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The seismic hazard maps of the Philippines provide spectral acceleration mean values that describe
the probability of occurrence of area-specific ground motion hazards due to earthquakes in the
country. However other countries have progressed from developing hazard maps to risk-targeted
maps that include information on the probability of collapse of buildings. This is the research gap
that this study aims to bridge and, thus, developed maps of risk-targeted ground motions (RTGM)
for the Philippines using the City of Manila as the area of focus. The maps will be created using the
procedure suggested in ASCE 7-16 in obtaining the risk-targeted maximum considered earthquake
(MCER). The probabilistic MCER will be created using the information obtained from the seismic
hazard and the generic fragility curve that will represent the performance of buildings during a
maximum considered earthquake (MCE) event. In this study, the seismic hazards were obtained
using the same procedure, decision-making, and empirical formula as the one used in developing
the Spectral Acceleration Maps of the Philippines (SAM PH). While the generic fragility curve was
described by a function with a lognormal standard deviation, B, of 0.7. With a considered risk level
of 1% probability of collapse in 50 yr, the developed RTGM maps are presented in this study. In
the analysis of results, the probabilistic MCER is lesser than the MCE level spectral accelerations
in the majority of the area in Manila due to the influence of the building’s collapse capacity for stiff
soil profiles. The opposite can be seen in softer soil profiles. However, the final MCERg values are
slightly larger than the MCE values due to the application of the directivity factors.

Keywords: DSHA, MCE, MCER, PSHA, RTGM

INTRODUCTION utilizes ground motion values with a 10% probability of
exceedance in 50 yr or 475 yr return period (ASEP 2015).
To enhance the latest seismic design procedure stated in
NSCP 2015, the Philippine Institute of Volcanology and
Seismology of the Department of Science and Technology
(DOST-PHIVOLCS) released the Philippine Earthquake
Model (PEM) on 17 Jan 2018 (DOST-PHIVOLCS
2017). The PEM is the first generation uniform seismic

The National Structural Code of the Philippines 2015
(NSCP 2015), the latest seismic design procedure in
the Philippines, is based on the seismic provisions of
the 1997 Uniform Building Code (UBC 1997), which
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hazard map for the Philippines that was developed by
the DOST-PHIVOLCS in technical consultation with
the Department of Public Works and Highways, National
Housing Authority, Office of Civil Defense, Metro Manila
Development Authority, Philippine Institute of Civil
Engineers, Association of Structural Engineers of the
Philippines (ASEP), De La Salle University, University
of the Philippines Diliman—-Institute of Civil Engineering,
Philippine Insurers and Reinsurers Association of the
Philippines (PIRA), and the local governments in the
National Capital Region using the probabilistic seismic
hazard assessment (PSHA) methodology. It provides maps
showing peak ground acceleration (PGA) and spectral
acceleration (S,) values for different periods based on
seismic hazards with a 10% probability of exceedance
in 50 yr.

With the improvements and latest developments in seismic
hazard assessment, and in technical collaboration with the
Global Earthquake Model (GEM) Foundation, Geoscience
Australia, and the ProjectSAM Committee of the ASEP,
the DOST-PHIVOLCS developed and published the
Spectral Acceleration Maps of the Philippines Atlas
(SAM PH 2021) on 23 Mar 2021 (DOST-PHIVOLCS
2021). SAM PH 2021 provides spectral acceleration
values based on the maximum considered earthquake
(MCE) or ground motion values with a 2% probability of
exceedance in 50 yr. The SAM PH 2021 was leveraged
upon the DOST-PHIVOLCS GEM Foundation technical
paper collaboration (Pefiarubia et al. 2020) and is planned
to be adopted in the next edition of the NSCP.

However, these hazard maps only provide uniform
hazards that are described by the earthquake's probability
of recurrence and not by the structure’s probability of
collapse. The United States (US) led in the development of
risk-targeted ground motion (RTGM) maps in the country
by following the works of Luco and co-authors (2007) by
introducing the concept of the risk-targeted maximum
considered earthquake (MCER) that are ground motions
that will produce a uniform risk of collapse of 1% in 50
yr (2 x 107%). The RTGM was obtained by integrating a
generic fragility curve that is described by a lognormal
standard deviation, B, equal to 0.8 that then later on
reduced to 0.6 in ASCE 7-10. Douglas and co-author
(2013) find that a $ value of 0.8 is too high and estimated
that a B value of 0.5 is reasonable. Using the estimated
B and a lower risk target of 1.0 x 107> annual probability
of collapse, they developed the RTGM maps for France.
Silva and co-authors (2016) developed the RTGM maps
for Europe using the Seismic Hazard Harmonization in
Europe results for the seismic hazard with their estimated
annual risk of collapse of 5.0 x 107 and p = 0.6. These
studies were used as the foundation and/or reference for
the methodology and parameters used in creating RTGM
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maps in Romania (Vacareanu et al. 2018), Indonesia
(Sengara et al. 2020), Iran (Taherian and Kalantari 2019),
and Spain (Kharazian et al. 2021). Gkimprixis and co-
authors (2019) conducted a review comparing the existing
methodologies in developing risk-targeted seismic
hazard maps. They also investigated the effectiveness
of the current risk-targeting procedures applied in the
US, wherein they found that aside from developing the
risk-targeted seismic hazard maps, modification on the
response modification factor, R, should also be analyzed.
They also developed risk-targeted seismic hazard maps for
Europe using risk-targeted behavior factors (RTBF) and a
target of 1% probability of collapse in 50 yr. Due to such
development, Douglas and co-authors (2019) applied the
RTBF approach in generating risk-targeted maps for Italy.

To the best of the authors’ knowledge, there are no
publicly published seismic hazard maps in the Philippines
that provide information on ground motions that gives a
uniform risk of collapse to buildings at the time of this
writing. Thus, it is necessary to improve the standards
for the seismic design of structures in the country. This
study’s primary objective is to develop risk-targeted
hazard maps for low-rise and mid-rise reinforced concrete
(RC) buildings using the City of Manila as the main area
of study. Subsequently, the lognormal standard deviation,
B, used to define the generic fragility function that will
represent the aforementioned buildings’ collapse capacity
will be determined in this study. In addition, the effects on
the ground motion values when the collapse capacity of
the buildings is integrated into the ground motion hazard
will be investigated.

The RTGM maps developed in this study, if considered
in low- and mid-rise RC building design, will provide a
uniform risk assessment that may reduce the possibility
of collapse during an MCE earthquake, whereas the
methodology can be replicated to generate the RTGM
maps for buildings in other areas of the Philippines.

METHODOLOGY

Geographical Information System (GIS) Mapping
The first part of the methodology is obtaining the stations
where the seismic hazards will be assessed. This was
achieved by mapping the City of Manila and dividing it
using 2 km x 2 km grid lines, as shown in Appendix I.
The intersection of the gridlines (referred to as grid points)
will serve as reference locations for obtaining the seismic
hazards. Additionally, the GIS map resulting from this
process will serve as the basic framework for mapping
the RTGM results.
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Probabilistic Seismic Hazard Assessment (PSHA)
The PSHA of Manila was conducted to obtain the
probabilistic hazard curves for each grid point established
in the GIS map, as well as for each of the soil profile types
listed in Appendix I1. Additionally, the data, parameters,
empirical models, and decision-making in creating SAM
PH 2021 were used in this study for consistency. The
complete discussion of the PSHA for the Philippines is
discussed in the paper of Pefiarubia and co-authors (2020).
The resulting hazard curves will serve as the basis for
determining the spectral accelerations that correspond
to ground motions with a 2% probability of exceedance
in 50 yr, which then will be used to design the building
samples. Additionally, the hazard curves will also be
used to calculate the probabilistic RTGM, which will be
discussed in the succeeding sections. Appendix Il shows
examples of the hazard curve of one of the grid points
(latitude: 14.63901, longitude: 120.94143) obtained from
the PSHA of every soil profile type. S and S; are spectral
acceleration values for structure periods T=10.2 s and T
= 1.0 s, respectively.

Building Samples

Building samples are needed to generate the generic
fragility function that will represent the collapse capacity
of the buildings in Manila. Unfortunately, there are no
available building stock data in the Philippines. Hence,
the researchers decided to create 12 building samples
following the logic tree in Appendix IV as a guideline.
The logic tree ensures that the effects of [1] the building
height based on the number of stories, [2] the rigidity
and flexibility of structures based on height-to-width
ratio, [3] the seismic demand that the structure will resist
based on the structure’s location from an active fault, and
[4] the importance category of the structure and the soil
condition at the site will be considered in the design of
the building samples.

For the purpose of the study, the researchers also
established that buildings with 1-3 stories will be
classified as low-rise buildings, whereas buildings with
4-7 stories will be classified as mid-rise buildings as there
is no standard classification of buildings based on their
height or number of stories. For simplicity of modeling,
building samples will have regular geometry with a fixed
width of 6.0 m for each bay and a fixed inter-story height
of 3.0 m. This simplification was based on the assumption
that building samples must have an increment of at least
3.0 min height and 6.0 m in length to have a significant
impact on the lognormal standard deviation, 3, which is
used to define the generic fragility function.

Since the majority of the low-rise and mid-rise buildings in
Manila are composed of RC frames, the building samples
will be designed to have RC special moment frames using
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the ultimate and serviceability requirements in NSCP
2015. The frames will also be designed to withstand
the minimum load requirements in NSCP 2015 and the
seismic force obtained using the design response spectrum
specified in Section 11.4.5 of ASCE 7-05 with the seismic
hazard that corresponds to a 2% probability of recurring
in 50 yr obtained from the PSHA results. The minimum
base shear value was also calculated using Section 12.8.1
of ASCE 7-05 if the dynamic base shear was less than the
static base shear and scaling will be required.

The ultimate load combinations used in the design of
building samples were based on the NSCP 2015 with
orthogonal application, as shown in Appendix V. On
the other hand, the vertical and horizontal seismic loads
were calculated using Equations 1 and 2 (based on ASCE
7-05 Section 12.4.2), where E;, and E,, are the horizontal
and vertical earthquake forces, p is the redundancy
factor, Spg is the design spectral acceleration at a short
period earthquake, and DL is the seismic dead load of
the structure. The redundancy factor was set to 1.0 for
simplicity.

Enh=pQe 1)
E, = 0.2Sps DL @)

The entire design process of the building samples was
carried out using ETABS, which is a software program
capable of analyzing and designing the structural
components of buildings following the set code
requirements.

Nonlinear Static Analysis

One of the required inputs in the fragility analysis is the
building’s pushover curve; therefore, nonlinear pushover
analysis was performed. The 12 designed building
samples were re-modeled in SeismoStruct to perform
nonlinear pushover analysis. SeismoStruct is a computer
software suited for this study, as this can predict large
displacement behaviors of frames under static or dynamic
loading. This software is also capable of incorporating the
geometric nonlinearities and material inelasticity of the
structure in the analysis. The pushover curves resulting
from each building sample were recorded. In addition,
the fundamental period of each building sample was also
recorded.

Ground Motion Record Selection

Another important input to conduct the fragility analysis
of the building samples is the ground motion records. In
this study, 11 strong ground motion acceleration time
history records were selected. This was based on the
minimum number of ground motion records required to
conduct nonlinear response spectrum analysis based on
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ASCE 7-16 Section 16.2.2, as there is no recommended
minimum number of ground motion records to conduct
fragility analysis. The selected ground motion records
were obtained from seismic sources with similar
characteristics to the West Valley Fault (WVF) using the
Pacific Earthquake Engineering Research NGA-West2
strong ground motion database. The fault type used in the
search was Strike-Slip since WVF is a dextral strike-slip
fault (Rimando and Knuepfer 2006). The minimum and
maximum magnitude inputs were based on source type
A in NSCP 2015 (magnitude 7.0-8.4). The minimum
and maximum input values for the closest distance to the
surface projection of coseismic rupture, Rjg, were based
on the source-to-site distance of the nearest and farthest
grid points to the WVF. On the other hand, the minimum
and maximum Vg3 values were based on Soil Type E
(Vs30= 180 m/s) and Soil Type A (Vs3g = 1500 m/s). The
list of the selected ground motion records is shown in
Appendix V1.

Generic Fragility Curve Function

FRACAS was used to obtain the fragility curve functions
for each of the 12 building samples. FRACAS is a program
created based on the study of Rossetto and co-authors
(2016) which uses the pushover curve of the building and
ground motion records to generate the building’s fragility
curve. There are different combinations of settings that
can be chosen in FRACAS. The following settings used
in this study are discussed in this section.

The damage index is used to quantify the amount
of damage a structural member will have due to the
applied ground motion. In FRACAS, the damage index
of Rossetto and Elnashai (2003) was used considering
inter-story drift ratios. The reason for utilizing the
aforementioned damage index is two-fold — to maintain
consistency with the program developers and to ensure
its suitability for use in RC structures, following the
analytical displacement-based procedure in the paper of
Rossetto and Elnashai (2005). Ordinal regression was
chosen as the fragility derivation method in FRACAS. The
ordinal regression method is the same as the generalized
linear model, wherein the engineered demand parameter
(EDP) will be transformed into variables. The distribution
of the variables with respect to the intensity measure (IM)
will be used as parameters for the chosen link function to
generate the fragility curve. The only difference between
the ordinal regression method and the general linear
model is that the ordinal regression method has additional
constraints considering that the different damage states
must be hierarchically ordered. This consideration will
prevent the fragility curves from overlapping. With
regards to the EDP and 1M, maximum inter-story drift
was chosen as the EDP, whereas S, was chosen as the IM.
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The “probit” link function was used in the study, where
it uses Equation 3 to derive the final fragility curve
function shown in Equation 4, where P is the probability
of reaching the damage limit state, o is the mean (a =
—a/b), B is the standard lognormal standard deviation (8
= 1/b), @ is the standard normal cumulative distribution
function, whereas a and b are parameters calculated from
the fragility derivation method.

O 1(Pr)=a+bIn(Sy) 3)
Pr= 0 [(In(Sa) — @) / B] “)

To establish the generic fragility function, the value of 3
must be obtained. The lognormal standard deviation value
of each building sample is shown in Appendix VII. The
value for B3 to be used in the generic fragility function was
calculated by getting the average B value of the building
samples which was found to be 0.70. Luco and co-authors
(2007) suggested that B = 0.80 which was estimated from
the results of the ATC-63 project titled “Quantification of
Building System Performance and Response Parameters,”
whereas ASCE 7-10 to the latest ASCE 7-16 recommends
that $ =0.60. Silva and co-authors (2016), Vacareanu and
co-authors (2018), and Taherian and Kalantari (2019) also
utilized B = 0.6 for the RTGM maps in their respective
countries. Douglas and co-authors (2013) find that using
a high B value (e.g. greater than 0.8) is very unlikely and
produces unrealistic results. They also estimated the B is
equal to 0.5 for France. Kharazian and co-authors (2021)
utilized f = 0.7 for the RTGM map of Spain. A § value
equal to 0.7 was also adopted in developing the RTGM
map in SNI-1726-2012 in Indonesia but has been reduced
to 0.65 based on the consensus of experts (Sengara et al.
2020). Based on previous studies, the researchers deemed
that the B value ranges from 0.6-0.8, and the estimated 3
= 0.7 is reasonable to be used for this study. As part of this
inquiry, a sensitivity analysis was conducted to know how
the B value affects the MCER spectral acceleration values
by using the obtained average  (0.70) with B = 0.60 and
0.80, which will be discussed in the succeeding sections.

The generic fragility function will take the form of
Equation 5 with B = 0.70. a is to be calculated using
Equation 5 by setting the collapse probability at MCE, Pg,
equal to 10%, as suggested in ASCE 7-16 Section 21.2.1.2
Method 2. Sgr in Equation 5 is the spectral acceleration
describing the MCEg.

Pr= [(In(Sar) — ) / B] ()
Probabilistic Risk-targeted Maximum Considered
Earthquake (MCER)

A risk target needs to be established to obtain the
probabilistic MCER. Luco and co-authors (2007) created
the RTGM maps of the US by using a risk target of a 1%
probability of collapse in 50 yr based on the estimated
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mean annual frequency of collapse to buildings designed
using the American codes and standards during an MCE
event. The studies of Goulet and co-authors (2007)
and Fajfar and Dolsek (2012) yield similar collapse
probabilities of code-based designed structures despite
using different approaches. Vacareanu and co-authors
(2018), Sengara and co-authors (2020), and Taherian and
Kalantari (2019) used the same risk target in their studies
and RTGM maps. Douglas and co-author (2013) deemed
that a 1% probability of collapse in 50 yr (2.0 x 107%) is
too high to be applied to the RTGM maps of France and,
therefore, utilized a risk target of collapse of 1.0 x 1075,
which was also been used by Kharazian and co-authors
(2021) in Spain. On the other hand, Silva and co-authors
(2016) used an approximate but relatively higher annual
probability of collapse (5.0 x 107°) for Europe. Since
NSCP 2015 reinforced concrete (RC) design procedures
were based on American Concrete Institute’s ACI 318
standard and the minimum load requirements were based
on the American Society of Civil Engineers’ ASCE 7-05
standard (ASEP 2015), the researchers assumed that the
RC buildings in the Philippines will approximately have
the same average mean annual frequency of collapse
used by Luco and co-authors (2007). Thus, the uniform
risk target used in this study, to calculate the probabilistic
MCER, is 1% probability of collapse in 50 yr.

After the preparatory work of obtaining the generic
fragility curve function and calculating the probabilistic
seismic hazard curves, the probabilistic MCER was
determined by following the iterative process shown in
Appendix VIII, as suggested by Luco and co-authors
(2007). The probabilistic MCEg will be described by
the calculated spectral acceleration values. This process
was done for periods 0.2 and 1.0 s for every soil profile

type (Sa-Sg)-

Deterministic Seismic Hazard Assessment (DSHA)
Itis possible that the calculated probabilistic MCERg spectral
acceleration is greater than the spectral acceleration from
the maximum ground motion of the nearby seismic source.
It is not reasonable to consider high spectral acceleration
values that are impossible to occur; thus, maximum
spectral acceleration values were established. DSHA was
performed to determine the maximum ground motion
spectral acceleration values that the governing seismic
source can produce.

DSHAwas conducted using the next-generation attenuation
(NGA) model of Boore and Atkinson (2008), which will
be denoted as BA08, as the predictive equation to generate
the 5% damped pseudo-absolute acceleration response
spectrum. BAO8 was chosen based on the applicability
and availability of data. In addition, the 2008 version of
Boore and Atkinson’s NGA model was chosen instead of

Mallari et al.: RTGM Maps for Low- and
Mid-rise RC Buildings

the updated 2014 version to maintain consistency with the
GMPE version used by Pefiarubia and co-authors (2020)
and Allen and co-authors (2014) in conducting PSHA.
BAO8 is one of the five NGA models developed for shallow
crustal earthquakes in the western United States — together
with Abrahamson et al. (2008). According to Campbell
and Bozorgnia (2006) and Stafford and co-authors (2008),
the previously mentioned NGA models are suggested to
be globally applicable for shallow crustal earthquakes in
active regions based on their studies. Also, Abrahamson
and co-authors’ (2008) NGA comparison shows that the
results of the five NGA models show similar median
values for vertical strike-slip faults with magnitude ranges
from 5.5-7.5, and standard deviation values are similar for
magnitudes greater than 6.5.

The WVF was determined to be the major earthquake
source for the City of Manila, its characteristics were
obtained from the Greater Metro Manila area earthquake
risk analysis Report by Allen and co-authors (2014).
According to the report, WVF is a strike-slip fault that
can produce an earthquake with a conservative range
of magnitudes 6.4—7.3 (Allen et al. 2014). In this study,
magnitude 7.3 was used as the maximum magnitude
earthquake that the WVF can produce. Additionally, the
source-to-site distances of each grid point were obtained
using Hazard Hunter PH (hazardhunter.georisk.gov.ph)
using the grid points mentioned previously as site locations.

The average shear wave velocity of the upper 30 m of the
soil layer, Vg3p, input values are the same values used in
PSHA, as shown in Appendix 1. The 84! percentile of the
DSHA response spectrum was taken as the deterministic
ground motion based on ASCE 7-16 Section 21.2.2.

In the US, the structures that were designed using the
seismic provisions of the Uniform Building Code (UBC
1994) found in coastal California performed satisfactorily
in past earthquakes (BSSC 2004). Considering the
performance of the structures and the criteria of the
UBC, the ceiling earthquake values in this provision were
deemed to be appropriate to be used with the provisions
for the MCE ground motion maps (BSSC 2004). ASCE
7 uses the maximum earthquake values from UBC 1994
as the lower limit for the deterministic ground motion for
MCE and MCERg (ASCE 7-05; ASCE 7-10; ASCE 7-16).
In this study, the lower limit values specified in ASCE
7-16 — including the site coefficients in the said provision
—were used. Appendix X shows the site coefficient values
F4 and F, corresponding to spectral accelerations Sg=1.5g
and S =0.6g, whereas Figure 21.2-1 of ASCE 7-16 shows
the Deterministic Lower Limit response spectrum. The
final deterministic ground motion values will be greater
between the results of the DSHA and the deterministic
lower limit values.
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Risk-targeted Maximum Considered Earthquake
(MCER)

The final MCER spectral acceleration values were taken
as the lesser of the spectral acceleration results from the
probabilistic RTGM and deterministic ground motion. To
consider the maximum direction of the ground motion
acting on buildings, directivity factors were multiplied
by the final RTGM spectral acceleration. Huang and
co-authors (2008) suggested using directivity factors to
estimate the earthquake maximum response. His study was
also the basis of the use of the directivity factors discussed
in the 2009 edition of the National Earthquake Hazards
Reduction Program recommended seismic provisions
(BSSC 2009). Huang and co-authors (2008) suggested that
ground motions at a 0.20-s period will have a directivity
factor of 1.1, whereas ground motions at a 1.0-s period
will have a directivity factor of 1.3.

Mallari et al.: RTGM Maps for Low- and
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Risk-targeted Hazard Maps (MCEg Map and Risk
Coefficient Map)

Two types of maps were developed in this study: [1]
MCER maps that can be used directly to calculate the
seismic forces for the design of buildings, and [2] risk-
coefficient (Cr) maps that can be used to convert the MCE
site-specific ground motion to probabilistic MCER. The
MCERg maps are the compilation of the calculated MCER
spectral acceleration values, whereas the Cg maps will be
the compilation of the ratio of the spectral acceleration
values of the probabilistic MCER and the MCE, as shown
in Equation 6 (where T is the earthquake response period,
PMCEg, is the probabilistic MCER spectral acceleration,
and MCE is the maximum considered earthquake spectral
acceleration obtained in PSHA).

CR,T = pMCER'T / MCE,T (6)
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Figure 1. Probabilistic MCER ratio using = 0.8 and 0.6 with reference to § = 0.7.
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The maps were plotted in spectral colors based on the
values. For each type of map, two sets of maps were
created for each soil type (a total of 10 maps for each
type of map), which are maps for ground motions at T
= 0.2 s and maps for ground motions at T = 1.0 s, where
T is the ground motion response period. It is important
to note that since the resulting spectral accelerations (Sg
and Sq) using the Cg map are probabilistic MCERg spectral
accelerations, the values must still be compared with the
deterministic ground motion values. As mentioned in
the previous sections, the lesser of the probabilistic and
deterministic ground motion shall be considered as the
RTGM that will be multiplied by the directivity factors.

RESULTS AND DISCUSSION

A sensitivity study was conducted to investigate the
correlation of the B to the probabilistic MCER. The
probabilistic MCER values were calculated using p =
0.60 and 0.80. The probabilistic MCER values obtained
were divided by the probabilistic MCER when = 0.70.
The results are plotted as shown in Figure 1. The results
show that B is directly proportional to the MCER. The
results also show that the difference between the MCER
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values when B = 0.70 against the MCER values when =
0.60 and 0.80 is approximately equal to or less than 5%.

The Cr maps shown in Figures 2 and 3 show the ratio
between the probabilistic MCER and the MCE for
different soil types. Looking at the Cg map, the increase
or decrease in spectral acceleration values due to the
effects of incorporating the collapse capacity of buildings
in the hazard can be easily seen. Ratios greater than 1.0
indicates that there is an increase in ground motion spectral
acceleration and are represented in shades of red. On
the contrary, ratios less than 1.0 indicates that there is a
decrease in ground motion spectral acceleration and are
represented in shades of blue. Considering soil types A
and D for T=0.20 s, some areas in Manila have increased
ground motion but only ranging from 1-1.02 times. The
whole area of Manila will likely have an increase in
ground motion considering soil type E. Meanwhile, Cr
maps for T =1.0 s show a decrease in spectral acceleration
for all soil types. These results show how the structural
capacity amplifies or reduces the uniform ground motion
expected to occur.

The final MCEg maps are shown in Figures 4 and 5. Two
(2) sets of maps were created — namely, MCEg maps for
Sg (see Figure 4) with spectral accelerations that range

Risk Coefficients

I 0.88-0.90 0.96 - 0.98
B 0.90-0.92 0.98 - 1.00
B 0.92-0.94 1.00 - 1.02

0.94-0.96 [ 1.02 - 1.04

i 3

[b]

R

[c]

Figure 2. Risk coefficient maps at T = 0.2 s for [a] Sa, [b] soil profile type Sg, [c] soil profile type Sc, [d] soil profile type Sp, and [e]

soil profile type Sg.
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Risk Coefficients

I 0.88-0.90 0.96 - 0.98
B 0.90-0.92 0.98 - 1.00
[ 0.92-0.94 1.00 - 1.02

0.94 - 0.96 1.02 - 1.04

frikn 3

[c]

[e]

Figure 3. Risk coefficient maps at T = 1.0 s for [a] soil profile type Sa, [b] soil profile type Sg, [c] soil profile type S¢, [d] soil profile type

Sp, and [e] soil profile type Sg.

from 1.03-1.25g, 1.25-1.55g, 1.74-1.98g, 1.65-1.70g,
and 1.65g, for Sp, Sg, Sc, Sp, and Sg soil profile types,
respectively, and MCER maps for S; (see Figure 5)
with spectral accelerations that range from 0.49-0.60g,
0.57-0.65g, 0.83-1.05g, 0.91-1.20g, and 1.45-1.75g
for the same profile types, respectively. Relative to the
MCE values in SAM PH Atlas for the City of Manila (Sg
= 1.1-1.5g; S1 = 0.41-0.60g), the MCER values at soil
profile Sg in this study are generally slightly bigger, as
influenced by the application of directivity factors.

CONCLUSION AND
RECOMMENDATION

The lognormal standard deviation, B, of the building
samples considering Manila as the location, minimum
design loads and requirements in NSCP 2015, and MCE
design ground motion was found to be 0.70. This
value was used to define the generic fragility function
representing the collapse capacity of the low-rise and
mid-rise buildings in Manila. When the building fragility
is integrated into the seismic hazard, it amplifies or
reduces the ground motion spectral acceleration values.
For the area of Manila, it is generally true that the
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probabilistic MCER spectral accelerations are less than
the MCE spectral accelerations. Although some areas
may experience an increase in spectral acceleration values
when T =0.2 s, it is at most limited to a 4% increase. The
MCER maps that were developed in this study will provide
information on MCE ground motions that will cause a
uniform risk of collapse to buildings of 1% probability in
50 yr. The procedures done in this study may be replicated
to create the MCER maps in other areas of the country.

For the improvement of this study, the researchers
recommend increasing the number of building samples
and considering other building typologies to update the
generic fragility function. The accuracy of the results in
this study can further be improved if building inventory
data are available. It is also recommended to investigate
how the number of ground motions affects the lognormal
standard deviation of the fragility of the building samples.
Lastly, it is highly recommended to extend and expand
the study’s scope to other highly urbanized cities and the
entire country.
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Figure 4. MCER spectral response acceleration map of Manila for Sg (T = 0.2 s) on soil profile type: [a] Sa, [P] Sg, [c] Sc, [d] Sp, and [e] Sg.
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Figure 5. MCER spectral response acceleration map of Manila for S; (T = 1.0 s) on soil profile type: [a] Sa, [0] Sg, [c] Sc, [d] Sp, and [e] Sg.
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Appendix 1. 2 km x 2 km grid layout for Manila, Philippines.

Appendix 1. Shear wave velocity of different soil profile.

Soil profile type Generic description Shear wave velocity, Vs (m/s) Reference
Sa Hard rock 1500 NSCP 2015
Sg Rock 780 SAM PH
Sc Very dense soil and soft rock 560 NSCP 2015 (mean value)
Sp Stiff Soil 370 NSCP 2015 (upper value)
Sg Soft Soil 180 NSCP 2015
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Appendix I11. Seismic hazard curves Sg (0.2 s spectral acceleration) and S; (1.0 s spectral acceleration) at latitude 14.63901, longitude

120.94143.
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Appendix 1V. Building sampling logic tree.
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Appendix V. Ultimate load combinations based on the National
Structural Code of the Philippines (NSCP 2015): [DL]
dead load, [LL] live load, [E,] vertical earthquake load,
and [Epy, Epy] horizontal earthquake load at orthogonal
directions.

Load combinations
1.40 DL

1.20 DL +1.60 LL

1.20 DL+ 0.50 LL + 1.00 Ey + 1.00 Eny + 0.30 Epy
120 DL+ 0.50 LL + + 1.00 Ey + 0.30 Epg + 1.00 Epy
0.90 DL — 1.00 Ey + 1.00 Epy + 0.30 Epy
0.90 DL — 1.00 Ey +0.30 Epy + 1.00 Epy

Appendix V1. Selected earthquake time history records from PEER Ground Motion database.

Mallari et al.: RTGM Maps for Low- and

Mid-rise RC Buildings

Distance from
Record sequence

number Earthquake name Station name rupttjl:s;)Rrup Year Magnitude
864 Landers Joshua Tree 11.03 1992 7.28
1165 Kocaeli_Turkey 1zmit 7.21 1999 7.51
1614 Duzce_Turkey Lamont 1061 11.46 1999 7.14
1615 Duzce_Turkey Lamont 1062 9.14 1999 7.14
1633 Manjil_lran Abbar 12.55 1990 7.37
5825 EI Mayor-Cucapah_Mexico Cerro Prieto Geothermal 10.92 2010 7.2
6893 Darfield New Zealand DFHS 11.86 2010 7.0
6897 Darfield New Zealand DSLC 8.46 2010 7.0
6930 Darfield New Zealand LRSC 12.52 2010 7.0
6975 Darfield New Zealand TPLC 6.11 2010 7.0
8606 El Mayor-Cucapah_Mexico Westsidsecﬁcl)ecz)r:]entary 11.44 2010 7.2

Appendix VII. Lognormal standard deviation for each building samples using XYZ-ABC format for the structure name: [X] building
category, [Y] number of stories, [Z] number of bays, [A] location (either near or far to the WVF), [B] importance category based

on NSCP 2015, and [C] soil profile type.

Structure name Lognormal standard deviation, Structure name

Lognormal standard deviation,

p p
L31-F3B 0.59 L31-N1D 0.67
L35-F3B 0.68 L35-N1D 0.81
M51-F3B 0.78 M51-N1D 0.68
M55-F3B 0.75 M55-N1D 0.73
M72-F3B 0.73 M72-N1D 0.59
M75-F3B 0.76 M75-N1D 0.80
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Appendix VI1I1. Probabilistic MCERg flowchart based on Luco and colleagues (2007).

Appendix IX. Site coefficient values at 0.2 s period (F5) and 1.0 s
period (F,) according to ASCE/SEI 7-16 minimum loads
and associated criteria for buildings and other structures

Soil profile type Fa Fv
Sa 08 0.8
Sg 0.9 0.8
Sc 1.2 1.4
Sp 1.0 25
Se 1.0 4.0




