J. Palacios et al. 109

ANALYSIS OF STRUCTURAL PERFORMANCE OF EXISTING RC BUILDING
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ABSTRACT

In 1746, Lima Region was hit by a severe earthquake and a consecutive tsunami in Callao City caused 96% of casualties in the
Callao City population. Under SATREPS Project [1], several studies were realized, and they concluded that a severe earthquake
(Mw8.6~8.9) may occur in Lima City [2], following by tsunami which may hit a large coastal area. In that sense, harmful scenarios
can occur. Based on last studies, and historical earthquake consequences in Callao City; Local government in La Punta, the most
tsunami prone district in Callao, has designated 19 reinforced concrete (RC) buildings as tsunami shelters. Nevertheless, the lack
of the structural vulnerability studies of these buildings in front of an earthquake and consecutive tsunami scenario, makes
uncertain the good performance of the buildings. Guidelines of other countries such as Japan, The United States and Chile, are
oriented to calculate the tsunami forces; nevertheless, these guidelines lack information about structural performance of
buildings in front of earthquake-tsunami scenarios. This paper describes a methodology to assess the sequential action of the
earthquake and the consecutive tsunami to evaluate the structural performance and the damage level to ensure the safety of

buildings and their inhabitants.

Keywords: Nonlinear analysis; Capacity degradation; Hydrodynamic forces.

1. INTRODUCTION

Since the 2000s, several investigations were
carried out into tsunami impact on coastal structures,
given that many tsunamis occurred since then. For
instance, after the 2004 Indian Ocean earthquake and
tsunami, 150,000 deaths were reported in eleven
countries including Indonesia, Thailand, Malaysia, India
and Sri Lanka. Jain et al. [3] remark that damage in
buildings and other structures during this event was
mainly due to the tsunami impact.

In the United States, since 2004, the Federal
Emergency Management Agency (FEMA) has
developed projects to collect information about
tsunami forces, in order to propose design guidelines
for tsunami shelters [4]. The second edition of the
guidelines was published in 2012.

In  Japan, numerous investigations were
performed to establish structural requirements for
design and construction of structures to withstand
tsunami loads. In 2005, the Japanese Cabinet Office
(JCO) established design guidelines for tsunami
shelters, introducing a coefficient “a” which roughly
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estimates the intensity of the tsunami pressures on
structures. A relationship between “a” and the Froud
number was obtained by testing specimens in
laboratory [5].

Subsequently, the reliability of this coefficient was
examined by surveying the buildings affected in the
2004 Indian Ocean tsunami [6] and the inventory data
from the 2011 East Japan tsunami [7]. In 2011, the
Ministry of Lands, Infrastructure, Transport and
Tourism of Japan (MLIT) proposed provisional
guidelines for the structural design of tsunami shelters,
where the coefficient “a” is rectified so that it depends
on the existence of energy dissipation-oriented
structures and the distance between the building and
the coast.

In 2014, Macabuag [8] performed a sensitivity
analysis for concrete frame structures under tsunami
loads based on design guidelines (arthquake Engineering,
Istambul
[9], [4] and [10]) this study neglects the structural
damage before the tsunamiimpact though. Finally, they

conclude that Japanese guidelines arthquake Engineering,
Istambul

[9] estimate a more conservative load pattern for
tsunami design.
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Despite the efforts to propose guidelines for
structural analysis under tsunami loads, the structural
behaviour after the earthquake effect was not analyzed
yet. In that sense, the objective of the earthquake
response analysis should be to estimate the stiffness
and strength degradation caused by the earthquake, to
ensure that this degraded structural capacity is
sufficient to deal with the tsunami effects.

One of the coastal areas prone to tsunami impact
is La Punta district, therefore various activities have
been carried out to mitigate the tsunami damage by
establishing evacuation routes, evacuation drills and
developing a tsunami contingency plan. This plan
includes the usage of existent buildings as tsunami
shelters, those ones were selected by the Civil Defense
Committee simply because of their heights (which must
have at least four stories), their appearance of being
well-designed, the access ease and their rooftop areas
(the plan is regulated by Ordinance N ° 003-013/2010
[11]). However, assessments have not performed yet on
their structural behaviour to ensure the functionality
after the earthquake and the subsequent tsunami.

Based on the research and the aforementioned
issues, the contribution of this research is to propose a
methodology regarding the structural damage due to
earthquake demands that a building withstand by
performing tsunami analyses and taking into account
the non-linear behaviour of the structure.

2. DESIGN STANDARDS (MLIT 2570)

The distribution of tsunami pressure, which acts
along the structure facade, is assumed to be a triangular
shape whose height is equivalent to "a" times the
design inundation depth "h". Note that "a *h" in
equation (1) is directly related to the tsunami force,
henceforth, this factor is named as Tsunami Equivalent
Height (TEH). The "a" values are provided by the MLIT,
as shown in Table 1 and the physical representation of
this value is depicted in Figure 1. The design formula is:

Px(2) = pxg=*(axh—2) O
where,

Px(2): Tsunami wave pressure at the level of “z”
from the ground.

p:  Density of water.

a:  Water depth coefficient which increase the
tsunami inundation depth.
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Figure 1. Design tsunami pressure [6].

Table 1. Water depth coefficient “a” according to arthquake
Engineering, Istambul

[9]-

Energy Dissipation Structures Provided

No Energy
Dissipation
Structures (at

Distance from shoreline

i Distance any distance
Distance = 500m <500m from shoreline)
1.5 2.0 3.0

2.1.Relationship between Froud Number and

coefficient “a”

To know the relationship between the tsunami
wave dynamic and the coefficient “a”, investigations
has further developed to analyze the link between
Froude number and this coefficient. The Froude number
was defined in equation (2), as follows:

Fr= e ©)

WV 9 Nmax
where,

Fr: Froude number.
Unt  Runup velocity at the time when runup water
surface elevation n takes its maximum value.
Nmax: Maximum depth of incoming tsunami runup.

The relationship between “a’” and “Fr” is shown in
Figure 2 where “a” increases linearly from 1.0 to 3.0 as
the “Fr” increases from 0.1to0 1.6.

4 -

_450%

0 0.5 1 1.5 2
Fr
Figure 2. Relationship between a and Fr.[5].

The equation (3) represents the relationship:
a=12+Fr+10 (0.1 <Fr < 1.6) 3)
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3. EARTHQUAKE AND TSUNAMI LOADS
3.1. Earthquake Loads

In 2015, Pulido et. al. [13] made the study of ground
motions for megathrust earthquakes expected in Lima
and Callao. In this study, a peak ground acceleration
(PGA) of 800 cm/s2 was estimated in La Punta district,
roughly 0.815g. This value corresponds to the
Importance factor of 1.65, which is higher than the value
set in the technical standard NTP E. 030 [12] updated in
2018 (E030) for shelter buildings. Table 2 shows the
values calculated from the Eo30 standard and according
to Pulido et al. [13] note that the acceleration difference
is significant.

In order to evaluate earthquake and tsunami
actions, investigations should be carried out on the
relationship between the tsunamigenic earthquake
scenario and the seismic demand.

Likewise, based on Pulido et al. [13], a linear
relationship was defined between the peak
acceleration ground acceleration (PGA) and the
moment magnitude (Mw), shown in Table 3. Defining
that relationship is a way to address the data
uncertainty for events larger than 8.0 Mw
(Abrahamsom et al. [14]).

Table 2. Parameters of the Design Spectrum Response according to
the Eo30 Standard and equivalent parameters based on [13].
Eo30 Standard Pulido et al [13]
z 0.45 0.45
S 1.1 1.1
U 1.5 1.65%
ZUs(g) 0.748 0.82g

*Equivalent Importance Factor that estimates the same PGA
obtained in [13].

Table 3. Relationship between PGA and Magnitude Mw in La Punta
district.

Mw 8.4 8.5 8.6 8.7 8.8 8.9 9.0
PGA(g) o0.50 0.58 0.66 0.74 0.82 0.90 0.98

3.1.1. Earthquake response in La Punta district

The estimation of the target spectrum is relevant
for the nonlinear dynamic analysis to generate
earthquake motions whose response spectrums should
be compatible with the site-specific response spectrum,
the target spectrum. In that sense, the response
spectrum of earthquakes records was calculated from
the data of the Directorate of Hydrography and
Navigation accelerograph station (DHN), which is
located at 0.35km from the district of La Punta. The
earthquakes magnitudes of the records vary from 3.9 to
5.5 Mw and the location of epicenters were off the
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Spectral Acceleration (g)

coast of Callao, Ancdn, Cafiete, Ica, etc. (Figure 3 shows
the spectrums).

Also, the design response spectrum for soil type S2
and S3 were obtained from the Standard Eo30 (ED S2
and ED S3). Furthermore, the Uniform Hazard Spectrum
for La Punta district (EPU LP) was downloaded from the
website of the National Training Service for
Construction Industry — SENCICO [15].

The EPU LP is the most suitable target spectrum
relying on the results from the records of the DHN
station. In contrast, the design spectrum tends to be
quite conservative (see Figure 3). Therefore, the
uniform hazard spectrum is defined as the target
spectrum in the study area.

Nevertheless, the proper calculation of the target
spectrum requires deeper analyses. In this context,
Huaman [16] did a seismic microzonation of La Punta
district in 1991, where the dynamic response was
calculated in the Peruvian naval school, located at 0.60
km from the study building (henceforth, LP building). In
this study, the response spectrum was calculated
considering the stratigraphic profile of La Punta district.
All the response spectrums aforementioned were
sécaled to PGA =1g, to be compared among themselves.

EPU LP

Huaman —--— EDS3

5 | - .= EDS2 4.9 Huaura 5.5 Cafiete

4.1 Callao 4.4 Ancén 4.7 Callao

4.0 Callao 4.8 Matucana 53 Ica

4.8 Ancén 4.4 Chilca 3.9 Mala

- - -

25

1.5
Period (s)
Figure 3. Response spectrums scaled to PGA=1g, obtained for La
Punta district from DHN station, Eo30 Standard and Huaman [16].

3.1.2. Generation of Synthetic Ground Motions

For the generation of motion records, the
response spectrum of earthquake records in 1966, 1970
and 1974 at “Parque de la Reserva” accelerograph
station (PQR) were calculated and then scaled to the
target spectrum. To have a variety of motion intensities,
target spectrums are defined in a PGA range of 0.55¢g -
0.85g, whose shape is shown in Figure 3. The horizontal
components were scaled in orthogonal directions using
the SeismoMatch software, which uses wavelet
algorithms to match spectrums. In addition, an analysis
of acceleration components was performed to consider
the most unfavorable accelerations in the direction of
analysis (Figure 5 shows the way in which the North and
East components of the records were rotated), from
this analysis the unfavorable angles were 92°, 19° and
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88° for the records of 1966, 1970 and 1974 respectively.
Figure 4 depicts the results of this analysis, the
components were rotated to have the highest
accelerations in the X direction, in the same way, the
most unfavorable acceleration components were
calculated in the Y direction. It is true that the
earthquakes were not recorded in the study area, but
these are valid for La Punta district due to the direction
of seismic wave propagation, as the directions from the
hypocenter to La Punta are almost the same for the
PQR station.
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Figure 4. Points (Acc. in X, Acc. in Y) of the synthetic record scaled to
a response spectrum of PGA = 0.85g.

N

Figure 5. Rotation of the North and East components for the
earthquake records.

Taking  into account  the procedure
aforementioned, 24 synthetic records were generated
for nonlinear dynamic analyses. Three records from
PQR station were scaled to four spectrums of different
PGA values, so that 12 synthetic records are obtained,
and each one is analyzed in the most unfavorable
directions for X and Y. The most unfavorable
acceleration components in the X direction are shown
in Figure 6, for 1966, 1970 and 1974 records.
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Figure 6. Synthetic records of PGA = 0.85g generated from the 1966,
1970 and 1974 records.

3.2. Tsunami Loads

To calculate the tsunami load, tsunami numerical
simulations are carried out in La Punta district. The
simulation consists of two phases: the propagation
phase and the inundation phase. With the results of this
simulation, tsunami loads are calculated using equation
(1). In this way the most unfavorable load patterns are
obtained for the tsunami-seismic analyses.

3.2.1. Tsunamigenic Scendarios

In this study, the earthquake hazard is defined by
six different seismic scenarios. The first one is a model
based on the distribution of interseismic coupling in the
subduction zones obtained by considering a study
period of 265 years since the earthquake of 1746, it also
includes the measurements of the seafloor crustal
deformation estimated from GPS stations and acoustic
transponders, as well as information of historical
earthquakes to finally propose a slip distribution, which
results ina moment magnitude of 8.8 Mw [2]. The other
five scenarios are calculated by scaling the slip of the
previous scenario resulting in earthquakes magnitudes
from 8.5 to 9.0 Mw, in order to have a range of
scenarios of different intensities. Figure 7 shows the slip
distributions for earthquakes scenarios of 8.5, 8.8 and
9.0 Mw.
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Figure 7. Slip distribution for earthquake scenarios of 8.5, 8.8 and 9.0

Mw (from top to bottom). Each scenario consists of 280 sub-faults
each.
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From each tsunami scenario, the seafloor
deformation is estimated by using the Okada model
[17], derived from Green’s function solution to the
elastic half space problem. The seafloor deformation is
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assumed as the initial condition of the tsunami
simulation.

3.2.2. Tsunami Numerical Simulation
3.2.2.1.Shallow Water Theory

In shallow water theory, there is an assumption
that depth is much less than the horizontal component
of the wavelength. The continuous non-linear two-
dimensional shallow water equations, equations (4) to
(9), are discretized by the staggered leapfrog finite
difference scheme [18] using a constant grid size for
each region with cartesian coordinates. The final two
basic expressions of the shallow water theory are
shown below.

The continuity equation can be written as:

dn N dM N dN 0

de " dx dy (4)
where,
n : wave amplitude

M y N: discharge fluxes in the x and y direction
t : time

The momentum equations with bottom friction terms
can be written as:

6M+6 M? +6(MN)
at  odx\ D dy\ D

—_gplm
= gz % (5)
n
— g_7M M2 4+ N2
3
6N+ 3] (MN)+ d (N?
at ox\ D dy\ D
677 g 2 (6)
= —gD— — == Ny/M?2 + N2
0x z
D3
n
sz udz =u(n +h) @)
-h
n
N=f vdz =v(m+ h) (8)
-h
D=n+h (9
where,
2 2
9 MVM?Z + N2, 2% NVMZ? + N2: bottom friction
D3 D3
terms.
D : total water depth.
n : Manning roughness coefficient.
u,v :velocity vectors in x and y direction.
u, 7 :average velocity in x and y direction.
g : gravitational acceleration.
h : sea depth.

3.2.2.2.Tsunami Propagation

Propagation and inundation were calculated by
using the TUNAMI-N2 code [19] in the Universal
Transverse Mercator (UTM) coordinate system. The
computational area was divided into six domains and
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each domain was connected by using a nested grid
system. The six domains are shown in Figure 8.

The bathymetry data was obtained from the
General Bathymetry Chart of the Ocean (GEBCO), 30
arc-seconds grid data for the largest domains, and for
the smallest domain the bathymetry was generated
from the nautical chart of the Directorate of
Hydrography and Navigation (DHN). The topography
data was obtained from the Shuttle Radar Topography
Mission by using an RPA’s technology for La Punta
district. The resolution and data source for each domain
is detailed in Table 4.

Additionally, control points were placed near the
LP building to know the tsunami loading effect. In the
TUNAMI-N2 code, the computation time was 3 hours
(180 minutes) and the time step was 0.02 seconds to
check the numerical stability.
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Figure 8. Location and boundaries of each domain, domain 5 and
domain 6 cover Callao province and La Punta district respectively.

3.2.3. Tsunami Equivalent Height (TEH)

The maximum TEH in the LP building was
calculated from each tsunami numerical simulation, the
TEH was associated with the PGA acceleration, defined

Table 4. Boundaries, resolution and data source for each domain.

East(m) North (m) Resol. Data Source

Dom. Min Max Min Max m Bathymetry Topography
1 -123900 504255 8222000 9028355 405 GEBCO 27s GEBCO 27s
2 152600 333095 8582900 8750435 135 GEBCO 9s GEBCO 9s
3 228200 283370 8633500 8699695 45 DHN 5m SRTM+Google
4 238675 274540 8646775 8684890 15 DHN 5m SRTM+RPA
5 261885 269720 8662700 8679430 5 DHN 5m SRTM+RPA
6 263600 265040 8663980 8665180 1 DHN 1m RPA

Having the velocity components, X and Y, the
velocity amplitude was calculated in each control point.
This velocity value was used to calculate "a" according
to equation (3). The Froude number was obtained for
each control point through the 180 minutes of the
numerical simulation. Also, the value of "a =2"
according to MLIT (Table 1) was regarded because the
building is located in La Punta, where there are natural
structures that dissipate energy (San Lorenzo Island
and a breakwater).

Another coefficient that must be carefully
calculated to estimate the tsunami force in a building is
the ratio of openings, in that sense, Okuda and Sakata
[20] studied several structures by varying the ratio of
openings and they concluded that increasing the ratio
of openings in the building the base shear force
decreases proportionally, however, if the ratio of
openings is greater than 32% the force remains as if the
ratio of openings was 32% (see Figure 9). Table 5 shows
the ratio of opening for each storey of the building.

The TEH was calculated considering the coefficient
"a" for both MLIT guidelines and Asakura et al. [5] in this
way the maximum coefficient "a" was determined. |
Figure 10, the equivalent tsunami height is shown for
scenarios of 8.5, 8.8 and 9.0 Mw, these heights
correspond to control point 15, which recorded the
major heights.
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Figure 9. Relation between Base Shear and ratio Opening Ratio [20],
Ciis the base shear coefficient.

Table 5. Ratio of Openings for each storey of the building.

Storey H Opening Ratio  Opening Ratio
(m) in X (%) inY (%)
1 4.25 50 95
2-4  3.00 40 95
3-7  3.00 30 95
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in Table 3, the relation between PGA and the TEH height
is graphed in Figure 11.
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Figure 10. Tsunami Equivalent Height vs. time at control point 15, for
simulation results of 8.5, 8.8 and 9.0 Mw scenario (from top to
bottom)
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The relation obtained between these parameters
is an exponential function and it is defined in equation

(10):
TEH (m) = Cy * e5*P%4,0.58g < PGA < 0.98g  (10)

Cy depends on the choice of the coefficient “a”, which
can be either obtained from MLIT or or [5].

3.2.4. Tsunami Forces

The tsunami wave force can be calculated by
integrating its acting pressure shown in Equation (11)
considering the pressure-exposed surface area and the
pressure distribution along the height of the building.
Equation (11) shows that integration:

Q, =pgf 2(a*h—z)B dz (1)

Z1
where,
Q,: design tsunamiforce.
B: width of pressure-exposed surface.
z;:  minimum height of pressure-exposed surface.
Z,:  maximum height of pressure-exposed surface.

With the forces calculated in each direction, the
load patterns are defined depending on the height of
the tsunami, as Figure 12 depicts, so that the static
nonlinear analysis was performed considering the
variation of the tsunami height.

30
—@— MLIT

TEH = 0.202e5°P%A ,

25

TEH = 0.138e°"PGA

0.5 0.6 0.7 0.8 0.9 1
PGA (9)

Figure 11. Shows the relation between TEH and PGA, obtained from
the tsunami numerical simulations.

Figure 12. Tsunami load patterns varying with the tsunami height.
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4. STRUCTURAL ANALYSIS
4.1.Description of LP building

The study model is a seven-storey building, one of
the 19 buildings selected as a tsunami shelterin La Punta
district and the LP building is located at 35 m from the
coast, as Figure 13 shows.

The model building type is a building of concrete
shear walls in both directions. The dimensions are 18.5m
wide and 22.6m long, with a constant interstory height
of 3m except for the first level, which is 4.25m high.
Figure 14 depicts these features.

The measurement of environmental vibration was
taken to estimate the fundamental natural periods of
the structure. The structural vibration was recorded at
three points on the roof of the LP building and two
predominant periods were obtained in the horizontal
directions, 0.372s in the X direction and 0.421s in the Y
direction. These predominant periods helped to verify
the periods of the building's numerical model.

Figure 13. Front view of the LP building located at 35m from the
coast.
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Figure 14. Plan view of LP building.

4.2. Numerical Modeling of the structure

In this research, Perform 3D Software [22] was
used to perform the non-linear dynamic analysis
considering the geometric non-linearity, the inelastic
behavior of the materials and the energy degradation
factors.

4.2.1. Material Properties

For the constitutive relationship of steel bars, a
bilinear model without strength loss was considered in
tension and compression. The behavior of the steel
rebar (fy = 4200kg/cm2) was taken into account
because it is indicated in the building plans, however,
the yield and ultimate stress were reduced to consider
the degradation of the strength due to several factors
such as corrosion, the presence of cracks or inadequate
concrete cover, which was lengthened for 39 years in
the building since its construction.

On the other hand, the behavior of the concrete
was modeled as unconfined concrete because the
stirrup spacing in the reinforced concrete elements do
not ensure an adequate confinement. The f'c
considered is 210kg/cm2 and a trilinear model with
strength loss was considered neglecting the traction
collaboration of concrete. The relationship used for
concrete and rebar is shown in Figure 15.

a) 25
20
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10

Stress (Mpa)

0 0.002 0.004 0.006 Strain

b)
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Figure 15. Stress-strain relationship, a) Unconfined concrete and b)
Steel Rebar.

4.2.2. Cyclic Degradation

Under cyclic loading, most structural components
will withstand stiffness and strength degradation. As a
general rule the degradation will be progressive. As the
number of cycle increases, the effective force-
deformation relationship will degrade, with smaller
stiffness, strength, energy dissipation and/or ductility.
To consider this, it is introduced the Energy Degradation
Factor for inelastic components, which is the ratio
between the area of the degraded hysteresis loop and
the area of the non-degraded loop (Computers and
Structures, Inc. [22]). For a typical component, this area
ratio is 1.0 for small deformation cycles (no
degradation) and gets progressively smaller as the
maximum  deformation increases  (increasing
degradation). The degradation factor is shown in Table

It should be noted that in Perform 3D the effect of
"pinching", which consists of the recovery of the
stiffness from tension to compression and vice versa,
cannot be considered in the elements. Nevertheless,
the overall behavior and the maximum lateral loads and
interstory drifts are adequately estimated [23].

Table 6. Energy Degradation Factor according to Tanaka [24]

Point Concrete Point Strain Rebar
Factor Factor
Y 1.00 Y - 0.70
U 0.90 1 0.0025 0.68
L 0.70 2 0.0040 0.64
R 0.40 3 0.0060 0.62
X 0.30 X - 0.60

4.2.3. Fiber Model

The fiber distribution in beam and column sections
was configured in the software, which allows up to 12
fibers per section for abeam type element and 60 fibers
for a column type element. For example, the column P6
was partitioned into 32 fibers (20 concrete and 12 rebar
fibers). Figure 16 shows the fiber distribution of column
P6.
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Figure 16. Fiber distribution for the column P6.

4.2.4. Rayleigh Damping

This type of damping is widely used and stablish a linear
relationship with the mass and stiffness matrix as
shown in equation (12), see that it is a particular case of
the damping proposed by Caughey and Kelly [21].

c=a,*m+f.*xk (12)
where,
c:  Damping matrix.
m: Mass Matrix.
k:  Stiffness Matrix.
a,: Mass-related Rayleigh damping coefficient.
B, Stiffness-related Rayleigh damping coefficient.

4.2.5. Nonlinear Static Analysis Settings

For the earthquake analysis, the building was
assigned load patterns proportional to the product of
the mass and modal displacement. This pattern is
characterized by forces increasing with height. For the
tsunami analysis, load patterns were assigned that
decrease in height, unlike the pattern by earthquake
load. Tsunami load patterns decrease with height,
which induce a brittle failure in the structure. Tsunami
loads were estimated using the procedures described in
the previous sections.

Nonlinear Dynamic Analysis Settings

Rayleigh formulation was used to calculate the
damping, considering 5% damping for the first two
modes. The analysis time varies depending on the
earthquake record and the analysis time step is 0.02s.
The time history analysis is carried out for 24 synthetic
records.

5. RESULTS AND DISCUSSION
5.1. Results of Seismic Analysis

The building was modeled taking into account the
plans and the predominant periods obtained from the
measurement of building environmental vibrations,
however, it has been considered a model where the
masonry walls do not contribute to the overall
structural stiffness for the non-linear analysis.
Therefore, the periods of the model are reasonably
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greater than those obtained in the measurement of
vibrations. The modal information of the non-linear
model is shown in Table 7 and the structural model is
depicted in Figure 17.

Table 7. Periods and modal mass participation ratios for the first four
vibration modes.

Mode T(s) Mass participation ~ Mass participation
ratio (X) ratio (Y)
1 0.59 8.07% 70.66%
2 0.44 67.57% 7.29%
3 0.16 2.27% 12.8%
4 0.15 14.81% 2.99%
= 92.72% 93.74%

Figure 17. Structural model of the building.

5.1.1.  Nonlinear Dynamic Analysis (NDA)

In this section, numerical simulations were

performed to know the structural response under 24
synthetic records. From the first six ones (analyzed
under PGA = 0.55g), 3 of them were analyzed (related
to 1966, 1970 and 1974 earthquake), in a way that the
accelerations at the building base in the direction X are
the most unfavorable and the other three most
unfavorable in the Y direction.
For these six analyses, the maximum interstory drifts in
Y are plotted in Figure 18. According to this figure, the
events that cause higher drifts (in case of PGA = 0.55g)
are: 1974Y (analysis made under a synthetic record
obtained from the 1974 earthquake and analyzed in a
way that the accelerations in the base are unfavorable
in Y) and 1970Y. On the other hand, the event of 1974Y
originates the highest drifts in the Y direction (when
PGA=0.65g or 0.75g), however, when PCA = 0.85g, the
highest drifts are obtained by the 1970Y event. From the
dynamic analysis, it can be noted that while some
records generate higher drifts on the upperinterstories,
others generate higher drifts on the lower interstories.
On average, the interstories that withstand the highest
drifts are the second and the third interstory.
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Figure 18. Interstory drifts in Y direction for the scenarios of PGA =
0.55g, 0.75g and 0.85g (from top to bottom)

Synthetic records from the 1974 earthquake
throws the maximum drifts on average. As the drifts,
the base shear was obtained from the simulations, the
maximum base shear that the structure withstand in
the X direction is 6927 kN and in the Y direction is 5182
kN. The maximum shear obtained in each analysis is
shown in Table 8. Although the highest drifts obtained
by the 1970 event, when PGA = 0.85g, the maximum
shear of this event is not the highest. Note that this
analysis was carried out to evaluate meticulously the
structural response of the irregular structure, where it
is required to know the structural response in detail. In
the following section, the nonlinear static analysis is
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performed to be compared with the results of the
dynamic analysis.

Table 8. Base Shears obtained from the nonlinear dynamic analysis.

1966 1970 1974

Scenario Scenario Scenario
PGA Vx Vy Vx Vy Vx Vy

(kN) (KN) (kN) (kN) (kN) (kN)
0.558 5572 4130 5454 4022 5140 4866
0.658 6151 4316 6111 4454 6955 5258
0.758 6543 4719 6562 4915 7259 5307
0.85¢ 7161 5023 6876 5501 7161 5532

5.1.2. Nonlinear static analysis (NSA)

The analysis was performed for the first and
second mode, which turned out to have higher mass
participation in the Y direction and in the X direction,
respectively. After having carried out this analysis, the
structure capacity curve was obtained, however, drifts
and shears for each interstory were revised to analyze
the interstories displacements, because of the drifts of
the general capacity curve of the building could
underestimate the drifts of some interstory, these
curves are plotted in Figure 19.
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Figure 19. Seismic capacity curve for each interstory, (a) and (b)for
the X and Y direction, respectively.
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Overall, brittle behaviour can be observed in the X
direction, when drift is 0.3%, unlike the analysis in the Y
direction, which has more ductile behaviour. The brittle
behaviouris produced by the rotation effects that cause
the failure of concrete frames in the X direction. Note
that the capacity curve would not be the same in case
of the tsunami analysis because the force distribution in
the load pattern is different.

Having calculated the capacity curve of the
structure, the seismic demand is defined by the
spectrum of design according to the formulations
provided in Eo30 Standard, in a way that, Z¥U*S values
results in 0.55g, 0.65g, 0.75 g and 0.85g corresponding
to the PGA values of the NDA. Subsequently, the seismic
performance point was estimated using the capacity
spectrum methodology [25] considering a Type C
structure, which has a poor hysteretic behavior because
the structure does not have a rebar distribution that
ensures a good hysteretic behavior, spectral
displacements and damping at the performance points
are shown in Table 9.

In general terms, it can be said that the nonlinear
static analysis results in higher interstory drifts than the
dynamic analysis, however, for the interstories 6 and 7,
in case of PGA= 0.55g and 0.65g, seismic actions are
underestimated.

The maximum drift for each interstory can be
observed in Figure 20, and the highest drift among all
the interstories for the dynamic analysis is 1.25% and for
the static drift is 1.76%, this drift exceeds 29% on the
dynamic analysis. For practical purposes, the results of
the static analysis will be used in the following
methodology, however, if the building irregularities
generate higher drifts, the results of the dynamic
analysis must be considered.
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Figure 20. Interstory drifts for scenarios of PGA = 0.55g, 0.75 and
0.85g. The dotted and dashed line shows the dynamic and static
analysis respectively.

Table 9. Spectral displacements (Sd) and Damping (B) at the
performance point.

X Y

PGA Sd B Sd B
(m) (@) (m) (%
0.55¢  13.1 16.2 18.1 6.5
0.65¢ 17.3 17.8 219 8.9
0.75¢  21.8 18.9 26.5 10.1
0.85g 26.7 212 322 1.2

5.2 Results of Tsunami Analysis

This analysis was performed by using load patterns
that increase with height and is carried out by a force-
controlled analysis, this means that the analysis will end
at a maximum force. Unlike the seismic analysis, there
will be a higher influence of the shear failure. This
means that it will have higher strength but a lower
ductility, due to the load pattern distribution.

As expected, the tsunami capacity curves obtained
have higher strength and lower ductility compared to
the seismic capacity curve. Figure 21 shows the tsunami
capacity curves for each interstory. However, this curve
was obtained neglecting the degradation of the
structural capacity caused by the seismic event, in the
following section this effect will be evaluated.
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5.3 Structural Performance Assessment

Having calculated the seismic performance point,
degradation parameters were obtained relying on the
degrading model of Takeda, Sozen and Nielsen [26].
Additionally, the strength degradation was considered
using formulations from Wang and Shah [27]. These
parameters were used to estimate the damage after the
seismic event and modify the structural tsunami
capacity of the building. Also, the Wang and Shah
equations were used to degrade the strength of the
tsunami capacity curve due to the cyclic tsunamiloading
according to the tsunami numerical simulation.
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Figure 21. Tsunami capacity curve for each interstory, (a) and (b) are
results from the X and Y direction analysis, respectively.

The methodology is shown in Figure 22, here seven
tsunamigenic earthquake events can be observed,
where event No. 1 is a severe earthquake and gradually
increases until event No. 7. The methodology objective
is to evaluate a building that was not designed as a
tsunami shelter but proposed as a vertical evacuation.

The procedure proposed in this research starts
with the seismic analysis which starts at point "O" (see
Figure 22) then under the earthquake loading the
seismic performance point is reached (for instance, the
red symbol A) at this point, the degradation parameters
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are calculated and then the base shear is unloaded until
zero (the residual displacement is represented by the
distance between this position and the point O). In
these conditions, the tsunami waves will act and it is
necessary to analyze the behavior of this effect, so the
degraded tsunami capacity curve is used. It should be
noted that the maximum tsunami force is related to the
event intensity and the earthquake-tsunami
performance point (for instance, the blue symbol A) is
obtained by locating this force in the tsunami capacity
curve.

For instance, in event No. 4, the displacements
caused by the tsunami are more significant than those
caused by the earthquake and at this point, the tsunami
loading predominates.
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Figure 22. Methodology to obtain the seismic performance point of a
building in case of earthquake and tsunami.

To carry out a simpler analysis, the capacity curves
are easily represented using trilinear curves, taking into
account the conservation of the energy by comparing
areas under curves. Figure 23 shows trilinear curves for
earthquake and tsunami capacity curves. Furthermore,
the tsunami curve was modified by applying the
degradation parameters (the black curve labeled as
"CCTT degraded").

In Figure 23, , the upper graphs show the results
corresponding to the first interstory when PGA = 0.75g
and the lower ones show the results when PGA = 0.85g.
In this last event, the tsunami demand is higher than the
capacity curve and there is no intersection point, this
fact means that the tsunami demand exceeds the
structural capacity. The building suddenly collapses for
the event 0.85g due to the lack of openings to decrease
the tsunami force. Figure 23 shows that tsunami drifts
are more significant than seismic drifts for events of
PGA greater than 0.75g.

The main degradation parameters estimated in the
application of the methodology for the first interstory
under the events of 0.75g and 0.85g are shown in these
parameters are: the ratio of the unloading stiffness and
the initial stiffness (Kr/Ki), the strength degradation
coefficient (D,,s) and the residual drift after the seismic
event.
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are: the ratio of the

unloading stiffness and the initial stiffness (Kr/Ki), the
strength degradation coefficient (D,,s) and the residual

drift after the seismic event.

Table 10. Degradation parameters for seismic-tsunami analysis in
the first interstory.

Analysis in the X

Analysis in the Y direction

direction
PGA  Kr/Ki D,s Residual Kr/Ki Dy Residual
(%) (%) Disp. (%) (%) (%) Drift. (%)
0.75 28.3 8.5 0.773 26.6 1.4 0.566
0.85 26.0 121 0.999 24.4 14.5 0.788

After the application of

the methodology, the

maximum drifts were obtained in each interstory,
showing that the most affected interstory is the first
one because the tsunami loads are more concentrated
at the building base, those drifts are shown in Table 11.

Likewise, when PGA

0.85g a significant drift is

obtained by the earthquake event but the effects of the
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5.4 Level of building damage

For the estimation of structural damage, the

Hazus-MH 2.1 methodology [28] was

used as a

reference, which defines the LP building as a C2M type

structure. For a moderate-code seismic
assumed for the study model

design level,

because for this

requirement the yield capacity (d,,=2.0cm y a,:=0.25g)
and the ultimate capacity (d, = 26.3cm y a,,=0.625g) is
similar to what was obtained in the capacity spectrum

curve for the numerical model.
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Figure 23. Application of the methodology for the first interstory, the seismic capacity curve is the red one and the tsunami capacity curve is the
blue one. (a) and (b) are analysis in the X and Y direction, respectively.

tsunami make the structure collapse.
From Table 11 and the damage states [25] Table 12

Table 11. Maximum interstory drifts for Static and Dynamic analysis. ) .
can be obtained showing the damage status for each

SNA DNA scenario, this table is an essential result obtained in this
PGA Drifot inX Drifot iny Driff inX Drifot inYy investigation.
(%) (%) (%) (%)
0.55 0.68 0.72 0.39 0.72
0.65 0.89 1.03 0.52 0.79
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Throughout the damage state estimations and
recommendations in [25], the seismic performance
objective of the building is a basic one, and it does not
have an adequate structural configuration to perform
as a tsunami shelter which can withstand an earthquake
and the actions of the subsequent tsunami.

Table 12. Damage States for the seismic scenarios, PGA=0.55g -

0.85g.
Damage State (SNA) Damage State (DNA)
PGA X Y X Y

Extensive Extensive

Extensive Extensive Extensive

0.658

0.75¢ Extensive Extensive Extensive

CONCLUSIONS

- The building under studied was analyzed under
four seismic scenarios, for scenarios greater than
PGA=0.75g (related to a scenario of magnitude 8.7
Mw) the tsunami damage is greater than the
seismic damage. The tsunami effects make the
structural collapse, this is mainly due to the lack of
openings to attenuate the tsunami force.

- The tsunami demand at the building was
calculated from the tsunami numerical simulations
of six earthquake scenarios from 8.5 to 9.0 Mw,
obtaining the highest tsunami waves, the first
wave arrival time and the tsunami speeds.

- The tsunami equivalent height was estimated
using the coefficient proposed in MLIT 2570 and
the values obtained from the tsunami simulation.
Greater tsunami forces were obtained using the
coefficients proposed by Japanese guidelines.

- The seismic performance points were obtained
according to the capacity spectrum method,
considering a type C structure, every seismic
scenario causes extensive structural damage that
makes the vertical evacuation extremely tough
because non-structural elements would block the
evacuation routes.

- Static and dynamic nonlinear analyses were
carried out to evaluate a building designated as a
tsunami shelter. Overall, the drifts obtained from
the static analysis tends to be greater than those
from the dynamic analysis.

- A methodology for structural evaluation of
buildings subjected to the sequential action of
earthquake and tsunami is presented. The
importance of this methodology is that it can
estimate the scenario in which the structure would
have greater damage by tsunami action than
earthquake motion.
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