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Abstract: Aiming at the uniform features of acceleration response spectra, two scalar periods—the response

spectral predominant period 7, and the smoothed spectral predominant period 7, are employed to normalize the

abscissa of the normalized response spectra (NRS) of ground motions, respectively. Engineering characteristics

of 5% -damped NRS, and the bi-normalized response spectra (BNRS) are investigated accounting for the effects

of soil condition and fault distance. Nearly 600 horizontal ground motion components during the Chi-Chi

earthquake are included in the analysis. It shows that the NRS strongly depends on soil condition and fault

distance. However, soil condition and distance have only a slight influence on two kinds of BNRS. Dispersion

analysis indicates that such normalization can reduce scatter in the derivation of response spectral shapes.

Finally, a parametric analysis of the scalar periods (T,, T,) is performed and then compared with those of

previous studies. These special and particular aspects of earthquake response spectra and scalar periods need to

be considered in developing earthquake-resistant design criteria.
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The earthquake response spectrum is an important
ground motion parameter because it is the basis on which
to construct design spectra, which can greatly affect seis-
mic safety and economy of structures. A uniform, yet
reasonable representation of ground motion response
spectra is useful in earthquake engineering practice to
formulate guidelines for structure seismic design.

Earthquake factors include source mechanisms,
epicentral distances, focal depths, geological condi-
tions, magnitudes, soil conditions, rupture directivities,
damping ratios and period effect spectral shapes and
amplifications'" . To consider the influences of some of
the factors, previous studies generally computed the re-
sponse spectra of ground motions with similar charac-
teristics'” . The differences and similarities between
the spectra from classified ground motions are used to
formulate recommendations for earthquake resistance
design. This conventional procedure mainly underscores
the discrepancies of spectral features rather than explo-
ring the uniform features of response spectra. So, much
work is needed to identify and quantify new character-
istics of response spectra to address issues concerning
the common aspects of ground motions.

A scalar period that can fully describe the fre-

Received 2006-10-25.

Foundation item: China Postdoctoral Science Foundation ( No.
20060400826) .

Biographies: Xu Longjun ( 1976—), male, doctor, lecturer, xu-
longjun80@ 163. com; Xie Lili (1939—), male, professor, academician
of Chinese Academy of Engineering.

quency content of ground motions is equally important
to construct design spectra for applications under dif-
ferent seismic environment cases. Recent studies have
described several frequency content periods and also
developed predictive relationships for the periods'* . In
this paper, to extend the concepts and to explore the u-
niform feature about earthquake response spectra, two
frequency content periods (the spectral predominant
period 7, and the smoothed spectral predominant peri-
od T,) are used to normalize the abscissa of the con-
ventional NRS, respectively. The characteristics of the
NRS and the bi-normalized response spectrum
(BNRS), as well as the distributions of the scale peri-
ods regarding ground motion factors are investigated.
For this reason, nearly 600 horizontal acceleration com-
ponents recorded in recent the 1999 Chi-Chi earthquake
are involved in the analysis.

1 Bi-Normalized Response Spectra Concept

Researches on response spectra have recently be-
gun to underscore the uniform features among ground
motions”™ . Xu and Xie attempted to identify similari-
ties of the acceleration response spectrum of wide fre-
quency-band strong motions" and found that the exist-
ing NRS of ground motions with different soil condi-
tions or distances could exhibit better similarities when
eliminating the influence of spectral predominant peri-
od T, however, the BNRS defined by T, also emerged
large dispersion in the longer period ranges. For this
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reason, another scalar period, T, is introduced to nor-
malize the abscissa of the NRS in this study.

The ordinate of the BNRS at a relative period 7/
T,(or T/T,) can be written as'
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where ¢ is the damping ratio, 0’ =w /1 -¢&, T =27/
w, w, =27T/Tp(0r w, =21/T,), T, is the period corre-
sponding to the maximum response of the normalized
response spectrum(NRS), and T, is calculated as'*
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Fig. 1(a) shows two ground acceleration time his-
tories, the conventional NRS for both the motions are
drawn in Fig. 1(b). Figs. 1(c) and (d) show the BNRS
normalized by T, and T, for both ground motions, re-
spectively. It is evident that the BNRS are in good ac-
cordance with each other, and are more regular than
those of the NRS.
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Fig. 1 Acceleration time-history of two ground motions and their response spectra. (a) Two ground motions; (b) NRS; (¢) T,,-based

BNRS; (d) T,-based BNRS (5% damping) !

The strong motion parameters included in the
analysis are 5% -damped NRS at natural periods ran-
ging from 0. 05 to 12 s. The BNRS at dimensionless pe-
riods, which are defined as the natural period divided
by the scalar periods (7, or T,) of the ground accelera-
tion considered, also range from 0. 05 to 12 s. These pe-
riod ranges are interesting to engineers and can meet

the design requirements for most structural systems.
2 Ground Motion Data Set

The selected recordings are from the recent Chi-
Chi earthquake and available from the CD-ROM com-
plied by Lee et al."”. This study used fault distance
rather than an epicentral distance used in the previous
study"' . Fault distance “R” denotes the closest distance
to the rupture surface. Motion recordings with fault dis-
tances greater than 120 km were excluded because mo-
tions with small peak ground acceleration (mostly PGA
<20 gal) are basically irrelevant for the purpose of
specifying design spectra. We also excluded the data
obtained from deep alluvium plains and basin areas
(arrays CHY, TCU, ILA and TAP) that show signifi-

cant surface waves or basin responses. The data set

consists of totally 586 horizontal components and is di-
vided into three classes according to station site condi-
tions. To account for the influence of distance, each
class recordings were subdivided into three groups. The
classifications along with the number of recordings are
provided in Tab. 1, and the distribution of the recording
stations with respect to site condition and fault distance
is shown in Fig.2.

Tab.1 Numbers of stations for classified recordings

Fault distance classification/km

Site

classes Near Middle Far Total
(0<FD=40) (40<FD=<80) (80<FD<120)
SB 2 21 23 46
SC 22 24 9 55
SD 57 82 53 192
Total 81 127 85 293
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Fig.2 Distribution of station for classified recordings
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3 Effects of Distance and Site Condition on have been calculated and plotted in Figs.3(a) to (c),
Response Spectra respectively, Fig. 3(d) shows the influence of fault dis-

The mean NRS, 7,- and T,-based BNRS within tance on the NRS and the BNRS disregarding the influ-

) ) ] o ence of soil condition, and Fig.3(e) shows the effect of
different fault distances at three types of site conditions
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Fig.3 The influences of distance and site condition on averaged NRS and BNRS. (a) Mean NRS and BNRS on site class SB;
(b) Mean NRS and BNRS on site class SC; (¢) Mean NRS and BNRS on site class SD; (d) Mean NRS and BNRS within different fault dis-

tance ranges; (e) Mean NRS and BNRS at different site conditions
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soil condition on averaged NRS and BNRS. The influ-
ence of fault distance on the conventional NRS is evi-
dent. At short periods the normalized spectra of the
near fault are higher than those of the far fault, but at
middle and longer periods the normalized spectra of the
near fault are lower than those of the far fault. Howev-
er, when spectral periods are greater than 3 s, this trend
changes; i.e., the spectra of the near fault are higher
than those of the other distance classes at the long peri-
od range. In Fig. 3(e), soil condition affects the NRS to
a significant degree. For soft soil sites, at small periods
the normalized spectral values are less than those in
stiff soil sites, while at middle to long periods the spec-
tral values for stiff soil sites are lower than those in
soft soil sites.

The influence of fault distance on T,-based BNRS
is evidently different from that of the NRS. 7 -based
BNRS have consistent spectral shapes and all achieve
their peaks at dimensionless periods, 7/ T, of unit.
Slight differences can be seen at relatively larger 7/7,
over about 3, where the spectral ordinates of the near
fault are higher than those of the other two distance
classes. While at all the dimensionless periods, the
difference between middle and far distances are negli-
gible.

For T,-based BNRS, they have similar character-
istics compared to the NRS, but the discriminations of
mean 7 -based BNRS between/at three site classes are
relatively smaller than those of the conventional NRS,
implying that distance has a less pronounced effect on
T,-based BNRS than that of the effect on the NRS.
Comparing the two types of BNRS and NRS, it is ob-
vious that the effect of soil conditions on the BNRS is
much smaller. Averaged BNRS for different soil con-
ditions take on uniform and consistent spectral shapes.

An important observation of 7,-based BNRS is

that their peak amplifications are significantly higher
than those of the NRS and the T -based BNRS. It is
because, in almost all the cases, normalized response
spectral peak periods of different ground motions do
not correspond to each other. When averaging the
spectral curves, spectral peaks are chopped and valleys
are filled up. As a consequence, the mean NRS and
T,-based BNRS exhibit flatter shapes around their
peaks than the individual spectra'”, while spectral
peaks of T, -based BNRS correspond to the same di-
mensionless periods, 7/7, of unit. As a result, peak
amplifications of mean T, -based BNRS will be abso-
lutely greater than those of NRS and T,-based BNRS.

4 Dispersion Analysis

To quantify the level of dispersion in the NRS
and the BNRS, the standard deviation ( Std) and coef-
ficient of variation (CoV) are calculated. Neglecting
the dimensions of the abscissa for these three kinds of
response spectra, Fig. 4 illustrates the comparisons of
the mean, the Std and CoV curves of the NRS and
the BNRS for all of the recordings, respectively. No-
ting that the height of Std curve of the T, -based
BNRS is lower than that of NRS and the T -based
BNRS, which indicate that the normalization to T, can
effectively reduce scatter in the spectral peak period
ranges. CoV curves increase as the spectral period or
dimensionless period increases, which indicate that
dispersion is particularly higher for long period ranges
of these spectra. The CoV of the NRS exhibits an
overall larger dispersion in the period range; howev-
er, the CoV of Tp-based BNRS takes on the lowest
curve values in the normalized period range. Thus, the
normalization by 7, and T, effectively reduces scatter
in the NRS, particularly in the short to moderate spec-
tral period range.
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Fig.4 Comparison among three kinds of spectra. (a) Mean curves; (b) Std curves; (c) CoV curves

S Empirical Relationships for Scalar Periods

For period 7T, or T,, the corresponding period val-

ues of the two orthogonal horizontal components were

combined and simply calculated using the arithmetical
mean 0. 5(7, +T,). To avoid the near fault effects in-
fluenced by rupture directivity, only recordings with
fault distances of more than 20 km were used for
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event-regression analysis. The functional form incor-
porated in this study is

In(7T) =a + bR R >20 (5)
where T is the scalar periods T, or T,; R is the fault
distance; and a and b are regression coefficients.

The regression coefficients for the empirical models
for T, and T, are listed in Tab. 2, along with the standard
deviations of the fitting and standard errors for each co-
efficient. Parameter a is sufficiently significant for differ-
entiating the effects of site conditions and parameter b
reflects the effect of distance on ground motions. Stand-
ard deviations of the regression and the standard errors
for each coefficient varies with site classes, with more
scatter observed for rock sites (SB) than for soil sites
(SC, SD). Standard deviations and standard errors for 7,
are less than those for T, indicating that 7, can be more
reliably predicted than T,. Fig. 5 illustrates the predic-

tions of 7, and T, versus distance for different site
classes. These regression lines in log-normal coordi-
nates are presumably parallel, and the predicted 7, are
lower than those of the corresponding 7, of a site
class. For the same scalar period, the predicted value
increases when the site soil becomes soft. A compari-
son of the relationships predicted in this study with
those developed by Rathje et al. ' has also been pro-
vided in Fig. 5. It is evident that the slopes of the re-
gression lines for the current study are larger than those
of previous work. It indicates that distance affected T,
more significantly during the Chi-Chi earthquake than
in other earthquakes. 7, values of site class SB are
much higher than those of Ref. [4]. This trend is most
likely attributable to the fact that large earthquake mo-
tions contain many moderate components and will be
significantly amplified in the long distance range.

Tab.2 Regression coefficients and standard errors for the regression coefficients

Coeffic SB SC SD
oefficient Tp To Tp TO TP TO
a ~1.9182(0.2533)  -1.1299(0.1782)  -1.4981(0.1295)  -0.7684(0.1442) —1.1340(0.0934)  —0.527 9(0. 082 5)
b 0.0112(0.0030)  0.0079(0.0021)  0.0098(0.0018)  0.0067(0.0020)  0.0085(0.0012)  0.0062(0.001 1)
Std 0.5217 0.3669 0.346 4 0.3858 0.400 4 0.3535
10 consistent with each other and that the T, /7, ratios va-
—7,(SB) = — T,(SC) ry gently from 0.6 to 0.7 when the fault distance in-
== T,(8C)  ---- T,(SD) creases. It indicates that the relationship between 7', and
----- T,(SD) —— T,(SB*)) R .
é’ T, is site-independent and only slightly related to fault
5 I distance.
=¥
7 Conclusion
o1 This paper investigates the discrepant and uniform
o 20 40 60 80 100 120 features of response spectra by analyzing nearly 600
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Fig.5 Prediction of T, and T,, and a comparison of this

study with Rathje et al.
6 Relationship between Two Scalar Periods

To give the relationship between the scalar peri-
ods, T, and T,, a simple linear fit of a T,/7, ratio for
each soil type is drawn in Fig. 6. It is interesting that
the regression lines for each soil type are presumably
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Fig.6 Relationship between T}, and T,

free field ground motions during the recent Chi-Chi
earthquake. The discrepant aspects of ground motions
are examined by observing the characteristics of the
conventional NRS of classified strong motions. Accel-
eration of the NRS strongly depends on soil condition
and fault distance. The uniform aspects of motions are
investigated by comparing the spectral shapes of the
BNRS, whose abscissa have been normalized by scalar
periods 7, or T, based on the NRS. Both T,- and T,-
based BNRS display better uniform characteristics than
the NRS for different site conditions and distance ran-
ges. The estimated scalar periods are more sensitive to
distance than those in previous estimates. 7, are signifi-
cantly higher than those of other earthquakes. Finally,
the relationship between T, and T, are considered. T,
to T, ratios are site-independent and only slightly relat-
ed to fault distance.

The BNRS exhibit uniform spectral shapes for dif-
ferent site conditions and fault distances, implying that
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the BNRS are more appropriate for being the basic cri-
teria for construct seismic design spectra. T -based
BNRS veritably display the spectral aspects of the pre-
dominant frequency of ground motions and may be
best suited for engineering projects where this frequen-
cy range is of interest (e. g., short period structures).
While T, -based BNRS can be used for ordinary struc-
tures with short to moderate vibration periods. In spite
of the limitations caused by analyzing data from only
the Chi-Chi earthquake, we believe the findings of this
work will be useful not only in revealing the character-
istics of strong ground motions, but also in unifying
current design spectra and developing seismic environ-
ment-specified design spectra when it comes time to e-
valuate code provisions.
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