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Abstract

The evaluation procedure for earthquakes and tsunamis for four vertical shelters for tsunamis are shown in this paper.
The buildings, which were selected as vertical shelters, are located at La Punta district, Callao Province, Lima region.
This location is exposed to a high hazard of flooding by a tsunami.

The four buildings are located less than 100 meters away from the coastline, they have between 4 to 8 floors. Its structural
system is resistant to beams and columns and/or structural walls; It is worth mentioning that they were built between
1967-1969, whose construction standard is prior to the first Peruvian earthquake-resistant standard (1977).

The existing structures and architecture drawings have been used to develop the finite element models that consider the
non-linearity of the materials. A severe earthquake request has been used according to the Peruvian earthquake-resistant
standard E.030 (2018). The capacity response of each structure was obtained through a push-over analysis. Once the post-
earthquake behavior was obtained, each structure was evaluated by the impact of the tsunami, the impact force of the
wave entering the model according to the equivalent load method of Y. Nakano (2008). This study considered parameters
such as wave height, distance from the coast, flood depth, building height, tsunami pressure and acting pressure height
for the determination of the hydrostatical force. It should be noted that tsunami- generated waves usually have much
longer periods than earthquakes and any structure to be used as a vertical evacuation point must adequately resist such
tsunami- generated forces; therefore, its resistance should be emphasized more than ductility.

Finally, the capacity of each building was obtained vs the demand for tsunami with respect to the first floor and it was
determined if the structures under study are capable of fulfilling the function of 'Shelter Building for Vertical Evacuation’
against a tsunami with wave height h = 5.0 m (maximum historical depth of Tsunami recorded, Flood Maps of the
Peruvian Navy). If this function is not fulfilled, recommendations were made for their rehabilitation.
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1. INTRODUCTION

The Japanese Interim Guidelines on Structural Requirements for Tsunami Evacuation Buildings stablish basic
provisions and design criteria for special buildings; by using aspects like flood maps, flood and tsunami wave
height records, lateral resistant demand and other technical aspects [1].

Y. Nakano [2], conducted a comparative study using the JCO - Design Guidelines for Tsunami Shelters (2005)
and the effects of the 2004 tsunami caused by Sumatra Earthquake; finding that a coefficient value of 3 for
computing design tsunami loads proposed by the guide kept a good correspondence between damaged and
surviving structures.

Y. Nakano presented the main aspects of the Interim Guidelines on Structural Requirements for Tsunami
Evacuation Buildings, where important aspects were established like the presence or absence of tsunami energy
dissipation structures and the distance from the building to the littoral [3].

Nineteen buildings from 4 to 8 floors, which are located at La Punta district (Lima), were designated as vertical
evacuation shelters in case of a tsunami event caused by a severe earthquake [4, 5].

According to the flood maps for Lima and Callao, a maximum wave height of five meters is expected after a
severe earthguake, this has allowed the identification of high-risk areas [6], as well as the selection of 19
buildings designated as a tsunami vertical shelters, among other disaster risk management plans.

Four of the nineteen tsunami vertical evacuation buildings were evaluated using the Peruvian earthquake-
resistant provisions (2018) and the Interim Guidelines on Structural Requirements for Tsunami Evacuation
Buildings (2011). This paper presents the main results and the recommendations to the four buildings
evaluated.

2. METHODOLOGY

The methodology consisted in: i) the perform of a Seismic Spectral Modal Analysis (SSMA) to obtain the
demand using the current seismic parameters and the Peruvian design spectrum (with a return period of 475
years) of each building, ii) the perform of a Nonlinear Static Analysis (NSA) to obtain the actual capacity
curve of these buildings; and iii) A Tsunami evaluation in order to verify the lateral resistance of the building.

2.1. BUILDINGS DESCRIPTIONS

For this study, four buildings have been considered, which were constructed between 1968 and 1986. These
buildings have residential use, with reinforced concrete (RC) frames and column-walls (Figs. 1 to 4). The
buildings have technical specifications of concrete f'c = 210 Kg/cm® and steel reinforcement grade 40
(fy=2,800 Kg/cm?) except the Figueredo building, which has grade 60 steel (fy = 4,200 Kg / cm?).
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Fig. 1: Typical story of More Building Fig. 2: Typical story of Ferre Building (7 floors).

(7 floors).
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Fig. 3: Typical stg;;lgl;rsl)gueredo Building Fig. 4: Typical story of Palacios Building (4 floors)

The typical confinement used in columns and beams at each building is detailed in Table 01.

Table 01: Typical confinement of beams and columns for each building.

Building Typical columns Typical beams
More 03/8”: 1@0.05, 4@0.10 R. @0.25-0.30 | ¥3/8”: 1@0.05, 6@0.15, 3@0.20 R. @0.30
Ferre @1/47-3/8”: 1@0.05, 4@0.10 R. @0.25 @1/4”: 1@0.10, 4@0.15, 2@0.20, R. @0.25
Figueredo | @3/8”: 1@0.05, R. @0.25 ?3/8”: 1@0.05, 6@0.15, R. @0.25
Palacios ?3/8”: 1@0.05, R. @0.20 ?3/8”: 1@0.05, 4@0.15, R. @0.25

Fig. 6: Photographs taken in field for the evaluated buildings (More, Ferre, Figueredo and Palacios).
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2.2. SEISMIC SPECTRAL MODAL ANALYSIS (SSMA)

A non-cracked elastic linear model of each building was made in the SAP 2000 software [7], the materials,
loads and seismic design spectrum parameters have been considered according to Peruvian National Building
Code [8]. The SSMA method allows to obtain the lateral seismic loads V, and the corresponding floor drifts 4;
[8]. The drift displacement expressed like lateral distortions should not exceed the permissible values indicated
in the NTP E030 standard (4;/ hej < 0.007 for RC buildings).

The made models and the respective fundamental vibration modes for the four buildings studied are shown in
Figs. 7 to 10. Table 02 shows the main characteristics of these models and the results of the SSMA performed.
Table 03 shows the demands for maximum lateral displacement of each building.

Fig. 7: 1* Mode Fig. 8: 1 Mode T=0.99 Fig. 9: 1* Mode T=0.68 Fig. 10: 1* Mode

T=1.00 sec. More sec. Ferré Building. sec. Figueredo Building. T=0.57 sec. Palacios
Building. Building.

The inelastic design spectrum that was computed with Eq.1 was used. Where Z, U, S, C, and R are the seismic
parameters for the risk, importance, soil type, amplification and coefficient of reduction of seismic force
respectively (according to the standard of earthquake-resistant design NTP E.030 [8]), and g is the gravity
acceleration. The design spectra for evaluation constructed with Eq. 1 are presented in Fig. 11.

S,=ZUSC/R - g 1)

Table 02: Summary of characteristics of each building and results of the SSMA method.

Max. Lateral | Max. Lateral

Building Structural MES?EEZtSieon Year %g%ﬁg égse: (, distortion X distortion Y
System Factor R Ws (1) ® Ailhe™ Ailhe™
More RC Dual 6.30 1968 2,003.40 @ 393.53 0.00568 0.01584
Ferre RC Dual 6.30 1968 | 1,440.09 @ 217.25 0.01165 0.00901
Figueredo RC Walls 5.40 1986 | 2,292.94 @ 330.18 0.00364 0.00773
Palacios RC Walls 5.40 1986 | 1027.28 | 201.79 0.00644 0.00977
4
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Fig. 11: Comparison of Inelastic Design Spectra used in buildings: More, Ferre, Figueredo and Palacios.

Table 03: Maximum roof displacement obtained by the ASME method for each building.

Building Maximum inelastic displacement

Dpixx *R*C | Dmsxy*R+C
Moré 0.09 m 0.27 m
Ferre 0.18 m 0.15m
Figueredo 0.073m 0.156m
Palacios 0.05m 0.12m

2.3.NONLINEAR STATIC ANALYSIS (NSA): PUSH-OVER

In order to obtain the capacity curves and maximum roof displacement values of each building model, a
Nonlinear Static Analysis NSA (which is also known as Pushover Analysis [9]) was performed. This analysis
consists of the lateral forced applied at the mass center of each floor level, which are equivalent to the product
of the mass and the first mode shape amplitude. The nonlinear behavior of each plastic hinge computed for
beams and columns, and the P-A effects were considered in the NSA performed.

The capacity curves were obtained using the three-dimensional models of each building developed in the
SAP2000 software [7]. The beam and column elements were modeled as a frame element with plastic hinges
located at each end of the respective element.

The plastic hinge joints defined by SAP2000 use the properties described in ATC 40 [9] and FEMA 356 [10].
The plastic hinge joints have different levels of performance according to the force-deformation relationships
of the cross-section of the element (Fig. 12).

N

CP

Force

D E

A >
Deformation

Fig. 12: Load-strain relationship in a typical plastic hinge [9].
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The definition of each plastic hinge properties requires preliminary analysis of each frame element like:
moment-curvature analysis of each element, steel reinforcement ratio, components actual actions analysis and

design strength calculations [10]. The design strength of the elements was calculated with FEMA 356 and NTP
E060 provisions [8].

The formation of plastic hinges for beams, columns and wall columns at the final NSA state performed are

shown in Figs 13 to 16. Each hinge states are labeled as 10, LS, and CP, for Immediate Occupation, Life
Safety, and Collapse Prevention respectively [10].
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Fig.13: More building at the final state NSA Fig.14: Ferre building at the final state NSA
performs with 50% of hinges labeled as 10. 5% of performs with 80% of hinges labeled as 10.
hinges are labeled as Collapse at a localized sector.

CP!

LS|

Fig.15: Figueredo building at the final state NSA Fig.16: Palacios building at the final state NSA
performs with 80% of hinges labeled as 10. 10% of  performs with 70% of hinges labeled as 10. 20% of
hinges are labeled as Collapse and 10% of them are hinges are labeled as LS and 10% of them are

labeled as LS. labeled as CP.
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Figs. 17 to 20 present the capacity curves obtained for the buildings analyzed in the X and Y directions
respectively. The graphs show the lateral deformations of the last floor and the respective total lateral force. It
is appreciated that all buildings have a remarkably rigid axis. And that the More building is the one with the
greatest lateral strength. While the Figueredo building is the one with the least lateral strength and

deformability.
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Fig. 17: Capacity curves in both direction for
MORE building.
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Fig. 19: Capacity curves in both direction for
FIGUEREDO building.
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Fig. 18: Capacity curves in both direction for
FERRE building.
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Fig. 20: Capacity curves in both direction for
PALACIOS building.

Table 04: Performance point information for each building

Parameter

More Ferre Figueredo Palacios

X’ ‘Y’ X’ ‘Y’ ‘X’ ‘Y’ ‘X’ ‘Y’
Shear base force (t) 344.60 | 176.63 | 238.64 | 185.95 | 219.91 | 246.85 | 114.25 | 142.62

Maximum displacement (cm) 2.50 8.60 4.00 3.30 1.57 3.80 0.80 2.60

Pseudo- acceleration Sa (g) 0.185 0.122 0.165 0.144 0.219 0.211 0.172 0.164

Spectral displacement Sd (cm) 2.30 5.70 2.90 2.60 1.18 2.90 0.57 1.80

Effective period (s) 0.70 1.30 0.84 0.86 0.464 0.742 0.35 0.67

Effective damping (%) 6.20 7.40 9.40 14.70 5.80 6.90 6.40 9.50

7
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Subsequently, an evaluation by the capacity spectrum method (CSM) using the SAP2000 software was
performed. Both, capacity curves from NSA and the design spectra of the current Peruvian standard (Fig. 11)
were used. The results obtained from CSM regarding the performance point are shown in Table 04.

2.4. TSUNAMI EVALUATION
Tsunami Load Model:

The Tsunami pressure distribution selected for this study has a triangular shape [2]. The pressure height is “a”
times the Tsunami water depth considered h. The coefficient a depends mainly of the Distance from the
seashore and the barriers or obstacles. Because the selected buildings of this study have less than 500 meters
from the seashore and have no important barriers, the Pressure height considered is three times (a = 3) the
Tsunami water depth [3, 11], which is measured from the ground level (Fig. 21).

h= Profundidad de inundacion de

disefio de Tsunami (altura de olg) o
a= 3.00 (Nakano, 20011) b .E
w5 o =
§% 3
Q |0 e
| B
SN p|Y B
W 3l 2
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bE o3
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|| ©

*% ©

apgh

Fig. 21: Lateral Tsunami load model [2, 3, 10].
Tsunami Load Calculation:

The water pressure of the Tsunami applied on the building surface is evaluated using Eq. 2 [2,10]. This
pressure, which act on the lateral surfaces of the building, origin the hydrostatic force Q.

4(2) = pg(ah-z) @
Where;
g(z): Hydrostatic Tsunami pressure at height z [2], (t/m2).
p=0.102 t-s*/m*. Density of water.
g = 9.81 m/s?. Gravitational acceleration.
h: Tsunami water design depth. The historical maximum depth recorded is used h=5.00 m. [6]. This value
is in accordance with the simulation results shown in Fig. 22.
a= 3.00. Water depth coefficient which depends of the distance from the building to the seashore [3].
z: Location of acting pressure measured from the ground (m).

The hydrostatic lateral force is obtained by integration of the Tsunami pressure between the soil level and the
affectation height (hmax = a-%). The hydrostatic lateral force Q is calculated using Eg. (2) [2,10].

QD) =["q(2) B -dz

®)
Q(2): Hydrostatic Lateral Force for design.

B : Width of Surface subjected to Tsunami pressure.

z1 - Minimum height for the Surface subjected to pressure (0 <z1 < zy).

Z . Maximum height for the Surface subjected to pressure (21 <z, <a-h).
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Fig. 22: Result of tsunami inundation simulation at La Punta for the 1746 Lima-Callao earthquake [12].

Overturning Stability Verification:

The Safety factors for Overturning Stability were calculated using the historical maximum depth recorded at
La Punta district (h=5.00 m). The results are shown in Table 05, which indicated that the Palacios building
does not have a proper Safety Factor (F.S < 1.5).

Table 05: Overturning stability verification, for historical maximum Tsunami inundation depth h= 5.0 m.

Building  Direction (v\v/\e/igr)nt) ow Bm < ((t‘fz)’ 3) W'(t(fn /)2) FS
X 2,003.40  1,707.09 19.05 85355 10,0824 | 2.24
More Y 2,003.40  1,638.09 18.28  8,190.5 18,3111  2.24
X 1,440.09 | 1007.96 | 11.00 | 5039.80 | 7,92047 | 157
Ferre % 1,440.09 270317 2950 @ 1351583 & 2124126 @ 157
X 1516.61  1,353.42 1477 @ 6,767.08 & 11,200.14  1.66
Figueredo Y 151661 1,72270 1880 8613.48 @ 1425611 @ 1.66
X 1027.28 | 1,830.89 | 20.00 | 9,154.43 | 10,272.80 & 1.12
Palacios % 1027.28  1,382.32 1510 @ 691159 = 7,755.96  1.12
Shear Capacity Verification

The Lateral Shear capacities of the buildings were computed as the sum of the individual shear capacities of
each RC vertical element on the first floor, according to NTPE E060 provisions [8]. The results, obtained using
the historical maximum depth recorded, are shown in Table 06, which indicate that none of the buildings have
enough lateral shear capacity.

© The 17th World Conference on Earthquake Engineering - 2k-0009 -



2k-0009

The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

Table 06: Verification of lateral force for historical maximum tsunami inundation depth h=5.0 m.

2V, shear Design Tsunami Tsunami
lateral tsunami pressure load
Building | Direction | resistance | inundation acting demand Q | Vn>Q
® depth “p” depth ®
(M) | “3%h” (m)
X 640.22 5.0 15.0 1,707.09 Fail
More
Y 483.31 5.0 15.0 1,638.09 Fail
X 643.16 5.0 15.0 1,440.09 Fail
Ferre
Y 641.01 5.0 15.0 1,440.09 Fail
) X 1,313.47 5.0 15.0 1,353.42 Fail
Figueredo .
Y 1,134.77 5.0 15.0 1,722.70 Fail
) X 733.29 5.0 15.0 1,830.89 Fail
Palacios .
Y 642.50 5.0 15.0 1,382.32 Fail

Tsunami inundation depth capacity of each building

The Tsunami inundation depth capacity (hy) is defined as the maximum depth is defined as that which creates
a lateral shear demand equal to the lateral resistance of the building (V»). Table 07 presents the results for the
Tsunami inundation depth capacity evaluation. Only the contribution of reinforced concrete elements has been
considered. More building is the one that supports the lowest water height of Tsunami, while Figueredo
Building supports the highest water depth.

Table 07: Tsunami inundation depth capacity of each building.

V. shear lateral Pressure acting Tsunami Inundation
Building Direction e depth for lateral depth capacity hy
resistance (t) . -
resistance 3*h, (m) (m)
X 635.31
M . .
ore v 48823 9.00 3.00
X 643.16
Ferre v 64101 11.70 3.90
) X 1,313.47
Figueredo v 113477 14.10 4.70
Palacios X 733.29
v 6470 9.30 3.10

3. RESULT DISCUSSIONS

The SSMA evaluation has been carried out in order to review the resistance demand and the stiffness
(displacement) associated, taking into consideration the corresponding seismic hazard according to the
Peruvian seismic code. On the other hand, the evaluation by the NSA method allowed to obtain the current
resistance and deformation capacity of each building, based on the properties of the materials and
specifications detailed in the construction drawings.

10
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A comparison of the demands (obtained by the SSMA method) and the capacity (by the NSA method) is
presented in Tables 08 and 09. There is no correspondence between SSMA displacement demands and the
capacity obtained by the NSA method. In addition, it is observed that none of the buildings have the resistant
capacity to withstand the demand of shear force V. This result could be explained in the fact that these are
buildings designed to a less demanding standard than the current one. At the beginning of the 1960s, it was
usual to use a seismic design force of 10% of the weight of the building [13]. This last part has a better
relationship with the specifications for the confinement of beams and columns used, and the values of resistant
lateral capacity obtained by the NSA method.

Table 08: Results comparison between SSMA and NSA Method for X direction.

Building | Maximum displacement u™ (cm) Shear Force V (t)
ASME NSA ASME NSA

More 9.0 2.5 393.5 344.6
Ferre 18.0 4.0 217.3 238.6
Figueredo 7.3 1.6 330.2 219.9
Palacios 5.0 0.8 201.8 114.2

Table 09: Results comparison between SSMA and NSA Method for Y direction.

Building | Maximum displacement u™ (cm) Shear Force V (t)
ASME AENL ASME NSA

More 27.0 8.6 393.5 176.6
Ferre 15.0 3.3 217.3 186.0
Figueredo 15.6 38 330.2 246.8
Palacios 12.0 2.6 201.8 146.6

Regarding the tsunami evaluation for historical maximum depth inundation, the results for lateral resistance
are surprisingly alarming (Table 06), while the results for overturning are relatively favorable (Table 05).

4. CONCLUSIONS

A seismic evaluation has been conducted in four shelter buildings located at La Punta district, Callao, Lima,
using the Peruvian RNE standards, ASME and AENL methods to obtain the demand and resistant capacity of
the buildings under study. The following conclusions are drawn from this study:

- The capacity curves obtained by the NSA method indicate that none of the buildings have the capacity
to resist a lateral load associated with the demand for seismic risk of the Peruvian code.

A tsunami evaluation has also been conducted in these shelters located at La Punta, Callao, Lima, using the
Peruvian RNE standards to calculate the lateral capacity, and the Tsunami evacuation requirements guide [1]
to calculate demand by tsunami under a maximum historical scenario. The following conclusions are drawn
from this study:

- The lateral shear capacity of the vertical RC elements is not enough to resist a shear lateral force related
to the historical maximum depth recorded at La Punta (h=5.0 m) [6,12].

- The More and Palacios buildings have a lateral cutting capacity to withstand 3.00m of depth of the

tsunami water, the Ferre building has a lateral capacity to resist 3.90m of depth of the tsunami water,
while the Figueredo building resists up to 4.70m of Tsunami water depth.

11
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It is recommended to perform a structural rehabilitation of these buildings studied aimed at improving the
lateral resistance of each one, in addition to an improvement in the ductility of beams and columns through the
steel reinforcement confinement.
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