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THE EFFECT OF FREQUENCY CHARACTERISTICS AND DURATION
OF INPUT EARTHQUAKE MOTION ON THE ENERGY RESPONSE
OF STRUCTURES

By Kiyoshi HIRAO*, Tsutomu SAWADA** Yoshifumi NARIYUKI***
and Syuji SASADAY***

The purpose of this study is to investigate the effect of frequency characteristics and
duration of input earthquake motion on the energy responses of structures. In this study,
numerical analysis for bi-linear SDOF structures with wide ranging structural parameters
was carried out by the use of twelve artificial earthquakes, each varying in duration and
frequency characteristics, From the examination of analytical results, it is found that the
frequency characteristics of the input earthguake motion has a large effect on the
periodical characteristics of all responses of the structures, such as elastic maximum
velocity (Vemax), elastic input energy (E,.), hysteretic energy (E,,) and so on, It is also
found that the duration considerably affects the value of energy responses such as E,, and
E,p.
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1. INTRODUCTION

Recently, the idea of the two step earthquake resistant design has been taking root. The fundamental
concepts behind this design include the following; (1) structures should be prevented from collapsing
during the most severe earthquakes possible and { 2) structures should remain within the elastic range for
earthquakes expected to occur several times during the lifetime of a structure. In connection with this
idea, the inelastic responses, especially, the energy responses of the structures excited by severe
earthquakes has attracted special interest, and many studies on the input energy and the hysteretic
energy/plastic strain energy have been carried out"~®, From these studies, it is clear that input energy
and hysteretic energy are among the best parameters to evaluate the seismic force of earthquakes and to
measure the damage of structures, respectively. Moreover the qualitative and quantitative relation
between these energies and structural parameters, such as the damping factor, yield strength and so on,
have become rather clear.

However, it is difficult to clarify the relation between inelastic responses/energy responses for
structures and characteristics of input earthquake motions, because the earthquake itself is a phenomenon
with a lot of variations in frequency characteristics and duration, these factors having a large effect on the
periodical characteristics and value of the responses of structures, respectively. In relation to this, Ohno
et al. ® reported that the ratio of the hysteretic energy to the input energy is scarcely affected by the
difference of input earthquake motions, because the effect of the earthquake motion on these energies is
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canceled out, Hakuno et al.”, Zahrah et al.® and Matsushima et al. 9 reported that the plastic maximum
displacement”, the input energy? and the cumulative plastic deformation ratio® becomes larger as the
duration increases. Matsushima et al.¥ also reported that the change in the cumulative deformation ratio
due to the difference of the input earthquake motions is small, when the total power of each earthquake is
the same, Thus, from these reports, the qualitative effect of input earthquake motion on the inelastic
responses is gradually becoming clear. But most of these results are based on the information obtained by
limited input earthquake motions and structures, Therefore, more wide ranging and systematic
investigations on this qualitative effect are necessary, Also, when considering aseismic design of actual
structure, it is necessary to grasp the quantitative effect of the input earthquake motions on the
hysteretic energy, that is, the damage of the structures,

In order to make these points clear, in this study, numerical analysis for bi-linear SDOF structures with
wide ranging structural parameters was carried out by the use of artificial earthquakes, each varying in
frequency characteristics and duration. On the basis of these analytical results, the authors examined the
quantitative and qualitative effect of frequency characteristics and duration of the input earthquake
motions on the elastic maximum velocity V.max, the elastic input energy E,. and the hysteretic energy E..,..
In order to maintain the generality of the analytical results, the artificial earthquakes were generated such
that their acceleration response factor spectra agree with the target ones, each varying in magnitude,
epicentral distance and ground condition, as shown in the Japanese specifications for road bridges V1,

2. INPUT EARTHQUAKE MOTION

As was stated previously in this study, in order to maintain the generality of the analytical results, we
used the average acceleration response factor spectra shown in the Japanese specifications for road
bridges V'” ; the artificial earthquakes Nos. 1 to 12 were generated by the method used in Ref, (11). Table
1 shows the magnitude M, epicentral distance D and ground condition GC, targeted in each artificial
earthquake, It also shows the total duration T,, the duration of the strong motion T,, the average time
corresponding to maximum value of strong motion part t, and the total power P, in each earthquake, The
symbols [A], [B] and [C] in Table 1 finds meaning within the scope of the following values ;

[A] : M=5.4—6.4, D=0—19km (near site and small scale earthquake)

[B] : M=6.8—7.4, D=60—119km (mid site and middle scale earthquake)

[C] :M=7.5—7.9, D=120—199km (far site and large scale earthquake)

The duration T, of the earthquakes Nos.1, 3, 5, 7, 9 and 11 was calculated according to the M—D
regression equation in Ref, (12). As for the other earthquakes Nos. 2, 4, 6, 8,10 and 12, the value of one
half of each T;of Nos.1, 3, 5, 7, 9 and 11 was used as shown in Table 1, to investigate the effect of the
duration T on the energy response, Similarly, as for the average time #,,, one third of the total duration
T, was used in each earthquake,

Table i Earthquake data.
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Figs.1 (2) and (b) show the simulated response factor spectra together with the target ones for
earthquakes Nos. 1, 3, 5and Nos. 3, 7, 9, 11, respectively. In this case, Nos. 1, 3 and 5 are earthquakes
which have the same ground condition of GC=3 and different combinations for magnitude and epicentral
distance of (M - D)=[A], [B] and [C], respectively. Nos. 3, 7, 9 and 11 are the same (M - D) as
(M - D)=[B] and different GC’s, i.e., GC=3, GC=1, GC=2 and GC=4. From this figure, it is
noted that the results of the simulated spectra are very similar to the target ones,

The acceleration wave forms, normalized by 300 gals in maximum acceleration, for Nos.1, 3, 5 and
Nos.7, 9, 11 and their respective Fourier spectra are shown in Figs, 2 and 3, in which, the reduced scale
in time axis differs in each of Fig. 2.

From examining Table 1 and Fig.1 and Figs.2 and 3, the following points become clear ;

(1) For the acceleration wave forms of the simulated earthquakes used in this study, the average time
#. and the spread of the strong motion differ according to the value of the total duration T and the duration
of the strong motion T, With the increasing values of T, and T, the duration of the wave gets
proportionally larger, although , the form of each wave is almost similar.

(2) There is a close relation between the frequency/periodical characteristics in the acceleration
response factor spectrum and those in the Fourier spectrum, for any simulated earthquake (see Figs.1, 2
and 3). The difference of the frequency characteristics in the earthquakes depends on the magnitude and
epicentral distance (M - D) and the ground condition GC. That is, when the ground condition is the same
as GC=3 (see Fig. 2), the spectrum value of earthquake No. 1 with small (M - D) becomes rather smaller
compared with those in Nos. 3 and 5, in the range of the natural period less than 1 sec.. Also in a
comparison of spectrum values between No. 3 and No. 5, the former maintains larger values with a period
range less than (. 4 sec. . There is also a tendency for these values to be a little smaller in the range of the
period longer than 1 or 2 sec.. On the other hand, when (M - D) is the same as (M - D)=[B] and GC
differs (see Fig. 3), the value of the spectra shows a tendency to become larger in the range of the period
longer than (.3 sec., and smaller in the range shorter than (). 3 sec., as the ground gradually becomes
softer from No.7 onwards, e.g. No.7 (GC=1), No.9 (GC=2), No.11 (GC=4). This tendency is
remarkable between No, 7 for the type 1 ground and others, However the No, 9 Fourier spectrum for the
type 2 ground is very similar to the one of No. 3 for the type 3 ground. The figures were omitted, for
earthquakes Nos.2, 4, 6, 8, 10 and 12, as the individual effect of (M - D) and GC on their Fourier

spectra is almost the same as the results mentioned above.
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(3) - A near proportional relation is found between the duration Ts and the total power P, for each
earthquake (see Table 1)—namely, under the same ground as GC=3, P,becomes larger as T, gets longer
due to the increase of (M - D) ; under the same (M - D) and GC factors, P, is reduced by about one half
as T, becomes one half. On the other hand, when T is the same, even under the different frequency
characteristics due to the change of ground condition, P, does not show much change. From these results,
it seems that the total power P, is a reliable index to represent the duration of the strong motion T in every
earthquake,

3. STRUCTURAL CHARACTERISTICS AND ANALYTICAL METHOD

In this study, a bi-linear model as shown in Fig. 4 was used to demonstrate the characteristics of a
restoring force for SDOF structures. In this model, as for the secondary slope p which represents the
ratio of plastic stiffness to elastic stiffness, the five values, 0.0, 0.125,

0.25, 0.375 and (.5, were selected. The yield strength ratio R defined o

by formula( 1) was used instead of Q, (see Ref. (5)) : Three values of ¢ 0

R, 0.25, 0.5 and (.75 were also selected to correspond to each case /) a
where the inelastic response is strong, intermediate and weak, respec-

tively. : J *
R=Qy/ Qemax=Xy/ Xemax:--++++++--rreereesmesnassmruearerraraanasasnes (1) '

in which X, is the yield displacement, Q.nax and Xomax is the maximum 8
restoring force and displacement obtained from the elastic response Fig.4 Bi-linear model.
analysis. ,

Considering the ordinary values of actual structures, the range for the damping factor 4=1 to 10% and
the natural period T=0.1 to 5 sec. was investigated. The following five values for f were used, 1,2.5,
5.0, 7.5and 10%. For T, after dividing the above range into nineteen equal parts on the logarithmic axis,
twenty different values® were employed.

The analytical method used in this study is the same as in Ref. (5), so details of explanation are
omitted. For the equation of motion and energy response of a SDOF structure excited by an earthquake,
formulas (2) and (3), normalized by the mass m and the yield displacement X, of the structure, were
also employed. These formulas were integrated numerically by the linear acceleration method and the
trapezoidal formula, respectively.

XH2RWX A+ @ Q (X)m— Xgreeevvrrerereeermmmetetten ittt e sttt e et (2)

O LIERTYY oS TRV HrviT o S (55 & S——— (3)
0 0 (] 0 0

where, X, Y and X is the relative displacement, velocity and acceleration normalized by X,,
respectively. h, o and Q(X) is the damping factor, natural circular frequency and normalized restoring
force by Q,, respectively, and X, is the acceleration of input earthquake motion normalized by X,.

As for the analytical results shown in the next section, the actual relative velocity obtained by
multiplying X, to "X will be used, and the energy per unit mass obtained by multiplying X? to the result of
formula (3) will also be used. SDOF structures were analyzed over the total duration T, of each
earthquake as shown in Table 1, and equally spaced time interval of d#=0. 02 sec. was subdivided in the
numerical integration, according to both the damping factor A and natural period T 9,

The third term of the left side in Eq. (3)/ is the hysteretic energy which is absorbed into the structure/
and the right hand indicates the input energy which is inputted into the structure by the earthquake motion,

4. ANALYTICAL RESULTS AND REMARKS

In this study, for all combinations of the structural parameters and input earthquakes described in
previous chapters, the numerical response analysis was carried out. However, only major examples of the
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results are shown. An attention is focused on the response of elastic maximum velocity V.may, €lastic input
energy E,. and hysteretic energy E,, and the effect of the structural parameters, frequency
characteristics and total power/duration on these responses is examined.

(1) Effect of the structural parameters

Vemax, Eie and E,, against every natural period T for the three values of the damping factor h, 2.5, 5.0
and 7.5%, are shown in Figs.5 (a), (b) and (¢) ; these are the results obtained for the earthquakes
Nos. 1and 3. For E,,,, four results of pairs of yield strength ratio R with secondary slope p (R=0. 25, p=
0.0), (R=0.25, p=0.5), (R=0.5, p=0.0) and (R=0.5, p=0.5) are shown, as can be seen in the
upper part of each figure. In Fig.5 (c), each result of the different input earthquakes and damping
factors is distinguished by the thickness and type of the line as shown in each figure.

The figures show that every response is highly affected by the frequency characteristics of the input
earthquake motions (see Fig.2).

The effect of the damping factor A is different among V payx , Enpand E,,, thatis, E,. is not affected so
much by A. On the other hand, the effect of A on V, .y and E,, is remarkable, for example, the values of
these responses become smaller and their periodical characteristics are smoothed, as h becomes larger.
Hence, regarding the details of these values, discussion seems to be necessary concerning the value of A.
But, as the comparison between thick lines and thin lines shows, there is not a great amount of change
between earthquake No. 1 and No. 3, due to the value of . For the sake of simplicity, only the case of h=
5% will be discussed in the following.

Next, comparing the results of E,, p=0.0 and p=0.5 (see Fig.5 (c)), it can be seen that this E,,
value is not affected very much by the secondary slope p. On the other hand, the effect of the yield strength
ratio R on E,, is significant, that is, the value of E,, gets larger as R becomes smaller. Thus the ratio R
is thought to be one of the significant parameters in the discussion of the hysteretic energy E,,,. In the case
of R=0.75, the comparison in the figure is difficult, because the value of E,, becomes smaller than those
values in the case of R=0. 25 and (. 5. Therefore the result for R=(. 75 has been omitted in this paper.
Also as was mentioned above, the effect of the secondary slope p is so small that only the results for p=
0.0 will be given below,
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Figs.6 (a) and (b) indicate the results of E,, and E,,, respectively. In order to observe the
difference of the ground condition GC, these results have been obtained from earthquakes No. 7 (GC=1),
No.9 (GC=2), No.3 (GC=3) and No.11 (GC=4) for the pair (R=0.25, p=0.0) and the damping
factor h=5%. Both the results of No. 9 for the type 2 ground and No, 3 for the type 3 ground are very
similar, though the value of the latter becomes a little larger than that of the former, Therefore, in order
to avoid complication in the figure, the results of the type 2 ground, that is, results of earthquakes Nos. 9
and 10 will be also omitted hereafter.

(2) Effect of the frequency characteristics
Fig. 7 shows the elastic maximum velocity Vmx, the elastic input energy E,. and the ratio of the

equivalent velocity /2 E;, t0 Vepax for earthquakes Nos.]1 to 6. Fig.8 shows the same results for
earthquakes Nos. 3, 4, 7, 8, 11 and 12. Fig. 7 represents the case in which the ground condition is the same
as that of the type 3 (GC=3) and the magnitude and epicentral distance (M - D), the total duration T, and
the duration of the strong motion T, are different. In Fig.8, (M - D) and T, are the same, whereas GC
and T, are different.

From Figs.7 and 8, Figs.2 and 3 and Table 1, the following points can be noted ;

(a) For each input earthquake motion, a good correlation can be found between the periodical
characteristics of V.max and those of the Fourier spectrum, A similar relation can be also found in the
relative between periodical characteristics of V., and those of the Fourier spectra, caused by the
differences of (M - D) and GC (see Figs.7(a), 8(a) and Figs, 2, 3). However, in the figure, ascanbe
seen by comparing the thick and thin lines, there is no apparent tendency due to the difference of the
duration of the strong motion T,

(b) A strong similarity can be seen between the periodical characteristics of E,. and those of the
Fourier spectra, e g. the large or small values of E;, at each natural period corresponds well to Fourier’s
results, The effect of the duration T, on E,. can be seen very clearly, i. e. the value of E,, becomes larger
as the duration T, becomes longer, when (M - D) and GC are the same,
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(¢) The effect of the frequency characteristics of the input earthquake motion on /2 E; / Vemax is
reduced considerably, because the effects on both V.. and E,., as was previously described in (a) and
(b), cancel each other out. The results of all earthquakes show similar curves going down with the
increase of the natural period T. However, the effect of the duration T still remains, and the value of

V2 E../ Vemax increases as T, becomes longer.

Fig. 9 and Fig, 10 show the hysteretic energy E,, and the ratio of the equivalent velocity /2 E,, to the
elastic maximum velocity Vemax (/2 Enp/ Vemax), respectively, for the same earthquakes and damping
factor as in Figs,7 and 8.

Comparing these figures and (b) and (c¢) in Figs, 7 and 8, the following can be noted ;

(d) Ea, which is one of the cumulative values of inelastic response, shows the tendency of the
periodical characteristics which becomes smooth as the inelastic response becomes stronger according to
the decrease of yield strength ratio R (see Figs. 9 and 10). But the effect of the frequency characteristics
and the duration of the input earthquake motion on this E,, is almost the same as the result on E, as

described in (b).

(e) The effect of the frequency characteristics of the earthquake on /2 E,.,, / Vemax is almost the same
as that on /2 E;o / Vemax, thatis, the results of every earthquake show similar smooth curves going down
according to the increase of the natural period T, and this ratio gets larger as the duration T, becomes
longer, when (M - D) and GC are the same, At this stage, the authors can not give any theoretical reason
as to why the periodical characteristics of /2 E;. / Vemax and /2 Ep,, / Vemax show the tendency to go down
with the increase of T. However as can be seen in Figs.7 to 10, it seems to be caused by the relative
difference of the periodical characteristics between V,pax and E,., E,, Regarding this, Kato et al.?
investigated the relation between the equivalent velocity 2E,/m and Vepax, Where E, is the input energy
which contributes to the structural damage’ and is equal to m times E,, They concluded that the
hypothesis proposed by Housner®, ,/2E./m (=42 E.;) = Vemax, is approximately valid, without any
regard to the structural parameters. However, the results in Figs.9 and 10 show that Housner’s
hypothesis is a little unreasonable.

Summing up the results mentioned above, the maximum value of all responses at any time in the duration
of an input earthquake motion is related to the natural period of the structure and is affected very much by
the frequency characteristics of the earthquake. This is valid without any regard to elastic or inelastic
response, as in the elastic maximum velocity Vomax. On the other hand, -as to the elastic input energy E,,
and hysteretic energy E,,, the value of the individual response which is accumulated at each interval is
considerably affected not only by the frequency characteristics but also by the duration of the strong
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motion. Therefore, in the ratio of \/2E,, or y/2E,,, t0 Vo, the effect of the frequency characteristics on
both ratios becomes very small, because they tend to cancel each other out. The effect of the duration T,
on this ratio still remains,
(3) Effect of the duration/the total power

As was previously described, it is a major object of this study to evaluate the quantitative effect of the
duration of input earthquake motions on the energy responses, such as E,, and E,,.

In this section, we shall pay attention to the total power P, which has a close relation with the duration of
the strong motion T, as shown in Table 1. Some consideration will be given to the comparison of E’,, Ep

V2Ei:/Vemax and v2E},/ Vemax which are the normalized values of E., E., +2E/Vemax and
V2 Erp / Vemax by the standard total power P,,, respectively. The next formula is used to normalize these.

E\=E, (Pm/Pu) ...................................................................................................... ( 4 )
where, E, and E; are the actual value and the normalized value of energy response for the input
earthquake I’ and P,, and P,, represent the total power of the earthquake I and any total power used as the
standard one, respectively.

Being normalized by the total power of the earthquake No.5 (P,,=Pj;), the results of Figs, 7 and 9 are
changed to Figs. 11 and 13. The results of Figs. 8 and 10 are also changed to Figs. 12 and 14 after being
normalized by the total power of No. 11 (P,=P,,). InFigs. 13 and 14, only the results for the pair (R=
0.25, p=0.0) are shown.

From the comparison of the normalized Figs. 11 to 14 with those of the original Figs,7 to 10, the
following can be understood ;

(a) The difference of the values in normalized E/, and E;, due to the duration T, for earthquakes
with the same (M - D) and GC, become considerably smaller than that of their original E,, and E., ascan
be seen from the comparison of the similar thick and thin lines in Figs.11 to 14.

(b) When GC is the same and (M - D) is different (see Figs. 11 and 13), the difference of the values
of E. and E7, due to (M - D) becomes smaller, except the range T=0(.6 to 1 sec., where the response
for (M - D)=[C] is dominant,

(¢) When (M - D) is the same and GC is different (see Figs. 12 and 14), the effect of the frequency
characteristics still remains and, even in the normalized E, and Ej,, the difference of the value due to GC
cannot be canceled.

(d) Astov2E7%/Vemax and v2 E,,/ Vemax, the above mentioned results given in (a) and (b) are

x 10 - .
2 e e e B ;
< ] T . : —— NG
< 32t : ,l‘ £ 8 T — —iNg 3 s .2 H 41
s eyl 3. N < S
PN 7 = < @ 3 37
@ — G A o H
18 Y oe = A\ D,
£ AN . o < 8 4 5 = +
S 2 l ;- = s s X\ g i
s g § £ 2 =gl ITH =z 1
=
.2 3 = 3 THINGNS] 8 l
o 9 : ol 5 gt T INEL 2
Al 1. S. -1 - ES .1 TS 1., 3. Lt .S . 3
PER1GD (soc) PERIGD(sec) SER{QO ISEC) PERIGO (SEC)
. [3Fie . .
(a) Eie (b)) J2Eie/Vemax (a) Ew (b ) /2Fhp/Vemax
Fig. 11 Normalized result of Fig.7, E’ and v2 E../ Vemax. Fig.13 Normalized result of Fig.9, E}, and v2 Ep,/ Vouax.
=2.92¢ _
= T z1° o '3 T -
s n " &
= s s S 12} 0 5.
< < < R
= - 6 T 2 e = >
)4 b HE - N T =
< — = ‘%- 4 i AN & °
o T = Y = il il &=t
= g A\ = 2 i AV 3 H = S
CAYR =3 H [INENEL] = ! >
;5 o Z R N @ o i T T T i T il "‘% - 7 oll S 1 B
-1 5 1. S. L1 3 1. 5. -1 . : 2 ot g SEc e
PERTUD (sec! PERIBD{sec) PERIODUISECS PERIOD(SEC:

(a) Eie (b ) J2Eie/Vemax (a) Ehp (b ) J/2Ehp/Vemax
Fig. 12 Normalized result of Fig.8, E;. and v2 E7./ Vemax. Fig.14 Normalized result of Fig.10, E}, and v2E},/ Vemax.

388s



The Effect of Frequency Characteristics and Duration of Input Earthquake Motion on the Energy Response of Structures 173

S IO T g e
= h=SZIAVE} —+———— @~ 32
~ Ng.1.3.5° 1 >
: < 28
- -
= 2 18 - .
: g : = =
2 s q o =
2 2 7 < >
e w i [11E o] =

T . ; 5. °3 S 1. 3. = -

PERIOD (swc PERIOD (sac)
( a) Eie(ave) and Eie(ave)
R=0.25 2=0.0CC R R=0.25 0=0.000
o!0 - 2 - M oio0 (B ENEN
= I huSziAvE) — 2 L :
S aif—=No1.3s 2 3 i
N ——Ngl2.dE A < - -
> LA “ & = -
$ % YN s ® g <
I 1 P andiE : N a
z et AR -5 a & =
> 2 PN = 2
= T Lt it Ty -
o5 5 1. AT s 3. 5 1. i A ]
FERIBD (sac) PERIOD (sac) PERIBD(SEC) PER1GC (SEC!
(b ) Ehp(ave) and Ehp(ave) ( a ) Difference of (M:D) ( b ) Difference of GC
" ’ " .
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No.1, 3, 5 and 2, 4, 6.

reflected, and the difference due to the input earthquake becomes smaller compared with the original ratio
difference. From this result together with the result for /2 E,,/ Vemax described previously, we can
possibly estimate the hysteretic enmergy E,, which represents a satisfactory index to evaluate the
structural damage for severe earthquakes, through the structural parameters, the total power P, and the
elastic maximum velocity V,.m.x which are already familiar to us.

Though the analytical results were omitted, the effect of the input earthquakes on the inelastic input
energy E,,(E;,) is almost the same as that on E . (E%) and E,,(E},).

As described above, for the input earthquakes with similar frequency characteristics, it seems that the
total power P, can be an index to evaluate, the quantitative effect of the duration T, on the energy
responses of the structures, Figs,15 (a) and (b) show the comparison of the average value of E,. with
E’. and E,, with E;,, respectively, In these figures, the solid line shows the average value of the three
earthquakes Nos. 1, 3 and 5 which have the same ground condition (GC=23), and the broken line shows that
of Nos. 2, 4 and 6 which have a half of the duration T, for each earthquake Nos. 1, 3 and 5, respectively. In
the case of E;. and E7}, which are normalized by the total power of No. 3, the difference of both averages is
very small, This supports the validity of above mentioned theory.

Furthermore, as was described in section (2) of this chapter, the energy responses E,.and E,,,, whose
responses are accumulated at any interval, are affected by the duration T, as well as the frequency
characteristics of the input earthquake motion. This matter leads to the expectation that for the ratio of
one form of energy to another, both effects are canceled out and the scattering of this ratio due to-the
difference in the input earthquake motions becomes smaller, This point is confirmed for the ratio of E,, to
E,. in Fig.16, if we exclude the range of the natural period T less than (.2 or (.3 sec..

5. CONCLUSIONS

In this study, artificial earthquakes, each varying in frequency characteristics and duration, were
generated so that they would comply with the acceleration response factor spectra shown in the Japanese
specifications for road bridges V. The numerical energy response analysis for bi-linear SDOF structures
was also carried out by the use of these earthquakes. Then, based on the analytical results, the
quantitative and qualitative effect of the frequency characteristics and duration of the input earthquake
motions on the elastic maximum velocity V.max, the elastic input energy E,, and the hysteretic energy E,,
were examined.

The results obtained in this study are summarized as follows;

(1) For those earthquakes whose acceleration response factor spectra are almost the same as the ones
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shown in the Japanese specifications for road bridges V, there is a near proportional relation between the
duration of the strong motion T, and the total power P, when their maximum acceleration is the same.

(2) The maximum value of all responses, like the elastic maximum velocity Vopm.x, is related to the
natural period of the structure and is greatly affected by the frequency characteristics of the input
earthquake motion. On the other hand, as to the elastic input energy E,, and the hysteretic energy E.,,, the
value of the responses which is accumulated at each interval is considerably affected not only by the
frequency characteristics but also by the duration of the strong motion T,

(3) In connection with the result (2), for the ratio of the equivalent velocity 42 E,, or /2 E,, to
Vemax, the effect of the frequency characteristics becomes very small, because the effect on both E,, or
E,,and V., is canceled out, Even in this ratio, however, the effect of the duration T still remains. On
the other hand, for the ratio of one form of energy to another such as E,,/E;., both the effects are
canceled out and the scattering of this ratio due to the difference of the input earthquake motions becomes
smaller.

(4) In the case of earthquakes with similar frequency characteristics, a near proportional relation
can be found between the value of the energy responses such as E,, and E,, of the structure and the total
power P, of the input earthquake motion. Therefore, it seems that the total power P, can be seen as an
index to evaluate the quantitative effect of the duration T, on the value of the energy responses.

These are the results obtained through limited numerical analysis, so that there still remain some
problems to be solved, for example, what is the corresponding relation between the results for artificial
earthquakes and the results for actual/recorded ones, how does one practically evaluate the gquantitative
effect of the duration T on the energy responses and so on. These themes are worthy of more discussion in
the future.
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