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Seismic hazard and microzoning of the Philippines are presented. Seismic hazard analysis of
the Philippines on rock-surface level is done to all land areas of the country. The analysis includes
both the historical carthquake occurrences and active fault data. Ground mnotion amplification
corrections based on surface geology is determined based on the representative soil softness index
of each geology type. The resulting amplification corrections are applied to the rock-surface seismic
hazard of the Philippines. A significant increase of seismic hazard by applying the amplification

corrections is shown for the city of Manila.
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1. INTRODUCTION

The Philippines is located in one of the most
seismically active regions of Asia. Many destruc-
tive earthquakes have occurred in different parts
of the country. The most destructive event was
the 1990 Central Luzon earthquake with a sur-
face wave magnitude of Mg=7.6. The move-
ment of the Philippine Sea plate causes major-
ity of the seismic activities in the country. The
Philippine trench which is formed by the subduc-
tion of the Philippine Sea plate under the Eurasia
plate is one of the major seismic generators in the
country. Other major seismic generators are the
Philippine fault and Manila trench.

Seismic hazard studies for the Philippines in
the past have been done based only on histori-
cal earthquakes. Villarazal) did a seismic haz-
ard analysis of the Philippines and proposed four
seismic zones for the Philippines based on the
isoseismal map presented by Su?. Molas and
Yamazaki®) did a seismic hazard analysis of the
Philippines based on historical earthquakes that

seismic hazard, hoazard-consistent ground motion simulation, soil amplification

occurred from 1907 to 1990. In their study, seis-
mic hazard in Baguio City, which was devastated
by the 1990 earthquake, is the highest among land
areas of the country. They proposed a revision
of the seismic source zoning of the Philippines.
However, the study did not make use of seis-
mic source zones and seismic hazards from fault
sources were not considered. Torregosa, et al.)
analyzed the seismic hazard in the Philippines on
rock-surface level. Rock-surface level referred to
the stiff ground level with shear wave velocity of
vs = 500 ~ 600 m/sec. The stiff ground was
referred to as “free rock-surface”. Their purpose
of determining the seismic hazard on rock-surface
level is that the effect of ground motion amplifi-
cation due to local soil conditions can be applied
by multiplying the correction factors.

The objective of this study is to analyze the
seismic hazard of the Philippines, combining the
effects of both historical earthquakes and active
faults. As a first trial of ground motion amplifi-
cation corrections for the Philippines, the conver-
sion factor based on surface geology was applied
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to the rock-surface level seismic ground motions.

DATABASE FOR SEISMIC HAZ-
ARD ANALYSIS AND MODEL-
ING OF SOURCE ZONES

2.

(1) Historical occurrence data

This information was obtained from Philip-
pine Institute of Volcanology and Seismol-
ogy (PHIVOLCS). Data for 5969 historical
earthquakes®) recorded since 1907 were used in
the study. The historical earthquakes with sur-
face wave magnitudes, Mg > 5.0 are shown in
Fig. 1. The collected earthquake records were
incomplete for Afs < 6.0, therefore, the years of
complete records for different magnitude ranges
had to be determined. The yearly occurrences of
carthquakes from Mg=4.0 were analyzed. The
incompleteness of historical earthquake informa-
tion can be grouped into three magnitude ranges,
Mg > 6.0, 4.5 < Mg <59, and 4.0 < Mg < 4.4.
Period with complete records of lower magnitude
earthquakes is too short. In order to maximize
the use of the entire historical earthquake occur-
rence data, corrections®) were made to the quanti-
ties of each magnitude since 1907 for which there
are no complete records.

Assuming that the occurrence of an Larthquake
with a given magnitude range i is random and
independent of past earthquakes, the occurrence
rate v; can be calculated as:

n;

Vi = —
t;

(1)
where n,; is the number of earthquakes with mag-
nitude range i and ¢; is the period of complete ob-
servation. The average occurrence rate vj from
magnitude ranges j to k can be written as:
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Letting T as the reference period
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i; Is the correction factor for different magni-
tude ranges taking into consideration the refer-
ence time period T and the time of complete
recording ¢;. Here the reference time period, T, is
92 years (from 1907-1998 years). The correction
factors are computed as follows:
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Fig. 1 Historical earthquakes

1. For Mg > 6.0; £ =22 =10

2. For45< Mg <59; L =52 =248

3. For Mg < d.4; L =3 =383

These correction factors are multiplied by the
total number of occurrences within the specified
magnitude range.

(2) Modeling of seismogenic source zones

One of the important procedures in seismic
hazard analysis is the division of seismic source
zones in which seismic activity can be treated as
homogenous. Rast and Saegesser”) demonstrated
the effects of varying the seismic source zones.
They pointed out that variation in seismic source
zoning accounts for as much as half of the differ-
ence in the results, whereas the other half is due
to different assumptions, such as upper bounds
on magnitude and other factors. Seismic source
zoning therefore must be done systematically, the
seismic characteristic in each individual source
zone consequently being homogenous.

To ensure that the designated seismic source
zones used in the hazard analysis had homoge-
nous seismic characteristics, the occurrence rates
of earthquakes for the entire country were calcu-
lated. Spatial moving average was used to de-
termine the occurrence rates of earthquakes at
individual points of the country. The occurrence
rate at a point was determined by dividing the
number of occurrences within 100km radius by
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Fig. 2 Seismogenic zones

the area of a circle with a radius of 100km to get
the average number of occurrences per square ki
at the point. The result was divided by the num-
ber of years covered by the data to obtain the
occurrences per square kilometer per year. The
occurrence rates at all points in the country for
Mg > 4.0 were calculated using the procedure
described above. Polygons were drawn enclos-
ing adjacent areas with nearly uniform occurrence
rates. Each polygon was designated as seismo-
genic zone for which uniform and random occur-
rences of earthquakes are assumed. A total of 27
seismogenic zones were designated based on the
zoning method described earlier. These source
zones are shown in Fig. 2. The average focal
depth of all the earthquakes inside these zones is
25.1 km.

Linear regression analysis was done to deter-
mine the b-value of each seismic source zone. The
properties of each zone (i.e., occurrence rate, b-
value and historical maximum magnitude ) are
tabulated in Table 1. The historical maximum

magnitude within each seismogenic zone was used

Table 1 Seismogenic zone properties (Ms > 4.0)
occurrence rate b historical max.
zone per sq. km. value magnitude (Ms)

1 1.46E-05 0.940 73

2 1.49E-05 1.056 72

3 6.60E-05 1.571 6.9

4 2.94E-05 1.458 6.5

5 6.40E-05 1.431 6.6

6 1.33E-05 1.093 Ferd

7 4 17E-05 1215 7.8

8 5.96E-05 1.792 74

9 1.35E-04 1.489 T

10 6.37E-06 0.598 76

11 2.04E-05 124 2.1

12 1.23E-05 0.743 74

13 1.96E-05 1.043 83

14 8.10E-05 1.072 7.3

15 1.51E-05 1.939 6

16 1.38E-04 1.453 .7

17 1.41E-05 1.353 6.3

18 6.28E-06 1.330 6.7

19 3.50E-05 1.210 7
20 1.17E-05 0.888 7.3
21 3.36E-05 1.074 7.9
22 1.26E-05 1.130 7.3
23 3.46E-05 1.429 74
24 1.04E-04 1.274 1.7
25 1.23E-04 1.301 3
26 3.24E-05 0.880 7.9
27 3.33E-06 111 6.5

as the upper bound magnitude during the hazard

analysis.

(3) Active fault data

Active faults of the Philippines are shown in
Fig. 3. To incorporate the contributions of active
faults into the seismic hazard analysis, parame-
ters such as the expected earthquake magnitudes
and annual frequency of expected earthquake
magnitudes had to be determined. Due to lack
of information on these parameters, fault param-
eters in other countries were referred. Matsuda®
had determined the maximum expected earth-

quake magnitude based on fault lengths. The
relationship is given in Eq. (4).
log,o L = 0.6M; — 2.9 (4)

where:
M ; = magnitude in JMA scale
L = fault length in km

Seismic hazards from fault sources are presented
in three fault rupture length, (Lg), scenarios.
These are:

a) scenario 1: Lp = L

b) scenario 2: Lp = L/2

c) scenario 3: Lp = L/4
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Table 2 Fault types and slip rates®)

Type slip rate (m/1000 years)
A 1<s <10
B8 01 =5 <1
o] 0.0t =5 < 0.1

Scenario 1 is characterized by rare large events
with very low annual occurrence frequency, sce-
nario 2 for earthquake magnitudes with moderate
to low annual occurrence frequency whereas sce-
nario 3 is for many small events with annual oc-
currence frequencies higher than scenario 2. Mag-
nitudes for partial ruptures were calculated by
substituting the rupture lengths to Eq. (4). In-
corporating a random earthquake magnitude for
each fault is not possible with the present amount
of fault data because this will involve the b-value
for each active fault. Active faults in the country
other than the Philippine trench, Philippine fault
and Manila trench have no record of past earth-
quake events, so this study assumed three possi-
ble rupture scenarios to get the expected earth-
quake magnitude from each fault source. In the
analysis, the seismic hazard on each site was cal-
culated by adopting the maximum of the three
ground motion intensities from the three scenar-
ios.

Magnitude in Eq. (4) is based on JMA magni-
tude scale. The empirical relation (Eq. (5)) for
converting JMA scale magnitude (M) to surface
wave magnitude (Mg) proposed by Hayashi and
Abe® was used. Variations in the conversion were
neglected.

Mg =1.27M; — 1.83 (5)

Annual occurrence frequencies, vg, were deter-
mined by utilizing Matsuda’s relationship®) be-
tween the earthquake magnitude (M) and slip
of a single event, Dg(m) given in Eq. (6)

logyo Do = 0.6M; — 4.0 (6)

Substituting Eq. (4) to Eq. (6) gives the re-
lationship between fault length (Lr) and its slip
from a single even, Dy given in Eq. (7)

(7)
From the slip rate, s (m per 1000 years) and
slip of a single event Dy (m), vg is calculated as:

log,g Do = logg Lr — 1.0

S

= 101.9LF (8)

VF

where:
s = fault slip rate (m per 1000 years)

=116 N

“t14N

2N

~1 10N

6N

10)

Fig. 3 Philippine active faults

Ly = length of fault rupture (km)

Slip rates of the three most active faults of the
country were assigned as maximum of Type A
(see Table 2) since their actual slip rates exceed
that of Type A faults while the rest were assigned
within the range of Type A or Type B faults.
Fault parameters are given in Table 3.

3. SEISMIC HAZARD ANALYSIS

OF THE PHILIPPINES

(1) Probabilistic seismic hazard analysis
formulation!4):1%)

The annual probability that the random earth-
quake intensity at a site will exceed a value 7y
assuming the Poisson process can be represented
by:

n
po=1-exp {— > Vka(')’)} (9)
k=1
where n is the number of potential earthquake
sources in the region of a site, v is the earth-
quake occurrence rate in the source & with upper
and lower boundary magnitudes, m; and my,
and g () represents the probability that the ran-
dom earthquake intensity I', will exceed the given
intensity 7y given that an earthquake occurs in the
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Table 3 Philippine active fault parameters used in the hazard analysis

Scenario 1 Scenario 2 Scenario 3
slip rate® | Length Lp = Length Lp = Length/?2 Lp = Length/4

No. | Fault Type* | mm/year (km) Mg vp Mg vE AMs vE
1 Marikina fault segment | A 1** 35.2 7.6 3.57E-04 6.9 7.14E-04 6.3 1.43E-03
2 Marikina fault segment 2 A 1** 17.5 6.9 7.19E-04 6.3 1.44E-03 5.7 2.88E-03
3 Marikina fault segment 3 A 1** 22.6 7.2 5.57E-04 6.5 1.11E-03 5.9 2.23E-03
4 Cotabato fault segment 1 A 1** 43.3 7.8 2.91E-04 7.1 5.82E-04 6.5 1.16E-03
5 Cotabato fault segment 2 A 1** 54.0 8.0 2.33E-04 7.3 4.66E-04 6.7 9.33E-04
6 Abral A 1** 321 7.5 3.92E-04 6.9 7.84E-01 6.2 1.57E-03
7 Abra2 A 1** 39.7 7.7 3.17E-04 71 6.34-04 6.4 1.27E-03
8 Abra3 A 1** 64.0 8.1 1.97E-04 7.5 3.93E-04 6.9 7.86E-04
9 Abrad A 1** 75.9 8.3 1.66E-04 7.7 3.32E-04 7.0 6.64E-04
10 Abrad A 1** 71.9 8.2 1.75E-04 7.6 3.50E-04 7.0 7.00E-04
1l Mindanaol A 1** 67.3 8.2 1.87E-04 7.5 3.74E-04 6.9 7.48E-04
12 | Mindanao2 A 1** 57.8 8.0 2.18E-04 7.4 4.36E-04 G.8 8.72E-04
13 Phil. FaultLuzon 1 A 3* 38.5 7.7 3.27E-04 7.0 6.54E-04 6.4 1.31E-03
14 | Phil. Fault Luzon 2 A 8* 22.6 7.2 4.45E-03 6.5 8.90E-03 5.9 1.78E-02
15 Phil. Fault Luzon 3 A 8* 56.4 8.0 1.79E-03 7.4 3.57E-03 6.7 7.1415-03
16 Phil. Fault Luzon 4 A 8* 59.7 8.1 1.69E-03 7.4 3.38E-03 6.8 6.75E-03
17 Phil. Fault Luzon 5 A 8* 74.2 8.3 1.36E-03 7.6 2.72E-03 7.0 5.43E-03
18 | Phil. Fault Luzon 6 A 8* 81.1 8.3 1.24E-03 7.7 2.4815-03 7.1 4.9715-03
19 Phil. Fault Visayas A 8* 69.3 8.2 1.45E-03 7.6 2.91E-03 6.9 5.811-03
20 Phil. Fault mindanao | A 8* 73.6 8.3 1.37E-03 7.6 2.74E-03 7.0 5.47E-03
21 Phil. Fault mindanao 2 A 8* 78.1 8.3 1.29E-03 7.7 2.58E-03 7.0 5.16E-03
22 Phil. Fault Bicol segment A 8* 60.9 8.1 1.65E-03 7.4 3.30E-03 6.8 6.6113-03
23 | Phil. Fault Bicol seginent A 3* 35.1 7.6 2.87E-03 6.9 5.7415-03 6.3 1.15E-02
24 | Phil. Fault Bicol segment A 1** 25.7 7.3 4.89E-04 6.7 9.79E-04 6.0 1.96E-03
25 Phil. Fault Surigao A 1** 37.6 7.6 3.35E-01 7.0 6.701-04 6.4 1.34-03
26 Phil. Fault Davao segment A i 71.5 8.2 1.76 E-04 7.6 3.521-04 7.0 7.0515-04
27 Cental Mindanao Fanlt 1 A 1** 46.1 7.8 2.73E-04 7.2 5.461-04 6.6 1.09E-03
28 Cental Mindanao Fault 2 A 1** 36.3 7.6 3.46E-04 7.0 6.93E-04 6.3 1.39E-03
29 Cental Mindanao Fault 3 A 1** 47.6 7.9 2.64E-04 7.2 5.29E-04 6.6 1.0612-03
30 | Lubang Faull A L** 75.8 8.3 1.66E-04 7.6 3.32E-04 7.0 6.65E-04
31 Sibuyan Sea Fault A 1** 48.1 7.9 2.62E-04 7.2 5.24E-04 6.6 1.05E-03
32 | Tablas Fauitl A 1** 53.7 8.0 2.34E-04 7.3 4.6912-04 6.7 9.38E-04
33 Tablas Fault2 A 1** 60.5 8.1 2.08E-04 7.4 4.16E-04 6.8 8.32E-04
34 Sulu Trench A 1** 89.1 8.4 1.41E-04 7.8 2.82E-04 7.2 5.65E-04
35 | East Luzon trench 1 75 - 857 69.2 8.2 | 1.45E-03% | 7.6 [ 2.91E-03% | 6.9 | 582E-037
36 | East Luzon trench 2 75 - 851 67.3 8.2 | 1.50E-03F | 7.5 | 2.99E-03% | 6.9 | 5.99E-03F
37 | East Luzon trench 3 75 - 857 68.4 8.2 | 1.47E-03% | 7.6 | 2.95E-03F | 6.9 [ 5.80E-03%
38 | East Luzon trench 4 75 - 851 74.1 8.3 | 1.36E-03F | 7.6 [ 2.72E-037 | 7.0 | 5.44E-03¢
39 | Philippine Trench 1 80 - 907 75.2 83 | 1.67E-03% | 7.6 | 3.35E-03F | 7.0 | 6.70E-03%
40 | Philippine Trench 2 80 - 907 85.8 8.4 | 1.476-03% | 7.8 [ 2.93E-03F | 7.1 [ 5.87E-03%
41 | Philippine Trench 3 90 - 1007 58.3 8.0 | 2.16E-03F | 7.4 | 4.32E-03% | 6.8 8.64E-037
42 | Philippine Trench 4 90 - 1007 84.0 8.4 | 1.50E-037 | 7.7 | 3.00E-03F | 7.1 5.9912-03%
43 | Manila Trench 1 A 9* 52.5 7.9 2.16E-03 7.3 4.31E-03 6.7 8.63E-03
44 | Manila Trench 2 A 9* 75.4 8.3 1.50E-03 7.6 3.00E-03 7.0 6.01E-03
45 | Manila Trench 3 A 9* 89.3 8.4 1.27E-03 7.8 2.54E-03 7.2 5.08E-03
46 | Manila Trench 4 A 9* 76.5 8.3 1.48E-03 7.7 2.96E-03 7.0 5.93E-03
47 | Manila Trench 5 A 9* 88.9 8.4 1.27E-03 7.8 2.55E-03 7.2 5.10E-03
48 | Manila Trench 6 A 9* 69.2 8.2 1.64E-03 7.6 3.27E-03 6.9 6.55E-03
49 | Cotabato Trench 1 A 1** 83.8 8.4 1.50E-04 7.7 3.00E-04 7.1 6.01E-04
50 | Cotabato Trench 2 A 1** 36.8 7.6 3.42E-04 7.0 6.83E-04 6.3 1.37E-03
51 | Cotabato Trench 3 A 1** 39.4 7.7 3.20E-04 7.0 6.40E-04 6.4 1.28E-03
52 | Negros Trench segment 1 A 1** 72.3 8.2 1.74E-04 7.6 3.48E-04 7.0 6.97E-04
53 | Negros Trench segment 2 A 1** 76.7 8.3 1.64E-04 7.7 3.28E-04 7.0 6.57E-04
54 | Casigura Fault A 1** 66.8 8.2 1.88E-04 7.5 3.77E-04 6.9 7.54E-04
55 Manila Bay Fracture Zone B 0.18 29.6 7.4 4.25E-05 6.8 8.51E-05 6.1 1.70E-04
56 | Iba Fracture Zone B 0.19 23.6 7.2 5.34E-05 6.6 1.07E-04 5.9 2.13E-04
57 | Mindoro faullt A 1** 56.8 8.0 2.22E-04 7.4 4.44E-04 6.7 8.87E-04
58 | Bohol fault A 1** 25.8 7.3 4.87E-04 6.7 9.74E-04 6.0 1.95E-03
59 | Taal Fracture Zone A 1** 42.7 7.8 2.95E-04 7.1 5.89E-04 6.5 1.18E-03

T actual slip rate™®)

* assumed based on other researchers!1):121:13) comments on the activity of each fault

@ based on fault Type

** assumed with minimum slip rate of Type A since these faults are much less active than Manila Trench which is also Type A
* assumed value based on the fault type

¥ calculated based on maximum s from Table 2 , i.e.,, s = 10 m/1000 years,

© assumed with minimum value of Type B slip rate
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source k. gi(7) is solved from Eq. (10).

qa(y) = /"':”:uk /;Uk P(T > qlm,7) fasr(m)
frie(r)dmdr (10)

where:  fa(mm) is the probability density func-
tion of magnitude m in source k. fre(r) is the
probability density function of distance r (upper
and lower value = 7, . ) in source k. and
P(T > q|m,r) is the probability of (I’ > v) for
given in and . When the uncertainty in attenua-
tion equation of peak ground motion is involved.
the attenuation rule T' = yg(m, 7) is represented
by I' = U - yp(m,r), in which U is the lognor-
mal variate represcnting attenuation uncertainty
with median of 1.0 and coefficient of variation 4, .
Then,

P >Aqlm,r) =P (U > ;) (11)

ye(m,r)

The hazard curve is obtained by calculating po
from Eq. (10) for various valucs of é,, allowing
one to determine the value yo(po) of the intensity
parameter corresponding to a spcecified pg.

Let x represent any ground motion parameter be-
ing discussed. Assume that it is represented as
a function of the earthquake magnitude, m, and
distance, 7,

z = ¢(m,r) (12)

The conditional mean of 2 from n potential earth-
quake source zones given that T' > yy(pg) is ob-
tained by,

i zx(po)vagr (o)

Zi(po) = =5 (13)
> vrgr(0)
k=1
where:
mk(Po) 70) ,:”'"k \ d’(m r
P (U > %) f]\]k(m)ka('l")dT dm (14)

vy=annual occurrence rate at source k

The conditional mean of the magnitude 7 (po)
and that of the distance 7y{po) from k source
zones are solved by substituting m.and » to Eq.
(12) respectively. m; and 7, are the hazard-
consistent magnitude and distance respectively.

When the seismic hazard contributions from
both the seismogenic zones and fault sources are
considered, the annual probability that a random
intensity I' will exceed a value v considering n
seismogenic zone sources and mn fault sources are
determined from Eq. (15)

Pes=5 [ [
”(U>m

m - 7
+ vEpPlu > _—
Z; ¢ ( ’Wﬂﬂfﬁ=35)>

where:
M} = characteristic magnitude from fault &
uf‘ = annual occurrence frequency of ]\‘[{
RE = fanlt distance

) Fan(my) fre(ri)dr dm

(15)

A few records in the earthquake database are
related to specific faults but it is impossible to ac-
curately eliminate all of themn from the database.
Although there is a possibility of double counting
by adding the contributions of historical events
and active faults if events caused by known ac-
tive faults are not eliminated, but the effect is
negligible since eliminating few events does not
have much effect to the properties of each seis-
mogenic zone.

(2) Attenuation formula for rock-surface
ground motions

Sugito et al.,'6) developed a database of modi-
fied strong motion records on engineering founda-
tion levels with shear wave velocities of 500 ~ 600
m/sec. on the basis of the major Japanese strong
motion records. The records obtained on deposit
sites were converted into its equivalent free rock
level surface motion by the modified equivalent
linearization method for the response analysis of
layered ground, which is termed as FDEL!7).

The effective peak ground acceleration (A¢,,.)
parameter is obtained from the filtered accelera-
tion time histories. According to the definition of
Afoz by JMA, the effective peak acceleration is
determined from the vector synthesis of three or-
thogonal components of ground acceleration time
histories obtained using the three components of
the filtered acceleration time histories. The JMA
seismic intensity is scaled in the following rela-
tion.
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Fig. 4 Attenuation characteristics of peak ground motions with magnitude and hypocentral distance

Tjpra = 2logg A +0.94 (16)

[
mar
Based on this database, a multiple regres-
sion analysis was performed to formulate the at-
tenuation equations of peak ground acceleration
(Armaz). peak ground velocity (Vine:) and effec-
tive peak ground acceleration (A¢,,.). The de-
rived attenuation equations for rock-surface peak
ground acceleration (A€, ), peak ground veloc-
ity (V.ez) and effective peak ground acceleration
(AL, ) are respectively given in Eqs. (17) to (19).

1. Peak ground acceleration (gal)

logig Amaz = 0.346 Mg — 1.06log,q R + 1.69
(17)

2. Peak ground velocity (cm/sec.)

log g Viaz = 0.444Mg — 1.24l0og,y R+ 0.24
(18)

3. Effective peak ground acceleration (gal)

log,o Afyer = 0.446Ms — 1.211l0g,g R + 0.96
(19)

where:

R= hypocentral distance in km

Mg= surface wave magnitude
The coeflicients of variation are 0.44, 0.56 and
0.43 respectively for Eqs. (17) to (19).

The database of strong motion records used
in the regression analysis has the minimum
hypocentral distance of 20 kilometers, therefore
the derived attenuation equations are not ap-
plicable to hypocentral distances less than 20
kilometers. Fig. 4 shows the scattergram of
the database of 118 components of rock-surface
ground motion which are used in the regression
analysis to develop the attenuation formula for
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Annual Probability

0.0001 T T T T g T
0 100 200 300 400 500 600 700
PGA (gal)

- - - - Historical + scenario 1
—— Historical + scenario 2
—e— Historical + scenario 3

Fig. 5 Hazard comparison for three fault rupture
scenarios (Manila)
rock-surface ground motions. The attenuation
curves are compared with the database and also
shown in Fig. 4.

(3) Results and discussions on hazard anal-
ysis in the Philippines

Probabilistic seismic hazard analysis incorpo-
rating the effects of both the active faults and
historical earthquakes was done to the whole land
area of the country. The average focal depth of
historical earthquakes in the country is 21.4 km
for inland events and 27.0 km for offshore events
whereas the average for all the data is 25.1 km!8).
A conservative assumption of a 20 km uniform
focal depth of earthquakes was made during the
analysis. This assumption was made in order to
have a minimum hypocentral distance of 20 kilo-
meters, which is the minimum distance the atten-
uation equation deemed to be applicable and is
close to the average depth of inland events.

Active faults are modeled as lines. The seis-
mic hazards from faults are calculated from the
nearest distance to the faults. Seismic hazards
from the combined effects of seismogenic source
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Fig. 6 Hazard contributions for three fault rupture
scenarios for Manila based on A,.ax
zones and active faults (i.e, three scenarios) for
Manila are given in Fig. 5. Scenario 1 is highest
for annual probabilities less than 0.007, scenario
2 is highest for annual probabilities between 0.007
to 0.02, whereas for annual probabilities greater
than 0.02, the highest is scenario 3. At 0.01 an-
nual exceedance probability, the highest hazard
is from scenario 2 (276 gal) whereas scenario 1
gives 269 gal and from scenario 3 is 261 gal. The
PGA hazards of the three scenarios did not differ
so much. Fig. 6 gives the source contributions of
PGA hazards. The ratios of hazard contributions
(seismogenic zones to fault sources) correspond-
ing to pg = 0.01 are respectively: 53% to 47% for
scenario 1, 50% to 50% for scenario 2, and 57%
to 43% for scenario 3. For pg = 0.001, clearly the
highest seismic hazard is from scenario 1. The
reason for the high seismic hazard in scenario 1 is

that the hazard contributions from fault sources
is much higher than in scenarios 2 and 3. The
ratios of hazard contributions (seismogenic zones
to fault sources) for pg = 0.001 are respectively:
30% to 70% for scenario 1, 59% to 41% for sce-
nario 2, and 86% to 14% for scenario 3.

Seismic hazard for all the land areas of the
Philippines were analyzed. Hazards from fault
sources considered three possible scenarios (see
Table 3). Annual exceedance probabilities for
different levels of ground motion intensities were
calculated by combining the contributions from
historical earthquakes and the maximum of the
three fault rupture scenarios. Fig. 7 shows
the rock-surface level peak ground accelerations
(Apmaz) corresponding to 0.01, 0.002 and 0.001 an-
nual exceedance probabilities. The figures show
that maximum hazards are along the major fault
lines of the country. Figs. 8 and 9 show the rock-
surface level peak ground velocity (V..r). and
effective peak ground acceleration (Aj,,,) corre-
sponding to 100-year recurrence period.

Results showed that eastern Philippines has
the highest seismic hazard. These places are lo-
cated on zones with high occurrence rates. which
is attributed to the movement of the Philippine
plate. Zones 14 and 16 mainly contributed to the
maximum seismic hazard for in and around the
areas.

The peak ground acceleration map of this
study was compared with the result from Mo-
las and Yamazaki® . This study used the atten-
uation formula for rock-surface ground motions
while that of Molas and Yamazaki was based on
the average soil condition of observation sites. In
both studies, relatively high seismic hazards were
observed on eastern Mindanao island. Slight dif-
ferences of results are on the seismic hazards of
Luzon. From Molas and Yamazaki’s 100-year
recurrence peak ground acceleration map, areas
surrounding Baguio City which experienced a de-
structive earthquake in 1990, have A,,,, of 200
gal or more whereas the Central Luzon areas and
Metro Manila area have A,,q. of less than 100
gal. Small clusters of peak ground accelerations
up to 600 gal near Baguio City were also found
in their study.

In our study, 100-year peak ground accelera-
tions in the range of 150 - 450 gal are expected in
Central Luzon Island and Metro Manila whereas
Baguio city has expected peak acceleration of 450
- 600 gal. Our study showed higher seismic haz-
ards in these areas because of the inclusion of
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Fig. 7

Table 4 Hazard contributions for p = 0.01 (A,...)
City Hazard contributions

Manila Zone 10 Fault 2 Fault 3
42% 25% 17%

Cebu Zone 18 Fault 19 Zone 19
57% 27% 11%

Davao Zone 23 Fault 21 Fault 42
42% 20% 14%

fault sources. Manila for example is located near
to Marikina fault (see Fig. 3). Other areas far
from active faults, did not show much difference
in seismic hazards from both studies.

(4) Hazard-consistent ground motion sim-
ulation for Philippine major cities
Seismic hazards for the three major cities of the
The cities are Manila,
Seismic haz-

country were analyzed.
Cebu and Davao (see Fig. 2).
ard contributions from various sources were de-
termined. After analyzing the hazard contribu-
tions from various seismogenic zones and fault
sources to each city, it is found out that at an-
nual exceedance probability, p = 0.01, the contri-
bution from each seismogenic zone location domi-
nates the hazard contributions. Table 4 gives the
three highest hazard contributions for each city.
Manila, Cebu, and Davao (see Fig. 2) are located
inside zones 10, 18 and 23 respectively. From
this information, it was decided that the hazard-
consistent magnitudes and hypocentral distances
for Manila, Cebu and Davao were to be deter-
mined from their respective seismogenic zone lo-

(b) pg=0.002

(c) Py= 0.001

Peak ground acceleration on rock-surface level

Table 5 [Hazard consistent earthquake parameters with
500-vear recurrence period (A,,..)
Magnitude Hypo-central
City Ms M, distance (km)
Manila 71 7.0 32.2
Cebu 5.9 6.1 28.8
Davao 6.5 6.5 28.9
cation. The hazard-consistent magnitudes and

hazard-consistent hypocentral distances are re-
spectively shown in Figs. 10 and 11.
these figures the hazard-consistent magnitudes
and hypocentral distance expected within 100
vears for the three Philippine major cities were
determined. Table 5 gives the hazard-consistent
earthquake parameters corresponding to a recur-

From

rence period of 7' = 500 years.

Manila has higher
consistent magnitude than Cebu and Davao.
The expected magnitude for Manila is Mg¢=7.1
(M;=7.0), whereas for Cebu and Davao are
Mg=5.9 (M;=6.1) and Ms=6.5 (M;=6.5) re-
spectively. The values of hazard-consistent mag-
nitudes are dependent on the properties of the
zones where these cities are located. Expected
earthquake magnitude in Manila within 100 years
is higher than in Cebu and Davao because the b-

comparatively hazard-

value in zone 10 is much smaller than in zones 18
and 23. However, b-value is not the only factor.
When zones 18 and 23 were examined, the former
was found to have a slightly lower b-value but
Cebu has lower expected magnitude when com-
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Fig. 8 Peak ground velocity on rock-surface level

for 100-year recurrence

pared to Davao. This is because the maximumn
magnitude at zone 18 is only 6.7 whereas in zone
23, the maximum is 7.4. This explains why Davao
has higher expected magnitude than Cebu.

500 years, the
expected hypocentral distance in Manila is 32.2
kilometers whereas in Cebu and Davao are re-
spectively 28.8 and 28.9 kilometers . On the basis
of the hazard-consistent magnitude and hypocen-

For recurrence period of T’

tral distance, the strong motions corresponding
to 500-year recurrence period in Manila, Cebu,
and Davao were simulated. Simulation model for
rock-surface ground motion developed by Sugito,
et al.'% was used. The simulated strong mo-
tions for Manila, Cebu and Davao are shown in
Fig. 12. Simulated strong motions for Manila .
Cebu and Davao showed respective A,,,, values
of 343.5 gal, 96.2 gal, and 212.3 gal, V},q, values
of 24.6 cm/sec, 11.3 cm/sec, and 14.7 cm/sec and
D,ax values of 7.4 cm, 1.7 cm, and 2.3 cm. Re-
sponse spectra for different percentages of damp-
ing are also shown in Fig. 12. The ground mo-
tion intensity for Manila is 5.4 on JMA intensity
scale. For Cebu and Davao, the intensities are
respectively 4.5 and 4.9 on JMA scale. The sim-
ulated strong motions are on rock-surface ground
motions and did not consider soil conditions.
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Fig. 9 Effective peak ground acceleration on rock-surface

level for 100-year recurrence
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Fig. 13 SPT investigation sites

4. MODELING OF GROUND MO-
TION AMPLIFICATION AND
MICROZONING OF THE PHILI-
PPINES

(1) Local geology and soil profile dataset of
the Philippines

It has been widely recognized that local geol-
ogy strongly affects the intensity of ground mo-
tions. Su, et al.'?) studied the amplifications of
ground motion accelerations due to local surface
geology from coda waves. They observed that
site amplification factor at a station is well cor-
related with its surficial geology. Ground motion
amplification is dependent on the softness of soil
deposits as well as the type of soil deposit on the
site. Obviously, the softness of soil deposit is well
correlated with its geologic age. Therefore, the
surface geology is correlated with the ground mo-
tion amplifications.

The best way to evaluate the ground motion
amplifications would be to perform a response
analysis at each individual site. However, this
method needs the soil profiles and shear wave
velocities for different soil layers in each indi-
vidual site. These types of data have not been

obtained at many sites. Geotechnical investi-

W Quaternary
M Pliocene - Pleistocene
B Neogene
=8 Oligocene - Miocene
=1 Mesozoic
Extrusive rock (

?
0km 200 km
)
Fig. 14 Geological map of the Philippines

gations in the Philippines usually only include
the blow-count profiles. The soil testing method
that has the most available data in the coun-
try is the standard penetration test. Standard
penetration test results all over the Philippines
were compiled from various geotechnical consul-
tants.
13. The surficial geology of each test site was
determined by projecting the site on the geolog-
ical map of the Philippines shown in Fig. 14.
The country’s surficial geology is of 6 main types.
Namely: Quaternary, Pliocene-Pleistocene, Neo-
gene, Oligocene-Miocene, Mesozoic and Extru-

Investigated sites are indicated in Fig.

sive/Intrusive rocks.

(2) Soil softness index, S,

Furumoto et al.?)) developed a simplified
method to determine the nonlinear amplification
factor for different ground motion intensities by
using the blow-count profiles at ground motion
In their method, a soil
From the

observations in Japan.
softness index (S,) was introduced.
soil softness index (.S,,), the nonlinear ground mo-
tion amplification factor 3, can be determined.
The ground motion amplification factor, called -
factor relates the ground motion intensity Yy for
rock-surface to Yg for corresponding soil surface
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Fig. 15 Blow-count profi

by the formula Ys = 8Yg. The ground motion
amplification factor 3, is a function of the rock-
surface ground motion and soil softness index, S,
values of site. S, is calculated from Eq. (20).

ds
S, = 0.264 / =004 (2)=0.197 3. _ () 885 (20)
0

where:
N(z)=blow-count profile at depth z
z=depth in meters
ds=depth of SPT blow-count profile (n)

Ground motion amplification factors for peak
ground accelerations 3, peak ground velocity 3,
and effective peak ground accelerations [(,. are
given by Egs. (21) to (23) listed in Table 6. The
soil softness index, S, is non-dimensional param-
eter with a maximum value of 1.0 corresponding
to blow-count N(z) = 0, for 0 <z < d,;. Sy is
fixed at 0 corresponding to blow-count N(z) =
19, for 0 < 2 < ds. Soft soil deposit is indicated
by high S,, values and hard soil deposit is indi-

les for different surface geology

Table 6 Conversion factors for rock to soil surface level
ground motions

1) B, factor for Au..e in gal :
Ba = 1QBoatBialogip Amacr (21)
where:
Boa = 0.15¢0955x
case (S, < 0.17): By, =0.0
case (S, > 0.17): By, = —0.185,, + 0.03

2) B, factor for V,,,, in cm/sec. :
By = 1080w+ By 19810 Vimaz (22)
where:
By, = 0.15¢%405n
case (S, < 0.24): By,

case (S, > 0.24): By,

=0.0
—0.215, + 0.05

factor for A%, in gal:

Boe = 10B0etBielogio Anur

3) Bae
(23)
where: .
Boe = 0.15¢%095»

case (S, < 0.34): By,
case (S, > 0.34): By,

= 0.0
= —0.355, 4+ 0.12

cated by low S, values.
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PROCEDURE FOR DETERMINATION OF SOIL
SOFTNESS INDEX, Sn

SPT blow-count profiles
269 sites

h 4

Get the average blow-count profiles from each site and designate
the average values as the representative profile for each test site

¥

Calculate S for individual sites from
the representative profiles

¥

Group S values according lo surface geology and designate the

average S value for each geology type as its representative Sn value

[

v v v v v v
Type 2 Type 4 Type 6
Type 1 Pliocene - Type 3 Oligocene - Type 5. Extrusive /
Quaternary Plei Neogene Mi Mezosoic .
no. of data=42 leistocene no. of data=7 iocene no. of data=9 Intrusive Rocks
’ no. of data=28 5 ; no. of data=7 ; no. of data=15
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Fig. 16 Procedure for determination of representative soil softness index, S,

(3) Ground motion amplification correct-
ions by means of the soil softness index,
S’n

Standard penetration test results from vari-
ous locations in the Philippines were compiled.
SPT procedures in the Philippines?! was found
to be identical with the Japanese SPT proce-
dures. The records had values determined from
3 feet (0.91 m) to 80 feet (24.39 m). The tests
had blow-counts determined for every 5 feet (1.52
m) of depth interval. The dataset consist of 269
records. Each test site had blow-counts deter-
mined from a minimum of one to maximum of
ten boreholes.

The sites where the blow-count profiles were
obtained are concentrated in the central and
southern part of the Philippines. Maximum
depth of boreholes varied from site to site. Some
sites have boreholes as deep as 80 feet (24.39 m)
and some sites have borehole depths less than 40
feet (12.19 m). Data that have test hole depth of
15 m or more were selected for the analysis.

Fig. 15 shows the blow-count profiles for the
six surface geology types. Data are concen-
trated on the first two types; the Quaternary and
Pliocene-Pleistocene. The reason for higher dis-
crepancy of the number of data among the six ge-
ologic types is that most of the soil investigation

1.0
&
:; 0.5 l I .
bl
2 0o |
[
121
g I I
£ -0.5
<]
@
-1.0 T T T T M
1 2 3 4 5 6
Geology type

Fig. 17 S, values for different geology type

sites are located in the cities where many busi-
ness establishments had building foundations in-
vestigated before construction. Highly urbanized
cities in the Philippines are located in plain ar-
eas where the surficial geology is of Quaternary-
Holocene type (Type 1) or Pleistocene-Pliocene
sediments (Type 2).

Soil softness index, S,,, was determined for ev-
ery site using the blow-count profiles. Soil soft-
ness index values were divided according to the
geological age of the soil deposits. The §,, values
were averaged for sites that belong to the same
type of geology and the average S, value in each
geology type was designated as the representative
soil softness index, S,, value. The methodology
is given in Fig. 16. Fig. 17 shows the range
(i.e., average * standard deviation) of S, values
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Fig. 19

of the 6 geology types.

Based on the representative soil softness index
of each geology type, the amplification factors
were calculated. Amplification factors for differ-
ent levels of Ajaz, Vinez and AS,,, using average
S, values are presented in Fig. 18. For peak
accelerations between 10 and 200 gal, the ampli-
fication factor is highest in Type 3 followed re-
spectively by Types 1, 2, 4, 5, and 6. However,
amplification factors in Types 1 and 2 are lower
than that of Type 4 for peak accelerations more
than 200 gal. The amplification factors for peak
ground velocities showed a slightly different char-
acteristics. The highest to lowest amplified geol-
ogy type is in the order of Types 1, 2, 3, 4, 5, and

() Py= 0.001

(b) Py=0.002

Peak ground acceleration on soil-surface level

6 for peak ground velocities less than 40 cm/sec.
For peak ground velocities more than 40 cm/sec,
Type 3 is slightly higher than Types 1 and 2. The
amplification factors for effective peak ground ac-
celerations are constant for all values of effective
peak ground acceleration. These results are only
for the representative or average S,, values of each
geology type. Decreasing values of amplification
corrections for Aj, . can be observed depending
on the actual S,, values on a specific site. Highest
to lowest amplified type of geology is in the order
of Type 1, 2, 3, 4, 5, and 6. In all ground motion
parameter types, the amplification factors indi-
cated that ground motions at Quaternary type of
geology are amplified more.
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Fig. 20 Peak ground velocity on soil-surface level

for 100-year recurrence

(4) Microzoning based on seismic hazard
analysis

The ground motion amplification corrections
determined in the preceding section were ap-
plied to the rock-surface level seismic hazard of
the Philippines. Amplification corrections were
applied by multiplying the 3 factors by the
rock-surface level peak ground acceleration. peak
ground velocity and effective peak ground accel-
7 to 9. Soil-
surface level peak ground accelerations for annual
exceedance probabilities of 0.01, 0.002. and 0.001
19. The increase in seismic

eration hazards shown in Figs.

are shown in Fig.
hazard after the application of amplification fac-
tors is more pronounced for hazards with annual
exceedance probability of 0.01. This is because
low peak ground accelerations have higher am-
plification factors. The soil surface level peak
ground acceleration hazard from py = 0.01 to
po = 0.002 shows significant increase as com-
pared to the increase of hazard from py = 0.002 to
po = 0.001. The soil surface level peak ground ve-
locity and effective peak acceleration hazard map
with annual exceedance probability of pp = 0.01
are shown in Figs. 20 to 21. Seismic ground mo-
tion intensity hazards increased considerably on
areas where the surface geology is Type 1 or Type
2 and the increase is most significant in effective
peak ground accelerations.

Both the rock-surface level and soil-surface
level ground motions indicated that the seismic

300 cm/sec?
250 - 300 cm /sec?
200 - 250 cm/sec?
150 - 200 cm /sec?
100 - 150 cm/sec?
50- 100 cm/sec?
0-50 om/sec?

—
0 100 200 km

Fig. 21 Effective peak ground acceleration on soil-

surface level for 100-year recurrence

hazard of the Philippines is highest on Central
Luzon and Eastern Mindanao. These areas are lo-
cated along the Philippine Fault. However, when
ground motion amplification corrections were ap-
plied, some areas showed significant increase in
ground motion intensities. The most notable in-
crease in seismic hazard are in the city of Manila
and central Luzon Island. These areas are located
on Quaternary type of geology, which has the
highest amplifications for effective peak ground
accelerations.

5. CONCLUDING REMARKS

Major works and conclusions from this study
are the following.

1. Seismic hazard of the Philippines was ana-
lyzed on the basis of historical earthquakes
and active fault data. Seismic source zon-

ing was done to incorporate the difference
of the earthquake occurrence rate of the re-
gions precisely into the hazard analysis. Haz-
ard map for peak ground acceleration, veloc-
ity and effective peak acceleration on rock-
surface level are presented.

2. The eastern part of the Philippines showed
the highest seismic hazard, which is at-
tributed to the movement of the Philippine
Trench.
the country, the capital city of Manila has
the highest seismic hazard followed by Davao

Among the three major cities of
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and Cebu.

3. Hazard-consistent earthquake magnitudes
and hypocentral distances at seismogenic
zone location of the major cities of the
Philippines were determined. Ground mo-
tion time histories for the major cities of
the Philippines were simulated on the ba-

sis of the hazard consistent magnitude and

hypocentral distance.

4. Representative value for soil softness index,
S,., was determined for 6 types of local geol-
ogy on the basis of soil profile datasets. Am-
plification correction factor is high in young
Quaternary sites and minimum at rock sites
and older Mesozoic age soil deposits.

5. Microzoning technique was applied to the
seismic hazard analysis in the Philippines.
The cffect of nonlinear ground motion an-
plification was incorporated for typical six
surface geology types using the soil softness
index. S,,. Amplified ground motion intensi-
tics showed a significant increase of seismic
hazards in the city of Manila and central Lu-
zon island.
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