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CHAPTER 1

Duration of Strong Ground Motion

There have been several propesed definitions of strong
ground motion duration. Duration has been defined in terms of the
egquivalent number of cycleslfor cyclic soil strength and liquefacticn
studies (10) as well as in terms of time (2,3,7,11,13). At the
present, however, none is widely accepted as the “best" significant
duration of seismic ground shaking for Civil engineering
applications. In this chapter, several of these ground motion
durations, which are most relevant +to the behavior of étructures
during earthguakes, are presented and compared. In subseguent
chapters, these ground motiocn du;atioﬁ?are compared with the time
interval during which there 1s significant seismically induced

structural motion.

1.1 Bracketed Dﬁration; BOLT

One of the simplest definitions of duration of strong
ground motion 1is “bracketed" duration proposed‘by Bolt (2). This
duration is defined to be the elapsed time between the first Qnd last
excursion of the abgolute value of ground acceleration above a
predefined level. The predefined acceleration level is often taken
as 5% of the acceleration due to grévity and this value will be used
herein. Figure 1.1 shows the NS0E component of ground acceleration

1l



recorded at the basement level of Caltech's Millikan Library during

the 1971 San Fernande Earthguake. The start of bracketed duration

(t occurs at the first excursion above the 0.05g level which is

l)BOLT

at 4.64 seconds for this accelerogram. Likewise, the end of

bracketed duration (tz) occurs at 15.41 sec which correspeonds to

BOLT
+he last excursion above the 0.05g level. Hence for this component,

BOLT's duration, A equals 10.77 sec.

BOLT’

For a given earthquake, ABOLT tends +to decrease with

distance from the source due +to <the attenuation of ground
accelerations. If the peak ground acceleration cf the record is less
than 0.05g, ABOLT equals zero. In this manner, Bolt's duration takes

into account the level as well as the elapsed time of strong ground

shaking.

1,2 Trifunac and Brady Duraticn

Another definition of strong ground motien duratioen is the
time interval during which a specific fraction of the total
cumulative energy of the earthquake arrives at a particular site.
The Arias intensity IA of an earthquake at a given time t is given by
the following integral(l):

- t

2
I,(c) =5-g—£ a“ (1) dt : (1)



where a{7) is a component of the acceleraticn time history at the
gite and g is the acceleration due to gravity. 1If tf is the lengﬁh.
of the recoxrd, then IA(tf) 'is the +total Arias intensity of tﬁe
earthquake.

Husid (5) suggested plotting the energy buildup o¢f an
accelerogram with time, normalizing it with respect to the total

- b

energy or:

I ()
h,(t) = — (2)
A

IA(tf)

The graph of hA(t) versug time is kXnown as a Husid Plot.
Trifunac and Brady (11) define strong ground motion
duration as the +time interwal during which a specific fraction,

usually 90%, of the cumulative energy arrives at the site. 'That is

b = (t

s = (500 = (£ | (3)

where
h = 0,05
L[t )]

and

h [(t, ) ] = 0.95

This is illustrated in Figure 1.2 which presents the Husid

plot for the N90OE compeonent of ground acceleration recorded at the



basement of Millikan Library during the 1271 San Fernando Earthquake.
For this particular component (tl)TB equals 4.83 sec, while the end

of significant ground motion, (t

)

2 occurs at 22.35 gsec. EHence,

Tﬁ’
using Trifunac and Bradys method, the strong ground motion duration,
for this component Ay iS 17.52 sec.

Other limits for the specific fraction of total cumulative
energy have Dbeen proposed for uéé with the Trifunac and Brady
apprcach. However, in this report the 90% value, that is from 5% to
95%, will be used exclusively.

Unlike Bolt's duration, described in Section‘l.l, Trifunac
and Bradys significant durations of ground motion for a particular
event tends to increase with distance from the source. This 1is

thought +tc be due to the increasing importance of surface waves for

distant sites.

1.3 HcCann and Shah Duration

Strong ground motion duration as defined by Mpcann and Shah
(7) is dexived from the cumulative rms acceleration function (CRF).

CRF is defined as

.n 2 P
§ e m
J=1

CRF(tn) = -1



where a(t) is a acceleration time history component, The end cof the

strong shaking (t is defined as the time when the derivative of

z)ﬁs
the CRF is last positive, The initial time (tl)ﬁs is evaluated by
repeating the process with a reversed acceleration time history. The
general procedure is illustrated in Pigure 1.3. The duration of

strong ground motion is then the difference between these two time

values.

s = (Eodys = (£1)ys | (5)

Hence, using the M Cann and Shah method, the duration of significant
ground motion corresponds to the time Interval during which the

average cumulative rate of energy increases or remains constant,

1.4 ROND'S Duration

Bond et al. (3) dgfined the significant duratiocn of the
earthguake ground motions as the interval of time during which direct
shear waves (S—-wavesg) are arriving at the site. As Dobry, Idriss and
Ng (4) pointed out, for earﬁhquakes having moderate magnitudes,
accelerograms‘ recorded at rock sites are usually composed gf three
parts:

(1) an initial weak part corresponding to the arrival of

P-waves;



(2} a strong middle portion asscciated with the arrival of
5-waves and some P-waves and:
(3) a final part correspohding to the arrival of surface

waves and indirect P and S—waves,

Bond used a moving window RMS acceleration a(t) in the

horizontal plane

t+5/2

2 (t) =—§ f (ai('ﬁ) + ai(T)) dt (8)
t~

8/2

where & is the width of +the moving time window, a (7) and ay(T) are
the two orthogonal horizontal ground acceleration components, in

determining the beginning (t_} and end (tZ)BO

1 ’BoND qf the strong

. ND
middle portion of the records. The Husid Plot and graphs of the

" wvariation with time of the principle directions of ground motion were

and (t_)

in 4 ining the ti .
2lsc used in determining e mes (tl)BOND 2 YBoND

Bond's procedure is illustrated in FPigure 1.4 which shows
the moving ﬁindow rms acéeleration plot for the N9OE component of
the ground motion recorded at Milliken Library during +the 1%71

San Pernando earthquake. For this site, ST — 4.3 sec while

(tz)BOND = 12,2 sec, Hence, the significant ground motion Buratioh

using BOND's method, A is 7.9 sec for this site.

BOND'

sSince Bond wutilizes acceleration in the horizontal plane

his procedure yields a strong ground motion duration for a site,



while Bolt's , Trifunac and Brady, and MFCann and Shah methods vyield
durations for a component of ground motion (generally eithexr of the

two oxthogonal horizontal components per site).

i.5 Vanmarcke and Lai Duration

Vanmarcke and ©Lai (13) §foposed a ground motion duration
based. upon the RMS ground acceleration and the peak ground
acceleration, The ground motion duration is chesen such that the
expected peak value of the assumed stationary Gaussilan process, which
is a function of the RMS value and the duration, matches the ohgserved
peak ground acceleration. Notice with +the four previous ground
motion durations (Bolt, Trifunac and Brady, McCann and Shah, and
Bond) the beginning and end of the strong shaking are specified.
However with Vanmarcke and Lai's method, only the total duration is
determined, while the beginning and end of the strong shaking are not
determined. For this reason, vVanmarcke and Lai's procedure will not

be considered in this report.

1.6 Comparison between Ground Motion Durations

Table 1.1 lists ground stations which recorded the 1971 San
Fernando Earthguake. The beginning of strong ground motion, wusing
the methods of Bolt, Trifunac and Brady, McCann and Shah, and Bond..

are listed in Table 1.2 for the San Fernando stations listed in Table



1.1, For the same records Tablesg 1.3 and 1.4 list the end of strong
shaking and duration of strong shaking, respectively using the four
methods mentioned previously. MCCann ~and Shah (7) "have compared

their duration, A with A and A... Bond's duration ABO could

Ms’ BCLT | B ND

not have been included in this comparison since it was not available
at the time cof publication of ref. 7. ¥ cann and Shah conclude
that Ac. is longer than 4,.. There is considerable scatter in the

comparisen between ABOLT and A MS with no general trend apparent.

M°Cann and Shah contend that this is probably due to the arbitrary

choice of the cutoff acceleraticn level used, However,-there is also
an arbitrary cheice involved in the Trifunac and Brady method (5% to
g95% versus 10% to 390% for example). It seems reasonable to suspect

that much of the scatter between AMS and ABOLT is due to <the fact

that, as mentioned previously, ABOLT takes into consideration the

level of ground shaking as well as its duration,

Bond's duration, A ranges from 5 to 8 sec. for sites

BOND'

south of the San Fernando epicenter and from 3 to 4 seconds for sites

north of the epicenter. These values are generally smaller than ATB

and AMS for the same sites, There is no general trend between ABOND

and A Again, this is most likely due to the fact that

BOLT’
ABOLT takes into consideration the level of shaking.

As mentioned previously, Bolt's, Trifunac and Brady's, and
MCCann and shah's method yield two values for strong ground motion

duration at a particular station (one for each of the two orfhogonal

horizontal components). Using these three methods, there is in general



fairly good agreement between the twe ground motion durations for
a particular site, That is, ATB for the North-sSouth component at a
particular site is generally close in value to ATB for. the East—wést
component at the same site. This consistency among components also

holds for both the start and the end of strong shaking, using any of

the three methods.
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TABLE 1.2

Start of Strong Ground Motion for Stations which

Recerded the 1971 San Fernando Earthquake

SalTech Direction (tl)BOLT (tl)TB (cl)Ms (tl)BOND
Number
(sec) (sec) (sec) (sec)
CO48 NOOW 1.91 3,93 1.90 2.70
CO48 S90W 2.65 3.01 2.60 2.70
CO54 ' N52W 2.15 2.57 1.88 1.80
C054 S38W 2.02 2.37 1.90 1.80
D062 N38W 4,81 4,85 4,48 4.0
D062 s52W 4. 49 4.71 4.564 4,40
EQ75 North 1.74 2,34 1.42 1.30
E075 East 1.62 1.72 1.40 1.30
E083 South 1.41 2.18 1,22 1.20
E083 East 1.32 1.55 1.18 . 1.20
FO89 S53E . 4.81 5.06 45.78 4.60
. FO89 S37W 4.95 4.99 4,50 4.60
" F095 . S88E 2.91 ' 3,15 - 1.52 2.70
F095 S02W 3.67 3.66 2.42 2,70
F098 . SS3E 495 5.31 5.02 4.90
F0%8 S37W 4.99 5.53 4.94 4.90
G108 North ) 4.49 4,66 4,20 4,30
£108 East L.64 . 4.83 4.20 4.30
G112 N38E 2.94 2.94 2.22 2.20
G112 W52W 3.12 2.78 2.3b 2.20
H115  NIL1E 4,25 4.56 4.10 4.10

H115 N79W 4.11 4.90 T 4,12 4.10
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TABLE 1.2
{continued)
CalTech Direction (t1>BOLT . (tl)TB (?l)MS l(tl)BOND
Number (sec) {sec) (sec) (sec)
H124 Center West — 9.71 9.60 8.60
CH124 Center South ——— 9.85 9,52 8.60
1128 North 5.50 5.51 4.94 5.10
7128 West 5.53 5.51 1.44 5.10
1131 N50E 6.58 ‘ 6.91 6.30 - 6.60
1131 NLOW 6.43 6.82 6.10 6.60
1134 N54E 6.54 6.59 5.86 6,20
T134 S36E . 6.65 . 6.58  5.86 . 6.20
1137 © S81E . 5.4 '5.95 3.60 . 4.80
1137 SO9W 5.11 6.15 3.50 " 4.80
J145 South L 2.44 3.10 0.06 1.60
J145 West 1.82 2.92 1.14 1.60
J148 . North 6.08  6.35 6.40 5.60
J148 West 5.90 6.00 . 5,80 5.60
K157 S53E - 3.12 3.63 2.88 2.90
K157 S37W 3.34 3.36 1.92 2,90
L166 North 2,01 2,70 ©0.58 1.60
1166 West . 1.77 2,22 . 0.78 . 1.60
¥176 N37E 2.80 3.43 0.24 2.40
M176 S53W - 2,62 2.89 0.26 . 2.40
M180 South - — 2.70 1.44 1.50
M180 . West —— 2.83 1.44 1.50
¥188 NS4E © 6.29 6.33 5.64 5.70
N188 N36W 5,63 : 6.11 5.64 5.70
W192 N29E 4.50 4.51 0.66 4.10
N192 N61W 4.59 4.69 4.20 4.10
0199 - N28E | 7.06 - 7.20 4.16 6.50

-~ 01589 N6ZW 6.61 7.20 6.64 - 6.50
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TABLE 1.2
{continued)
CalTech Direction (tl)BOLT (tl)TB (tl)MS '(tl)BOND
Number : . -
(sec) (sec) (sec) {sec)
P214 S89W 1.12 1.52 0.62 1.10
P214 S01E » 1.33 1.38 0.90 1.10
- P217 Scuth 2.15 2.14 1.34 1.20
P217 East 1.48 1.59 1.34 1.20
Q233 S1ZW 5.02 5.23 ‘5.12 4.90
Q233 N78W 4,81 5.43 4.90 4.90
Q236 South 4,93 5.25 4 .86 4 .80
Q236 East 5.36 4,84 . b4 46 4,80
Q239 South 5,15 5.33 4,90 5.00
0239 ’ East 5.19 5.45 5.14 5.00
0241 N37E 6.63. 6.80 " 6.56 6.30
0241 N53W 6.77 6.80 6.34 6.30
R244 N53W 5.67 5.92 5.48 5.50
R244 S37W 5.84 - 6,14 5.88 5.50
R246 . South 5.73 5.77 5.34 5.10
R246 East 5.30 5.67 5.36% 5.10
R249 N4LE 5.55 5.51 4 .84 5.10
R249 S46E 5.38 5.42 5.04 5.10
R251 . N37E 3.36 4.14 3.48 3.20
R251 ' © 853w 3.54 3.77 3.14 3.20
R253 N30W 6.22 6.49 6.18 5.90
R253 S60W 6.06 6.57 6.18 5.90
8255 NO8E 1.19 1.44 1.12 . 1.10
§255 N82ZW 1.28 1.79 1.30- 1.10
5258 NZOE 10.07 6.52 6.08 6.60
5258 S71E 9.78 ‘ 6.77 5.50 6.60
8262 N83W 3.65 2.85 2.28 2.00
8262 So7W 4,74 3.28 2.52 2.00
5267 North 17.19 6.98 6.68 6.30
5267 East 7.70 7.68 6.72 6.30
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TABLE 1.3
End of Strong Ground Motion for Btations which

Recorded the 1971 San Fernando Earthquake

(ialTech Direction (tdgorT . (t))rg (t))ye .-(tZ)BOND
Number (sec) (sec) (sec) (sec)
€048 NOOW 20,57 20.52 14770 —
CO48 - S90W 20.59 24.67 - 20,60 —
cos4 N5ow 8.84 15,81 7.68 7.70
054 S38W 12.05 18.23 12.10 7.70
D062 N3&W 14.80 18.20 11.08 11.30
D062 s52w 12.41 16.91 11.14 ' 11.30
E075 North '14.57 17.66 14,22 7.60
E075 East 12,17 17,32 12.20 .- 7.60
E083 South 13.74 15.06 7.62 7.80
£083 " East © 13.94 14.80 9.98 . 7.80
FO89 - §53E 11.33 17.74 10.58 10.60.
F089 S37W 14071 20,70 14.90 10.60
FOSS S8SE £.80 22,65 19.42 9.00
FO95  sozw 9.64 27.71 . 14.88  9.00
F098 . $53E 16.15 117.69 10.62 10.90
F098 S37W 15.24 18.22 10.54 . 10.90
G108 North 14.84 17.79 8.60 12,20
G108 East - 15.41 22.35 - 9.80 12.20
6112 N38E 9.29 17.07 9.22 8.00
6112 N52W 10.564 18.65 13.36 - 8.00
E115 NL1E 21.08 23.00 18.18 9,70

H115 . N79W 22.28 29.44 22.36 9.70



CalTech
Number

H124
H124

1128
1128
1131
1131

1134
1134

1137
1137

J145
J145

J148
J148

K157
K157

L166
L1166

M176
M176

M180
M180

N188
N188

"'N192
N1%2

0199
0199

Direction

Center West

Center South‘

North
West

N50E .
N4OW

N54E
S36E

S81E
509w

South
West

North
West

S53E
S37W-

North
- West

N37E
S53W-

South
West

NS4E
N36W

N29E
N6lw

N28E
N62W

TABLE 1.3

(continued)

(ty)porr .
(sec)

——

14,31
14.98

113,04
12.65.

24,91
21.24

‘18.18 -
24,48

18.45
16.23

(£)) g
(sec)

31.23
30.73

20.28
19.49

18.20
24.09

31.34
37.19

32.40
27.97

29,36
31.14

18.21
16.20

17.16
19.03

14.60

14.26

21.04
18,27

77.06
71.84

28.97
23.12

18.37
16.35

21.86
19.29

RS

Z)MS

{sec)

32,
32.

22,
21.

12.
12.

13.
12.

35.
36.

25.
24,

18.
is6.

:.8I
.12

13

10

7.

14,
17.
55.
86.

12.
12.

18.
17.

23.
36,

60
g2

42
26

70
50

06
66

90
10

86

17

74 .

40

20

68

.30
66

72
46

10
56

24
64

52
60

50
12

(62)BOND
(sec)

13.00
13.00

12.80
12.80

13.00
13.00

12.80
12.80

11.00
11.00

12.9¢
12.90



TABLE 1.3

(continued)
QalTech Direction r(tZ)BOLT . (tZ)TB .(tZ)MS (tZ)BOND
Number

(sec) (sec) (sec) (see)
P214 S89W | 9.13 11.07 9.14 7.20
P214 SO1E 7.19 12.15 7.18 7.20
P217 South 7.76 16.76 14.14 7.90
P217 East 7.62 15.86 11.94 7.90
Q233 S12W 22.56 21.67 15.52 16.80
Q233 N78W 27.90 28.04 27.90 10.80
0236 South 14.43 17.51 10.46 10.70
Q236 East 10.55 18.63 10.66 10.70
Q239 South 16.82 20.24 11.30 . 12.20
Q239 East 13.17 21.12 13.14 12.20
Q241 N37E 14.24 ©21.88 16.76 12.40
0241 N53W 16.77 : 21.22 14.14 12.40
R244 N53W 13.85 19.74 12.08 11.20
R244 S37W 9.54 21.21 14.28 11.20
R246 South 14.85 21.80 14.94 10.80
R246 East 16.02 19.90 15.36 10.80
R249 N44E 11.39 32.32 11.44 11.80
R249 S46E 11.69 26.01 16.04 11.80
R251 | N37E 10.46 15.46 12.68 10.20
R251 S53W ‘ 13.13 ' 18.53 8.74 10.20
R253 N30W 14.64 17.09 11.98 12.10
R253 S60W 17.96 17.95 11.98 12.10
5255 NO8E 7.68 18.35 5.52 - 7.00
S255 N82W 9.81 18.43 14.30 7.00
5258 N29E 14.27 24.40 16.48 12.00
§258 S71E 11.52 25.94 20.90 12.00
5262 N&3w 14.61 21.71 20.68 8.70
S262 SO7W 1€6.89 18.01 17.12 8.70
S267 . North 17.54 32.83 25.28 —_—

5267 East 12.25 40.20 41.12 —_——



CalTech

Direction

TABLE 1.4

Duration of Strong Ground Motion for Stations which
Recorded the 1971 San Fernando Earthquake

Bes
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Numb BOLT TB BOND
umber (sec) (sec) {sec) {sec)
Co48 NOOW 18.66 16.59 12.80 ———
C048 So0W 17.94 21.64 18.00 ——
CO54 N52W 6.69 13.24 5.80 5.90
CO54 S38W 10.03 15.86 10.20 5.90
D062 N38W 9.99 13.35 6.60 6.90
DOE2 S52% 7.92 12.20 6.60 6.90
EQ75 North 12.83 15.32 12.80 6.30
EQ75 East 10.55 15.60 10.80 6.30
E033 South 12.33 12.88 6.40 6.60
EQR3 East 12.62 13.25 8.80 &6.60
FO8S S53E 6.52 12.68 5.80 6.00
F08% S37vW 9.77 15.71 10.40 6.00
FQ85 S88E 5.89 19.50 17.90 6.30
F095 S02W 5.97 24,05 12.46 6.30
F098 S533E 11.19 12.38 5.60 6.00
F098 S37W 10.25 12.69 5.60 6.00
6108 North . 10.34 13.14 4,40 7.90
G108 East 10.77 17.52 5.60 7.90
Gliz N38E 6.35 14.13 7.00 5.80
G1l1iz NS2W 7.42 15.87 11.00 5.80
H1i5 N11lE 16.83 18.44 14.08 5.60
H115 N79W 18.17 24,54 18.24 5.60
H124 Center West 0.0 21.52 23.00 ———
Hi24 Center South 0.0 20.88 23.40 ———
1128 North 4,96 14.77 17.48 7.90
1128 VWest 7.31 13.98 19,82 7.90
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TABLE 1.4
{continued)
gii:zsh Direction ABOLT‘ ATB : &MS ABOND
- {sec) (sec) (sec) {sec)
1131 N50E \ 7.73 12.29 6.40 .20
1131 NLOW 8.55 17.27 6.40 6.20
1134 N5SLE 6.50 24.76 7.20 6.30
1134 S36E 5.99 30.61 6.80 6.80
1137 S81E 19.50 26 .45 32.30 _—
1137 S09W 16.13 21.82 32.60 ——
J145 South 15.74 26.26 25,80 —_
J145 West 22.66 28.22 23.60 ——
J148 North 12.38 11.86 12.00 7.60
J148 West 10.34 10.20 10.40 7.60
K157 S53E 6.63 13.53 5.80 5.80
K157 S37W 5.80 15.67 11.20 5.80
L166 North 6.68 11.90 9.72 5.90
1166 West 6.23 12.04 6.88 5.90
M176 N37E 10.48 17.61 14,48 7.80
M176 S53W 8.79 15.38 17.20 7.80
M180 South 0.0 74.36 . 53.88 6.30
M180 West Gg.o 69.01 85.12 6.30
N188 N54E 6.35 22.64 6.60 7.10
N188 N36W 11.56 17.01 7.00 7.10
N192 N29E 9.90 13.86 17.86 6.90
N192 N61W 6.11 11.66 13.40 6.90
0199 N28E 9.78 14.66 19.34 6.40
0199 N62W 7.99 12.09 29.48 6.40
P214 S8OW 8.03 9,55 §.52 6.10

P214 SO1E 5.86 10.57 6.28 6.10
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TABLE 1.4
(continued)

gig:ih Direction ABOLT : ATB - AMS ABOND

(sec) (sec) (sec) (sec)
P217 South 5.61 14, 62 12.80 6.70
P217 East 6.14 14.27 10.60 6.70
0233 S12W 17.54 16,44 10. 40 5.90
Q233 N78W 23.08 22.61 23.00 5.90
0236 South 9.50 12.26 5.60 5.90
Q236 East 5.20 13.79 6.20 5.90
Q239 South 11.67 14.91 6.40 7.20
Q239 East 7.98 15,67 8.00 7.20
Q241 N37E 7.61 15,08 10.20 6.10
Q241 N53W 10.00 14,42 7.80 6.10
R244 N53W 8.17 13.82 5.60 5.70
R244 S37W 15.38 15.07 19. 40 5,70
R246 South 9.11 16.03 9.60 5.70
R246 East 10.72 14,23 10.00 5.70
R249 N4LE 5.84 26,81 6.60 6.70
R249 S46E 6.31 23.59 11.00 6.70
R251 N37E 7.10 11.32 9.20 7.00
R251 S53W 9.59. 14,76 5.60 7.00
R253 N30W 8.41 10.60 5.80 6.20
R253 SE0W 11.90 11.38 5.80 6.20
$255 NOSE 6.48 16.91 4,40 5.90
$255 N&2w 8.53 16.64 13.00 5.90
$258 N29E 4.17 17.81 10.40 5. 40
$258 S71E 2.74 19.17 15.40 5,40
5262 N83W 10.97 18,86 18.40 6.70
5262 SO7W 12.15 14.73 14.60 6.70
S267 North 0.35 25.85 18.60 —
$267 East 4,56 35.79 34.40 ——
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CHEAPTER 2

Duration of Strong Structural Response

In the previous chapter, several definiationg of +the
duration strong ground iotion due to earthquakes were presented and

compared, It was found, in general, that ATB > A > A . There

MS - TBOND

was no apparent trend for ABO Thig is likely due to the fact that

T’
Bolt's method takes ints consideration the level or amplitude of
ground motion. It is worth noting that the strong ground motion
durations due to Bolt, Trifunac and Brady, and MCCann and Shah are
21l calculated directly from an acceleration time history of the
ground motion, Bond's methods utilizes the acceleration time history
ags well as other ground motion characteristics such as the principal
direction of ground motion.

In this chapter, the time period during which the relative
displacements in structures subjected to earthquake ground motion arxe

largest, are determined. These durations o¢f strong structural

response are fhen compared fo thé strong ground motion duration.

2.1 Duration of Strong Structural Motion Based on Relative

Displacement

The various ground motion durations considered herein attempt
to quantify the most significant portion of the ground acceleration time

history. For structures, the most important response parameter is the

26
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relative interstory displacements. The strains and hence stressesg in the
structures lateral load resisting system are directly related to _these
interstory displacements. Most of "the available records of.sﬁructural
response to earthquakes consist of the acceleration, velocity and
displacement of the top and basement or ground levels of the structure.
For all +he structures listed in Table 1.1, these‘ ground and tpp of
building records are available féf the 1971 San Fernando Earthquake,
Hence, the relative displacement of the top £floor with respect +to the
basement will Dbe used herein as the response parameter of interest, Note
that if the structure vibrates in its first mode oﬁly, the interstory
displacements are proportienal to the relative displacement between the top
and basement levels.

The procedure used herein to determine the duration of.strong
structural response is based upon Trifunac and Brady's procedureé for ground
motion. - The duration of strong structural response is defined as the time
interval during which a Hﬁsid Plot for the relative displacement between
the top and basement levels increases from 5% to 95% of its final value.

That is,
B = (E) - (t), (7)
where

h_[(t,).] = 0.05
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h {(t,) ] = 0.95

t
fo xi (1) dt

r— (8)
fofxr (1) dt

hb(t) =

and xr(t) is the relative displacement of the top level of the
structure with respect to its base and tf is the total length of the
recoxd.

Figure 2.1 presents +the relative displacement Husid Plot,
hs(t), for the N90OE component recorded at the Millikan Library during
the 1971 San Fernande Earthquake. Note that hs (7.97) = 0.05 while

Y = 28.42 secC,

28.42) = 0,85, =
h ( _ ) Hence (t ) = 7.97 sec and (%,)_

and the duration of strong structural response for this component,

A equals 20.45 seconds.

g’
Table 2.1 ‘lists the beginning, end and duration of strong
structural response for the structures in Table 1.1. In addition,
Table 2.1 presents the predominant natural period, T, in both
horizontal directioﬁs for the same group of structures. These
predominant natural periods were taken as those exhibited by the
structure »during” +the 1971 San Fernando Earthgquake angd were
calculated from information provided by Mulhern and Maley (8).
Unlike the duration of strong ground motion, one would
expect that the duration of strong structural response may be related

in some manner to the natural period of the structure, Presented in

Figure 2.2 is a plot of the duration of strong structural response,
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fa) versus the predominate pexiod of the structure, T. The

57
structural durations are all larger than 1b sec. for the San Fernando
event, otherwise there sec¢ems to be no correlation between the two
variables.

Figure 2.3 presents va plot of the duration of strong
structural regponse divided by the duration of strong ground motion
versus the natural period of the structure. For this plot ATB was

ugsed as the duration ¢of strong ground motion. A is generally

S’/ATB
larger than one, otherwise there seems to be little correlation

between thig ratic and the predominant period.

2.2 Comparison cof Strong Structural Response with Strong Ground

Motion
Figures 2.4 through 2.7 present graphs of the beginning of
strong structural response, (tl)s' versus the beginning of strong
ground motion (tl) (tl)TB’ (tl)xs’ ang (tl) Note that the

BOLT' BOND"

vast mnmajority of peoints, for all four ground motion procedures, fall
above the one to one match line. This indicates that +the start of
lstrong structural response begins after the start of strong ground
motion, as one might expect.

Figures 2.8 through 2.11 present graphs of the end of
strong structural response, {tz)s versus the end of strong ground

motion (t_ )

2 , and (t_)

BOLT’ (tZ)TB' (tz)MS 2 'moND” Note that the vast

majority of points, for all four ground motion procedures, again fall
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above the one to one match line. This indicates that strong
structural response COntinues‘ after the strong ground motion hasr
ended.

Figures 2.12 through 2.15 present graphs of the duration of

strong structural response, A_, versus the duration of strong ground

s

fa

motion A ATB’ MS andg ABOND'

ROLT Inspection of the figures indictes

that the duration of strong structufal response 1is, in general,
longer than the duration of strong ground motion.

No doubt some of the differences between the duration of
strong ground motion and the duration of strong structural response
are due to the relatively low damping ratics typical +o buildings,
That is, 1n certain cases the time interval between the end of strong
ground motion and the end of strong structural response corresponds
to lightly damped, quasi-free vibration.

Low structural damping, however, is not the only effect.
Figure 2.16 presepts a graph of (tl)s-(t ) versus the natural

1 "BOND

periecd of the structure. Recall that (tl)BOND ig the +time of <the
first S-wave arrival at the site and that the other three starting

times, (t_)

1 )soLT’ (tl)Ms, and (tl)TB are generally within a second or

two of (t_)

1’BOND Although there is quite a bit of scatter, the

figure indicates that the time interval between the arrival of the
initial S-wave and the sgtart of strong structural respogse is a
function of the natural period T, For shorter period, higher
frequency structures (i.e., T < 2 sec) the start of strong structural

response occurs generally within 3 or 4 seconds of the arrival of S!.
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However, for the longer period, lower fregquency structures (i.e., T »
2 sec) the start of strong structural response can lag behind the
start of strong ground moticn by as much as 20 sec. |

The same general conclusions can be drawn from Table 2.2
which present the mean and standard deviation of ﬁhe difference
between the start of strong ground moticn, by each of the four
methods, and the start of strong structural response. Table 2.3
presents a similar comparison for the end times. Listed in Table 2.4
are the mean and standard deviation of the ratio between strong
ground wotion duration and strong structural response duration. The
meang and standard deviations are presented separately for structures
with T <« 2 sec, and for structures with T ¢ 2 sec, as well as for all
structures, Notice for the shorter period structures, that, on the
average, strong structural response begins about 2 seconds after the
start of strong ground motion. BAlso strong structural response ends,
on the average, about 15 seconds after the end of strong ground
motion for these shorter period structures.

on the other hand, for the longer period structures, strong
structural response begins, on the average, about 7.5 seconds after
the start of strong ground motion. As a matter of fact, using Bolts,
McCann and shah, and Bonds procedures, strong ground motion ends
before strong structural response begins for many of these longer
period structures. Strong structural response ends, again on the
average, about 24 seconds after the end of strong ground motion for

these longer period structures.
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These differenceg are likely due to the fact +that all the
ground motion durations studied in this report are based upon grpund
accelerations, On the other hand, the motions of buildings, particularly
those above 10 or 20 stories in height, tend to be more closely related
to lower frequency ground velocities as opposed to higher freguency
ground accelerations. That is, strong ground motion, based upon ground
accelerations and generally correspohéing to the S-wave arrivals, tends
to coincide with strong structural response for shorter perioed
structureg. However, for longer period structures, strong ground motion
based on acceleration does not coincide with strong structural response.
For the latter, strong ground metion based upon ground velocities may be
more appropriate. From the viewpoint of velocities, the later arrivals
which include in many cases a strong surface wave contribution have an
increased importance.

" For the shorter period structureé, the start of strong ground
motion by any of the four methpds is a fairly good estimate for the start
of strong structural response. From Table 2.4 for T <« 2 sec, the
ratio Ag/As' is closer to one for Trifunac and Brady's procedure
Hence, Trifunac and Brady's procedure for the time period
of strong ground motion matches best the +time period of gtrong
structural response for shorter period gtructureg. On the otherhand,
for longer period structur es, none of the four ground mbtion
procedures match the time period during which strong structural

response occurg,



TABLE 2.1

Start, End and Duration of
Response and Natural Period of

Strong Structural

San Fernando Structures
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;iigzgh Directicn T (tl)S (tZ)S AS
(sec) {sec) (sec) (sec)
CO48 NOOW 1.67 10.81 33.64 22.83 .
C048 S90W 1.23 6.80 38.71 31.91
CO54 N52W 3.51% 7.52 48.07 40,55
C054 S$38W 3.33% 11.45 38.71 27.27
Do62 N38w 1.03 S5.44 25.72 20.79
D062 S52W 1,17 5.79 18.31 12.53
EO75 North 1.59 5.90 33.18 27.28
EQ75 East 1.30 2.78 25.97 23.19
EQ83 South 1.59 5.00 31.31 26.32
EO83 East 1.41 3.41 16.27 12.87
FO89 S53E 0.40 0.51 25.83 25,31
F089 S37W 0.60 0.40 25.75 25.36
FQ85 S88E 0.60 3.38 38.37 34.99
F095 SQ2wW 0.80 4.53 39,28 34.75
FOG8 S53E 0.30 - 5.52 38.32 32.80
F098 S37W 0.60 5.45 28.48 23.03
G108 North 0.67 5.96 25.12 19.15
GlQ8 East 1.00 7.87 28.50 20.63
G112 N38E 5.88 6.05 35.68 29.64
G112 N52W 5,55 - 6,56 39,36 32.80
H1i5 N11E 2.38 16.14 36.36 20.22
H11i5 N79W 2.94 21.58 38.42 16.84
H124 Center West 0.70  12.30 33.82 21.52
H124 Center South 0.80 11.38 33.45 22,08
1128 North 0.60 6.94 21.00 14.06
1128 West 0.40 6.09 20.93 14,84
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TABLE 2.1
(continued)
gi;g:;h Direction (zec) (tl)s (tZ)S (igc>
(sec) (sec)

1131 N50E 0.50 7.10 5.09 17,99
1131 NLOW 0.80 7.15 33.21 26.06
1134 NS4E 1.54 ’ 9,59 35.45 25.86
1134 S36E 1.04 7.70 33.93 26.23
1137 SR1E 2,77 15.97 4256 26.49
7137 S09W - 3.22 13,42 42.05 28.63
J145 South 1,00 5.86 28.20 22.34
J145 West 0.90 3.98 35.04 31.06
J148 North 1.09 9.87 36.34 26.47
J148 West 1.78 8.94 32.57 23.63
K157 S53E 1.00 . 4.83 28.27 23,44
K157 S37W . 1.00 4,08 23.24 19.15
L1166 North 2.08 469 42.86 38.17
1166 West 2.27 4,96 32.89 27.83
M176 N37E  2.63 9.21 54.34 45.12
M176 S$53W 2.50 5.96 64.74 58.77
M180 South 2.04 - 13.06 76.64 61.59
180 West . 1.13. . . 8.70 66.99 58,29
N188 NS4E 3,45 13.01 50.94 37.92
N188 N36W 2.94 15.98 43.65 27.67
N192 N29E 2.32 7.17 20.94 13.76
N192 N61W 1.88 8.83 24.03 15.20
0199 N28E 1.30 10.51 29.27 18.76
0199 N62W 1.40 8.52 38.43 29.91
P214 ‘Sgay 0.50 1.48 25.97 24.49
P214 SOLE 0.40 1.88 22.01 20.13
P217 South 1.20 4.23 25.18 19.95
P217 ¢ East 1.00 3.09 19.06 15.97



35

TABLE 2.1
{continued)
CalTech Direction T | {t ) (t j A
, MYg 2’s g

Numb .

umber (sec) (sec) (sec) (sec)
0233 S12W 1.07 7.68 32.17 24.49
Q233 N78W 1.13 9.47 36.18 26.71
Q236 South 1.92 1.25 31.28 30.03
Q236 East 2.12 5.86 24.82 18.96
Q239 South 1.69 - 8.78 32.75 '23.96
Q239 East 1.78 5.57 34.92 29,36
Q241 N37E 3.33 16.70 55.62 38.92
0241 N53W 2.32 16.06 42.60 26.54
R244 N53W 1.10 8.29 25.46 17.17
R244 S37W 0.60 o 6.42 26.90 20,48
R246 South ' 2.32 8.45 27.49 19.04
R246 East 2.70 - 8.92 25.26 16.33
R245 N4GLE 3, L4 12,55 38.04 25.49
R249 S4EE 3. 44% 25.57 38,46 12.89
R251 N37E ’ 1.20 . 3.93 27.78 23,85
R251 S53W 0.70 3,43 21.97 18.54
R253 N3OW 1.10 9.37 33.93 24,56
R253 . S60W 0.70 7.41 C45.77 . 38.36
5255 NOBE 1.49 4.01  39.10 35.00
8255 N82W 1.69 , 5.84 35.99 30,15
$258 N29E 1.00 © 10.08 24.48 14.40
$258 S71E 0.90 8.67 26.95 18.28
5262 N83W 5.0 10.04 26.03 13.99
$262 SOTW 5.0 14.78 25.00 10.22
5267 North 2.08 12. 49 £3.78 31.29

S267 - East 1.79 13,99 44,19 30,21

* Taken as average of "'pre" and "pqst" earthquake periods from Ref. (8)
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TABLE 2.2

Mean and Standard Deviation of Time Interval Betwéen

Start of Strong Ground Motion and Start of Strong Structural Response

(tl)S - (tl)g
T < 2 sec T > 2 sec All
Mean 1.73 £.80 3.40
Bolt
St. Dev. 2.28 5.17 L.24
Trifunac Mean 1.70 7.20 3.44
&
Brady St. Dev. 2.18 4.53 4.04
MCCann Mean 2.61 8.30 4,42
&
Shah S5t. Dev. 2.54 4.38 4.18
Mean 2,24 7.89 4.08
Bond
St. Dev. 2.32 4.57 4,18




Mean and Standard Deviation of Time Interval Between

TABLE 2.3

37

End of Strong Ground Motion and End of Stromg Structural Response

(ty)g = (tz}g
T < 2 sec T > 2 sec All
Mean 16.01 24,7 18.9
Bolt St. Dev. 6.68 11.7 9.57
Trifunac Mean 8.78 16.3 11.2
&
Brady St. Dev. 6.69 11.4 9.16
M Cann Mean 13.8 22.8 16.6
& ‘
Shah St. Dev. 9.16 12.2 11.0
Mean 19.5 30.4 23.1
Bond St. Dev. 8.74 13.0 11.6




TABLE 2.4

Mean and Standard Deviation of Ratio Between

38

Strong Ground Motion and Strong Structural Response Durations

Ag/AS
T < 2 sec T > 2 sec All
Mean .385 L423 397
Bolt
St. Dev. . 217 .308 . 250
Trifunac Mean .732 .783 . 748
&
Brady St. Dev, L 240 407 . 304
M°Cann Mean . 559 . 586 .567
&
Shah St. Dev. .338 L4112 . 364
Mean .297 .270 . 288
Bond ‘
on St. Dev. .103 .140 117
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Duration of Strong Structural Response, Aq (sec)
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Figure 2.6 Start of Strong Structural Response versus Start of
Strong Ground Motion by MCCann and Shah's Procedure
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CHAPTER 3

Degradation of Structural Stiffness

Structural engineers are aware of changes in the Dbasic
dynamic characteristics of building which occur during earthguakes,
Ogawa and Abe (9) conducted an investigation on more +than 200
buildings in the city of Sendai, Japan. The natural pericds of the
buildings were measured both before and after two major earthquakes
which struck the c¢ity in 1978. The authors notée that the natura;
periods of the building measured after the earthquake wexre longer
than the natural period of the same structures measured before the
earthquake. This indicates a degradation in the effective stiffness
of the building during the earthguake,

Mulhern and Maley (8) report similar changes in natural
periocds for structures which experienced thé 1971 San Fernando
Earthquake. One of these structures, Cal Tech's Millikan library was
the subject of an extensive investigation by Iemura and Jennings (6},
They concentrated mainly én the hysteretic response of the stfucture,
and were able to determine the natural freguency and damping as a
function of time during the earthguake. They conclude that there was
a significant decrease in both the stiffness and dampingrof.the
library during the course of the earthquakes.

In this chapter the time periocd during which this structure
stiffness degradation occurs, is determined for a number of

structures which recorded the 1971 San Fernando earthquake; This
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time period is compared te the +time period of strong structural

response described in the previous chapter,

3.1 Trilinear Plots

The relative displacement time history of the top floor of
t+he structure Xr(t), was used iﬁj'determining the degradation of
stiffness during the earthquake. To aveid possible loeng period waves
due to errors in digitizing the accelerograms (6,12), the relative
displacement time histoeries were run through a digital band pass
filter. In this study, the low frequency cutoff of the filter was
taken as half the structures "during earthquake” natural frequency as
determined Dby Mulhern and Maley (8). The high frequency cutoff was
set at twice the structure's ‘'pre—earthquake” natural £requency,
again from Ref, (8). Shown in Figure 3.1(a) 1is the filtered
relative displacement time history for the N90OE component recorded at
the Millikan Library during the 1%71 San Fernando Earthquake,

The equivalent natural frequency of the structure during
the course of the earthgquakes 1is calculated from the filtered
relative displacement +time history using a moving time wind§w
?rccedure. The equivalent frequency at any particular time is taken
as the average frequency for a 5 cycle time window centered about the
time point in dgquestion. This equivalent natural frequency of

Millikan Library for this component is shown in Figure 3.1(b). For

the first 5 seconds of recorded motion, the relative displacements
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are small, and the equivalent natural fregquencies hovers around 1,50
Hz. The stiffness degradation occurs between about 5 and 10 seconds,
where there 1s a fairly linear decrease in the equivalent natural
frequency with time. The relative displacement are fairly large
during this time period with values up to about 7 cm:_ After ;bout 10
seconds the equivalent natural freguency has a fairly constant value
of 1,0 Hz although the relative displacement are asnlarge as-4 éﬁ.

Figure 3.1(b) is_typical of the equivalent freguency versus
time plots for structures which experienced stiffness degradation
during the San Fernando Earthquake. That is, there is a short time
pericd during which the equivalent frequency is fairly constant, a
linear decrease in eguivalent frequency during stiffness degradation,
followed by a4 constant post degradation equivalent frequency lower
than the pre-degradation eguivalent frequency.

Equivalent natural frequency versus time plots were
generateed for all the structures listed in Table 1.1. However, many
of these structures exhibited no significant structural degradation
during the 1971 San Fernando Earthguake. The group of structures
listed in Table 3.1 had consistent equivalent natural frequeqcy plots
and were selected for the purposes of analysis. The start of

stiffness degradation (t

)

and the end of stiffness degradation

1‘DEG’

(t were calculated by fitting the equivalent natural

2>DEG
frequency plets with a trilinear curve. The trilinear approximation

had linear decrese in frequency for (t_)

1 'pEG £ t< (tz) and

DEG

congtant freguency for t € (t

) and t » {(t_ )

DEG’ 2 oEG” The trilinear

1
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approximation for the N90E component of Millikan Library is shown in

Figure 3.1(b). The values choosen for (tl)DEG' and (tz)DEG mlnlmlzgdr
the residual error Ex
g - 2
Er = ) Oe) = Ve (9)

j=1

where v(tj) is the calculated equivalent natural freguency and F(tj)
is the trilinear approximation.

The start of stiffness degradation (tl)DEG and the end of
stiffness degradation are listed in Table 3.1 for the structures
which exhibited consistent equivalent frequency plots, Also listed

in Table 3.1 1is tmax' the time at which the structure's relative

displacement is largest

bx (e O > [x (£) ] for all t (10)

where x_(t) is the Aisplacement of the top floor of the structure

with respect to its base.
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3.2 Comparigson Between stiffness Degradation and Strong sStructural

Response

The start of stiffness degradation (t_)

1 'prG’ ig plotted in

Figure 3.2 against the start of strong structural response (tz)sf
The vast majority of points fall beldélthe one to one match line
indicating that, in general, stiffness degradation begins before
strong structural response begins. It 13 pessible that some of the
initial sgtiffnesgs deéradation is due to separati&n betweén non
structural elements such as partitions and the lateral load regsisting
system at fairly low relative displacement levels,
The end of stiffness degradation (tz) iz plotted in

DEG

Figure 3,3 against the time of maximum relative displacement, tmax'
Note that the points tend to follow the one to one match line indicat—
ing that, in genera;, stiffness degradation ends when the maximum
relative displacement is largest. That is, aftgr the maximum
realtive Vdisplacement has occurred, relative displacements less than

the maximum value do not seem to produce damage or degradation of

either the structural or nonstructural elements.



TABLE 3.1

Start and End of Stiffness Degradation and Time of

Maximum Relative Displacement

60

;i;g:;h Direction (tl)DEG' (t2)DEG tmax
(sec) (sec) (sec)

C048 NOOW 3.40 12.45 14.90
C048 S90W 2.95 8.55 12.80
D062 552w 3.10 7.20 8.00
E075 NYOE 2.95 24.55 14.80
G108 NSOE 5.45 9.90 10.00
1131 N4OW 5.05 10.90 9.80
J145 SO0W 2.70 15.35 13.30
J145 S90W 3.60 11.15 14.10
M180 S90W 3.40 3.90 18.00
¥192 N29E 4.90 16.45 17.20
N192 N61W 3.85 24.20 9.50
0199 N6 2W 6.80 11.60 9.90
P217 SOCW 2.15 10.10 5.20
P217 NSOE 3.05 7.75 10.10
Q233 s12w 4.25 13.70 20.20
R244 N53W 10.15 12.95 11.90
R246 SOUTH 6.30 14.05 16. 40
R246 EAST 7.00 11.75 12.50
$255 NOSE 3.05 7.95 5.30
§255 182W 2.70 11.55 14.60
$258 NZ9E 7.60 11.35 14.50



Relative Displacement

Equivalent Natural

E

g

g il i AAAAA JAA AAA
&}
—~T
o)
S’
e

T X.00 &.08 12.00  16.00 20.00 24,00 28,00 32.00 35.00 P

TIME {SEC)
{(a) Relative Displacement versus Time

-2

w7
T
N
=
p—g
P
+ L]
\?/ : rereeT sotonnnmgoB0ton oa, __‘w’« am :sved-a °
ooy /
(3]
8
g e
o S
]
=
B ‘

% o0 . o0 8,60 12.00  16.00 _ 20.00  24.00  28.00  32.9¢  35.00 46,00
TIRE (SEQ -
{(b) Equivalent Natural Frequency versus Time

61

Figure 3.1 Plots for NY0E Component of Millikan Library



Start of Stiffness Degradation, (tl)DEG (sec)
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CHAPTER 4

Summary and Conclusions

Durations of strong ground motion at various sites during
the 1971 San Fernando Earthquake as defined by Bolt, Trifunac and
Brady, McCann and shah, and Bond were compared, Using any of the
above methods, the du?ation of strong ground motien for one of the
horizontal compopents at a gite is about egqual to the duration for
the other horizontal component at the same site. The start of strong
ground motion Qy the four procedures are generally within a second of
two of each other. 1In general, the duration of strong ground motion
by Trifunac and Brady procedure, A is longer than the duration of

B

: < .
strong ground motion by M Cann and Shah's procedure, A,., which in

MS

turn is longer than that by Bond's procedure. There was no apparent

trend for Bolt's duration, A This is likely due to the fact

BOLT '
that Bolt‘*s duration procedure takes into consideration the amplitude
of ground acceleration. ABOLT equals zero if tﬁe maximum ground
acceleration is less than 5% of gravity.

A duration of strong structural response was established
using a Trifunac and Brady type procedure. Specifically, the
duration of strong structural response was defined as the time
reguired for the Husid plot of the relative displacement at the top
floor with respect to its base, to increase from 5% to 95% of its

£inal value. A comparison Dbetween ground motion durations and

duration of strong structural response indicates +that strong

64
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structural response beging after the start of strong ground moﬁion.

In addition, strong ground ﬁotion ends Dbefore the end of strong
structural response. However, the 'match between ‘ground motion

duration and structural response duration is a function of the

structures natural period, For shorter period structu:e, T < 2 sec,

strong structural respeonse begins about 2 seconds after the start of
strong ground motion. For many iéng period structures, strong

structural response heging after +the end of strong ground motion.

That is, for shorter period structures, the start of strong ground

mo£ion by any of the four methoeds is a fairly good eétimate for the

gtart of strong structural response. For longer period structures,

none of the four ground motion procedures matches well the time

period during which strong structural response occurs. This could
very well be due to the fact that the ground motion durations are

bagsed on ground acceleration whereas the response of longer period

building is more clcosely related to ground velocities.

The +time periods during which stiffness degradation
occurred. in .a group of  structures which experienced the 1971 San
Fernando Earthquake were determined by plotting equivalent natural
freguencies versus time, It was shown that stiffness degradation
generally begins before the start of stron§ structural response, it
is possible that some of the initial stiffness degradation is due to
separatién between structural and non—-structural elements at fairly
low relative §isplacement levels. It was also shown that the
gtiffness degradation geherally' stops after the maximum relative

displacement occuxrs.
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