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Abstract

University buildingsin Perlareconsideredritical structures whicldo not present enough information abousésmic
vulnerability. Thisresearctdevelops a probabilistic methodology tleatimateseismic losses for a Peruvian university
building basd on fragility functions These functionsepresent the overall building behavior through 2D and 3D model
frames. These results will perntd@t know if 2D analyzed results are sufficient to know the real 3D strubglravior
Latin Hypercubeechnique, an improved Montecafdased methodallowed to generate fragility functisthrough a
simulation process. This method credlt8 reliable samplesf structural parametefer every level of seismic demand.
Three structural parameters were édesed in the simulation process as follow®oncrete compressive strength,
maximum concrete strain and yield stress ofrtheforcing steelSyntheticrecordsdefined seismic demand and these
signals wereecompatible with the elastic Peruvian design speot Acceleration recordserescaled based on the peak
ground acceleration on rigid soil (PGA) which goes from 0.05g to 1.00g. A total of 2000 structural modeieatect
consideringooth structural and seismic variability.

The university building shosvan expected Mean Damage Factor of 18.40% and 20.25% in X direction and 12.65% and
8.80% in Y direction, for 3D and 2D model frames respectively; considering aP@2&gcenario, which was amplified

by the soil type coefficient and resulted in 0.Z88A. These ratios were computed considering a seismic demand related

to 10% of probability of exceedance in 50 years which is a requirement in the Peruvian seismic code. These results show
an acceptable seismic performance.
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1. Introdu ction

Risk mitigation plansllow us to estimate structure seismic vulnerability for essential buildings. Peru is located
at a high seismic zone call&hcific Fire Ring and seismic vulnerability studies are Hjghecessary here.

This study focuses on the analysis of one reinforcedretsframe building located in Cusco city which is
represented by 2D and 3D model frames. The lack of information from recent earthquakes is an important
factor which may not guaranty a good structural behavior according to Peruvian seismic designezodé Th
purpose is developing fragility functions for seismic loss assessment of a Peruvian university building.
Fragility functions provide the probability of exceedance for a given damage state (LS) and an Intensity
Measure (IM). Empirical fragility funadns arenot accuratesolutions for buildings located in a counthat

has a lack of afteearthquake damage information. For that reason, this research applies a sirbalsgidn
analytical method. The fragility functions are calculated by consideriogrtainties in structural capacity and
seismic demand. Structural capacity is considered by three parameters: the compressive concretd strength (
'.), the ultimate concrete straifif) and the yielding stress of the reinforcement st@eMariability of seismic
demandis considered by artificial accelerograms which were constructed for different IM levels. Loss
estimation ispredictableconsidering a simplified methodology proposed by Hwang and[Llin This
procedure defines a Mean Damage Factor (Mi2Fted to the most likely seismic hazard scenario which is
related to fragility functions.

2. University building in Cusco

Nursing Faculty Building (NFB)at the UNSAAC (which stands for Universidad Nacional de San Antonio
Abad del Cusco, in Spanishg the analyzed building. Building structural systems design withieinforced
concrete frame elements. A total of 2000 structural models were analyzedtic2[®@ and 3D modein both
directions X and Y. Both models were represented by frames defined in Fig.1. This simplified representation
is permitted for a building which has a regular configuration along both directions. Structural nidaels d
considertorsion effects. NFB presents -2th depth diaphragms made of light concrete and its structural
elements distribution is shown in Table 1. Théréime and #frame were selected for the nonlinear analysis.

Table 1i Structural elements distribution in thé-R

Description Shape Name Section (m) Direction
Main beams | Rectangular VP1, VP2 0.30x0.45 and 0.30x0.65, respective Y
Secondary beam| Rectangular VS1, VS2 0.30x0.45 and 0.30x0.65, respective X

Column Rectangular, C1, C2, C6 and C] 0.30x0.60 Y (depth)
Column Rectangular C3and C5 0.30x0.45 Y (depth)
Column Rectangular C4 0.30x0.50 Y (depth)

ca | frame
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1997Peruvian seismic cod@][defined NFB seismic performance. 1996 Nazca earthquake changed
lateral drift limits from 1977eismic code anthese limitswere more restrictive. 1993ode included shear
forces 1.25 times and displacements 2.50 times larger than thesé@ivic cod@arameters

3. Seismichazard in Cuscocity

In order to estimate the seismic demand in Cusco city, a Probabilistic Seismic Hazard Assessment (PSHA)
was perfornad Ground motion and structural behavior response were considered in analyticalfonodel
decision-making purposes. Previous seismic hazard research has been carried out in Peru. This study
considered Tavera et aB][seismicsources foPSHA.

3.1 PSHAreview

The probability of occurrence for strong ground motions is accurately reprdbgrihe Poisson model which
is an important probabilistic model in engineering. The Poisson model is defined (dy.Eq

OLu ¢ — Q)

Whereo is the time frame to be consideredjs the annual rate of exceedance for earthquakes
consideringa given magnitude related to an Intensity Measure (IM) such as peak ground acceleration (PGA)
andu is the number of earthquakes that occur during timie &

The acceleratiod, which can be defined as the PGA, is considered as a function of the earthquake size
(magnitude) and the distance to the site. The earthquakéyYaimb its epicenter locatio are considered
random continuous variables atféése valuesre defined by probability density functioitsi andQ i ,
respectively. Then, the probability thais equal or higher than a certain accelerafipthat isb 6 @, is
defined by PSHA. This is given by E@).

0O & __06 dxh Qi Qi Qi Qi (2)

Cornell @] methodology considers the application of this integral for a typical PSHA. The program
CRISIS, developed by Ordaz et d],[allowedto evaluate tis integral in a numerically way.

3.2 Seismicsources

This study considered the 33 Peruvian seismic sources in Peru proposed by Tavera et al. These sources were
defined according its spatial distribution of the seismic occurrence relatedstdothgction process (interface),

the main fault systems (cortical) and the Nazca plate geometry underneath the continent (intraplate). The
seismic sources are classified as followd: 6 F8 for the interface seismicity -&to F19 for the seismicity

related to the cortical deformation ane2B to F33 for the intraplate seismicity.

3.3 Recurrencéaw andseismicintensity

GutenbergRichter recurrence law permits to characterize seismic sources as show(B)n Hajs expression
represents the numbersdismic eventd whose magnitudes are higher tiiandandoare constants taken
as statistical parameters andgh valuesrere computed for each seismic source. This recurrence lawhas
limits: maximum and minimum, and becomes E4.

AE0Q O wa (3)

VI H a o (4)
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Wheret denotes theaveragea n n u a | e x ¢ e e d aare canstants forecach 4eisnmacnsdurce,
a anda represent the maximum and minimum magnitude, respectively. These values are known as
seismological parameters. Recurrence law is described by these seismological parameters for each Peruvian
seismic source. Some typical values are shown in the Table 2.

Table21 Typical seismological parameters in three seismic sources

Source | Mmin (MW) | Mmax(Mw) | Bet a|Averageannu a l
1 5.20 8.80 1.84 2.03
2 4.30 8.20 1.66 11.54
3 4.30 8.00 1.78 12.83

3.4 Attenuationrelationship

The dependence of twoainseismic parameters are described by attenuation relationship: magnitude (m) and
earthquake origin distance (Ryeismic gound movement can be characterized by these parameters.
Attenuation laws describe ground movement decrgaasa function of m and R. This research considered
two attenuation laws for PSHA assessment: Youngs e6lam@del for subduction earthquakes related to
interface and intraplate processes (sources from F1 to F8 and from F20 to F33, respectivedyg)iginet &l.

[7] model for cortical earthquakes (sources from F9 to F19).

3.5 PSHAassessment in Cusco

The variation of the peak ground acceleration (PGA), velocity, displacement or any other Intensity Measure
(IM) areshown in the Seismic Hazard Curve (SHSHCis a function of the annual rate of exceedance. Fig.2
shows this curve in terms of PGA and the Uniform Hazard Spectrum curve determined by CRISIS, for the city
of Cusco.
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Fig. 21 Probabilisticseismichazardcurve (left) anduniform hazardspectrum (right), for a return period of
475 years.

A PGA of 0.22g was obtain from SHC. This valakowedto estimate damage ratios in analytical
fragility functions. A return period of 475 years (10% of exceedance in 58)ywas considered in PSHA
accordingto Peruvian seismic design code. The uniform spectrum is obtained for NFB location.

4. MonteCarlo smulation

Montecarlo simulation process permits to compute physical systems response against probabilistic events by
consideringrariousanalyzed samples of these systems. Principal input data was defipredbalyility density
functions inthis process. Rememberath structures witha similar building process can have distinct
mechanical properties. Thus, its structural behavior may differ. MonteCarlo simulation technique sonsider
this variation.
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4.1 Uncertainty in thestructuralparameters

Three structural pararters were considered inside simulation process as follows: the concrete compression
strength {), the ultimate concrete straif) and the yielding stress of the reinforcing stégl {Velasquez et

al[8] suggested some values for these parameters according to experimental data. A normal probability density
function with acoefficient of variatiorof 15% and an averagd 21 MPa is accurate enough fd¢. Ultimate
deformation strain was considered wiéime distribution g8¢, an averagef 0.004 (Hognestad model) and
15%coefficient of variationFor thefy, a lognormal probability density function w6 coefficient variation

and a averageof 420 MPa was defined. The Latin Hypercube technique was defined for the sampling
procedure. Probability density functions permitted to select random values of each structural parameter from
the probability density functions shown in Fig.3. Hence, 106@0oen samples were generated for each IM by
using a MATLAB script.
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Fig. 31 Sample population for random structural parameters

4.2 Uncertainty in theseismicparameters

Artificial records were used to consider the seismic action ilNtwinear Time History Analysis (NTHA).

These were generated due to the lack of recent seismic records. Also, in order to bring the building into its
inelastic range, it was necessary to consideida range of seismic intensitieBesides, these accelgrams

were scaled to the elastic response design spectrum detailed in the Peruvian seismic co@Gensd8

artificial generation methods use periodic functions, such as the accelérationto create new signals. This
periodic function which definghe seismic action, can be expressed as a series of sinusoidal waves as shown
in Eqg (5).

6 6 B 0o0iQeo n (5)
Whereo is the amplitude) is the angular frequency and is the phase angle of the k sinusoidal
contribution. To consider the shape of the transient behavior of real earthquakes, the stationary movement

0 0 is multiplied by a function called deterministic intensity envel@e. Finally, the simulated movement
is given by Eq(6).

66 OB &iQo n (6)

According to Morend9] guidelines, a trapezoidal intensity function was chosen, and accelerograms
were defined with the following considerations: a total duration of 45 seconds was defined which included 10
seconds of rising times} and 40 seconds of strong motidd. (A typical artificial signal is shown in Fig.
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Fig. 41 Synthetic signal scaled up to a PGA of 0.60g (left) and its corresponding elastic compatible response
spectrum according to the EO30 [MVCS 2014] (right)

SeismoArtif [LO] programpermitted to generate the artificial signals considering a random process
which produced records compatible to the uniform hazard spectrum proposed by the Peruvian seismic design
code. PGA values went from 0.05g to 1.00g with increments of 0.05g.

4.3 Nonlineartime history analysis (NTHA)

Latin Hypercube technique permitted to generate a random population of 3D and 2D frames and these samples
were modelled in SAP20001]]. Plastic hinges represented material plasticity in nonlinear behavior.
Concentragd inelastic behavior in structural elements was achieved with plastic hinges. Paulay and Priestley
[12] determined plastic hinges at an equivalent length (Lp) of 0.5h, where h is the height of the cross section
of the element. If we consider a constanvature along this plastic hinge length, the rotation can be computed

by multiplying thelength and the curvature. Constitutive laws of materials and hysteretic relatioaléiips

to define plastic hinge models. A perfect elastoplastic behavior was considered for the reinforcing steel, and
the Hognestad model for unconfined concrete was selected to the concrete cross sections. Material constitutive
laws are shown in Fig.5.

foa
fs &
fo 5 ;
0.15fc
]
fy o= Fo( (2ec/e0) - (ec/en)?)
tan B =Es
E,": E; = tanp
B o Al e - >
e, Ew e, o= 1.8 /Ec €0y = 0.004 Ec
Fig.51 Perfect elastoplastic behavior for reinforcing steel (left) and Hognestad model for the concrete
(right)

Inelastic deformation capacity of a structural element can be computed by mmmeitire
relationships. VP2 and C1 first floor sectionglod NFB are shown in Fig.6. The VP2 beam was reinforced
with 305/80 on the compression side and with 305/
reinforcement of 403/ 4 éurvaturs relationships foryP2beam larm @loonmo me n
sections. C1 momerturvature diagram is highly affected by the axial load level which was considered from
the second load combination of the Peruvian concrete design codd1B0@0=. 1.25 DL + 1.25 LL). This
load level was taken in the momerurvature relationships for the reinforced concrete cross sections during
the NTHA.
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Fig.61 Cross sections of the V2 beam (left) and the C1 column (right) for the 1st story of the NFB
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Fig. 717 Momentcurvature plots for sections \(&ft) and C1 (right) for the 1st story of the NFB

Takeda et al. 4] model defined hysteresis behavior in concrete sections, and it is considered
appropriated for the concrete structural elements when we describe energy dissipation and dominant flexure
failure. Takeda model and the corresponding MorRaitation relationship are shown in Fig.8. This model
was applied for all the plastic hinges used in the NTHA. With the previous hypothesisiagan algorithm
involving SAP2000, a total of 2000 random structural models were analyzed.
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Fig. 81 Takeda et almodel (left) and hysteretic behavior of the C2 column (right)

5. Fragility functions
5.1 Damagdimit states

Damage limitstates were defined by a Pushover analysis. This method permits us to obtain the Capacity Curve
of the building which was constructed considering a series of incremental static nonlinear analysis. Material
constitutive models and cross section hysteresigors defined previously are essential elements in the
Capacity Curve definition. Touild this curve, it is usudb consider the first mode response (fundamental
mode) which is an important parameter in regular-f®e buildings. Roof displacement svancreased
progressively and at the same time the base shear was registered. This procedure is repeated until achieving
the maximum lateral displacement capaciiy]] Aguiar [16] proposed simplified bilinear and trilinear models
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where inside and outsideeas of capacity curves are equivalent. Both cases can be defined in SAP2000 and
Fig.9 shows NFB Capacity Curves its corresponding Limit States.
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Fig.91 Capacity Curves for 3D model frame (left) and 2D model frame (right), both in N&iBektion

VISION 2000 committeel[7] proposed Limit States for buildings considering its elastic and inelastic range
between the yielding point and the ultimate displacement in the Capacity Curve. Each damage state is related
to a performance level andabdisplacement. VISION 2000 limits were applied in this study to define the
damagdimit states. These are shown in Table 3 and Table 4 for X and Y directions.

Table31 Damagdimit states for 3D and 2D model frames, both for NFB X direction in terntiseof
interstory drift ratio

3D Model framei X direction 3D Model framei X direction
Damage limit state | Max. interstory | Roof displacement| Max. interstory | Roof displacement
drift ratio (m) drift ratio (m)

0.56% 0.051 0.50% 0.045
0.86% 0.068 0.82% 0.067
1.07% 0.084 1.14% 0.090
LS4: Collapse preventio 1.26% 0.096 1.33% 0.105
LS5: Collapse 1.44% 0.107 1.52% 0.120

Table41 Damagdimit states for 3D and 2D model frames, both for NFBirection in terms of the
interstory drift ratio

3D Model framei X direction 3D Model framei X direction
Damage limit state | Max. interstory | Roof displacement| Max. interstory | Roof displacement
drift ratio (m) drift ratio (m)
0.49% 0.039 0.54% 0.049
0.89% 0.066 0.87% 0.078
1.09% 0.093 1.22% 0.107
LS4: Collapse preventio 1.28% 0.111 1.46% 0.127
LS5: Collapse 1.47% 0.129 1.68% 0.146
8
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5.2 Damageprobability densityfunctions

The functionQd defines the probability density function of a random continuous variable. This function can
be integrated in the intervaly ] and represents the probability of occurrence for real values betaaedh
@ This is shown in E(7).

00 © ® . QuQw (7

A cumulative probability density functicl® @ (CDF) is obtained from the integration of EQ)
between-& anda This can be determined numerically by organizing the results in ascending order and
applying Eq.(8). This was proposed by Ryit8] as follows.

0hn  — (8)

where is the event that may repé@imes inside a population with sample siz€Y. If we compute
the CDF over the entire real domain, E9).is obtained.

QOQM O | Efow p 9)

(¢}

The probability of being less than infinity is 1. Besides, the complementary event has the probability
named as the Probability of Exceedance, and it can be computed Y)EQ.

0d o p Ow (10)

Fragility functions can be represented by The Probability of Exceedance and its rate represents the limit
value of damage states. A total of 2000 models were generated by the simulation process and these samples
represented numerical probability dispéunctions. The simulation process waplementedvith MATLAB
[19] scripts. Scripts included different simulation procedures as follows: input data definition related to the
geometry and properties of the buildings, PGA parameters generated usingHyp@ncube, NTHA
parameters definition by using the interaction between MATLAB and SAP2000, and PDF and CDF parameter
generation. At the end, the CDFs for the maximum interstory drift ratios were determined for several IM
values. In this research, the pagkund acceleration (PGA) is defined as the IM, with values from 0.05g to
1.00g.

5.2 Fragility functions andeismiclossassessment

The fragility functions show the probability of exceedance for a Damage Limit State (DLS) given an Intensity
Measure IM. The IM was considered in terms of the PGA. Fragility functions generating methods adjust values
into a lognormal probability density figtions%o.such as the one shown in Efjl).

0 00 "YOO WOD %o 11— (12

WhereOulis theaveragevalue of Oifor the damage limistateO 0 "YThef  is thecoefficient of

variationfor theO 0 TYand%.is the lognormal cumulative probability density function. Fragility functions were
built for NFB as shown in Fig.10 and Fig.11, applying an analytical method implemented in MATLAB scripts.
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Four limit states were defined in these figures. The upper bound for the collapse of the structure defined
as LS5 was neglected. Further than this point there is not additional damage, so the collapse limit is specified

between LS4 and LS5.

0.26 0.26
1.0 | g 10 ¢ .. S E———
E 09 E
80.9 E E 30%
208 L £08 [
T 07 : To07 g
%06 F %06 L
= £ = E
<05 F =05 ¢
§0.4 2 2’0.4 z LS1
203 203 Ls2
202 | 202 LS3
Aol E =01 E —Ls4
0.0 E | | L L . L L 00 E . ) L | L . . L
00 01 02 03 04 05 06 07 08 09 10 0.0 02 03 04 05 06 07 08 09 10
PGA (g) PGA(g)
Fig. 101 Simulatedfragility functions for 3D model frame (left) and 2D model frame (right) in terms of
PGA, both in NFB X direction
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Fig. 117 Simulatedfragility functions for 3D model frame (left) and 2D model frame (right) in terms of
PGA, both in NFB Y direction.

Loss ratios can be estimdtly choosing seismic intensity scenarios. First, it is necessary to determine
the probability of exceedance for all damage limit states given a certain PGA scenario. These results permit to
definea Mean Damage Factor (MDF). MDF represents a mean loss rate which is also defined as the ratio
between the repairing and the total replacement cost for a given building. Only structural damage is considered.
It will be necessary to amplifthe seismic intesity obtained by the PSHA for Cusco city (0.22g), by the soll
type coefficient S defined as 1.2 by the Peruvian seismic code. Local soil conditions are represented by this
coefficient wherein builihgs are located, and its resultaig?GA of 0.26g. Fig and Fig.11 show the loss
ratios between Damage Limit States represented by the fragility functions, and for a given PGA scenario of
0.26g. The MDFs were computed in Table 5. In this Table, the &5 scenario is also included, because
it represents i Peruvian zone with the highest seismicity.

10
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Table571 MDFs for 3D and 2D model frames, both for NFB X and Y directions in terms of 0.26g and 0.45g
PGA scenarios

X Direction Y Direction
Damage statg DF | 3D Model Frame | 2D Model Frame | 3D Model Frame | 2D Model Frame
0.26g | 0.45g | 0.26g | 0.45g | 0.26g | 0.45g | 0.26g | 0.45¢g
0% 0% 0% 0% 0% 0% 0% 0% 0%
5% 62% 13% 30% 0% 55% 1% 80% 11%
20% | 24% 25% 61% 28% 43% 8% 19% 42%
Extensive | 65% | 10% 18% 7% 26% 2% 34% 0% 17%
Collapse | 100%| 4% 44% 2% 46% 0% 57% 1% 30%
MDF 18.40%| 61.35% | 20.25%, 68.50% | 12.65%| 80.75% | 8.80% | 50.02%

MDFs allow to estimate repairing costs in a certain building by multiplying these factors by the total
construction area and by a unitary cosfated to the structural replacement cost. Table 6 shows these
calculations considering a unitary cost of USD 250/m2.

Table6 1 Estimated repairing cost for 3D and 2D model frames, both for NFB X and Y directions in terms
of 0.26g and 0.45g PGA scenarios

0.26gPGA | 0.45gPGA 0.26gPGA | 0.45gPGA
Model Frame | Dir. MDF MDF Area (m2) | Stories | USD/m2 | Cost (USD) | Cost (USD) MDF
3D X 18.40% 61.35% 527.72 4 250 97 100.48 | 323 756.22 X
2D X 20.25% 68.50% 527.72 4 250 106 863.30| 361 488.20 X
3D Y 12.65% 80.75% 527.72 4 250 66 756.58 | 426 133.90 Y
2D Y 8.80% 50.02% 527.72 4 250 46 439.36 | 263 965.54 Y

6. Conclusions

A rational analytical method, to generate fragility functions, is proposed in thisfstuBgruvian university
buildings. A simulation process was applied in order to obtaagifity functions. For this building, 2000
structural models were analyzed s@rering the variability of structural and seismic parameters. Also, building
damage ratios were computed using the simplified procedure proposed by Hwang and Lin [2002] for a seismic
scenario related to a Probabilistic Seismic Hazard Assessment (PSiaxkAground acceleration of 0.22g

is expected in Cusco city according to the PSHA. This value is amplified by the solil factor due to local
conditions. Therefore, a value of 0.26g was determined for the PGA. With the fragility curves, it was possible
to asess an expected Mean Damage Factor of 18.40% and 20.25% for 3D and 2D model frames in X direction,
and 12.65% and 8.80% for 3D and 2D model frames in Y direction, respectively. These ratios can be
understood as an acceptable structural performance dhéarsgvere earthquake related to 475 years of return
period or a 10% of probability of exceedance in 50 years of exposure. There is a good approximation between
Mean Damage Factors in the X direction for 3D and 2D models, but it is necessary to verifsanteerin Y

direction because results do not converge adequately between 3D and 2D models. It is also shown that if NFB
was built in the highest seismic zone of Peru, i.e. zone 4, the damage ratios would exceed 50% for 3D or 2D
model in both directions.His scenario Vil probably require extensive repairing or most liketyemolition.
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