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ABSTRACT

Some recent seismic events pointed out the necessity to revise our way of seismic analysis of structures.
But what do structural engineers need to design anti-seismic structures? The first step is the analysis
of the seismic input, defined by means of the basic hazard analysis and of the local seismic response.
Once the description of the seismic hazard is known, the choice of the protection degree should be
made on the basis of economical evaluations. Furthermore, the uncertainties about the local seismic
response could be very important. The second step is the structural modeling and analysis, whose suit-
ability depends on how good is the description of the material behavior, geometrical characteristics of
the structure, and its behavior both in elastic and inelastic ranges. This is accounted for by means of the
behavior factor, whose definition and use are quite delicate and often not necessary, especially in low-
to medium-seismicity areas, as demonstrated by means of a comprehensive numerical analysis on the
construction costs of reinforced concrete buildings. In this article, some important issues are discussed
and some proposals are given to improve the technical codes and hence the safety of structures against
earthquakes. The seismic input to be used in the retrofit of existing buildings is also discussed.
Keywords: Anti-seismic design, seismic hazard, structural safety.

1 INTRODUCTION

Our knowledge about earthquakes and their effects on the structures has improved very much
in the last decades, but recent seismic events demonstrated that the way to an acceptable
safety level is still very long. The first step in the structural design is the analysis of actions
that can affect the structure. Among these, the seismic actions influence very much the struc-
tural choices. They are defined by means of the basic hazard analysis and by the local seismic
response. The uncertainties about the local effect evaluations could be more significant than
those related to the basic analysis. Some recent seismic events questioned several assump-
tions of the present design codes. For example, during the 2009 L’ Aquila earthquake, Italy
(M, = 6.3) peak ground accelerations ranging from 0.30 to 0.65 g were recorded at the sta-
tions very close to the city, i.e. at zero Joyner—Boore distance from the fault [1,2]. These
exceeded those assumed in the design of ordinary buildings, which refer to the return period
of 475 years, and were comparable with those relative to the return period of 2475 years. The
corresponding response spectra showed the same exceedance with reference to the elastic
spectra of the code.

The second step refers to the structural modeling, i.e. to the material and structural behav-
ior, both in elastic and inelastic ranges. These influence the value of the behavior factor
assumed in the analysis, which is a measure of the inelastic capacity of the building, i.e. its
capacity to dissipate energy. One should expect that, under earthquakes stronger that the
design earthquake, most of the structures would collapse or show severe damage, especially
if built with reference to old codes or without any code. Actually, and fortunately, this did not
happen, demonstrating that our knowledge about the actual behavior of structures under seis-
mic loading is still not satisfactory.
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In this context, it is worth pointing out that the proliferation of codes could be dangerous.
In fact, a large number of rules could cause the impoverishment of autonomy and creativity,
the difficulty to discern what is really important, and the feeling of being relieved of respon-
sibilities. These concepts, written by Pozzati [3], are still present and agree with the famous
motto ‘the regulations for design are to regulate those who cannot design’. This motto has
several meanings, but the prime meaning is that the art of good designing is much more than
just following the prescriptions of the codes.

In this article, some issues about the evaluation of the seismic hazard in the context of the
structural design are discussed and some proposals for the future technical codes are pro-
vided. Some implications of the suggestions are analyzed with reference to the Eurocode and/
or the Italian technical code but are valid or can be easily extended to almost all the codes in
the world.

2 SEISMIC HAZARD AND LOCAL RESPONSE
The correct and complete description of the seismic input for structural design at a given site
is given by the acceleration components along three orthogonal axes, two horizontal and one
vertical, recorded during a suitable number of real events at the site. In practical applications,
when using linear analysis, the horizontal and vertical response spectra at the site are used to
determine the maximum seismic effects on structures.

In the absence of specific data for the site, one can refer to the horizontal acceleration
response spectrum given by the local technical code, which is usually given for a rigid soil
with horizontal surface and refers to a conventional damping ratio & = 5%. It assumes the
shape of Fig. 1. The spectrum amplitudes are defined by means of the horizontal peak ground
acceleration (PGA, i.e. the value at the period T = 0); the maximum amplification F (i.e. the
ratio between the maximum amplitude of the spectrum and that at 7' = 0); and the value 7,
(we use this symbol for the period T on rigid soil) of the period, i.e. the upper limit of the
range in which the spectral acceleration is constant. The other parameters can be derived
from these.

There are fundamentally two different approaches to determine the spectral amplitudes,
the probabilistic seismic hazard assessment (PSHA) and the deterministic seismic hazard
assessment (DSHA). The first is based on the seismic history, on the return period concept,
and on the knowledge of existing faults, capable or not, and does not account for high mag-
nitude events, whose occurrence has been assessed in the prehistoric age. In the second one,
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Figure 1: Usual elastic acceleration response spectrum shape.
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individual earthquake scenarios are developed for each relevant seismic source, and also
paleoseismic sources are considered, if known; then a ground motion is selected accounting
for the maximum credible earthquake (MCE), the distance from the site and its geological
characteristics.

According to the PSHA, PGA is given for each site as a function of the probability of
exceedance P, in 50 years, this being also the minimum service life time usually accepted
for structures. Py is related to the return period 7),, Which can be interpreted as the aver-
age time interval between two consecutive events with the same PGA. So PSHA provides a
set of acceleration response spectra, each one relative to a return period in the range up to
Ty cr= 2475 years, which corresponds to the probability of exceedance Py, =2% and repre-
sents a limit related to our knowledge about the seismic history. It is important pointing out
that, in order to have reliable data about earthquakes with a certain return period T, our
observation time should be much longer than T, [4]. As a result, because our knowledge
about historical earthquakes is limited to the last 2000 years or little more, we should con-
sider return periods consistent with this limit only. The extrapolation to longer periods is done
accounting for the uncertainties in order to be on the safer side.

The deterministic approach refers to the maximum credible event (M CE), able to produce the
highest level of shaking considered reasonable at the site. The method takes into account both
the historical seismicity, i.e. the observed events, and the characteristics of the sources that may
affect the site, and determine the design earthquake in terms of magnitude, distance, and focal
mechanism. The DSHA does not take into account the recurrence rate of earthquakes, but con-
siders the scenarios that can generate the highest level of shaking at the site, while the PSHA
takes into account all the possible shaking scenarios, including those of DSHA [5].

A recent version of the deterministic approach has been proposed, the neo-deterministic
seismic hazard analysis (NDSHA). Starting from the allowable information about the litho-
sphere structure, the distribution and the characteristics of seismic sources and the level of
seismic activity in the area, and using numerical models to simulate the wave generation and
propagation, the method allows calculation of synthetic seismograms from which one can
deduce the earthquake parameters [6]. As the authors stated, the lack of knowledge about the
internal structure of the earth does not allow the calculation of components with a frequency
higher than 1.0 Hz. The extension to higher frequencies, which are of interest for most of the
civil structures, is made taking into account the results of the PSHA. The authors also gave a
comparison between the peak ground accelerations of PSHA for Py, =2% in 50 years (PGA)
and those of DSHA [Deterministic Peak Ground Acceleration (DGA)] in the Italian territory,
showing that the first ones are higher than the second ones at almost all the sites [7].

It should be noted that less frequent events, with a return period longer than 2475 years,
could be unknown to us. Furthermore, same faults could not be identified yet, such as the one
that generated the earthquake that, on July 16, 2007, struck the town of Chuetsu, Niigata
prefecture, in Japan (M = 6.6), where the Kashiwazaki-Kariwa nuclear power plant is located,
the first in the world with a third-generation reactor and the first to suffer a strong earthquake.

It is important to remind that the seismic waves can be amplified due to site effects. This is
well represented by the example of Fig. 2, where the receiver functions at three locations very
close to the others, obtained during an aftershock of the 2009 L’ Aquila earthquake, are plot-
ted. They are very different, both in terms of ratio amplitudes and frequency content [8].

In the technical codes, this effect is accounted for by multiplying PGA, and so the entire
spectrum, by the soil coefficient S, which decreases when PGA-F gets higher according to a
function that depends also on the soil type. Hence, the amplification of motion assumes a
very important role especially for lower values of the maximum spectral amplitude and
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Figure 2: Receiver functions of aftershocks of 2009 L’Aquila earthquake recorded in
Belmonte Castello, Italy, at locations R (reference station), S, and B.
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Figure 3: Couples T,.,—PGA in the Italian territory, for Py,

therefore of PGA. It is worth reminding that local effects due to slope can also determine an
amplification of motion and are also accounted for by means of an amplification coefficient,
which ranges up to 1.4.

The range of maximum amplitude in the acceleration spectrum varies from site to site and
depends also on the soil characteristics. The first aspect is usually accounted for by means of
the period T,, which separates the range with constant maximum acceleration (T < T,)
from the range with constant velocity (T > T,) in the spectrum relative to rigid soil. The
couples T,.,—~PGA of the Italian territory are plotted in Fig. 3 for the two cases of Py, =10%
(Tycg =475) and Py = 2% (Tyop = 2475), showing an important increment in the second
case in comparison to the first. Furthermore, the range of maximum amplification becomes
larger for soft soils; hence, T, is substituted by 7. > T, for non-rigid soils. In Fig. 4, the
curves of T against T, (continuous lines) and those of the ratio T /T, against T, (dotted
lines) are plotted for different soil types, according to the Italian code.

It is apparent that local effects can determine very large variations of the soil motion, as
shown in Fig. 5. These variations could be much higher than the uncertainties in the evalua-
tion of the base hazard on rigid soil.
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Figure 4: T (continuous) and T /T, (dotted) versus T, for the different soil types.
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Figure 5: Comparison between the elastic spectra on rigid soil (continuous) and on soft soil
(dotted) at the same site.

3 DESIGN EARTHQUAKE AND BEHAVIOR FACTOR

According to most of the technical codes, the earthquake intensity to be considered in the struc-
tural design, i.e. the return period 7). is related to the design working life 7; and to the importance
of the structure. This second aspect is accounted for by means of the importance factor ,, which
relates to the consequences of a structural failure and is used to amplify the spectral amplitude
directly or the design working life 7', (as in the Italian code). We think that the design working life
of the structure should be an architectural concept only, related to the suitability of the structure in
satisfying its intended use, but safety should not depend on it. On the other hand, the design work-
ing life of a structure is related to its importance, often because of its high construction cost
(consider the case of a long-span bridge); so the safety can be amplified by means of the impor-
tance factor w, as well.

A suitable prevention policy should impose the assumption of the most severe seismic
actions for the structural design, independent of 7. This translates to considering the mini-
mum value for the probability of exceedance in 50 years, Py, = 2% (T, = 2475 years), of
the reference seismic action for the no-collapse requirement or the MCE, which is the event
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of highest intensity expected in the area, determined by the probabilistic and deterministic
approaches, respectively.

In practice, due to economic and architectural reasons, a lower seismic intensity is usually
accepted. With reference to the PSHA, we can consider in the structural design a value of
Pycg (or Typ) on the basis of the risk level we accept. Analogously, if the deterministic
approach is used, a certain percentage of the seismic effects associated with the MCE should
be used. The choice requires a detailed knowledge of the behavior of structures under seismic
actions and their capability to dissipate the earthquake energy and, therefore, the contribution
of engineers is necessary. However, in the end, it is a political issue, because the risk we
accept depends on how much we can invest on our safety.

Usually, the probability of exceedance P, = 10% in 50 years is assumed for ordinary
buildings, which corresponds to 7, = 475 years, as recommended by Eurocode 8. This
should be a conscious choice, which entails a certain risk. Actually, in the Italian territory, the
PGAs relative to Py, = 2% are between 1.37 and 2.36 times those relative to Py, = 10%
(Fig. 6), with an average ratio of 1.8. This assumption could be justified for normal structures,
in which a certain level of damage could be accepted under strong earthquakes, the goal
being the life safeguard. In these cases, a suitable ductility should be assured, and buildings
should be designed accounting for a certain capacity of the structure to dissipate energy dur-
ing earthquakes. This implies that under the design earthquake the structure should not
collapse but could suffer damage and behave similarly in the case of events stronger than the
design earthquake.

During the 2012 Emilia earthquake, a peak acceleration on surface was recorded at Miran-
dola. It corresponded to PGA = 0.20 g at the bedrock. Considering the PGAs expected at
Mirandola according to the Italian reference seismic hazard (Fig. 7), the measured value
could be associated with an exceedance probability P, < 5% in 50 years, and therefore, it
is higher than the design value for ordinary buildings (corresponding to P, = 10% in
50 years). Furthermore, the territories of the Pianura Padana Emiliana have been included in
the seismic areas only recently, in 2003. Hence, most of the existing buildings had been
designed without accounting for the seismic actions. This is the reason why several industrial
buildings were seriously damaged or collapsed. In some cases, they were not statically deter-
minate under horizontal actions or the joints between pillars and beams were not able to
transmit even low horizontal forces [9]. The experience of Emilia earthquake taught us that
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Figure 6: Couples of PGA relative to P, = 10% and P, = 2% in the Italian territory.
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Figure 7: PGA versus P, for the Mirandola site according to the Italian seismic hazard.

the highest safety degree should be used for structures of industrial buildings, especially for
those of national interest, on which the economy of a wide area depends.

Speaking of ductility, some considerations about the behavior factor are due. In high seis-
micity areas (HSA), designing structures able to support the effective seismic actions in the
elastic range, i.e. without damage, is not suitable both for economic and architectural reasons.
Therefore, structures are usually designed by referring to the design spectrum, in which the
amplitudes are reduced with reference to the elastic spectrum, by means of the behavior fac-
tor g. This accounts for the capacity of the structure to dissipate energy during the earthquake
and depends on the structural type and on the characteristics of the structural details. In
medium- and low-seismicity areas (MSA and LSA, respectively), instead, designing without
any reduction of the elastic acceleration values would be possible, also from economical and
architectural points of view.

In order to analyze the economic and architectural issues that limit the use of the elastic
design, an economic analysis on the construction cost of the carrying structure was per-
formed with reference to a framed reinforced concrete building. It is obviously impossible to
obtain general results that can be valid for all the structures. Hence, in order to point out the
main aspects of the comparison, the building with a very regular shape in Fig. 8 was ana-
lyzed. Different heights (number of stories up to 8) and two different solutions for the number
of columns were considered, and therefore, the spaces between them were of two types: type
A short spans (Fig. 8, left) and type B long spans (Fig. 8, right).

In all the cases, the same materials have been used for all the structural elements: The
concrete has a characteristic compression strength R , = 30 N/mm?; the compression design
strength at the ultimate limit state is f , = 14 N/mm?; the steel of the reinforcing bars has a
tensile characteristic strength f, = 450 N/mm?; the tensile design strength at the ultimate
limit state is £, , = 390 N/mm?.

All the floor slabs have a thickness equal to 25 cm (20 + 5). The buildings have been
designed following the same design criteria both for the concrete sections and for the rein-
forcing steel area, both for the superstructure and the foundation. The structural analysis and
the design have been carried out according to the Italian seismic code. The structure is subject
to the usual permanent loads (self-weight and other permanent loads) and to the typical vari-
able loads of the residential buildings (2.0 kN/m?).



108 P. Clemente et al., Int. J. of Safety and Security Eng., Vol. 5, No. 2 (2015)

The significant sections of all the beams (end-span and half-span sections) and the end
sections of all the columns were first designed, on the basis of the internal forces. Then a
suitable homogenization was done, on the basis of the following rules:

e The columns at each level have the same concrete cross-section but can have different
reinforcement steel areas; obviously, from one level to the other also the concrete cross-
sections can be different;

e The beams of each floor have the same concrete cross-section but can have different
reinforcement steel areas; from one floor to the other also concrete cross-sections can be
different;

e The foundation beams have the same concrete cross-section but can have different rein-
forcement steel areas.

The soil was supposed to be composed by sand with medium geotechnical characteristics.
Actually, the soil characteristics could determine an increase in the foundation size but this
happens also for static loads only. In Fig. 9 (left), the costs relative to the elastic design (g = 1)
and the design with a behavior factor ¢ = 4 are compared for the two column distribution
cases with six floors. As one can see the increment of the cost is about 20% for §, = 0.4 g and
not higher than 40% for S, up to 0.8 g. The comparison shows the same results for lower
numbers of stories while the increment is higher for the cases with eight stories (Fig. 9, right).
In all cases, the values are divided by the cost of the building A at S (g) = 0. The maximum
spectral amplitudes considered in the various cases were relative to the maximum acceptable
size of columns and beams.
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Figure 8: Plans of building A (left) and building B (right).
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Figure 9: Construction cost for the six storied (left) and eight storied (right) buildings A
and B withg=1and g =4.
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A maximum design spectral value S, could be suggested, based on economic and archi-
tectural considerations. This is a function of the materials and structural type and can be
individualized as the value of S, for which the cost increases significantly. For example, in
Fig. 9, the two values 0.4 g and 0.8 g were individualized for the case study. If the elastic spec-
tral amplitude S (7) at the fundamental period 7 of the structure is lower than S, then the

max’

elastic value should be assumed as the design value (Fig. 10). If not, S, . should be assumed
as the design spectral value, the needed behavior factor could be considered, and the structure
should be able to dissipate energy accordingly. This behavior factor should depend on the elas-
tic spectral amplitude, i.e. on the seismic hazard at the site and on the fundamental period of
vibration of the structure. Hence, it is variable also for a given response spectrum. This proce-
dure is usual when designing base isolated buildings, for which the period is chosen in order to
reach a spectral amplitude low enough to design the superstructure in the elastic range [11].
For example, assuming S, .= 0.4 g as maximum elastic design value, it would be possi-
ble to design with ¢ = 1 in about 15% of the Italian territory for T}, = 2475 years and in
about 50% for Ty, =475. With S, = 0.8 g the previous percentage rises up to 50% and
90%, respectively (Fig. 11) [12]. Obviously, S, . should be chosen as a function of the
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Figure 11: Distribution functions of maximum elastic spectral amplitude on rigid soil in the
Italian territory for Py, = 10% and Py, = 2%.
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structural type. It is important pointing out that also when designing with g = 1 the structural
conception and the details should guarantee a ductile behavior of the structure and all its
components when their elastic limit is exceeded. Therefore, the structure and its components
should have a suitable dissipation capacity. A level of ductility sufficient to support without
collapse the design seismic actions amplified by 1.5 could be proposed.

Structural details usually prescribed for buildings in seismic areas are required in the
so-called very low seismicity areas. For the identification of such areas, seismic codes refer
to the value of the maximum acceleration on rigid soil relative to 7, = 475 years. For exam-
ple, PGA = 0.05 g is that assumed in the Italian technical code.

A more recent definition considers also the soil amplification factor S, and the limit value
could become PGA-S = 0.075 g (for T, = 475 years). The parameter PGA-S accounts for the
soil amplification. As a result, the seismicity level will depend also on the foundation laying.
Hence, two buildings very close to each other, with different foundation laying, could be in
different seismic areas.

Both PGA and PGA-S are relative to the ground motion at the bedrock and on the surface,
respectively, but do not account for the effects on the structures. To do that, the parameter
PGA-F-S is certainly more representative. The parameter F, which is assumed constant and
equal to 2.5 in the Eurocode 8, is actually a function of the site and PGA; it increases when
PGA decreases. In Fig. 12 the couples F—PGA are plotted for the Italian territory. Starting
from the previous limit value of PGA-S, the very low seismicity areas could be defined by the
condition PGA-F-S <0.20 g (for T, = 475 years). Obviously, all these limit values should
be changed if we refer to T, = 2475 years.

4 SEISMIC INPUT IN THE RETROFIT OF EXISTING BUILDINGS

The values of the seismic actions provided by the codes, and obtained by means of PSHA or
DSHA, can be certainly used in the design of new buildings. For existing buildings, instead,
achieving a similar level of protection is often impossible. Actually, most of the existing
buildings have been designed with reference to seismic standards less severe than the current
ones or even without taking into account the seismic actions. Hence, their complete seismic
retrofit is very difficult, or even impossible, for technological and economic reasons, and a
level of protection lower than that required for new constructions is usually accepted for
them. As a result, an important difference in the base hazard evaluation, for example, between
the values provided by the probabilistic and deterministic approaches, would be insignificant
in practice.

For the historical structures, it is better to choose first the retrofit intervention with regard to
the original structural design and the architectural and historical values, and then accept it if
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the degree of improvement achieved is higher than a minimum acceptable one, which should
be fixed by the codes and depends on the risk we can accept. It is worth pointing out that for
the rehabilitation of historical structures, designed without accounting for the seismic actions,
and hence very vulnerable even to moderate events, the traditional techniques, based on the
increasing of strength and ductility, are not suitable. Base isolation could be very useful,
because it aims at the reduction of seismic actions, thus avoiding significant damages to the
structure and its contents even under strong earthquakes, and presents very low interference
with the structure itself. Innovative solutions for the application of seismic isolation to cultural
heritage structures have already been proposed, which allow the realization of an isolation
system under the foundations of the building, without touching the building itself [13,14].
The absence of apparent damage or the presence of low damage in buildings after seismic
events do not guarantee against future earthquakes and also those buildings should be retro-
fitted. Often the structure is useful from an architectural point of view but able to support only
very low seismic actions. In these cases, seismic isolation could be the best solution and the
highest level of protection should be pursued by referring to the higher seismic action, i.e. to

a lower value of Pycr-

5 CONCLUSIONS
Our knowledge about earthquakes and their effects on the structures is still quite low and the
safety level of our structures is not satisfactory. For a suitable seismic prevention policy, the
maximum earthquake intensity at each site should be assumed in the structural design,
deduced from the probabilistic and/or deterministic approach, the first one usually giving
higher values of the seismic acceleration.

Structures should be able to support the actions in the elastic range, in order to be operative
also during and just after the strongest earthquakes at the site and to avoid heavy reconstruc-
tion costs. This is certainly possible in medium- and low-seismicity areas for all the structures
and determine an acceptable increase of the construction cost. In more detail, an economic
analysis, carried out on a reinforced concrete building, showed low increment of the struc-
tural construction cost with an elastic design up to §, = 0.4 g and certainly acceptable up to
S, =0.8 g for buildings up to six stories. This is not true for taller buildings but in these cases,
different structural types should be used.

Strategic and important structures should be able to support the maximum seismic event
without damage also in HSA. The inelastic behavior and the capacity to dissipate energy
could be taken into account for normal buildings in HSA, for which a certain level of damage
could be accepted without collapse. In this case, a lower elastic capacity could be accepted
but a particular attention should be paid to the inelastic behavior and the dissipation capacity
of the structure and hence to the structural details.
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