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1. INTRODUCTION

Mainly for reasons of economy and speed of construction, precast concrete structures are preferred for
industrial facilities, warehouses, car parks, etc. where large spans are required. Such structures,
typically of low height and repeated geometry, consist of consecutive frames composed of
individual columns and long-span rectangular or tapered beams, both ends of which are on pinned
supports. The latter comprise one or two anchorage dowels, permitting rotation but preventing
lateral movement. The frames are spanned with reinforced concrete planks bolted on the beam
flanges with semi-rigid connections. The non-moment-resisting beam-column connections are the
reason for their longer fundamental period, compared to that of a structure with monolithic
connections, and for the limited redundancy of the structure.

During recent earthquakes, such as Kocaeli [1, 2], Emilia-Romagna [3, 4] and Christchurch [5, 6],
precast buildings have suffered severe structural damage, mostly concentrated in the connection
system, leading occasionally to collapse. Industrial buildings occupy large areas; thus they are
mostly located in flat fields, founded on shallow isolated footings. Although, no specific
geotechnical site investigation was conducted below the above reported damaged buildings, the site
conditions in the vicinity of industrial and rural environments were described by soft soil layers,
with high ground water table levels, while in several areas occurrence of liquefaction was reported.
One could thus reasonably attribute part of the inflicted structural damage to soil effects in view of
the long fundamental periods of such buildings (in the range of 0.5 to 2s). Soil-amplified motions
could be very rich in this period range. Soil non-linearity and liquefaction may enhance the
importance of this period range. Several works have already underlined the significant influence of
amplified spectral accelerations for large periods on the response of precast buildings [7-10]. Youd
and Carter [11] showed that ground motion records on top of a soil layer that had liquefied
exhibited a hump at long periods that may encompass the dominant periods of bridges.

During strong seismic excitation soil softening leads to lengthening of the fundamental period of the
site and hence to substantial spectral accelerations at periods above 1s [11-15]. By contrast, spectral
accelerations at shorter periods tend to decrease (soil ‘filtering’). With liquefaction-affected ground
motions in particular, peak spectral values not only shift to even longer periods, but also can be
significantly amplified despite the fact that peak ground accelerations are generally cut-off because
of loss of soil strength. This spectral amplification, usually shown in the form of bulges around
periods exceeding 2s, is attributed to ground oscillation on top of the liquefied layers which
continue beyond the strong shaking, accompanied by acceleration spikes because of sudden drop of
excess pore pressure or dilatant response [14, 16].
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2 E. SMYROU ET AL.

The main goal of the paper is to investigate the impact of such soil effects on the performance of
typical precast structures. To this end, the precast case-study structures are subjected to 54 ground
motions recorded on a variety of soils (hard, soft and liquefied soils) during 12 seismic events. Only
level-ground records are considered in this paper, and no foundation-related failures because of
liquefaction are within the scope of our work. Instead of the conventional examination of Fourier
spectra, the estimation of soil effects, as imprinted on the recorded ground motions, is conducted
using a wavelet-based method, which can provide information on the variable frequency and
intensity content of the motion in time domain. Wavelet-based analysis is thus a useful tool in
detecting if and when a certain acceleration record has been affected by soil softening, and most
importantly if signs of liquefaction can be revealed, even if there is no clear evidence on the ground
surface (e.g. sand boils, ground fissures and large settlement in the vicinity of the recording station).

2. EVALUATION OF SITE RESPONSE USING WAVELET-BASED ANALYSIS

Wavelet transform has gained ground in the analysis of signals with abrupt changes [17] such as
earthquake ground motions [18-24]. Haigh et al. [25], for instance, show that the harmonic wavelet
analysis is a versatile tool that can give information especially for occurrence of liquefaction, even if
traditional time or frequency domain analysis is not available. Tezcan et al. [26] show the advantage
of a wavelet-based approach over its Fourier-based counterpart, where time domain information is
lost. Their study concludes that the energy localization patterns observed in the wavelet spectra from
different sites and events can be used to detect nonlinear effects and characterize soil damping.
Kramer et al. [27] present a set of wavelets and come to the conclusion that there is a sudden drop
of available frequencies after a certain time step. Rezai and Ventura [28] work on the applicability
of wavelet transform for the analysis of strong and weak ground motions recorded on rock of the
Yerba Buena Island and on dredged sandfill in the nearby (about 2km away) Treasure Island during
the 1989 Loma Prieta earthquake. The major important feature of this data set is that liquefaction
did occur in Treasure Island during strong shaking. Results of the application show that there are
some large peaks at the highest resolution in the wavelet transforms, which can be attributed to a
progressive change in the stiffness characteristics of the soil.

Wavelets are ideal to identify any phases of a signal with different frequency content and with
localized time distribution. As Rezai and Ventura [28] concisely describe, wavelet transform
represents a time-domain function as a linear combination of a family of basis functions that are
generated by scaling (dilating or contracting) and shifting of a single function called mother wavelet.
Mother wavelets are oscillatory with amplitudes that quickly decay to zero in both directions. Each
scaled wavelet can be viewed as a bandpass filter with a particular frequency bandwidth and a
center frequency. Appropriate discretization of the wavelet dilating and shifting parameters allows
the wavelet series to cover all frequencies of interest and thus, represent any arbitrary signal (the
ground motion in particular), as the exact sum of basis functions of finite length weighted by the
wavelet components [28]. Thus, the time information is retained with a certain resolution in
contradistinction to the conventional Fourier analysis that misses the apparent localization in time
and frequency.

The effects of liquefaction on the frequency content of the recorded motions have been known for
long: as shear waves propagate from bedrock the soil tends to de-amplify the low-period components
of motion and to amplify the high-period components. It behaves as a filter that cuts off the high
frequency components, while lengthening the duration of motion cycles [11]. Time domain is of key
importance in liquefaction analyses, simply because excess pore pressure builds up as a function of
time, resulting in progressive soil softening until liquefaction actually occurs. Although there is no
distinct point before and after liquefaction, some insight can be obtained with the help of wavelet
analysis. In contrast to Fourier transformation, which by definition cannot capture information in the
time domain, wavelet analysis attains certain features of the ground motion by utilizing energy
localization patterns.

So wavelet analysis is a powerful tool to associate characteristics of the recorded ground motion
with the occurrence of soil softening in general, and liquefaction in particular. Wavelet analysis,
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LIQUEFACTION WAVELET ANALYSIS FOR PRECAST STRUCTURES 3

despite a similarity with Fourier analysis, differs from it in two main points: (i) the series can be
expressed in any wave format, and (ii) the presence of waves is recorded in time domain. Given the
predetermined locations in the time domain and scales, wavelet transform practically measures the
similarity between the record and the scaled/shifted wavelet, through their inner product, over this
predefined time-scale grid.

It should be mentioned, herein, that the detection of liquefaction in a record by means of wavelet
procedure can be extremely useful because decision-making can be rendered automatic (i.e. by a
computer) within a loss estimation framework. In the rapidly developing research in loss estimation,
the information gathered during an earthquake event through an accelerograph network can be
correlated to estimated losses as long as a definition of liquefaction is possible via accelerometer
output. There are acceleration time history-based procedures to define whether liquefaction occurred
or not [29-31], but these procedures do not provide information about the evolution of dominant
frequency in time. A method to associate liquefaction with losses was proposed by Bird et al. [32],
encouraging the inclusion of liquefaction phenomena in urban-level loss estimation studies that
could be incorporated in decision making in the immediate aftermath of a catastrophe.

3. WAVELET ANALYSIS OF REAL ACCELEROGRAMS

The wavelet analyses presented here have been conducted using Matlab software and employing the
Morlet wavelet [33]. From the several wavelets in the literature, the Morlet wavelet shown in Figure
1 is the most compatible with earthquake motions. It contains five cycles, with a shape quite similar
to a ground motion record.

The maximum period of interest in the results depicted in the scalograms are limited to 4-s period. In
the graphs given, the abscissa represents the real time, and the colors convey the match of the record at
the relevant time slice with the pre-defined wavelet, or else the energy content, which is proportional to
the level of amplification in terms of spectral acceleration. The energy content is produced as the
multiplication of the amplitude and the frequency of the wavelet pieces summed up at each time
step. The scalograms thus depict the fraction of the overall energy content (i.e. acceleration
multiplied with time) of the record both in the time and frequency (period) domain. The wavelet
analysis results are demonstrated for the acceleration records listed in Table 1. Note that wavelet
analysis was performed for several records among the ones listed in Table II and the results obtained
consistently supported the findings explained below, which were deemed as the most eloquent and
thus presented in detail. The PGA values of the records range between 0.21 and 1.43 g. The records
have been categorized according to the soil conditions: (i) liquefied site, (ii) soft soil site without
liquefaction and (iii) hard soil site. In the present study, soft soil sites are characterized those falling

f(x)

054

Figure 1. Morlet-type wavelet used in the analyses.
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4 E. SMYROU ET AL.

Table 1. Acceleration records used for demonstration of wavelet analysis.

Event Station Site class PGA (g) Liquefaction
Kobe, Japan, 1995, M=6.9 JMA Hard soil 0.82 No
Chi Chi Earthquake, 1999, M=7.6 TCU068 Soft soil 0.50 No
Superstition Hills, 1987, M=6.5 Wildlife Soft soil 0.21 Yes
Christchurch, 2011, M =6.3 CBGS Soft soil 0.64 Yes

CCcCC Soft soil 0.41 Yes

HVSC Hard soil 1.43 No

into class D or E, according to NEHRP soil classification system, or C and D according to ECS8, with
shear wave velocity, V30, less than 350 m/s.

To develop insight into how liquefaction affects the ground response in real time, Wildlife Site
record from Superstition Hills 1987 Earthquake was chosen as a characteristic unambiguous case
of liquefaction, given the fact that the excess pore water pressures were recorded on site at
various depths during shaking. The wavelet map is shown in Figure 2 along with the
acceleration and excess pore water pressure ratio time-histories, after Dobry et al. [12]. The
ground response can be approximately divided in three time phases: (i) 0—13s: the intensity of
the shaking is still low and excess pore water pressures hardly developed, (ii) 13-22s: the
ground shaking intensified and excess pore water pressure gradually increased, indicating soil
softening and (iii) 22s to the end: excess water pressures slowly reached a plateau and
liquefaction (r,=1) occurred close to the surface (transducer PS5), resulting in long-period
oscillation of the overlying clayey layer after the end of strong shaking, with acceleration
spikes indicative of soil dilatancy.

During the first time interval, the wavelet map does not show any dominant periods, while the
energy content is so low that the period contours cannot be distinguished. In the second interval,
the wavelet map explicitly demonstrates how the period content of the motion gradually increases
from 0.5 to 2s as excess pore water pressures develop. Thus, wavelet analysis is able to capture
in real time the well-known mechanism of period elongation because of soil softening. The colors
of the contours confirm that the strong part of shaking corresponds to this time frame (13—225s).
Finally, during the last interval, beyond 22s, as liquefaction slowly occurs, the period content
now takes values between 3 and 4s, as shown by the light blue bulbs. Moreover, the energy
content diminishes only slightly because of liquefaction-induced oscillation of the soil ‘crust’
layer accompanied with acceleration spikes. It is evident that, translating the contours of the
wavelet map into spectral accelerations, amplification of the latter is expected in a period range
from 1 to 2.5s because of significant soil softening and 2.5 to 4s because of liquefaction, in
agreement with Youd and Carter [11].

Two more typical cases of liquefaction-affected free-field records, CCCC and CBGS, from the
Christchurch My, =6.3 Earthquake (February 2011) are examined (Figures 3 and 4 respectively).
Note that the soil in both aforementioned stations, composed of alluvial sand, had demonstrably
liquefied, as manifested by sand boils on the ground surface [34]. The scalograms in Figures 3 and
4 unveil a repetitive pattern, similar to the Wildlife record: before liquefaction, while pore water
pressures were rising (transition phase), the energy is concentrated in a period range around 1s, a
combination of the dominant periods of the motion itself and of the typical period of soft soil
sites. After liquefaction energy concentration appears in higher period values, 3—4s, indicating
severe soil softening.

Opverall, the common characteristic in all the above wavelet maps of liquefaction-affected motions is
the gradual period lengthening to 1 to 2s and the formation of secondary pulses with periods in the
range of 2—4s. In order to determine whether this pattern applies only to liquefied sites, wavelet
analysis is performed for soft (without liquefaction) and hard soil sites. Thus, a record from hard
soil site without any trace of excess pore water pressure development, let alone liquefaction, in a
very intense ground motion case, such as the JMA record in 1995 Kobe had been examined. Note
that the energy content shows a concentration at periods of about 1s, or slightly higher, early in the
shaking. Later on, the energy concentrates at lower periods, contrary to what was noted in Figures 3
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LIQUEFACTION WAVELET ANALYSIS FOR PRECAST STRUCTURES 5

Table II. The acceleration records used in the structural analyses.

Event Station Site class PGA (g) Liquefaction
Kobe IMA Hard soil 0.82 No
Kakogawa Hard soil 0.25 No
Nishi-Akashi Hard soil 0.51 No
Port Island Soft soil 0.23 Yes
Takatori 00 Soft soil 0.61 Yes
Takatori 90 Soft soil 0.62 Yes
Amagasaki Soft soil 0.30 No
Kocaeli Sakarya Hard soil 0.33 No
Landers Joshua Soft soil 0.31 No
Niigata Kawagishi Soft soil 0.23 Yes
Superstition Hills Wildlife Soft soil 0.21 Yes
San Fernando PUL Hard soil 1.49 No
Chi-chi 1999 TCUO068 Soft soil 0.57 No
CHYO028 Soft soil 0.69 No
Loma Prieta LPG Soft soil 0.63 No
Northridge WPI Soft soil 0.28 No
ChCh Feb 2011 CBGS Soft soil 0.64 Yes
CCcC Soft soil 0.41 Yes
CHHC Soft soil 0.36 Yes
CMHS Soft soil 0.37 Yes
HPSC Soft soil 0.23 Yes
HVSC Hard soil 1.43 No
LPCC Hard soil 0.92 No
PPHS Soft soil 0.19 No
PRPC Soft soil 0.72 Yes
REHS Soft soil 0.72 Yes
RHSC Soft soil 0.30 No
SHLC Soft soil 0.32 Yes
SMTC Soft soil 0.18 No
Darfield Sept 2010 CBGS Soft soil 0.15 No
CCcCC Soft soil 0.18 No
CHHC Soft soil 0.15 No
CMHS Soft soil 0.25 No
HPSC Soft soil 0.11 Yes
HVSC Hard soil 0.66 No
LPCC Hard soil 0.24 No
PPHS Soft soil 0.18 No
PRPC Soft soil 0.20 Yes
REHS Soft soil 0.24 No
RHSC Soft soil 0.18 No
SHLC Soft soil 0.18 No
SMTC Soft soil 0.16 Yes
ChCh 2011 June CBGS Soft soil 0.15 No
CHHC Soft soil 0.19 No
CMHS Soft soil 0.19 No
HPSC Soft soil 0.16 Yes
HVSC Hard soil 0.66 No
LPCC Hard soil 0.54 No
PPHS Soft soil 0.13 No
PRPC Soft soil 0.34 No
REHS Soft soil 0.24 No
RHSC Soft soil 0.19 No
SHLC Soft soil 0.16 No
SMTC Soft soil 0.08 No

and 4 in the liquefaction cases. Evidently, the particular dominant periods and their evolution in time
reflect mostly the fault rupture mechanism and (recognized) ‘directivity’ effects (Figure 5).

Usually soft-soil records convey a period content below 2s [35]. Exceptions abound however,
even without the occurrence of liquefaction. Such records have been affected either by extreme
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Figure 2. Ground acceleration, wavelet map and excess pore pressure ratios at various depths versus time for
the Superstition Hills, US (1987) Event—Wildlife recorder (NS) with observed liquefaction.

soil conditions (e.g. CDAO record in Mexico earthquake, 1985) or near-fault effects (directivity,
fling-step etc.). The TCUO068 record from Chi Chi 1999 earthquake, containing a fling-step pulse,

is examined here via wavelet analysis. The wavelet map in Figure 6 reveals abrupt energy Fé
diffusion in a period range of 2-3s, as soon as the fling pulse arrives at about 6s. The pulse
appears in the wavelet map like an eruption of energy with rich frequency content, followed by

a slow decrease in the period range and values.

Last, a case of a very strong record on very hard soil (i.e. class B-C according to NEHRP): the
HVSC record from Christchurch earthquake (Figure 7). Notice that the period content remains F7
clearly around 0.5 s during strong shaking as expected [35].

In conclusion, wavelet analysis, when applied to large number or records, can identify
characteristic patterns  directly related to particular effects on ground motions, such as
liquefaction, soil softening or even near-fault effects (though the last case was not thoroughly
established in this work). This can be a huge advantage in categorizing ground motions, but it
can also serve as an interpretation tool for observed structural performance.

Acceleration (g)

Period (sec)

Time(sec)

Figure 3. Time history and wavelet map for the Christchurch, New Zealand (2011) Event—CCCC recorder
(EW) with observed liquefaction.
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Figure 4. Time history and wavelet map for the Christchurch, New Zealand (2011) Event—CBGS recorder
(S54W) with observed liquefaction.

4. SELECTION OF GROUND MOTION RECORDS

The ground motion records, used for the dynamic analysis of precast structures in the following,
are selected from 12 different seismic events on both soft and hard soil sites, as shown in Table
II. The distinction between hard and soft soil cases was made based on the reported soil
properties of the recorders in the NGA Ground Motion PEER Database. Fifty four records are
used in total, seventeen of which exhibited liquefaction according to literature references or/and
field evidence when available, affirmed with wavelet analyses run for randomly selected
records. The selected ground motions cover a wide period range of spectral accelerations,
reflecting the intensity of the seismic event and the soil effects. Emphasis is given on records
on soft soil sites, which are expected to mostly affect the precast structures because of
concurrence of dominant period content.

5. EXAMINED CASE STUDIES AND NUMERICAL MODELING

Three case studies have been examined in this work, all from the same industrial facility located
in Istanbul, an area seismically affected by the North Anatolian Fault. Although limited in
number, the case studies considered are representative of RC precast structures in terms of
structural system and construction details. The structural details of the facility in question are
slightly modified because of confidentiality issues. The structure consists of two separate units:
(i) the main production hall and storage, and (ii) the loading ramp (Figure 8). The loading

1 T T
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0.025
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0.015
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Figure 5. Time history and wavelet map for Kobe Earthquake (1995)—JMA recorder (NS) on hard soil site
with no liquefaction.
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Figure 6. Time history and wavelet map for near-fault TCU068 recorder (EW) on soft soil site during Chi
Chi Earthquake (1999).

ramp consists of two types of frames, the only difference of which is the height of the first floor. The
frames, running in one direction and placed in every 10 m, constitute the bearing system. There is no
beam between the frames in the transverse direction, as often met in construction practice in most
European countries. The roof consists of double tee plates that are fixed to the beams, a property
that allows a rigid diaphragm behavior. C35 concrete and S220 reinforcing steel are the
characteristic values indicated in the design and were used for modeling. The beams simply sit on
the columns. The beam-column connection is provided by means of two bars acting as anchorage
dowels, which allow rotation but prevent lateral movement creating a connection that is not
moment resisting and therefore modeled as a pinned one. Details of similar connections and their
response to seismic actions can be found in [36].

In summary, the facility examined comprises three different types of frames: (i) the single-story
frame of the main production hall (Case Study 1), (ii) the two-story frame of the loading ramp
(Case Study 2a) and (iii) the two-story taller frame of the loading ramp (Case Study 2b). Once
modeled with distributed plasticity elements, the three structures exhibit fundamental periods of
1.0, 1.22 and 1.38s, respectively.

The frames have been modeled in OpenSees. A representative middle frame has been extracted
from each structure applying the load and mass from its tributary area. Concrete02 [37] and
Steel02 [38] cyclic uniaxial material models have been employed for modeling reinforced
concrete. The connection of the columns to the beams has been modeled by using perfect flexural

Acceleration (g)

2 I I I I I
0 2 4 6 8 10 12

Time(sec)

Period (sec)

Time(sec)

Figure 7. Time history and wavelet map for the Christchurch, New Zealand (2011) Event—HVSC recorder
(S26W) on hard soil site.
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Figure 8. Formwork plan and sections of the industrial facility examined.

hinges. Because of the connection of the roof double tee plates to the beams, the rigid diaphragm
assumption is valid.

Whereas the actual factory has frames founded on isolated footings, in order to be consistent
with the soft/liquefied soil records utilized herein, it is assumed that in such soil the foundation
should contain piles, a cost-prohibitive solution though, which will effectively fix the supports
of the frames. As already mentioned kinematic distress of such foundations because of soil
lateral displacements following liquefaction (‘lateral-spreading’) are not considered. It is only
the effects of level-ground motions with their liquefaction-inflicted long-period humps that are
analyzed in this paper.

6. SEISMIC PERFORMANCE OF PRECAST STRUCTURES

Proceeding in the seismic analysis of precast structures of fundamental periods between 1 and
1.4s and based on the wavelet analysis findings, it is expected that the structural performance
will be predominantly affected by records on liquefied sites and secondarily by soft soil sites,
taking also into account possible period elongation of the structure because of nonlinear
behavior. In order to obtain a better insight into the individual structural response, a simple
comparison is presented initially in Figures 9 and 10, where Case Study Structure 1 (T=1.0s) F9 F10
is subjected to two records from the Kobe 1995 earthquake, the Amagasaki and the Port Island
records. The former had only a minor influence from excess pore water pressures near the end
of shaking and is thus considered to be a typical of soft soil site with a period range below
2s. The latter is identified with liquefaction after about 8s of shaking, at least partial, because
of high permeability of reclaimed soils and consequent rapid drainage [13].

It should be noted that the spectral acceleration demand for T=1.0s from the Amagasaki record is
nearly equal to that of the Port Island Record (0.9 g). This value corresponds to the mobilization of the
moment capacity of the columns, and is therefore an upper bound. Considerably higher displacement

Copyright © 2015 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2015)
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Figure 9. Base shear and top displacement response of Case Study 1 for the Kobe Event, Amagasaki Record
w/o liquefaction (Sa(T;)=0.9 g).

(48 cm) is obtained for the Port Island record with liquefaction; the corresponding hysteretic loop area,
indicative of the demand introduced in the structure, is also larger. Maximum displacement attained in
the Amagasaki record with the Port Island record parameter is only 22 cm. This mere observation helps
in answering the very question of this study: do the liquefaction-affected ground motions have more
damage potential for precast structures even if the elastic spectral demand of the records with
liquefaction are equal to or less than that of the soft soil records without liquefaction?

Zooming in on the plots of Figures 9 and 10, 10 distinct cycles between 8 and 26s in the
displacement time-histories can be distinguished in both records. Despite the equal number of
cycles, the average displacement of these peaks is 12.5cm with Amagasaki while the same quantity
is 17.0cm with Port Island record. Although hard to generalize, this finding indicates that the
displacement demand itself is the critical parameter in determining the response of the structure, at
least for the cases mentioned here.
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Figure 10. Base shear and top displacement response of Case Study 1 for the Kobe Event, Port Island Record
w/ liquefaction (Sa(T;)=0.9 g).

The results of all the nonlinear time-history analyses conducted are presented in terms of the spectral
acceleration value at the fundamental period of the structure, Sa(T;), is utilized. In order to better
represent the damage on the structure, the widely used damage index of Park and Ang [39] has been
employed (Equation 1).

p="1 P (4 (1)

5” Q} 51{

where J,, is the deformation under earthquake, J,, is the ultimate deformation under monotonic loading
found by first mode pushover analysis in this study, Q, is the calculated yield strength (if the maximum
strength, Q,,, is smaller than Q,, O, is replaced by Q,,), dE is the incremental absorbed hysteretic energy
and f is suggested as 0.15 [39].
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In Figures 11-13 the comparison between the Park & Ang damage index and the Sa(T1) values is
illustrated. A value of Park & Ang index less or equal than 0.4 can be interpreted as repairable damage,
from 0.4 to less than 1.0 as non-repairable damage, and larger than 1.0 as failure [39]. There is a
distinction between hard (low non-linear effects), soft (high non-linear effects) and liquefied soil
sites. For the Main Production Hall of the facility (Case Study 1-1.0s fundamental period), 23 out
of the 53 records proved to be destructive leading to its collapse. Twelve of these critical records
have traces of liquefaction. Interestingly, the results indicate that records with higher Sa(T;) produce
less damage than the records with liquefaction, but with lower Sa(T;). It is noted that the Park &
Ang damage index considers both the maximum nonlinear displacement and the hysteretic energy;
thus, the effect of number (or else duration of motion) and amplitude of cycles is inherently
incorporated in the results presented in Figures 11-13. It would have been interesting to be able to
discern between the effects of liquefaction and duration of motion. In other words, is the main cause
of damage because of liquefaction-induced soil softening (period elongation) or because of
liquefaction-induced duration lengthening? Although, clearly, both effects may contribute, there is
no way to distinguish which is dominant. But in any case both are the consequence of liquefaction,
and this is a main thesis of the paper.

What is quite clear in Figures 11 and 13 is that the records with clear liquefaction traces inflict
higher damage on average. Bearing in mind that spectral acceleration demand is a particularly
important parameter in code design, it is interesting to notice that the red dots (i.e. the damage
caused by liquefaction records) cause the highest damage at low spectral acceleration demands.

Another observation derived from Figures 11 and 13 is that the hard soil records consistently induce
much less damage than the soft soil and liquefaction records. The difference between soft and
liquefaction records, on the other hand, is smaller but consistently indicating more damage with the
liquefaction records, even for the same spectral acceleration demand. It can thus be safely deduced
that liquefaction-affected level-ground motions systematically impose a greater threat to precast
structures in terms of seismic demand even for low values of elastic spectral acceleration demand,
even if other detrimental consequences of liquefaction such as foundation settlement and rotation, or
lateral spreading, have been avoided.

Finally, note the extremely high damage indices (values > 3.5) corresponding to Port Island and
Kawagishi records in Figures 12 and 13. Such values can be associated with the long-period motion
characterizing the aforementioned records, which was not produced by liquefaction but originated
by the source and the propagation path, and amplified by deep sediments of regional scale [40].
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Figure 11. Comparison of the spectral acceleration values at the fundamental period for Case Study 1 with
the Park & Ang damage index.
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Figure 12. Comparison of the spectral acceleration values at the fundamental period for Case Study 2a with
the Park & Ang damage index.

7. CONCLUSION

In this work, numerous nonlinear time-history analyses have been conducted of three structures,
typical of precast-concrete industrial facilities, using numerous records from different seismic
events as excitation. It was consistently demonstrated that, for such structures, records on level
ground bearing the effect of liquefaction have stronger damage potential even for low values of
elastic spectral acceleration demand. It was confirmed that elastic spectral acceleration is not a
sufficient engineering demand parameter for design purposes, but the number of cycles and most
importantly the amplitude of nonlinear displacements must be considered. Soil effects, imprinted
on ground motions, should definitely be taken into account. For that purpose, a method based on
wavelet analysis was introduced to detect the evolution of the energy and frequency content of the
ground motion in time. A set of useful observations based on the period changes versus time has
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Figure 13. Comparison of the spectral acceleration values at the fundamental period for Case Study 2b with
the Park & Ang damage index.
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been presented in order to identify the soil effects and categorize the ground motions into: (i) hard
soil, (ii) soft soil and (iii) deeply liquefied soil. The results obtained make it possible to determine
whether liquefaction occurred at site or not, the approximate time of onset of liquefaction, and,
most importantly, the frequency content of the liquefaction-affected record.
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