the dam?ing coefficient
(Figs. 11 and 19). Therefore it is considered a more appropriate parameter
than the hysteretic emergy, which has been also investigated. The normalized
input energy

-F:'I = EI/(m amax)
is believed to be the most convenient for the presentation.

The mean spectra for various earthquakes scaled by vemax = 50 cm/s and for
different hysteresis models are given in Figs. 8 - 13. The elastic spectra
(n = 5) clearly reflect the predominant periods of earthquakes. The snectra for
lower n values are higher than elastic spectra in the short neriod range (espe-
cially for O hysteresis) and lower in the long period range of the considered
period region. For N values, usually used in design (0.4 - 1.0),the spectra
were found to be nearly constant in the vicinity of the predominant period
range. In this range, the value of normalized input energy 1is not much depen-
dent on the strength of the structure, on the hysteresis (Figs. 11 - 13), and
on damping (Figs. 11 and 19). Considering these ohservations a preliminary
formula for an approximate estimation of maximum input energy is proposed:

Eimax = 0.7 m 3pmax Vemax

The peak ground velocity should be expressed in [cm/s] and the normalized input
energy Erpax/ (M agnayx) in [em].

Unfortunately, in the contrast with displacements, the value of maximum
energy varies noticeably for different ground motions (coefficient of varia-
tion is up to 0.76), It is believed that scaling by a factor involving dura-
tion of ground motion as a parameter would vield better results.
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Table 1: Data of strong-motion records

Ar. | Earthquake Date Maq. Depth| Station Record NDist. | Soil | Comp.| a v I Dur
‘I “max max PVS ¢
fkm] tdent, | Tkm] | Type [em/s2]|[cm/s]|E=0.05][s]
(1) (1) (3) {cm) (4)

(EERL)
Lower Callf.| 1934 6.5 F1 Centro | BN24 58 1 S00W 159 19 54 25
S90wW 1 1 4 2
< Imp. MWailey 1940 6.6 El Centro ANN 8 1 SNOE BZYS N 13Z 33
) 590w 213 27 14 30
v [ West  Wash. t949 71 0lvmpla 8029 20 2 ROk 158 18 7% 25
3 ) mEbL | 274 17 78 | 25
Kern Coun, 1352 7.6 Taft ADDY 56 1 N21E 152 13 58 50
Mh-."-Z S69E 177 16 65 50
San Fern, “yn .6 fastalc nns6 21 1 N21E 31 16 52 25
N69W 262 28 79 25

(ENEL)
Friull 1976 n5/11 M =6.3 7 Tolmezzo 038 24 1 NS 342 20 72 15
_ EW 310 32 83 15
= Friull 1976 09/15 ML-S.G 8 Forgaria 152 17 2 NS 254 10 28 15
2 03H/15M EW 210 9 29 15
w Friull 1976 09/15 M =5.9 12 Forqaria 168 16 2 NS 299 23 51 15
N9H/21M EW 323 22 72 15
San Rocco 164 16 1 NS 136 12 47 15
EW 228 17 56 15

(17115)
Montenegro 0L/15 M =67 110-30 | Petrovac t58 29 2 NS 433 39 145 20
< 1879 M= EwW 299 25 78 25
& S ulcing 1 E59 13 2 NS 279 39 159 | 25
a 6.9-7.3 EW 234 L6 184 25
;':. Ulcinj 2 E60 13 1 NS 165 17 74 25
3 EW 214 25 | 124 25
z Bar E61 1 2 NS 356 42 204 25
2] 350 53 250 25
Herceqnovi| E62 65 1 NS 21 14 55 25
W 225 12 45 25

. . (ENEL) (2)

2 Camsania 11723 |M =h.5 |10-20 | Baqnoll 621 22 NS 138 21 79 60
" 1980 1 6 g EW 167 30 119 | 60
=0 Brienza 624 38 NS 210 12 L) 60
by EW 155 9 34 60
'é Sturno 624 37 NS 212 34 133 60
s EW 288 ) 165 60
calierl 636 26 NS 150 25 12 80
EW 170 27 14 80

(1) Data are different according to dlfferent sources, The maqnitudes and distances of Callf, earthq. are taken
from [7], the maqnitudes M, for furop. earthq. from (1],

(2) Hypocentral distance

3) Soll prafile type: 1| = Rock and stiff soll sites, 2 = Others

(4) buration of ground mation considered In the analysis

Table 2: Averape coefficients of variations in per cents for displacement (u)
and input energy (E7)

Group of input motions
':5;']"?: of Southern All accel Montenegro
9 . S. A, Friuli Monteneqro ltaly All accel.| except Friull| and S. ltaly

u Vq max 18 32 33 27 34 30 32

Tpys ] 27 28 25 28 - -

4q max 33 51 55 48 55 - -
| va max Ly 63 L6 62 76 - -

Tpys h 5 4 Sl 70 - -

3, max 46 R4 64 74 104 - -

ALl conlficients have heen obtained for Q hysteresis.
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