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ABSTRACT

In this paper the seismic risk af eight storey reinforced concrete building in Athens is
investigated.

The structure is exposed to a near field ground motions from Italian Aquila and Norcia
earthquakes, due to the similarity in the geotectonic environment between Greece and lItaly.

The purpose of this investigation is to estimate the damage occurred to the building and the
effect of the seismological parameters such as, moment magnitude, forward directivity,
acceleration time history density and amplitude.

As a first stepa sample of 1@ear fault ground motion records from Aquila and Norcia

earthquakes in Italis exposed to the buildingo obtain the displacement time history of each
record, which wil!/ be used to determine the d
Rossetto, AEI Nashai 0 vulnerability relationships.

Then suggesting a solution to improve the seismic response of the building, and an appropriate
solution is foundand applied according tbe new Chilean seismic code provisions which states
thattypical buildings irlude a large number sheamwalls, with ratios of wall crossectional

area to floor plan area of rougi896 in each principal direction, with light reinforcement.

After implementing the Chilean code provisions and investigating the buildinglire¥tion
only, the results have shown a significant improvement in the building response and a reduction
in the damage limit states reached for most of the records.

After reviewing all the results, it was found thah e mo ment magni tude value
predominant affecting factpand theacceleration time history density is more effective in the
damage caused by the near field records.

Eventually, it is concluded thastimation of damageatensityis mostly affected by the energy
containedinthegraoud mot i on which is introduced as the
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CHAPTERINTRODUCTION

Nearfield ground motions have caused much damage in the vicinity of seismic sources during
recent earthquakes.

It is found that ground shaking near a fault ruptuigheracterized by a shedtiration
impulsive motion which is clearly obvious in the velocity time history record. This impulsive
motion exposes the structure to high input energy at the beginning of the record unlike what
happens in ground shakings farrfréhe fault rupture.

In the neaffault region, which is usually assumed to extend about 20 to 60 km from the
seismic source, the short travel distance of the seismic waves does not allow enough time for the
high frequency content to be damped out of tltenekas is normally observed in far field
records.

The effect of this pulse type motion on the response is important in the design of structures for
nearfault events.

This phenomenon requires consideration in the design process for structures thateddroc
the neaffield region,n f or t unat el y t he sei s mifcaudesdi ggr ocuondde
motion data only without taking into consideration the characteristics of the near fault ground
motion therefore the desigr structures for ned@ault eventsis inappropriate according to the
seismic design code provisions, except for th
recently this phenomenon is taken into consideration.

In this study the effect of nefault ground motions are investigatethray with other
seismological parameters such as earthquake magnitude and distance from the fault, to evaluate
the seismic response of an eighdry RC combined structural system building (MRF and Shear
walls), and perform a damage assessment for thiaifgyiunder certain earthquake events.
Furthermoresuggesting appropriate solutitmmitigate the damage reached in practically
applicable and economic approach.

Using Seismostruct software, a static fioear pushover analysis is performed, in ottder
calculate the yield acceleration of the building (ay) which is used later in picking up the suitable
ground motion records expected to cause considerable damage.

Subsequently, a nonlinear inelastic dynamic time history analysis is performed, usimge sa
of 16 near fault ground motion records from Aquila and Norcia earthquakes in Italy, to obtain the
displacement time history of each record, which will be used to determine the damage limit
states achieved accor di ng alilityrelatonshiprRos s et t o, A.

This thesis consists of seven chapters, the first chapter is an introduction to the procedures used
in the thesis, and a summary for each chapter.
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In Chapter 2, identification of near fault ground motion phenomenon, charactgsestics
parameters is discussed with mentioning the difference between near and far fault, followed by
the pulse characteristics and its effect on the elastic response spectrum.

I n Chapter 3, A descri pt i oseismostructiare pravided,l di n g,
including the building layout, material characteristics, typical reinforcement detailing of the
structural elements, applied loads, seismic characteristics, and additionally eigenvalue and
pushover analyses are performed.

In Chaper 4, a brief description of the ground motion records used, including maps and figures
showing the projection of the rupture surface, each station distance from the epicenter, and the
criterion of picking up pulse like records (Pulse Indicator).

In Chaper 5, a description of the new Chilean seismic code provisions, which are used to
mitigate the damage reached is provided, the mitigation is in form of strengthening the building
with the required number of shear walls irdi¥ection only, and additionglleigenvalue and
pushover analyses are performed.

In Chapter 6, the results from subjecting the building to the near fault ground motion records
are obtained, these results are the maximum top floor displacement that the building undergoes
due to a certaiground motion record.

The displacement value indicates the structural damage state of the building, the results are
illustrated in plots and tabulated forms for each earthquake showing thetory drift
(maximum roof displacement/building height) ahd corresponding predefined limit damage
state.

In Chapter 7, the conclusions upon reviewing the results obtained are summed up in the form
of figures and tables representing the damage limit states reached by the original and
strengthened buildings, drshowing the improvement percentage.
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CHAPTERNEARFAULT GROUND MOTIONS

2.1. Statement of Problem

Nearfield ground motions have caused much damage in the vicinity of seismic sources during
recent earthquakes (Northridge 1994, Kobe 1995). Thenadence indicating that ground

shaking near a fault rupture is characterized by a-shwation impulsive motion that exposes

the structure to high input energy at the beginning of tberde This pulseaype motion is
particularly prevalent in the "forward" direction, where the fault rupture propagates towards the
site at a velocity close to the shear wave velocity.

The effect of this pulse type motion on the response is important in the design of structures for
nearfault events. In the nedault region, the short travel distance of the seismic waves does not
allow enough time for the high frequency content to be damped out of the record as is hormally
observed in far field records.

This phenomenon requires considenmain the design process for structures that are located in
the neatfield region, which is usually assumed to extend about 20 to 60 km from the seismic
source (1996 SEAOC Bluebook).

Nearfield ground motions exhibit special response characteristicathalifferent from the
response characteristics of "ordinary" ground motions. This is shown in Fig. 2.1, which
compares velocity response spectra of 1fietdat and ordinary ground motions. The solid line
(denoted as 1B*) represents the mean velocity sfram of a set of ordinary ground motions
whose individual spectra resemble the 97 UBC soil type SD spectrum. The other lines
correspond to the velocity spectra of individual Aiggld ground motions from different events.

Elastic SDOF Velocity Demands

15-D* vs. Recorded Near-Field, &= 2%
800

= = = LP89Igpc —LP8%lex
------ EZ92erzi - == LN92lucr
.,-\.\ |- -~- NR94ns —— NR94sylm
a6 R ) KB95kobj ---— KBS5tato

\ N 15D* (mean)
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H
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Fig. 2.1Velocity Response Spectra of Nedfield and Ordinary Ground Motions
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2.2.Near-Fault effects

Within this neaifault zone, ground motions are significantly influenced by the rupture

mechanism, the direction of rupture propagation relative to the site, asitlipgermanent

ground displacements resulting from the fault slip. These factors result in effects termed herein

as nr-diipnreictei vityo and Afling step. o0 The esti me
fault should account for these characterisbicsearfault ground motions.

Forward directivity occurs when the rupture propagates toward a site and the direction of slip
on the fault is also toward the site. This occurs because the velocity of fault rupture is close to
(generally slightly less thathe shear wave velocity of the rock near the source. As shown in
Figure 2.2 for a strikslip focal mechanism, as the rupture front propagates away from the
hypocenter and toward a site, energy is accumulated near the rupture front from each successive
zore of slip along the fault. The wave front arrives as a large pulse of motion (a shock wave
effect) that occurs at the beginning of the record (Somerville et al. 1997a) and is polarized in the
strike-normal direction. The pulse of motion is typically chaeazed by large amplitude at
intermediate to long periods and short duration.

If a site is located near the epicenter, i.e., rupture propagates away from the site, the arrival of
seismic waves is distributed in time. This condition, referred to as batklivactivity, is
characterized by motions with relatively long duration and low amplitude.

Neutral directivity occurs for sites located off to the side of the fault rupture surface (i.e.,
rupture is neither predominantly toward nor away from the site).

Rupture Front

Healing front
S wave front

S

o
)

hypocenter
w

DEPTH (km)

about to slip
finished slippin

A J

— raveac fraveal ] .
S waves travelling right

S waves travelling left

Fig. 2.2 Schematic diagram of rupturedirectivity effects for a vertical strike-slip fault.

The rupture begins at the hypocenter and spreads at a speétht is about 80% of the shear
wave velocity. The figure shows a snapshot of tliapture front at a given instant (from
Somerville et al. 1997a).
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The effects of rupturdirectivity on ground displacements recorded during the 1989 Loma
Prieta earthquake are shown in Figure 2.3. The epicenter of the earthquake is near Corralitos and
Branciforte Drive, where the horizontal ground displacements are moderate on betiofianat
and faultparallel components. This is attributed to backward directivity.

At the ends of the fault, however, at Lexington Dam and Hollister, forward directadises
the horizontal ground motions in the fantirmal direction to be impulsive and much larger than
the faultparallel motions, which are similar to those near the epicenter. The large impulsive
motions occur only in the fadttormal direction and onlgway from the epicenter.

FAULT NORMAL DISPLACEMENT

T
ST 1989 Loma Prieta earthquake

372

37.0 -

Monterey Bay

1 1
-122.5 -122.0

FAULT PARALLEL DISPLACEMENT

T
St 1989 Loma Prieta earthquake km

372

epicenter N

L n Santa Cruz

Monterey Bay

1
-122.5 -122.0

Fig. 2.3 Rupture-directivity effects in the recorded displacement time histories of the 1989
Loma Prieta earthquake, for the faultnormal (top) and fault-parallel (bottom) components.
Source:EERI, 1995.
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2.3.Directional effects

In the case of an earthquake, ground motion recorded asm@ae sites may be subjected to
rupture directivity effects which result in a low frequency full cycle veloditge at the
beginningof the signal. Th@ccurrence of this effect depends on the rupgpuoeess and on the
geometricatonfiguration of the fault and the site. More speeity, according to Somerville,
the seismic energy radiated from the source arrives almost ie fange pulse of motioifi the
rupture propagates toward the site, the direction of slip on the faliljied with the site, and
the propagation velocity of rupture is almost as large as the shear wave velocity.

Figure 2.4(a) ketchegupture directivityeffect in the simplease of ainilateral strikeslip
fault. As the rupture, whichay be seen as a point source moving along the fault, goes away
from the epicenter, it radiatemergy in seismic waves originated at different instants. Roughly
speaking, the wave fronts tetalall arrive at the same time in site 2, this may be seen as
constructive interference of waves

Conversely, in site 1, with respect to which the rupture movey,amaves radiated in
differentinstants tend also to arrive in different moments. Thereifloitae former case the
energy iconcentrated in a high amplitude and short duration (impulsivepmavhereas in the
latter theenergy is spread oveldarger amount of time and in a lower amplitude signal

Because of the radiation pattern, in the cadsstrike-slip rupturesdirectivity pulses are
orientedin the rupturenormal (RN) direction that corresponds to the strikemal direction,
while in theruptureparallel direction (RP), which coincides with the strpagalkel direction,
minor directivty effects, if any, are expectebh dip-slip earthquakes, the rupéudirectivity
pulse is expectenh the direction normal to the fault dip, which in the horizontaheleeflects on
the strikenormaldirection. Hereinafter, referring to the hamialgroundmotion components,
strike-normaland strikeparallel directions will be referred to as fantirmal (FN) anddult
parallel (FP) (Figure 2.t)).

Strike-Slip
Strike-Slip Dip-Slip
Cro;s _Sllﬁ_M SJ.LQ.NV\
Section
BN RP
Hypocenter
3 _Hypocenter
Ste, Site.
Map FP=RP FP
View FN=RN Epicenter PN
— %
_Epicenter
"

(a) (b)

Fig. 2.4(a) Directivity of seismic energy: snapshot of wave fronts (adapted fro®ingh) and

(b) directions of ef-f$lipand dip&lip cabes @daptedfromo n f or

Somerville).

st
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Rupturedirectivity effects can be present both for strétip and dipslip events. In digslip
events, forwardlirectivity conditions occufor sites located near the-diip projection of the
fault plane. As with strikalip focal mechanisms.
The radiation pattern of the shear dislocation of the fault causes the pulse to be mostly oriented
perpendicular to the fault, causing the fault norozmhponent of the motion to be more severe
than the faulparallel component (Somerville, 1998).

Modern digital recordings of ne&ault ground motions, for example from the 1999 Turkey and
Taiwan earthquakes, contain permanent ground displacementsttaestatic deformation field
of the earthquake.

These static displacements, termed Afling ste
seconds as the fault slip is developed. Fling step displacements occur in the direction of fault
slip, and thezfore are not strongly coupled with the aforementioned dynamic displacements
referred t odiarse dthiev ifitry pgwlrse. 0

In strike-slip faulting, the directivity pulse occurs on the stiiggmal component while the
fling step occurs on the strike pdel component.

In dip-slip faulting, both the fling step and the directivity pulse occur on the stokmal
component. The orientations of fling step and directivity pulse for sttigeand dipslip faulting
are shown schematically in Figure 2.5¢dme histories in which these contributions are shown
together and separately are shown schematically in Figure 2.6.

The available strong motion data that can be used to quantify these effects are limited, although
the recent earthquakes in Turkey andvBa have significantly supplemented the rizat
ground motion database.

STRIKE SLIP DIP SLIP

(Map View) (Cross Section)

Fault Fling Step
i _'k

Directivity Pulse \\_ g:t:ft;l;g

/‘ L < = > /
Fling Step \\ Di;)ejg\;ity
I}_I Fault

-

Fig. 2.5 Schematic diagram showing the orientations of fling step and directivity pulse for
strike-slip and dip-slip faulting.
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Strike Normal Strike Parallel
Component Component

with fling step
directivity pulse
Strlke-Shp . without fling step
Earthquake AN e

with fling step

At
,” %, directivity pulse
Dip-slip E
Earthquake

\
Y

/ fling step

Fig. 2.6Schematic diagram of time histories for strikeslip and dip-slip faulting in which the
fling step and directivity pulse are shown together and separately.

2.4. Parameterization of NearFault Ground Motion

Somerville et al. (1997a) parameterized the @ that lead to forward anshckward
directivity.

As shown in Figur@.7, the spatial variation of dictivity effects depends on thagle between
the direction of rupture propagation and the directiowaifes traveling from thiault to the site
(d frike-s | 8 p f aul t-slipfaults), eid oit thd fimaction afithe faultipture surface
that lies between the hypocenter and the Xiter( strike-slip faults andy for dip-slip faults).
More significant forwarelirectivity results fromsmaller agles between the sitnd fault and
for larger fractions of ruptured fault between the sind hypocenter. It should beted that even
when the geometric conditions for forward directnare satisfied, the effects fafrward
directivity may not occurThis could happen if a stat is at the end of a fault angpture
occurs toward the station but slip is concentrated theaend of the fault where tiséation is
located.

To account for directivity effects, Somerville et al. (I8Pcorrelated the rekials ofresponse
spectral ordinates (at 5% damping) to the geometranpeaters defined in Figure 2with the
results shown in Figure 2.8he ground motion parameters that arodified are thaverage
horizontal response spectra and the ratidawf-normal to faultparallel responsgpectra.
Details of the model are presented in Section 4.2.1. The 1997 UBC accountsfautiear
effects by means of neapurce factordNaandNyv, applied b the low period (acceleratioahd
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intermediate perio@velocity) parts of the acceleration response spectrum, respectively. The
nearsource factors are specified for distances less than 15 km and for three different fault types
(Table 4.1). The neasource factors in the UBC are cpatible with the average tiefault-
normaland faultparallel components in the Somerville et al.928) model, and hence, the code
provisions do not address the larger fandtmal component of motion (Somerville, 1998).

‘Strike Slip Dip Slip
site site
N__
Vertical
Section ‘
* hypocenter
fault
A
site
oy OUVWNNNAN N\
NN
surface projection .
Plan of rupture area site
View |
epicenter,
fault
A N \\;\\\\;\\ NS 22,59
r PESAN \\ti'{d\{\&\\\k{\

Fig. 2.7. Parameters usetb define rupture-directivity conditions (adapted from Somerville
et al. 1997a).
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(b) Strike-normal to average horizontal response spectral ratio for maximum forward-
directivity conditions (Xcos@8= 1)

Fig. 2.8. Predictions from the Somerville et al. (1997a) relainship for varying directivity
conditions.

(a) Short-period factor (Ng)

. e @ Closest Distance to Known Seismic Source'
Seismic Source

Type <2km Skm 2 10 km
A 1.5 1.2 1.0
B 1.3 1.0 1.0
C 1.0 1.0 1.0

b) Intermediate-period factor (N,)

—_—

P Closest Distance to Known Seismic Source'
Seismic Source

Tiype <2km 5km 10 km > 15 km
A 2.0 1.6 1.2 1.0
B 1.6 1.2 1.0 1.0
C 1.0 1.0 1.0 1.0

Table 2.1.Near-source factors from the 1997 Uniform Building Code

11
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2.5.Pulse characteristics

Research on the response of structures tofaeérmotions has found a time history

representation of the motions to be preferable to a response spectrum repregergation

Somerville, 1998; Alavi and Krawinkler, 2000; Sasani and Bertero, 2000; Rod#miek,

2000). A time history representation is preferable because the fregde@mamn characterization

of ground motion (i.e. through a response spectrum) impliexchasttic process having a

relatively uniform distribution of energy throughout the duration of the motion. When the energy

is concentrated in a few pulses of motion, the resonance phenomenon that the response spectrum
was conceived to represent may hawifficient time to build up (Somerville, 1998).

Krawinkler and Alavi (1998) identify the velocity pulse by a clear and global peak in the
velocity response spectrum of the ground motion which is illustrated in Figure 2.9.

Some simplified pulses are shownRigure 2.10. The simplified sifmilse representations of
velocity time histories are defined by the number of equivaleniclyal€s, the period of each
half-cycle, and the corresponding amplitudes. To represent bidirectional shakingpalsae
representation of the fauparallel component is needed along with the time lag between
initiation of the fauknormal and fautparallel components.

A simple characterization is possible with the use of peak horizontal velocity (PHV),
approximate period dhe dominant pulserl{), and the number of significant halycles of
motion in the (larger) fauihormal direction.

Ground Acceleration Time History

LN9Zlucr, Fault-Normal Ground Velocity Time History

LNSZucr, Fault-Normal
800

150
max = 136
100
400 -
T 50
@
—
o E L
2
C]
> .50
400 |
=100
-800 + t t 150 + +
Q 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 kL] 40

Time (sec) Time (sec)

Ground Displacement Time History
LN82lucr, Fault-Normal

0.
-100
-200 _

o 5 10 15 20 25 30 35 40
Time (sec)

max = 230

Fig. 2.9. Ground Acceleration, Velocity, and Displacement Time Histories of Fauliormal
Component of RecordLN921ucr with Forward Directivity
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(a) Krawinkler and Alavi (b) Sasani and Bertero

Fig 2.10. Simplified pulses that have been used by some researchers.

2.6. Effect of the pulse on the acceleration response spectrum

It is observed that in near field ground motion, therelisleshaped curve in the declining part

of the acceleration response spectrum which is due to the constructive pulse of the forward
directivity as shown in figure (2.11a).

This bell shaped curve lies around the predominant period of the pulsel{ith) dfects

buildings haveelastic period close or equal to half the pulse period, hence it should be taken into
consideration while designing such buildings in order to avoid response amplification as shown
in figure (2.11b).

Usually it is taken into accouirt the design process that the ductility demand is equal to the
behavior factor, but in reality the ductility demand is much bigger than the behavior factor due to
the near fault effect (existence of a constructive pulse), and this is illustrated ir2figire

13



National Technical University of Athens

SA[g]

Imperial Valley 1979 (E03-230)
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i e Mean amplification of all records
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Fig. 2.11. Bell shaped amplification around Tp.

Imperial Valley 1979 (E03-230)

Mepiodog 7 [sec]

Fig. 2.12. Ductility demand to behavior factor ratio €/qy) for different behavior factor (qy)

curves.

14



National Technical University of Athens

CHAPTERBJILDING DESCREPTION

The building used for the study of seismgar field responss an eightstorey building of
reinforced concrete. The building is locatedhe municipality of Athens, Geulanou Street
3, Palaio Falirolt has a total height of Z22m and the dimensiomd the floor plan is
25.65x10.7M2. The ground flooand the rest of the floors haaeheight of 28 m. Here are
the top view (Figur&.1) and the section of the building (Figue).

3.1.Building Layout

2 2.3 0.8 4 2 2 3 2 0.7 3.7 3
o
X
P
\ = )
|| £
8 e
=, 5
S m
L] — ™
== L
- = ]
R
[}
W )
- ey
1) \ 200

Figure 3.1. Plan View of theBuilding
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+8.93
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Figure 3.2. Section SideView of the Building
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3.2. Modelling of the building using Seismostruct:

The Reinforced concrete building consists of beamsiwdiie simulated as-3ections at

the interior spans while ao®nsidered as-kections orthe perimeter of the building.
Shear walls, Beams and Columns are modeled as inelastic forced based plastic hinge
elementginfrmFBPH),while the slabs are considered as rigid diaphraagribustrated

in figures 3.4 and 3.5 rpsctively.

The structure was modelled using the building modeller of seismostruct program, the
height of each floor was taken approximately 3m. The modelling procedures will be
illustrated in the following subdivisions.

{

1"

Y

\CATAYAYAY A}

A’ \.v '\Y:'(“:;'a'i';';r'
L T TR W S Y

vl'l'ﬁ'x'z'k' '

Figure 3.3 3D Model of the Building in Seismostruct
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n SeismoStruct Building Modeller Settings

‘ Loading Combir'\aﬁonrcbefﬁdehtsf o I - ; Pérf@)rmance Criteria I ) Code-based Checks

| AnalysisType Gusme Semeanideing SlabsModeling | Structural Configuration
Elements

Frame Element Modelling
Columns and Beams

mﬁ'mFBPH Inelasbc ﬁasﬁc#ﬁﬁge %orce’-brasedrfrrame erlrementr v \
Walls
|infrmFBPH: Inelastic plastic-hinge force-based frame element v

Apply Displacement Based Frame Elements To All Members With Length(m) = ‘ 1.000
Rigid ends Definition

Consider Rigid Ends in Beams

Minimum considered length for beam rigid ends (m)

v

[ consider Rigid Ends in Walls

["] consider Rigid Ends in Columns

Minimum considered length for column rigid ends (m) 0.700

Minimum considered length for wall rigid ends (m) 1.000

Do not accept beams with free span less than (m) |0.100

(o]¢ 2 Cancel

Help

Figure 3.4 Frame elements modelling types Seismostruct

| Materials | Sections | Element Classes | Nodes | Element Connectivity | Constraints | Restraints | Applied Loads | Analysis Output |

Add

Edit

Remove

Incrementation

"™ Graphical- Input™

Table Input

-

\

Constraint type
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragm
Rigid Diaphragrh

Master Nodes

n&_CSup
n6_C1liup
n5_W5up
nS5_CSup
n5_C2up
n&_C10up
n6_W1lup
n6_\W5up
n7_CSup
n8_C8up
n8_C7up
n8_W1lup
n8_WS5up
n8_\W5up
n8_Wéup
n7_C8up

Restrained DOFs

X-Y plane
X-Y plane
X-Y plane
X-Y plane
X-Y plane
X-Y plane
X-Y plane
X-Y plane
X-Y plane
X-Y plane
X-Y plane
X-Y plane
X-Y plane
X-Y plane
X-Y plane
X-Y pléne

Slave Node(s)
n6_W15Sup n6_C16up n6_C10up n6_B21...
n6_C13up n6_C1dup n6_CB8up n6_B5_B...
n5_Woéup n5_W3up

nS_W15Sup n5_C16up n5_C10up n5_B10...

n5_C8up n5_C14up n5_W15up n5_CSup...

n6_Cl6up n6_C17up n6_C1l2up n&_B23...
n6_C2up n6_C8up n6_B5_B15_B14
n6_W6up n&6_W3up

n7_Cl4up n7_B21_B22 B6_B7 n7_B21 B...
n8_W13up n8_C14up n8_CSup n8_B6_B...
n8_C1l2up n8_W13up n8_C8up n8_W4u...
n8_C10up n8_C1liup n8_C12up n8_C7u...
n8_W6up n8_W3up

n8_W4up n8_C8up n8_W6up n8_B6_B7...
n8_CSup n8_B6_B7_B17 n8_B5_B19
n7_W13up n7_B21 B1l B12 n7_B21 _B22...

Figure 3.5 Rigid diaphragms modelledin Seismostruct
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3.3. Materials:
3.3.1. Concrete
The concreteised for construction of the building is C20/25 (with fck = 20 MPa).
3.3.2. Steel Reinforcement

The steel usedireinforcement is grade S500 (fyk=500 Nipa

Tl Modify existing material scheme

Name Default_Existing Type existing members

Concrete Strength (MPa)
Mean Value 28.00 = Concrete Class | c20/25 v

Mean - o |20.00 =

Steel Strength (MPa)
Mean Value 555.56 = Steel Class | s500 v

Mean - o |500.00 =

.............................................

Help Ok ' Cancel '

Figure 3.6 Material characteristics in Seismostruct
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3.4.Modeling Elements
3.4.1. Beams
The cross section of the typical beam is shown in Figutand the side view in
Figure3.8. In these figures the layout of the main reinforcement satisfies all the

requirements of the codes, including tequirement that the compression
reinforcement of a section to be at least 50 percent of the tension.

Effective Width |

\
| 2014
— _ . —
o i ' _ T A e PRI S
o e A -2 s
‘ i oD10
SLAB RFT -

»” 4l1

|

0.5

0.6

DEAQ

014

Figure 3.7. Cross section of the Beam

L Lc(cLearsean)
Le/3

3DI9 AT SUPPORT
/,/ 2 DI9 AT MIDSPAN K‘
DIO[ AT I00mm (4" | DIOJAT 2Q0Omm-
s ,/ &) ]

1 - 1
T

—

= —+
|
|

|
‘ < 500mm (869"
L] .

e
g}

~

——p=
2 DI9 AT SUPPORT
3 DI9 AT MIDSPAN
"S—FACE OF COLUMN
(OR WALL)

‘—/‘\f“

Figure 3.8. Side View of the Beam
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3.4.2. Columns

The cross section of the typicalumn is shown in the figure below. This section
with the exception of the stirrups is the same for all columns of the structure.

@8 25
12@P5

Figure 3.9. Typical column Section

3.4.3. Walls

The cross section of the wall the structure is shown figure 3.10 The details of
stirrups for shear walls vary between members of the construction. Also the
longitudinal reinforcement varies with respect to each floor.

SYNAETHPEZ: ¢10/10¢300cm>
30

1020 Y 1020

L]
\

1020 o220

2016 ">2®16

amy

1020

i

30x200
10020+8016-#010/20

Ké

Figure 3.10. Wall Section
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3.5.Loading

Loads of the building consists of live loads aledd loadsDead loadsire the own

weight of the membeydloor covering and wall loadSincethe walls are dividechio
exterior and interior wallshe interior wall loads are distributed on the slabs while the
exterior wall loads are uniformly distributed on the beams. All dead and live loads are
transferred to the beams as distributed loads according to the following figures.

Beam-Column Element Types
infrmFB  INfiMFBPH  infrmDBPH  infrmDB elffm  truss  infil

hdd Element Class Section Name Section Fibres Plastic-hinge lenath Lp/L{%%) Diamping Additional Mass

Edit class_B13_1 sec BL13 1 sec BR13_1 150 16.67 Maorne 1.43261
dass_B14_1 sec_BL14 1 sec BR14_1 150 16.67 None 1.4743

e dass_B16_1 sec_BL16_1 sec BR1G_1 150 16.67 MNone 0.91743119
dazz B17 1 sec BL17 1 sec BR17_1 150 16.67 Maorne 1.63922
dass_B19_1 sec_BL19 1 sec BR19_1 150 16.67 None 0.81321159

<< class_B13_1 sec_BL18_1 sec BR15_1 150 16.67 Maore 4.45275
dasz_B20_1 sec BL20_1 sec BR20_1 150 16.67 Maorne 1.65042
dass_B21_1 sec_B21 1 150 16.67 Maone 13,70591
class_B22_1 sec BL22_1 sec BRZ2_1 150 16.67 Maore 2.83192
dass_B24 1 sec BL24 1 sec BR24 1 150 16.67 Morne 1.83947
dass_B23_1 sec_B23 1 150 16.67 Maone 2.26799
Azee BT 4 ra~ RIS 1 ecar- RDE 1 1EM 1A A7 hlama 1 IENNA ~
< >

Figure 3.11. Loads transferred to the beams in the form of additional mass by
the software.

MAAIZIO A

MAAIZIO B

Figure 3.12. Description of how the loads are being transferred to the beams.
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Loads

Loads
Additional Permanent Loads (G”) &Live Loads (Q) : Additional Permanent Loads (G7) &Live Loads (Q) :
G' (KN/m2) |3.00 = G' (KN/m2) |2.00 [=
Q (KN/m2) |5.00 = Type of Loaded Area Q (KN/m2) 3.50 = Type of Loaded Area
Slab Inclination

Slab Inclination

[J1ndined or elevated slab {defined by 3 points) [ Jindined or elevated slab (defined by 3 paints)

Fig.3.13. Uniformly di st r il Fig.3.14. Uniformly distributed loads for the stairs

interiorwal | sd0 on the sl abs. slab.
‘ Lc')ading.;.Combination Coefficients i Perf
B 1 Q/ Gravity & Live Loads
[ ] DisplayModify Effective Width

Gravity Loads Coefficient Cg } ]
View/Modify Geometry | view Reinforcement

Live Loads Coeffident Cq |0.30

Additional Permanent Load (G') :

G' (KN/m) 19.00 « OK &£ Cancel

Fig. 3.15. Uniformly distributed wall loads on exterior

Fig. 3.16. Loading Combination coefficients.
beams
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3.6. Seismic Characteristics :

Limit States| Seismic Action

Spectral Acceleration

PGA (g) referred to return
period of 475 years

0.160
Damping (%)

5 v

Spectrum Type
®Typet  OType2
Ground Type

B v

Importance Class
Importance ClassIT v

Thebuilding is located in an area with seismic hazard zone I, which has ground
acceleration a = 0.16 g. The buil ding6s
factor is 21 = 1.00. The construction i
reinforced concrete when the seismic behavior factor is qd= 3.5. The damping of the
building is U0 = 5%

0.8 -Damage Limitation {(DL)
~— Significant Damage (SD)
~— Near Collapse (NC)

~ 0.6

o

[~

0

5

f V"\,
o "\,‘
504 \
Q

q / \

021/

0 t
0 1 2 3 4

Period {sec)

Lengthim  Force:kN  Massitonne  Stress:kPa  Acceleration: m/sec2

Figure 3.17. Seismic action parameters in seismostruct.

3.7.Eigenvalues Analysis

In the calculation of eigenvalues analysiséffecient Lanczos algorithnmHughes,
1987 is used for the evaluation of the structural natural frequeaciésnode shapes.

The number of Eignvalues used is 10 as shown in table 3.1.
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Figure 3.18. Deformed shape of the building at the fundamental period (0.608 secs)

/ -E PTI T

4 p——

From Eigen-value analysis.

MODAL PERIODS ANLC
FREQUENCIES
Mode Period Frequency

(sec) (Hertz)
1 0.608451 1.6435186
2 0.543294 | 1.8406233
3 0.326389 | 3.0638289
4 0.207094 | 4.8287288
5 0.165007 | 6.0603497
6 0.137798 | 7.2569797
7 0.132294 | 7.5589308
8 0.116973 | 8.5489587
9 0.113052 | 8.8454568
10 0.090094 | 11.099492

Table 3.1. Modal periods and frequencies.
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3.8. Static Pushover Analysis
3.8.1. Theory and purpose

The pushover analysis of a structure is a staticlimaar analysis under permanemttical loads

and gradually increasing lateral loads. The equivalent static lateral loads approximately represent
earthquake induced forces.

A plot of the total base shear versus top displacement in a structure is obtained by this analysis
that would indcate any premature failure or weakness. The analysis is carried out up to failure,
thus it enables determination of collapse load and ductility capacity. On a building frame, and
plastic rotation is monitored, and lateral inelastic forces versus displacessponse for the

complete structure is analytically computed.

This type of analysis enables weakness in the structure to be identified. The decision to retrofit
can be taken in such studies.

The purpose of pushover analysis is to evaluate the expgastiednance of structural systems

by estimating its strength and deformation demands in design earthquakes by means of static
inelastic analysis, and comparing these demands to available capacities at the performance levels
of interest.

3.8.2. Static pushover inseismostruct

The applied incremental lod&lis kept proportional to the pattern of nominal loaelg) (nitially

defined by the useP=oPa. The load factoe-is automatically increased by the program until a
userdefined limit, or numerical flure is reached

For the incrementation of the loading fact@sponse control strategg/employedwhich refers

to direct incrementation of the global displacement of one fiodeo nt r o | nodeodo and t
calculation of the loading factor thatrcesponds to this disglament as shown in figure 3.20.

Phase Type:

Response Control o OK

_Target Displacement # Cancel

0.48

Steps
50 Help

Node Name
Control_Node v

Direction
X v

Figure 3.20. Phase type and control node target displacement
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e
£
2
:

The pushover loading type, and the performance criteria taken into consideration are illustrated
in the figures below.

Loading Combination Coefficients J Performance Criteria Code-based Checks
Analysis Type Frame Elements Modelling | Slabs Modelling | Structural Configuration
j Loading
Analysis Type:
Static pushover analysis v
Loading Type:
Triangular distribution v

Control Node Definition

Do not define control node in floors with mass less than 10% of lower floor's mass

Figure 3.21. Pushover analysis and loading type

Criterion Name Criterion Type Strength Degradation
RFT_yield = Z : : o
Reinforcement Strain [RC/Composite sections] [User-defined limit] v Keep Strength v
OK
A Value 0.0025
x Cancel Type of Notification
" Stop " Pause * Notify " Inactive
Help Material Description
All Steel Materials v (Reinforcement Strain [RC/Composite sections]) > 0.0025
Elements Visual Display
Vi B10_1 MV B11_5 ViB13_1 Vi B14_5 Color Identifier
v B10_3 VB11_7 ¥ B13_3 v B14_7
v B10_4 v B11_8 WV B13_4 v B14_8 Damage Visual Effects
™ B10_5 ¥B12_1 ¥ B13_5 ¥ B15_1 )
WV B10_6 VB12_2 WV B13_6 v B15_2 ) None
v B10_7 ¥ B12_3 ¥ B13_7 ¥ B15_3 © slight damage
j B10_8 ; B12_4 5 B13_8 $ B15_4 ) Moderate damage
VB11 1 VB12 5 vIB14 1 VI B15_5 = )
Tl = = T 0 = = — _) Serious damage
VB11_2 ¥ B12_6 v B14_2 ¥ B15_6 p I : g
¥ B11_3 Vi B12_7 v B14_3 ¥ B15_7 SNerf e e
VI B11_4 VIB12_8 VI B14_4 VI B15_8 (2 Serious diagonal cracking
< s | © Delete element

infrmFB, infrmFBPH and infrmDB elements only...

Figure 3.22. Yield reinforcement performance criterion
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Criterion Name Criterion Type Strength Degradation
Frame Element Chord Rotation Capacity [Automatically-defined limit] v Keep Strength
v OK Value suto
¥ Cancel Equation |ECS, Part3. A.3.2.2: equation (A.1) v Type of Notification
" Stop " Pause (% Notify " Inactive
Help NOTE: Mean material values and no safety or Pesaipﬁon e
confidence factors will be used in the calculations {Frame Element Chord Rotation) < Calculated mean value
Elements Visual Display
ViB10_1 Vi B11.5 MV B13_1 ViB14_5 Color Identifier
v B10_3 ViB11_7 WV B13_3 v B14_7
Vv B10_4 ViB11_8 v B13_4 v B14_8 Damage Visual Effects
WV B10_5 VB12_1 W B13_5 ¥ B15_1 )
v B10_6 ViB12_2 WV B13_6 W B15_2 ‘_) None
Vv B10_7 ¥B12_3 WV B13_7 WV B15_3 () slight damage
v B10_8 ViB12_4 v B13_8 v B15_4 ) Moderate damage
VB11_1 Vi B12_5 v B14_1 W B15_5 - )
= R = = = () Sef d
¥ B112 VIB12 6 ¥ B14_2 ¥ B15_6 S
¥ B11 3 ¥ B12 7 ¥ B143 ¥ B15 7 e
¥ B11.4 ¥B12_8 ¥ B14_4 ¥ B15_8 ©9 Senious: diagovial cracking
< 5 | O Delete element

nfrmFB. infrmFBPH. infrmDB and infrmDBPH elements with the rcrs, rees, reles, retes, rets, rears, rerws, reirs, reilcs, reitcs, reics, reits and rcjars section types...

Figure 3.23. Chord rotation capacity performance criterion

" Inactive

Criterion Name Bt Type Strength Degradation
!L—‘
k ek Frame Element Shear Capacity [Automatically-defined limit] v Keep Strength
« OK Value auto
3 Cancel Equation |EC8, Part3. A.3.3.1: equation (A.12) v Type of Notification
" Stop " Pause ' Notify
Help NOTE: Mean material values and no safety or Descripion _
confidence factors will be used in the calculations {Frame Element Shear force) < Calculated mean value
Elements Visual Display
W B10_1 ¥ B11_5 Vi B13_1 ViB14_5 Color Identifier
Vi B10_3 vip11_7 viB13_3 ViB14_7
ViB10_4 ViB11_8 viB13_4 ViB14_8 Damage Visual Effects
¥ B10_5 ViB12_1 Vi B13_5 ¥ B15_1 )
VI B10_6 viB12 2 vIB13_6 W¥iB15_2 ) None
viB10_7 viB12_3 viB13_7 ¥iB15_3 ) slight damage
w: B10_8 j B12_4 j B13_8 : B15_4 (©) Moderate damage
VB11_1 V¥ B12_5 vIB14_1 ¥ B15_5 P
¥iB11 2 Vi B12 6 v B14 2 ¥ B15 6 S chage
¥ B11_3 VIB12_7 v B14_3 ¥ B15_7 S
VI B11_4 VIB12_8 v B14_4 VI B15_8 ©) Serious diagonal cracking
< s | © Delete element

infrmFB. infrmFBPH. infrmDB and infrmDBPH elements - only the sections that allow shear capacity checks (see Sections module).

Figure 3.24. Shearcapacity performance criterion.
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" Inactive

Criferion Néme 7 Critexion Type S'Iength Degradéﬁon
Hhord.rot_ield l Frame Element Chord Rotation Yielding [Automatically-defined limit] Keep Strength
« OK value auto
& cancel Equation |EC8, Part3. A.3.2.4: equation (A. 10a) or (A.11a) Type of Notification
" Stop " Pause ¢ Notify
Help NOTE: Mean material values and no safety or DESETptions
confidence factors will be used in the calculations {Frame Element Chord Rotation) < Calculated mean value
Elements Visual Display
v B10_1 viB11_5 viB13_1 v B14_5 Color Identifier
v B10_2 viB11_6 v B13_2 v B14_6
¥ B10_3 viB11_7 v B13_3 v B14_7
v B10_4 viB11_8 viB13_4 v B14_8 Damage Visual Effects
v B10_5 v B12_1 v B13_5 ¥ B15_1 ,
v B10_6 viB12_2 v B13_6 ¥ B15_2 - None
v B10_7 viB12_3 viB13_7 ¥ B15_3 @ slight damage
¥810_8 ” B12 4 ¥B813_8 ," B15_4 () Moderate damage
v B11_1 v B12_5 v B14_1 ¥ B15_5 Serious damage
¥ B11_2 v B12_6 v B14_2 V¥ B15_6 Z ]
v B11_3 v B12_7 v B14_3 v B15_7 : Very serious damage
v B11_4 v B12_8 viB14_4 viB15_8 () Serious diagonal cracking

<

>

() Delete element

nfrmFB, infrmFBPH, infrmDB and infrmDBPH elements with the rcrs, rccs, relcs, retes, rets, rears, rcrws, rejrs, rejles, rejtes, rejcs, rejts and rcjars section types...

Figure 3.25. Chord rotation yielding performance criterion

The resulting pushover curvesXnand Y directiors, in terms of Base Shear vs. Roof
Displacement (Mp) areshown in Figure 3.26 and 3.2Tespectively

The slope of the pushover curves is gradually reduced with the increase of the lateral

displacement of the building.

Idealized Curve

Displacement Base Shear
10,000 [0.0000 10.00
9,500 =
0.1844 9276.26
9,000 ‘
8,500 ] 0.3840 9276.26
5,000 §
7,500 §
7,000
6,500 §
5 6,000 + Linerization Data
o A I
£ 5500 Ko: 50292.20
o U0 Ke: 108441.06
D 4,500
a: 0.0000
4,000
3,500 Fy: 9276.26
3,000 dy: 0.1844
2,500 Iteration: 1
2,000 + Unbalanced Error{%): 0.99
1,500 ‘ = >
arget Displacement
1,000 1 ik i .
500 Damage Limitation (DL) 0.05623863
a —pie ( 3 ; ‘ ; ; —he ; Significant Damage (SD) 0.07214481
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 Near Collapse (NC) 0.1250736

Displacement

Figure 3.26. Pushover capacity curve in Xlirection.
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Idealized Curve

0

0.05

0.1

0.15 0.2

0.25
Displacement

0.3

0.35

0.4

045

Displacement Base Shear
0.0000 |0.00

0.1503 10331.93
0.3936 10331.93
Linerization Data

KO: 68758.94

Ke: 120545.03

a: 0.0000

Fy: 10331.93

dy: 0.1503
Iteration: 1

Unbalanced Error(%): 0.35

Target Displacement

Damage Limitation (DL) 0.04536958
Significant Damage (SD) 0.05820163
Near Collapse (NC) 0.10090105

Figure 3.27. Pushover capacitgurve in Y-direction.
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CHAPTERGROUND MOTIONS RECORDS

In this study, two seismic regionsncluding near-fault phenomenonwere examined which
are:

1) duilakarthquake 2009
2) Norcia Earthquake 2016

41.L6Aquil a earthquake 2009:

L6Aqui | a e ar,tsdvaraashquakeioat occRried dh April 6, 2009, near the city of

L 6 A g m théAlruzziregion of centraltaly.

The magnitudé.3 on moment magnitude scale earthquake struck abg8&cal time,

extensively damaging tis8thc ent ury city of LOAquila, | ocatec
northeast oRome The earthquake resulted from normal faulting on the northsoegheast

trending Paganica Fault. It and several neighboring faults are related to extensional tectonic

forces associated with the opening of the Tyrrhenian Basin to the west. For more than three

months after the main earthquake, the National Institute of Geophysics and Volcanology, using a
portable network of seismometers, continued to detect thousaaftsrehocksThe aftershocks

from the countrydéds worst earthquake in 30 yea
and political nerves. In all, more than 300 people died, and an estimated 60,000 were left

homeless.
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Pictures representing t he daandtgeggeographyeofthet he L 6
region
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Near Source Features

Results of seismological studies have shown that the Abruzzi eventneasal faulting
earthquakéor dip-slip), with a rectangular rupture plane of aboux14km2 and located at a
depth between 12 and 0.6 km from the surface. The rupture plan has a strikg afdigdf 5Q)
and a rake of 90

Coordinates of the vertices of the rupture plane andeohypocenter are reported in Tabl&
These data are not uniquely identified by all seismologists, but the various available estimates
are not very different each other. The main shock was recorded by the stations of the National
Accelerometric NetworkRAN) of the Italian Civil Protection, Figu#. 1 shows the projection
of rupture surface with the epicentral location, the code of RAN Statlwgis Eurocode 8 (EC8)
site classand some severely damaged towns\alages

Fault plane vertices Hypocenter
Longitude 13.424° 13.552° 13.465° 13.336° 13.353°
Latitude 42.405° 42.293° 42.238° 42.351° 42.340°
Depth (km) 0.600 0.600 11.800 11.800 11.800

Table 4.1.Hypocenter and rupture plane coordinates.
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Figure 4.1. Map view of rupture surface and RAN Accelerometric stations within about 60
km from the fault projection.
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The algorithm developed by Bakealculates, for each record, a score cghlelde indicator

Records with score above 0.85 and below 0.15 are classified as gntsaorpulses,

respectivelywhile signals with a score between these limits are consiéenbdyuous

The procedure taentify pulses has been implemented by J.W. Baker was used to analyze
LOAqQuil a records; Table VII shows the results
identified pulsdike records are reported in bold. Thirteen stations were analyzeskaen of

them have a horizontal component classified as gikisesix of them in the FN direction and

only one in the FP direction, AQV.

Record PGA [cm,-'s;z] PGV {cm/s) PGD* (cm} Ap(ecm/s) Ipi{-) Spi(s) Bp (s)

1 AQV_FN 125.37 37.63 3.53 228.76 5.24 7.60 25.14
AQV_FP 474.42 31.41 7.07 253.90 10.64 7.61 66.41
2 AQG_EN 357.16 34.08 8.19 [14.47 5.88 8.16 18.23
AQG_FP 391.79 26.60 545 144.91 8.68 8.45 2517
3 AQA_FN 425.86 28.67 1.11 132.60 6.79 6.91 14.78
AQA_FP 404.55 19.91 332 198.89 15.50 7.72 67.33
4 AQE_FN 413.57 45.01 13.22 138.10 4.63 10.55 66.06
AQK_FP 261.99 16.66 5.32 81.96 11.73 15.37 66.51
3 GSA_FN 153.52 10.91 3.35 37.13 13.86 0.38 25.53
GSA_FP 197.58 6.02 1.37 46.50 2448 8.02 24.10
6 CLN_EN 09.54 548 .76 3.87 443 8.00 20.05
CLN_FP 63.29 5.82 2.26 3.75 6.37 6.53 19.13
7 AVZ_FN 61.91 13.06 340 8.43 6.51 21.56 51.28
AVZ FP 63.41 9.80 354 9.14 9.10 18.25 49.76
§ MTREFN 51.04 4.08 0.93 4.02 12.04 14.84 45.03
MTR_FP 31.19 3.04 0.88 5.17 18.59 [1.39 34,84
0 GSG_FN 20.31 3.66 2.14 0.81 6.81 10.65 33.28
GSG_FP 25.52 2.31 0.71 0.69 7.33 10.97 25.59
10 FMG_EN 21.87 2.12 0.98 1.34 18.12 2276 60.38
FMG_FP 2443 1.90 0.92 0.88 11.87 2058 41.78
11 ANTEFN 26.66 2.25 047 1.67 17.33 21.68 53448
ANT_FP 19.19 1.99 0.43 0.96 1574 2287 64.52
12 CSOFN 18.91 2.24 1.00 0.39 13.11 21.38 58.06
CSO_FP 13.74 1.48 0.43 0.48 1474  27.23 65.69
13 ORCFN 72.64 6.88 1.11 477 3.97 10.24 30.10
ORC_FP 31.85 2.86 0.99 1.83 12.60 14.00 50.95

Table 4.2. Peak and i ndowagreeotds | Ms of LOAQ

Component Pulse indicator Late pulse indicator PGV icm/s) Classified as pulse Tp (5

AQV_FN 0.70 0.00 37.63 No 0.53
AQV_FP 0.85 0.00 3141 Yes 1.06
AQG_FN 1.00 0.00 34.08 Yes 1.02
AQG_FP 0.71 0.00 26.60 No .11
AQA_FN 0.93 .00 28.67 Yes 0.74
AQA_FP 0.00 0.00 19.91 No 0.62
AQK_FN 1.00 0.00 45.01 Yes 1.99
AQK_FP 0.00 1.00 16.66 No 1.26

Table 4.3. Results of pulse identification for horizontal components.
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4.2.Norcia earthquake 2016:

Norcia Earthquake was the most powerful earthquake to hit Italy since 1980, striking a blow to

the regions of Marche and Umbria just days after they were hit by tveo earthquakes. It was

even more powerful than the April 2009 earthq
people, and worse than the August 2016 earthquake that killed hundreds in Amatrice. It also
frightened and displaced thousands of alrgédgry residents who have seen the ancient

structures and walls in their towns, including the San Benedetto basilica in Norcia, which is
considered a sacred site, crumble into heaps on the street. The epicenter of the latest earthquake
was about 40 miles (&) southwest of Perugia and close to the town of Norcia, which had

also been hit by previous earthquakes.
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Pictures representing the damage after th&lorcia earthquake and the geography of the
region

About 650 Accelerometric signals, manually processed using the procedure by Paolucci et al
(2011), are used to evaluate the peak ground motion, aatteheand displacement spectral
ordinates, integral parameters and sugas of duration.

The first strong earthquake of the sequence (Mw 6.0) struck central Ital@h2016at

01:36:32 GMT, in the vicinity of Amatrice, causing diffuse building collapse and about 300
casualties. After 2 months, @6 10-2016two events of moment magnitude 5.4 (17:10:36 UTC)
and 5.9 (19:18:06 UTC) extended to the NW the seismogenic volume. After 4 d&@@s1@n
2016at 06:40:18 UTC an event of Mw 6.5, struck the area corresponding to the Sibillini
Mountains with epicenter lated in the vicinity of Norcia.

The four events have been caused by normal faulting, the prevalent style of faulting in the area,
all of them having NWSE or NNWSSE strike and dip towards SW. The location of the three
epicenters together with events hayimagnitude layer than 4.0 is shown in F2.
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Figure 4.2 Epicenters of the events with M = 4.0 in period time from 2408-2016 to 311-
2016. The size of the symbols is proportional to the magnitude. The grey stars represent the
three main-shocks: Amatrice, 2408-2016, Mw 6.0; Ussita, 280-2016, Mw 5.9 and Norcia,
30-10-2016, Mw 6.5 (coordinatse from http://cnt.rm.ingv.it/ ).
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Figure 4.3. Location of the epicenters (yellow star) and strong motion stations within 150
km from the epicenter of a) 201608-24 Mw 6.0; b)201610-26 Mw 5.9; c) 201610-30 Mw
6.5. The triangles indicate strongmotion stations and the colors correspond to the PGA
values (gal). The red boxes are the surface fault projections: the fault geometries are
preliminary for the Ussita and Norcia events
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A map of the various epicenters along with the stations for which notable pulses we detected in
the strikenormal (faultnormal, FN) component, can be seen in Figudgnote that no
impulsive ground motions were detected in the case of the 26/80k2@5.9 shock).
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Figure 4.4. Surface projection of rupture plane; province borders and some NS stations
shown on the map.
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Out of all the records investigated belonging to the 24/08/2016 Mw6.0 shock, the six ground
motions recorded at Amatrice (AMT), Norcia (NRC), Norcia Le Castellina (NOR), Montreal
(RM33), Monte Fema (FEMA) and Fiastra (MNF) exhibited impulsive characteristics over a
multitude of orientations, as expressed by a Pulse Indicator (PI) score in @x@ss(see

Baker, 2007). The record at Amatrice revealed two distinct pulses, one being predominant in the
fault-normal (FN) and the other longer pulse in the faaltallel (FP) direction. The FN pulse

has a pulse period Tp of 0.40s while the FP 0.8Bs.Norcia record on the other hand was

found to contain a 2.09s period pulse mostly towards orientations that lie between the FN and FP
without being decidedly prevalent in any of the perpendicular/parallel directions to the strike.
Note that some deviatn of directivity pulses from the strictly FN orientation is not unheard of

in dip-slip faulting. Finally, the ground motions recordedhe stations of Fiastra ahbntreal

were found to contain pulses in the FN direction with Tp of 1.4s and 1.2s resleetiso

hinting at rupture directivity effects, despite the lower velocity amplitude due to the greater
distance from the fault and consequent attenuation.

In the following Figures, a polar plot is presented for each station displaying the PI score pe
azimuth as well as the velocity time histories at the most relevant directions (original signal and

extracted pulse superimposed).
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Figure 4.50Original velocity time-history and CWT extracted pulse and residual signal for
the fault-normal component of the Amatrice record- 24/08/2016 Mw6.0 event.
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Figure 4.6 Original velocity time-history and CWT extracted pulse and residual signal for
the fault-normal component of the Norcia (NRC) record 24/08/2016 Mw6.0 event.
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Figure 4.7 Original velocity time-history and CWT extracted pulse and residual signal for
the fault-normal component of the mobile station T1201 record 26/10/2016 Mw5.4 event.
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Figure 4.8Original velocity time-history and CWT extracted pulse and residual signal for
the quast fault-normal component of the Accumoli record- 30/10/2016 Mw6.5 event.

41



National Technical University of Athens

CHAPTERSEISMIC DESIGN OF RC SHEAR WALL
STRUCTURES IN CHILE

5.1. Introduction

Reinforced concrete buildings utilizing structural walls for lateral load resistance are the
predominant form of construction in Chile for buildings over four stories. Typical buildings

include a large number of walls, with ratios of wall cresstional eea to floor plan area of

roughly 3% in each principal direction.

Based on the good performance of RC buildings in the March 1985 earthquake, requirements for
closely spaced transverse reinforcement at wall boundaries were excluded when Chile adopted a
newconcrete code in 1996 based on ACI-B3

In recent years, use of thrdanensional linear models along with modal response spectrum
analysis has become common. Since 1985, nearly 10,000 new buildings have been permitted.
Although the newer buildings hawsimilar wall area to floor plan areas as older buildings, newer
walls are thinner and buildings are taller, leading to significantly higher wall axial load ratios.

The 3 March 1985 Ms 7.8 earthquake in Chile, which subjected approximately 400 modern
reinforced concrete (RC) buildings to strong shaking, led to important changes in U.S. code
provisions for reinforced concrete buildings. Reconnaissance reports (EERI 1986) and
subsequent studies (Wallace and Moehle 1989) indicated that the stiff, shestrugalres
constructed in Chile performed extremely well, with little to no apparent damage in the majority
of buildings. Later investigations (Wallace and Moehle 1992, 1993) revealed that although the
seismic code requirements (design forces) in Chilewinilar to those used for high seismic
regions in the United States, detailing requirements were less stringent due to the large number
of structural walls used.

Building codes in Chile also changed following the 1985 earthquake with the adoptionvof a ne
code in 1996 (NCh433.0f96; INN 1996). Analysis procedures for earthquake loads in NCh433
are the same as used in other modern codes, that is, the equivalent static lateral force and modal
response spectrum procedures used in ASC& 2010). As well, dggn requirements for RC

shear wall buildings, the predominant form of construction in Chile for buildings over four
stories, were updated by reference to ACI-9%8n NCh433.0f96 (INN 1996), with only minor
exceptions. Prior codes used for design of R{ings, NCh429.0f57 and NCh430.0f61, were

not updated. The code provisions for shear walls are essentially the same as those ir9%5C| 318
however, based on the good performance of wall buildings in Vifia del Mar in the 1985
earthquake, ACI 3185 requiements for special transverse reinforcement at wall boundaries to
confine the concrete and restrain rebar bucking were eliminated. The most recent code for RC
buildings, NCh430.0f2008 (INN 2008), refers to ACI 308 but does not exclude the

provisions tlat require special boundary elements. Given the lag in release of a new code and its
use in practice, few, if any, of the buildings impacted by the earthquake were designed to the
new code.
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The area impacted by the Mw 8.8 2010 earthquake is the mostiypopulated region of Chile

and includes the cities of Vifia del Mar, Santiago, and Concepcién. Between 1985 and 2009,
construction permits were issued for 9,974 residential buildings with three or more floors (CChC
2010); 65% of permits were issued witlthe Metropolitan Region of Chile (Santiago). A total

of 1,939 construction permits were issued for reinforced concrete buildings with nine or more
floors during the same period, with 68% issued within the Metropolitan Region. In general, prior
to 1985, anajority of taller RC buildings were less than 15 stories, whereas since 1990
construction of residential buildings greater than 15 stories became more common. Damage
observed following the earthquake was generally concentrated in newer and tallegbniatin

one complete collapse (Alto Rio Building), several partial collapses, and about 40 severely
damaged buildings that were either repaired, or in rare cases, demolished. Therefore, severely
damaged reinforced concrete buildings correspond to abo(4#@%%939) of the newer building
stock with 9 or more floors in souttentral Chile. If older and/or shorter buildings are included,
the percentage of severely damaged buildings drops substantially.

Given this history, the 27 February 2010 Mw 8.8 Chéelequake provides a unique opportunity

to assess the performance of reinforced concrete buildings designed using modern codes.
Preliminary observations (EERI 2010) indicate relatively few people lost their lives in modern
reinforced concrete buildings; Wever, the degree of damage exceeded that reported following
the 1985 earthquake. In the following, we review building code provisions and construction
practices used in Chile and briefly compare earthquake demands relative to the design
requirements.

5.2.Building code provisions in Qiile

Servicelevel design lateral forces and analysis procedures for buildings are defined in
NCh433.0f96 (INN 1996). Similar to ASCEID (2010), design spectra are defined based on
proximity to the fault zone, soil conditiorand structural system behavior. The psesigectral
acceleration is defined as:

. IAoa

Su = (1)
1 +45 L)’
+45( 7
a = T 3 (2)
L4+ (=
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017y + —
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Where | is an importance fact@@qual to 1.0 for common structures), A0 is the maximum

effective acceleration,qTis the natural period, Ts the period with the largest translational
equivalent mass, and B a period dependent reduction factor which can be calculated for shear
wall buildings using the relation in Equation 3. AlternativelycBn be estimated asR1+NRy/
(4ToRot+N), where N is the number of stories angkRL for reinforced shear wall buildings;

however, the effective Rs considerably lower due to minimum strengthuirements, as

discussed below. Values for other parameters in Equation 2 depend on soil conditions, of which
there are four defined in NCh433.0f96 (INN 1996). The most common soil conditions are Il and
[, with the following values for Type Il: S = 1,00 = 0.3, and p = 1.5 and Type IlI: S = 1.20,
To=0.75, and p = 1.0. Zone 3, along the coast, has the highest maximum effective acceleration
A0 of 0.4 g, whereas values for Zones 2 and 1 are 0.3 g and 0.2 g, respectively. Vifia del Mar and
Concepcion are Zone 3, whereas Santiago is in Zone 2. Code displacement spectra are plotted
later and compared with spectra for various recorded gnoatidns.

Four soil types are defined using soil test data, such as soil shear wave velpabckeuality
designation (RQD), standard penetration test (S&iaxial compression capaciiyu), and
undrained shear strengtBu), among other considerations. However, various altemati
approaches exist to characterize soil; for example, for SoilsTy@ad I, four alternatives
exist, and soils may be classified based on valcleigeeed in only one of the tegpproaches.
Given variation among the various testing approaches, eliffaoil classificationare possible
depending on the approach used. Desigd lerces are quite sensitive to soil type
classification, providing some incentive to use ih@dassification approach thatould produce
a lower soil classification number.

Design of most RC buildings over five stories is acclishpd using the modabectral

procedure of NCh433.0f96 (INN 1996). Limits are plaoadase shear (Section 6.3which
cannot be less than §Ribg, and need not exceedd&P, where Gaxis 0.35SAWg for RC wall
buildings, and P is the total seisnweight of the buildingtotal dead load and a minimum of
25% of live load for typal buildings and a minimum &0% for places of assembly). If the base
shear is less than tih@wer limit, forces are scalgamplified) to reach the minimum value and
displacement Vaes also aramplified. If thebase shear is more than the upper limit, forces can
be reduced, but displacemts cannot. Theinimum base shear requirement, along with the load
factor of1.4 on service lateral force®sults in an effective force reduction factoefRthat

typicdly varies from a maximum valugf about 5.0 for a period of 0.5 s to a value of about 3.0
for a period of 1.0 slagos andKupfer 2012).

NCh433.0f96, Section 5.9 limits relative displaceméetsveen two consecutive floors,
measured at theenter of the mass in each direction, to 0.002hs, where hs is the story height.
The relative displacements at other locations on the floorgalanot exceed the value at the
center of mass by more than 0.001hs. These limits are not expsgiedeimentdyut
displacementthat have been reduced By. For structural wall buildings with 15 &0 stories,
parameteR* is generally about 6 to 9; however, as nabdve, the effective value muldwer
(R*eff = 2 to 5), since in many cases, forces (and dispt@nts) are amplified to reattre
minimum base shear.
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5.3. Typical Construction Method and Assumptions

A floor plan view of a typical pr&985 Chile building is shown iRigure 5.1a. The ratio of wall
crosssectional area to building floor plan area.#) is approximately 3% in each direction for
pre-1985 buildings (Wood et al. 1987, Riddell et al. 1987, Sozen 1989, Wallace and Moehle

1993). It is also noted that typical wall thicknesses over the first four stories are 20 cm to 30 cm,
with more prominentvalls being 30 cm.
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Figure 5.1 (a) Festival Building in Vifia DelMar (1978 construdion). (b) Alto Rio Building
in Concepcion (2007 construction).
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The relatively large ratios of M\t were identified as a primary reason for the excellent
performance of buildings in the March 1985 earthquake (Wallace and Moehle 1992, 1993;
Wallace 1994). Information from 378 RC wall buildings constructed between 1939 and 2000 in
Santiago (Gomez 2001)pdated to include 76 buildings constructed in the Nufioa neighborhood
(Santiago) between 2001 and 2006 (Calderon 2007), indicate that about 78% of the construction
have ratios of At\s between 1.5% and 3.5% (Figusea), with relatively little variatiorover

the yearsHowever, it is noted that although this ratio has remained essentially constant, the
number of stories has increased since 1990 to 15 to 25 stories. To consider the impact of the
increasing building height Calderén (2007) used paramgier AW, where W is the number

of stories multiplied by the floor weight. The valug das decreased between 1939 and 2006,
starting from an average value of about 0.003 m2/tf (typical fel 98 buildings, Figuré.2b)

and reducing to an average vabfeabout 0.002 m2/tf (typical for pe4©85 buildings). Pre

1965 construction presents the largest valuedgréaching an average value close to 0.004
m2/tf.

For preliminary design, some engineers select the wall area in each of the principal digction
the building to limit the average wall shear stress to about 6 kgf/cm2. (Riddell et al. 1987).
However, for a building seismic weight of 1 tf/m2, designed for the maximum base shear
(Cmax= 0.17W), this implies a constanf,dvalue of 0.0028 m2/tf, wibh is consistent with values

of dnp used prior to 1985 (Figuie2b).
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Figure 5.2 (a) AwtAs and (b) dnp = AwW variation over the years (after Calderon 2007).

For newer buildings (Figurg.1b), walls are typically arraged along a central corridor the

long direction of the building with multiple perpend&uwalls in the short buildindirection. In
general, newer buildings have higher aspetb, building height to flooplan dimension in the
short direction, anthinner walls, in many cases &6 to 20 cmeven for buildings up to 20
stories Estay 2008 In the 1985 e#inquake (and in older buildings the 2010 earthquake),
extensive damage was obseruedelatively shallow couplinpeams used over doors; there,

in many newer buildingshese beams were often replagéth nonstructural materials, reducing
coupling and energy dissipation capacity of nelagldings relatively to prd 985 buildings.
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Modeling of buildings according to NCh433.0f96 is coonly based on the use of gross
concrete section stiffness. The impact of stiffness mmglassumptions on fundamental
building and the ratio H was studied bZalderdn (2007)where Hrepresents the heigbf the
building to the ground level and T the natyratiod of he structure. Results presented
Figure5.3indicated that the mean value ofithas remied essentially constant sint®50 at a
value of approximately 70 m/s, with most buildings havinp tdtios between 40 and 140 m/s.
It is noted thattte variation in K is greater fobuildings constructed following 1985.

For a ypical story height of 2.7 m, a ratio oflH= 70 m's corresponds to period of T= N6,
which is lower than previously ned for measured natural peridddow-level (N20) and
ambient vibrations (E&3).
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Figure 5.3. HO values afterCalderén (2007).

Neither the Chilean code (NCh433.0f96) nor the ACI code (ACI@)3ut a limit on the level

of axial stress allowed for gravity load or combined graaity lateral loads, although a limit of
Pu< 0.35 Bwas incorporated into UBG7 (1997). For buildings in Chile, as previously noted,
the ratio of wall area to floor plan area has not significantly changed since 1985; however,
building heights have incread, resulting in higher levels of axial stress. This trend was captured
by Calderdn (2007) using the parametgy (fatio of wall area in one building direction to

building weight), where the median value af,dlecreased from roughly 0.004 m2/tf ({1&65)

to 0.002 m2/tf for pos1985 construction (Figure 5.2b). These ratios indicate that the median
axial wall stress has increased from about 0.09Agfc” fedp6&b construction to 0.18Agfc” for
post1985 construction, for a typical fc* value of 25 MPar post1985 construction, the ratio of
dnp, is between 0.001 and 0.003 m2/tf for most buildings, indicating that axial stress levels, on
average, vary between approximately 0.10 to 0.30Agfc".
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A simple study was conducted to further assess the likedy té\axial stress in Chilean

buildings using two approaches, one based on ratiog#f And the other based on wall

tributary areas (Figure 5.4). Ratios afuAs of 1%, 2%, and 3% in each principal building

direction were considered whereas tributary areas were estimated for fairly typical walls in the
transverse (short) direction of the building based on a review of structural drawings for several
damaged buildigs constructed around 2005. A unit floor weight of 1.0 tf/m2 is used (Riddell et
al. 1987). The results based on total wall area to floor area fokdAw~0.06, which gives an
average value for all walls within a building, are consistent with restdtented in the prior
paragraph, that is, axial stress ratios of roughly 0.10Ag f Oc fet$6& buildings (10 to 15

stories) and about double that for 20 to 25 story buildings. The results for the tributary area
indicate that individual walls could hawmuch higher axial stress ratios, in the range of 0.20 to
0.40Ag f 0 c for 15 to 20 stories. This finding is supported by design information for ten different
buildings designed between 2000 and 2006 where axial stress ratios for combined gravity and
lateral earthquake load were between 20% and 50% with a mean value about 35% (Estay 2008).
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Figure 5.4. HO Estimated wall axial stress ratios
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Hoops with 9edegree hooks, typically spaced at 20gzrtically, are commonly around

boundary longitudinal reinforcement (Figuse). Because of #large number of walls used in
typical buildings, the quantity of boundary longitudinal reinforcement is light relative to typical
U.S. construction. Typical viievertical and horizontaknforcement in newer building®nsists

of 10mm di ameter bad39% ang &nenaidmetertbas@aled at@0 cn) v
( }J=10.25%), respectively. Horizontal web bars are typically placegsiadeof vertical bars and
anchored at the wall edge with @g@gree hooks.

30 cm 20 cm 20 cm
location of |—i’| ﬁ]
: : Egﬁ’::cmve 4-22mm Typical 4-18/22/25/32mm
oo web bars . = e & 422 & 425mm Typical
s e alternated
_ cormer-to- . o L
P Cormer Amm@ 20cm r S
e ® H&V web bars V: Bmm@25cm V
- 44-26mm L o H: 8mm@ 20cm H
e @ - al —
e @
L ] L |
b . L] L
S8mm@ 20cm r ‘
H&V web bars
. T - - L] L
Festival: Axis C & 16 Alto Rio: Axis T & 13 Toledo: Axis E & 9

Figure 5.5. Typical wall boundaries: (a) Festival; (b) Alto Rio; (c) Toledo.
5.4. Implementation of Chilean code assumptions ithe case study

Chilean code assumptions and provisiasese implemented in the case study herein as the
existing building was strengthened by a certain number of shear walls in order to make the ratio
of shear wall in the one principal direction (Y) of the building to the floor area (Aw/Af) about

3% in each fhor to check the enhancement or improvement of the building seismic response
taking into account reducing the existed shear walls and core reinforcement.

The modification made to the building is illustrated in following sub division attributed by
Pushoveand Eigen value analysis representing the characteristics of the building.
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5.4.1. Strengthenedbuilding layout

Five shear walls were introduced in thedivection with total area of 3.5%with minimum
required light reinforcement in longitudinal atmensversal directionshich consists of 10mm
di ameter bar s s30838% axd38matdianZeter bassp a(cjed at 20
0.25%), respectively. Horizontal webrbaare typically placed outsias vertical bars and
anchored at the wall edge wi#l0-degree hooks.

2 2.35 0.8 545 2.1 2.7 0.3 525 0.7 37

cm

[
1=/
o —_—
=7 e\
2/ Iy
— { &
\&/ o

o\ (2

Figure 5.6. Plan View of the Strengthenedbuilding

5.4.2. Eigen value analysis

In the calculation of eigenvalues analysis the efficient Lanczos algofhghps, 198J7is used
for the evaluation of the structural natural frequencies and mode shapes.

The number oEigenvalues used is 10 as shown in table 5.1.
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Figure 5.7. Deformed shape of the building tathe fundamental period (0.56secs)

From Eigen-value analysis.

MODAL PERIODS AI
FREQUENCIES

Mode

Period

Frequency

(sec)

(Hertz)

0.56778071

1.76124336

0.28976843

3.45103153

0.25871798

3.86521255

0.18981624

5.26825307

0.13338849

7.4968985

0.12190602

8.20304057

0.10081859

9.9188054

0.09820132

10.18316278

O |0 |N O |0~ |W(N (k-

0.08697631

11.49738367

[EEN
o

0.08064702

12.39971488

Table 5.1. Modal periods and frequencies.
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5.4.3. Pushover analysis

Idealized Curve

Displacement Base Shear

10,000
9,500 |
0.1738 9305.94
9,000 T
0.3456 9305.94
5,500
5,000
7,500 4
7,000
£,500
i 6,000 Linerization Data
£ 5,500 KO: 53532.00
2 5,000 Ke: 120093.32
4,500 §
@ a: 0.0000
4,000 1
3,500 | Fy: 9305.94
3,000 | dy: 0.1738
2,500 Iteration: 3
2,000 Unbalanced Error{%a): 0.72
1,500 4
Target Displacement
1,000 §
S Damage Limitation (DL) 006993096
a ; ; A2 ; ; ; ; ; ; Significant Damage (5D) 0.0897097%
0 0.05 0.1 0.5 0.2 0.25 0.3 0.35 0.4 0.45 Near Collapse (NC) 0.15552506
Displacerment
Figure 5.8. Pushover capacity curve in Xirection.
Idealized Curve
Displacement Base Shear
16,000 i i
! 10,0000 {0.00
15,000 4 0.0639 14805.01
14,000 - 0.2112 14305.01
13,000
12,000
11,000
10,000
Linerization Data
9,000
Ko: 231691.25
5,000
! Ke: 410216.51
7,000 a: 0.0000
&,000 - Fy: 14305.01
5,000 dy: 0.0639
4,000 Iteration: 2
3,000 Unbalanced Error (%g): 0.21
2,000 Target Displacement
1,000 Damage Limitation (DL) 0.02822432
0t ; ; ; ; ; ; ; ; ; Significant Damage (SD) 0.03620711
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 Near Collapse (NC) 0.06277033

Displacement

Figure 5.9. Pushover capacity curve irY -direction.
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CHAPTERIATA ANALYSIS AND RESULTS

6.1. Identification of damage limit states forRC buildings

In order to carry out risk assessments for building populations of varied composition, it is either
necessary to develop a serievaliherability curve sets for different building types winéne
performance criteria are defined according to the specified structural characteristics, or use
observational damage statistics that provide a compositional mateh dssessed building

stock

In practice, it is impossible to find the quantity and range of damage distribution data required
for either of these approaches to be implemented with any confidence in the result. A new
approach ishterefore proposed yf. Rossetto, A. Elnashaivheren data for different structural
systems can be combined to produce a single
to all, through the use of a damage scale that accounts for the differences in the damage rate of
disparate systems. Such a @aya scale is required to adopt limit states that are defined in terms
of both the damage expected in different structural systems and of a stmestpoase

parameter indicative of the global buildidgmage state.

A new damage scale named the homogehieanforced concrete damage scale (HRC scale) is
therefore proposed and used herein to generate vulnerabiiitgs.The scale is subdivided into
seven damage states, each of which is clearly defined in Gdbteterms of the typical

structural and ne-structural damage expected in the four main types of reinforced concrete
structure found in Europe.

ISD,, s (%6) limits for HRC-scale

HEC damage state  All M-D MEF Infilled MRF Shear-walls
None 0.00 0.00 0.00 0.00

Slight 0.13 0.32 0.05 0.26

Light 0.19 0.43 0.08 0.34
Moderate 0.56 1.02 0.30 0.72
Extensive 1.63 2.41 1.15 1.54

Part. Coll. 3 34 4.27 2.80 2.56
Collapse =4 T8 =h.68 =4.36 =3.31

Table 6.1.Threshold values of ISDmax% defining the HRCscale damage limit states for
general RC structures (All), nonductile MRF, infilled MRF and shear wall structures.
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6.2. Methodology

Using Seismostruct software a nonlinear time history analysis has been performed for 16 near
field records to obtain the displacement time history of an existing building in Athens.

These 16 recosdare originally obtained from 8 stations, 4 accelerograms in each of Norcia and
Aquila regions, each accelerogram gives 2 components thevEsisand the Nortsouth which

are illustrated below as DATAL and DATAZ2.

Results arising from applying tbefi raef aul t 6 g r o u rstbthelwildingpare r ecor d
obtainedthese resultswdicatesthe top floor displaceenmt that the building undergodse to

that certain ground motion record divided by the total building height representing the inter

storey drift atio to evaluate the damage limit states.

The ground motions under investigation hanenput paramet of time step size 0.01 sec, the
total numler of output time step ranges between 3000 to 5000 (30 sBcsexrhbdependg on
the length of the accelerogradill accelerograms are applied in positXend Y-directiors

with a damping ratio near to 5%.

The displacement value gives an indication for at which structural damage state the building will
suffer when subjected to sualgroundmotion, these results are represented in the form of plots
followed by tablegor each earthquake showing the maximum displacement and the
corresponding predefined limit damage state.
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6.3. Dynamic time history Resultsfor the original building
6.3.1. Aquila earthquake in X-Direction
6.3.1.1. Record from AQA station

1. AQA-Datal @ X-Dir

0.6
=== Slight+ === Slight- = == |ight+ = = |ight- Moderate+ Moderate-

0.5

) Nl

Damage State
(Top floor disp/building height)

Period

Figure 6.1. Figure showing ISD% and damage limit states (Infilled MRF) for recording
station AQA

Record Max. Roof Displacement Drift (Disp./height)% Damage State

AQA-DATAL 0.11 0.47 Moderate

Table 6.2.Table of Displacements and damaglkevels for recording station AQA
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2. AQA-Data2 @ XDir

Moderate-

=== Slight+ === Slight- = == |ight+ = == |ight- Moderate+
[
8 i g i KLk 4 | W Vo N gt
by g e e g g A i Ny 7 o e " S 4=k st s
U U U U VRV
0 5 10 15 _ 20 25 30
Period
Figure 6.2. Figure showing ISD% and damage limit states (Infilled MRFjor recording
station AQA
Record Max. Roof Displacement Drift (Disp./height)% Damage State
AQA-DATA2 0.12 0.49 Moderate

Table 6.3.Table of Displacements and damaglevels for recording station AQA
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6.3.1.2. Record from AQG station

1. AQG-Datal @ XDir

= = = Slightt+ = e = S|ight- = == Light+ = == Light- Moderate+ Moderate-

nnﬂnnn

10 15 20 25
Period

o
()]

Figure 6.3. Figure showing ISD% and damage limit states (Infilled MRF) for recording
station AQG

Record Max. Roof Displacement Drift (Disp./height)% Damage State

AQG-DATAL -0.16 -0.67 Moderate

Table 64. Table of Displacements and damaglevels for recording station AQG
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2. AQG-Data2 @ X-Dir

=== Slight+ === Slight- = = Light+ = == |ight- Moderate+ Moderate-

15 20 25 30

Period

Figure 6.4. Figure showing ISD% and damage limit states (Infilled MRF) for recording
station AQG

10

Record Max. Roof Displacement Drift (Disp./height)% Damage State

AQG-DATA2 -0.15 -0.64 Moderate

Table 6.5.Table of Displacements and damaglevels for recording station AQG
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6.3.1.3. Record from AQK station

1. AQK-Datal @X-Dir.

o
©

=== S|ightt = e = S|ight- = == [ight+ == == Light- Moderate+ Moderate- == - Extensive-

o
fe))

©
~

o
[N

-0.8

-1.2

-1.4

Period

Figure 6.5. Figure showing ISD% and damage limit state@nfilled MRF) for recording

station AQK
Record Max. Roof Displacement Drift (Disp./height)% Damage State
AQK-DATA1 -0.21 -0.89 Moderate

Table 6.6.Table of Displacements and damaglevels for recording station AQK
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2. AQK-Data2 @X-Dir.

=== Slightt e = Slight- == == Lightt+ = == Light- Moderate+ Moderate-
0.8

Nooa

W
\I

0 5 10 15 20 25

Period

-0.8

Figure 6.6. Figure showing ISD% and damage limit states (Infilled MRF) for recording
station AQK

Record Max. Roof Displacement Drift (Disp./height)% Damage State

AQK-DATA2 -0.20 -0.84 Moderate

Table 6.7.Table of Displacements andlamagelevels for recording station AQK
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6.3.1.4. Record from AQV Station

1. AQV-Datal @X-Dir.

0.4

-0.5

-0.6

0 5 10 15 20 25
Period

Figure 6.7. Figure showing ISD% and damage limit states (Infilled MRF) for recording
station AQV

= = = Slight+ === Slight- = == Lightt == == Light- Moderate+ Moderate-

Record Max. Roof Displacement Drift (Disp./height)% Damage State

AQV-DATAL -0.13 -0.53 Moderate

Table 6.8.Table of Displacements and damaglevels for recording station AQV
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