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OBSERVED SOIL EFFECT IN TWO PEAKS RESPONSE SPECTRA OF
2010 CHILE SUBDUCTION MEGA-EARTHQUAKE
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ABSTRACT

Two peaks response spectra (2PRS) are observed during the Chilean M==8.8 earthquake. The peak
corresponding to the higher period is associated to soil free vibrations and correspond to fundamental
period. The second peak could be associated to higher fundamental modes of the soil or seismic source
influence. In this work we identified the soil free vibrations directly in strong motion data; the period of
these soil free vibrations is the same of the used in one peak response spectra. The Maule 2010
earthquake has shown the importance of soil effect completing the observed during other smaller Chilean
earthquakes, like Central Chile 1985 M=7.8 earthquake. The vibratory characteristics observed in the
subduction Chilean earthquakes making necessary that the Chilean Seismic code include explicitly the
fundamental period in the soil classification, rather than to use only the proposed Vs30.
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INTRODUCTION

Present seismic design practices, which incorporate information from strong motion accelerograms, very
seldom reconcile the differences between response spectra of accelerographic measurements and response
spectra of seismic code. One factor involved in the response spectra, which is recognized as being very
influential, is the effect of soil free vibrations.

In general, design response spectra for different world seismic code have been obtained from dynamic
amplification functions by averaging normalized absolute acceleration response spectra, being majority of
considered accelerograms of small amplitude due to the lack of ones in epicenter zone for large
earthquakes. The accelerograms of small amplitude are in general produced by small to moderate
earthquakes, in which the soil free vibrations are predominant (Ruiz and Saragoni, 2009). This condition
is in accordance with the seismic code common practice that considers only the fundamental period of
soil in design spectra. However, the described previous steps for the design condition may be incorrect
since in destructive earthquakes, it can be observed that dynamic amplification functions have more than
one representative peak: one due to soil free vibrations and one peak due to higher modes of vibration or
source seismic waves (Ruiz and Saragoni, 2008).

Therefore in order to be able to understand the real behavior of soil during design earthquakes it is
necessary to study accelerograms registered in epicenter zones for destructive earthquakes, since the
different properties observed during large earthquake are not always present in small magnitude
earthquakes. For these reason in this paper we shown the characteristics of response spectra of the strong
motion data of Maule 2010 Chilean mega-earthquake, Mw=8.8.
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SOIL FREE VIBRATIONS

The reason why free vibration happens during some large earthquakes, which seems like a paradox, is due
to the fact that the energy released from the seismic source is not permanently continuous in time; there
are relaxation intervals in between without important seismic wave arrivals from the source in which free
vibration of the soil happens many times. Therefore, accelerograms can be considered as a random
sequence of seismic episodes of seismic wave arrivals and episodes of free vibrations of the soil.

However, the observation of soil free vibrations in accelerograms of large earthquakes will not be always
possible; it depends on the duration of the time windows without important seismic arrivals compared to
the natural period and the damping of the soil and also the almost elastic soil response. Therefore, soil
free vibrations are difficult to estimate in accelerograms of short duration and in the long duration ones,
but with a more permanent arrival of seismic waves (shallow earthquakes).

The autocorrelation function estimation is usually done considering Eq. (1) by using only one sample
accelerogram based on the ergodic theorem; however the use of this theorem in practice implies
considering random samples. When the samples, as in the case analyzed, have strong deterministic
components, the estimator is only recognizing the presence of many free vibrations along the record due
to random initial conditions originated by intermittent episodes of short-duration, random seismic wave
arrivals.
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where x(t) in this case is the ground acceleration at time t and T is the total duration of the accelerogram
(Bendat and Piersol, 1986).

The free vibration of a structure in a push-back test is used to measure the natural period and damping of
structures. Similarly, the free vibration of the soil can be used to measure the soil damping as the random
decrement method. Other authors have also proposed the measurement of soil damping in a probabilistic
manner (Yang et al., 1989; Huerta et al., 1998).

These deterministic free vibrations of the soil are observed in different accelerograms as shown in Fig. 1:
Tarzana 90, Whittier Narrow 1987; Central de Abastos Oficina (CDAO) NOOE, Mexico 1985; Boeing
270, Nisqually 2001, San Isidro Longitudinal, Chile 1985; Viia del Mar S20W, Chile 1985 and Viiia del
Mar EW, Chile 2010. All these accelerograms show time windows with a clear damping of the
acceleration amplitudes. This situation is reflected in their corresponding autocorrelograms. Therefore, in
these cases, autocorrelogram allow estimating the natural period and damping of the soil.

In Fig. 1, in addition to the accelerograms, in the central part there is close-up of a specific region of the
strong motion part of the accelerogram where the natural period and the damping of the soil can be
clearly observed. To the left of the figure, the corresponding autocorrelograms are shown with similar
period and damping.



5th International Conference on Earthquake Geotechnical Engineering
January 2011, 10-13
Santiago, Chile

(@) ACCELEROGRAM  (b) ACCELEROGRAM © AUTOCORRELOGRAM

Time Window
85-98

Tarzana 90 Whittier Narrow 1987500

0 0 0
S0l 00 ‘ | R | |
0 10 0 2 4 0 05 1 5 0 05 1
Time Window
100 CDAONOOE, Mexico 1985 90 11514 1
0 0 0
100 ‘ ‘ . | | B ] B
0w am  m %9 1w w x 0 5 10 15 2
2000 BoE 270, Nisqually2001 200 T'Tg_wz'gd"w 1
50 0 0
200 ‘ R S ‘ ‘
0 50 0 "o 2 4 & § 0 5 10

Time Window
18.5/20

San Isidro L, Chile 1985

0 0
4000 ‘ r ‘ ‘ ‘
0 %0 o s 5
Time Wi
500 Via del Mar s20w, Chile 1985 oy 'melé”dfws
0
| a0 ] | | |
0 50 100 B 09 4 4
500 Vifa del Mar EW, Chile 2010 5 Time Windows

45.8 - 51
0

A
0 20 4 60 8 100 655 66 665 67 675 68
[sec]

0 1 2 3 4

Figure. 1. (a) Free vibration in different accelerograms, (b) zoom of strong motion zones showing
almost harmonic damped vibrations, and (c) autocorrelogram with same period and damping.
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The most evident fact of this discovery is that they happen during the strong motion part of accelerograms
of large earthquakes in epicenter zones or for long distances, as the Mexico 1985 earthquake
demonstrates. Furthermore, for some time the peak ground acceleration of the record corresponds to these
free vibrations of the soil as the case of Boeing 270 of the Nisqually 2001 earthquake.

This result suggests that accelerograms with harmonic autocorrelograms correspond mainly to episodes of
free vibrations of the soil and the deterministic components found in autocorrelograms by other authors in
the past are these free vibrations of the soil (Arias and Petit-Laurent, 1963; Liu, 1969; Lungu et al., 1992;
Ruiz and Saragoni, 2004).

In Fig. 2, the corresponding acceleration response spectra of records show in Figure 1 are shown. In this
is possible to observe that the spectra are characterized by two peaks, one important peak with similar
period to observe in the autocorrelogram and in many cases a second peak at lower period.

The same form of the two peaks response spectra can be observed for Vifia del Mar EW 2010 Chilean
mega-earthquake Mw=8.8. The two peaks can be observed also observed in the others epicenter records.

TWO PEAKSRESPONSE SPECTRA MAULE 2010 CHILE EARTHQUAKE

Maule 2010 Earthquake

The offshore Maule, Chile earthquake ocurred at 3:34:15 local time with a moment magnitude of 8.8 as
determined by the United States Geological Survey (USGS 2010). The location of the epicenter was at
latitude of 35.909°S and longitude 72.733°W, which is 105 Km nort-northeast of Concepcion and 335 Km
Southwest of the capital Santiago. This subduction interplate thrust earthquake occurred at the
convergence of the Nazca (oceanic) plate with the South American continental plate. The focal depth was
35 Km. This is the fifth largest magnitude earthquake ever recorded in the world and therefore considered
to be a mega-earthquake with a rupture area of 450 km x 140 km, characterized by two main asperities
(Lay et al., 2010; Delouis et al., 2010). The coseismic displacements in the Chilean coast have been
estimated to several meters (Vigny et al., 2010; Farias et al., 2010) and there are strong motion records
with a maximum peak ground acceleration (PGA) value close to 1 [g] and durations greater than two
minutes (Barrientos, 2010; Boroschek et al., 2010).

Maule 2010 Strong Moation Data

The Maule 2010 earthquake was well recorded by the University of Chile network of strong motion
instruments (Barrientos, 2010 and Boroschek, 2010). These records have spectral characteristics that
confirm the previous two peaks observation made by Ruiz and Saragoni (2008), with some important
acceleration response spectra with two peaks like is possible to observe in the Figure 3.

COMPARISON STRONG MOTION DATA 1985 AND 2010 CHILEAN EARTHQUAKES

Similar to the Maule 2010 earthquake, the 1985 Central Chile earthquake is also an interplate thrust
earthquake of magnitude M=7.8 (Comte et al., 1986) with a complex rupture (Houston and Kanamori,
1986) controlled by some important asperities (Ruiz et al., 2010). This earthquake was very well recorded
for 25 strong motion instruments (Saragoni et al., 1986), with these information was possible to
characterize the soil properties during large subduction earthquakes (Ruiz and Saragoni, 2004; Saragoni
and Ruiz, 2004; Ruiz and Saragoni, 2009).
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The similar earthquakes characteristics are reflected in the similar soil behavior, which are observed in
the Figure 4. In this figure are shown the two peaks response spectra of the records obtained in the same
stations for these by the two earthquakes showing the second period at the same natural period of the soil.
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Figure 2. Two peaks acceleration response spectra of the same records shown in Figure 1
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Figure 3. Two peaks response spectra of the

earthquake.
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Figure 4. Two peaks response spectra for the Vifia del Mar and Valparaiso Almendral stations during the
1985 and 2010 earthquakes, showing similar size and coincidence of the soil period of the second peak.

VIBRATORY AND IMPULSIVE EARTHQUAKES

Subduction Chilean earthquakes are characterized by their long duration (vibratory earthquakes) and the
arrivals of many high frequency pulses that facilitate the observed well building performance (Ruiz et al.,
2010), in contrast to shallow earthquake (impulsive earthquakes) characterized by the one “killer” pulse
(Onishi, 2008) or “fling” (Bolt, 2004; Somerville, 2005). In spite of this important difference between
vibratory and impulsive records for nonlinear studies, Figure 5 shows response spectra of similar two
peaks characteristics.

In the Figure 5 is shown the Constitucion Trans. accelerogram of Maule 2010 Chile mega-earthquake
M=8.8 and the Tarzana 90 for Northdrige 1994 USA earthquake M=6.7. The USA records has a PGA ~
1.8 [g] and correspond to the same instrument that recorded the Wittier Narrow earthquake M=5.9
earthquake where the soil free vibrations are observed.



5th International Conference on Earthquake Geotechnical Engineering
January 2011, 10-13
Santiago, Chile

CONSTITUCION TRANS., CHILE 2010 TARZANA 90, NORTHDRIGE 1994
2 ‘ ‘ 2
S 1t q 1
5
® 0 et hipsspsio R 0
E Al
[}
3 1t R -1
<
2 ! ! -2
0 50 100 150 0 10 20
200 100
o
g 100 b 0
§ WMMWWWWMWMWM
> 0 Sakhnine 1
£ -100
S 100 1
>
-200 ! ! -200
0 50 100 150 0 10 20
40 40
5 20+ E 20
5
E 0 B . 0
[
8
& 20t g 20
a
-40 ‘ ‘ -40
50 100 150 0 10 20
Time (sec)
5 5
CONSTITUGION TRANS. CHILE 2010 RESPONSE SPECTRA 5%
4 ) TARZANA 90 NORTHDRIGE 1994
— 3 —_
= =
© ©
n 2 n
1
0 L L L L L L
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Period (sec) Period (sec)

Figure 5. Acceleration, Velocity, Displacement records and response spectra of Constitucion 2010 Chile
earthquake (M=8.8) and Tarzana 90 Northridge 1994 earthquake (M=6.7).
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NEW CHILEAN SEISMIC CODE 2010. SOIL CLASSIFICATION

The Maule 2010 earthquake produced important soil amplification effects which were detected in the
acceleration response spectra.

One of the most important accelerograms were obtained in downtown (Centro) Concepcion, closer to the
site where the only concrete high-rise building collapsed. In Fig.3 is shown the acceleration response
spectra for the two horizontal components of these accelerograms (Concepcion Centro) showing an
important soil amplification effect at the period of 2.0 s due to the vibration of 100 m of sand with an
average shear wave velocity Vs=200m/s, similar to the classic accelerogram of SCT Station for the
Mexico Earthquake of 1985.

One important aspect of the soil response of Concepcion was the disagreement of the recorded motions
with the peaks of the design response spectra of the Chilean Code NCh433.0f 96, which is dependent of
the soil classification. The peak is supposed located at the natural period of the soil profile, however in
Concepcion was observed that the peak of the response spectra of the recorded components of the
accelerogram time histories exhibit higher periods. The peak of the response spectra at about 2.0 s is
beyond the period of the peak for the soil Type IV, the softest soil type in NCh 433.0f 96. The peak of
the response spectra at about 2.0 s will have an important influence in the future design of high-rise
buildings in Chile.

Due to this reason an emergency seismic Chilean code was approved introducing a new soil type
classification based in Vs30, however soil Type IV has not a defined response spectra and special studies
are required.

According to the results presented in this paper soil classification based only on Vs30 will not define the
correct position of the peaks of the design spectra. Therefore it is proposed to improve in the future the
soil classification by introducing the natural period of the soil.

COMMENTSAND CONCLUSIONS

The Maule 2010 mega-earthquake has shown the importance of soil effects in the response spectra
complementing the observed during other smaller Chilean earthquakes, like the Central Chile M=7.8
earthquake. Two peaks response spectra (2PRS) were clearly observed during this mega-earthquake. One
peak is associated to soil free vibrations and correspond to the fundamental period. The second period
could be associated to high soil natural modes or seismic source influence. Considering these results
Chilean seismic design code should include explicitly the fundamental soil period in the soil
classification.
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