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ABSTRACT: The study aimed to create a probabilistic liquefaction potential map for Metro Manila to help
prepare for future calamities. A liquefaction opportunity map was produced by computing the probability of an
earthquake with a moment magnitude of at least 5.2 from occurring. Historical data were gathered from 7
surrounding active faults within a 150 km radius of Metro Manila to determine their recurrence. A liquefaction
susceptibility map was also developed by taking into consideration the conditions of the soil. Approximately
1000+ borehole logs scattered across Metro Manila was used in developing this map. These two maps were then
combined to create the probabilistic liquefaction potential map. The results show that there is only a 2% chance
of an earthquake capable of triggering a liquefaction occurring in a given year but in 50 years, there is a 10%
chance of exceedance coming from an earthquake with an acceleration of 0.7g. The earthquake is most likely to
come from the Valley Fault System which runs straight through Metro Manila.
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1. INTRODUCTION

Geotechnical hazards by definition are events that
are directly caused by the action of the ground that
would cause adverse effects on humanity. This
includes but is not limited to earthquakes,
liquefaction, soil settlement, soil heaving, collapse, ©
land-slide and scouring [1].

The two geotechnical hazards, earthquake and
liquefaction must continuously be looked out for.
Since Manila is the capital of the Philippines, its
vulnerability is that much greater than any other
location in the country. In addition to that, the Metro
also contains a lot of non-engineered houses which
are in great risk as mentioned in [2]. This is why a
study on the different geotechnical hazards must be
done to prepare not just the professionals for their
design but also for the normal individuals to protect

their lives. B3~ _EQGIS
O 545
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2.1 Data Gathering @ 735
@ 7.3

Determination of Source — In order to determine
the active faults situated around the area of interest, . .
the researcher first consulted the National Structural Fig. 1 Spread of EQ events in the area of study
Code of the Philippines (NSCP) to see which among Source Characterlstlps —_Thls included its geometry,
the known faults are within the 150km radius of NCR. source type, and direction of movement that can
This 150km radius is in accordance to [3]. affect the modelling of each earthquake generator.

Earthquake Records — Records of earthquakes from Borehole Logs — These contain vital soil information
the faults determined above having values not less that show the susceptibility of the soil at hand. These

than 5.2 in magnitude in the Richter’s scale were were then inputted into ArcGIS and used the spatial

gathered as can be seen in Fig. 1. analysis tools, ordinary Krigging, one of the eight
interpolation techniques mentioned in [4].
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2.2 Data Analysis

Magnitude Limits — Magnitude 5.2 served as the
lower limit in this study because according to [5] this
surface magnitude was the smallest earthquake that
was able to trigger liquefaction. This happened in
Laoag city in the Northern parts of Luzon. The upper
limit used was a magnitude of 8.2 since it is the largest
earthquake ever recorded in the country [6]. It should
be noted that both these limits are in terms of surface
magnitude, the most common type of magnitude
recorded in the country. It is to be expected that the
data will not have a significant spread throughout all
the magnitude between the said ranges above so to
cover this problem, an interval of 0.6 magnitudes will
be used as a range to ensure that each group will have
enough data within it. This interval range was
adopted from the work of [7] where he had found out
that this range is the most effective way of distributing
the data points without hindering the study’s results.
Modelling of the Earthquake Events —First
assumption is that surface magnitudes below or equal
to 5.7 were considered to come from a point source
since the magnitude is relatively small in comparison
[8]. On the other hand, those that exceed this value
were considered as either a linear fault rupture or an
area rupture depending on the generator’s geometry
and source type. The second assumption was that
both linear fault and area fault ruptures will follow the
finite fault rupture model by [9] which states that the
earthquake generated at the focus will propagate and
felt equally along the rupture length or area. The
relationship between length and the moment
magnitude of a strike slip fault is expressed by Eq. (1)
[10].

logL = 0.74M,, — 3.55 045, = 0.23 1)
Despite having the equation in terms of moment
magnitude, the models Eq. (2) and Eq. (3) developed
by [11] successfully converted the surface and body
wave magnitude available in the country into moment
magnitude so that it can be used in this equation.

M. = e 0222+0.233M; + 2.863
MW = ¢~ 4664+0.859M) +4.555
w .

)
®)

Equation (4) on the other hand uses a model that was
derived from a database containing earthquakes from
subduction zones. This equation was then used to
determine the area fault rupture of the event by
applying the determined length value in the aspect
ratio prepared by [12].

M =4.532+0.887logL oy =0.344
(4)

where:

L=2wW
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Probability Distribution of distance R — To determine
P(R), the assumption made was that the radius used in
solving for the probability is the nearest distance
between the point of interest and a splice or part of the
rupture area or length. This was made in accordance
to the finite fault rupture model by [9] where it states
that an earthquake has an equal probability of
occurrence in the whole length or area of the fault
rupture area or length. For an area source type, the
region of permissible foci needs to be determined
first. This region was then divided into 1 square
kilometer, placing the focus on the center of each grid.
This origin was then extended in accordance to the
aspect ratio of the magnitude interval used. The
shortest distance from that area to the site will be
taken as R. To compute for the probability
distribution of R, the number of ruptures that falls on
each 10 km distance interval must be normalized by
the total number of ruptures possible for the source
zone. The same concept was used for linear source
types except that instead of dividing into 1 square km
intervals, the length of rupture was divided into 1km
interval. The length was then extended from the
origin of each interval. This will give the value R.
The computation for P(R) was the same as above [8].

lubang fault manila trench

PFZ: ragay gulf valley fault system

LOG (N)

MOMENT MAGNITUDE

Fig. 2  Annual rate of occurrence

Annual Rates of Earthquake Activity — The annual
rate of activity in Fig. 2 for each seismic generator
was made by distributing each recorded earthquake
event to the source nearest to its epicenter. The
number of events per magnitude range per generator
divided by the total number of years that has available
record resulted to the annual rates of earthquake
activity. This was repeated every magnitude range to
every available faults. A Semi-logarithmic regression
was also made from the values determined and was
used for determining the next variable needed.
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Probability Distribution of Earthquake Magnitude M
— This can be done by using Eq. (6) by [13]. The B8
used in the equation was the absolute value of the
slope determined from the regression mentioned
above. Multiplying the results to the probability
values of R for each interval for each source and then
combining all of them will result to the probability of
occurrence of earthquakes that can cause liquefaction
to occur at a specific location.

B exp[-p(m-—m,)]

Fu M) = B mg ] ®)
Plm;<m<m,] =
[0 fum) = f (my+52) my —mp) — (6)

Ground Motion Intensity — Because of the lack of
strong ground motion data in the country, the
attenuation relationship, Eq. 7, developed by [14]
with a similar tectonic setting was used instead.

logA = 0.41M —log(R + 0.032 x 10%41M)

—0.0034R + 130
Ologa = 0.21 (7
Given the value of A, the probability that a target
PHA (a*) was then exceeded should an earthquake of
the given magnitude interval occur at the given
distance range, P(A), can be estimated by computing
the standard normal deviation z Eq. (8) and then
obtaining the cumulative distribution function (CDF)
value [8].

7 *= logax—log A

®)

Olog A

Correction Factors on N value — The N value shown

in the borehole logs cannot be used directly in the

succeeding equations needed in determining the

liquefaction susceptibility. The N value needed to be

adjusted first by several correction factors before it

can be used. This was done by using Eg. (9) and Eq.

(10) by [15]. The summary of the results can be seen

in Fig. 3.

Ngo = NCyCrCpCrCs ©)

where:

N - corrected N value;

N - standard N value;

Cy - factor to normalize N to a common reference
effective over burden stress;

- correction for hammer energy ratio;

- correction for borehole diameter;

- correction for rod length;

- correction for samplers;

Cg
Cp
Cr
Cs

Ngoes = @+ BNgg (10)
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where:
a=0for FC<5%
176-(1229)
a=e Fc® for 5% < FC < 35%

a=5for FC=35%
B=1for FC<5%
15

B=099+ ——

0, 0,
Toog [O7 5% < FC <35%

B=12for FC=35%

Fig. 3  SPT value per meter depth

CRR; 5 — With the corrected value of Ngg.s, CRR 5

was then determined by Eq. (11) developed by [15].
Equation (12) and Eq. (13) were then used to adjust
this value to the right magnitude and overburden
pressure.

CRR, 5 = 34+ Neo

Neo = 135
(11)

50 1
(10Ngg+45)2 200
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10224
Ky =75 (12)

— (Z'v\f-1 13
Ka - (Pa) ( )

CSR and the ‘a’ to trigger — From the value
determined above, given a factor of safety of 1.3, the
value for CSR was determined. This value was then
equated to Eq. (14) developed by [16] to determine
the acceleration needed to possibly trigger a
liquefaction. This acceleration can then be used to
determine the susceptibility of the area and
subsequently its liquefaction potential also.

_ 0.65ammax0voTd

CSR = === (14)

where:
QAmax - Peak horizontal acceleration

ry=1-0.00765z forz <9.15m

rs=1.174-0.0267z for 9.15m <z < 23m

Results

B 0-0.0001
0.0001 - 0.001
0.001-0.01
0.01-0.1
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Fig. 4  Liquefaction Opportunity

Liquefaction Opportunity — Now that the values of
P(R), P(A), P(M) and w; are known for each
magnitude interval. Substituting all these values into
Eq. (15) resulted to the annual exceedance rate for
various target PHAs in each source.

AX=x] =~
Mmax
Zsourcesivi Mo

fR|M(r|m)drdm
(15)

leMP[X > x|M, R]f,,(m)

Combining them together will produce the annual rate
of exceeding a target PHA when an earthquake
capable of triggering liquefaction occurred at any of

the sources nearby as can be seen in Fig. 4.
N > 3 % ¥ R

in percentage

Fig. 5 Liquefaction Susceptibility

Liquefaction  Susceptibility Given that an
earthquake with a specific magnitude range from a
fixed distance of 15km to the target site, the
probability of exceeding the target acceleration that is
needed to trigger the event by the acceleration by the
given magnitude range and fixed distance was then
computed. Example of results can be seen in Fig. 5.

Liquefaction Potential — Assimilating both the
liquefaction opportunity and susceptibility produced
a liquefaction potential map for the site. Figure 7
showed the probability of exceeding the acceleration
needed to trigger a liquefaction by combining every
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combination of magnitude and distance for every
seismic generator around the area.
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Hazard Curve — The resulting values was then used to
generate hazard curves for the liquefaction
opportunity as can be seen in Fig. 6.
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Fig. 6 Hazard Curve for all seismic generators
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Fig. 7 Liquefaction Potential for Metro Manila

Design Ground Motion — Aside from the annual
probability that the target acceleration (a*) will be
exceeded should an earthquake capable of triggering
liquefaction occurred in any of the source zones,
A[X = x], it is also necessary to compute the PHA
corresponding to a given probability of exceedance in
a given time frame. The design ground motion used
in this study was a 10% probability of exceedance in
a 50 year time frame Eq. (16) [8].

_ In(1-P[¥r>y+]) _ In(1-0.1)

A =
yx T 50

=0.00211

(16)
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Fig. 8 Deaggregation of results

Deaggregation The results was then be
deaggregated, as shown in Fig. 8, to show which
among the magnitude intervals will be responsible in
the occurrence of the most probable earthquake that
will cause liquefaction in the area of interest. It also
showed which among the seismic generators
contribute the most to the probabilities.  This
knowledge can then be used to make to prepare for
the worst and properly mitigate and lessen the
damages that will be incurred by the phenomenon.

3. CONCLUSION

From the earthquake opportunity analysis, the
greatest probability of an earthquake with a
magnitude of at least 5.2 has only 1% chance of
occurring within a given year but if we look at the
seismic hazard map, one could see that in the next 50
years, there is a 10% chance of having an earthquake
generate an acceleration of 0.7g in the area which isa
bit higher to the 0.6g value determined by [7]. This
value, according to the deaggregation, would likely
come from the valley fault system with a magnitude
range of 5.8 — 6.3 from a distance range of 0 — 10km
away from the site.

5 | | I|‘
o - | — -I Il = J— - =

VES



Int. J. of GEOMATE, April, 2016, Vol. 10, No. 2 (SI. No. 20), pp. 1804-1809

The vertical mid-section of the Metro Manila has
very hard soil in it though they start showing at
around 3m deep. Both the western and eastern part of
the region has sandy top soil for the first 6 meters,
beyond that it is mostly clays and silts. On the other
hand, SPT values show a much more constant range
of values throughout the entire 20m depth. Seeing
that the top soil for all seem to be red and yellow in
color even for the vertical mid-section of the region.
This is because this layer of soil have not been
consolidated yet. After that the red and yellow
section continue to cluster in the same area where the
sandy soils are found, both in the western and eastern
part of the region. Since the liquefaction
susceptibility of the area is largely influenced by the
soil type map and SPT map, it was no surprise that the
patterns shown in the susceptibility maps are pretty
much the same in nature.

Next, the liquefaction potential developed from
this study shows the same pattern as that of the
susceptibility except the values are very much lower,
the greatest probability only having a 2% chance of
exceedance in a given year. But just like with the
earthquake opportunity map, this should not be
underestimated since this value increases as time
passes by.

These results can now be used to help prepare the
government of upcoming threats caused by
earthquakes and liquefactions. Countermeasures can
now be implemented to minimize if not completely
take away the destructive effects of these events. One
possible countermeasure would be to use crushed tiles
as backfill to reduce the effects of liquefaction [17].
With the present maps, one could also design
structures that could withstand an acceleration of
0.7g.
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