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ABSTRACT: The Philippines is prone to earthquakes, making the liquefaction opportunity is higher compared
to other regions and countries. Existing models in calculating the probability of liquefaction are memoryless
which does not consider the current and previous conditions in predicting the future values, hence, a method
utilizing a semi-Markov chain was used. The city of San Fernando, Pampanga in the Philippines was considered
as the study area The liquefaction potential map was developed by identifying the acceleration to trigger
liquefaction based on the susceptibility computation. Then, the liquefaction opportunity was taken from the
probabilistic seismic hazard analysis (PSHA) to determine the probability that the acceleration to initiate
liquefaction will be exceeded. In addition, the seismic amplification factor was considered in the study, as well
as an updated ground motion prediction equation. A semi-Markov chain was used in calculating the
liquefaction potential. From the study, the liquefaction potential maps were developed, and it can be inferred
that most parts of the province’s capital have a high liquefaction potential in the next fifty years.

Keywords: Liquefaction Potential, Liquefaction Opportunity, Liquefaction Susceptibility, PSHA, Semi-Markov
Chain, Philippines

1. INTRODUCTION Iba Fault, East Zambales Fault, and the West Valley
Fault. Since these faults can produce magnitude 7

The Philippines is one of the most volcanically or 8 earthquakes, the opportunity of liquefaction is

and seismically active regions. The nation has high, hence, it is important to know the probability

recorded numerous big earthquakes in the last 400 of earthquake-induced liquefaction of the province

years. Bird and Bommer [1] reported the secondary in the succeeding years.

causes of damages to buildings were made up of

minor landslides, minor tsunami, minor ground i Lo Tl

shaking, fault rupture, and liquefaction. From the o : Z

study, liquefaction made up 43% of the secondary I S Femando s 4

causes of damages and it was the highest contributor v \ f’

among the lists. Further, the study also quantified e e ' L T al

the causes of damages to transportation. For both
the significant and moderate transportation
damages, liquefaction was consistent in being the

biggest contributor to the damages. For the damages pp— ' E . ' -
to utilities, liquefaction contributed the second : v Y
largest to the damages with a 37% impact. ————

Pampanga is a province in the Central Luzon
area of the Philippines, and it is near Metro Manila,
the regional capital of the Philippines as shown in Fig.1 Location of Pampanga relative to the nation’s
Fig. 1. The city of San Fernando is the province’s regional capital
capital. It is the center of businesses, livelihoods
and it is a highly urbanized area with multiple There are some literatures [2-6] that have
leisure parks, malls, and other residential areas. It is already proposed a method in computing the
also expected that the city will continue to expand probability of liquefaction but most of the existing
its residential area in the coming years. From its models were memoryless which does not consider
geographic location, the nearest active volcano is the current and previous conditions in predicting the
mount Pinatubo, and a possibly active volcano, future values, hence, the proposed method of
mount Arayat, is both around 25 km away from the utilizing the semi-Markov chain which considers
city. It is also near multiple fault lines such as the the posterior distribution.
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2. RESEARCH SIGNIFICANCE

The study contributed technical and academic
knowledge in utilizing the semi-Markov chain in
developing a probabilistic liquefaction potential
map and to test this method, a liquefaction potential
map was developed for the City of San Fernando. In
addition, the study informed local authorities
regarding the potential of earthquake-induced
liquefaction to minimize the risk of the city to
liquefaction.

3. METHODOLOGY
3.1 Data Gathering

The earthquake sources within the 150 km
radius [7] of the study area were determined by
plotting the fault lines and drawing a 150 km radius
from the center of the study area. The earthquake
records [8,9] of a minimum magnitude 5.2 [10]
from the considered sources were collected. The
fault sources and the records of earthquakes were
plotted as shown in Fig. 2.
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Fig.2 Earthquake sources and records of earthquake
in the study area

The surface, body wave [11], and local
magnitudes [12] were converted to the respective
moment magnitudes using Eq. (1), Eq. (2), and Eq.
©F

MW — 8_0'222+0'233MS + 2.863 (1)
Mw — e—4—.664+0.859Ml7 + 4.555 (2)
M,, = 0.7814 + 0.9993M, (3)

The characteristics of the earthquake sources
[13] were also gathered. It includes the tectonics,
geometry style, length, width, depth, and dip angle.
Further, borehole data were congregated from the
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available public projects and some of the local
geotechnical firms. The relevant soil information
was used for the calculation of the acceleration to
trigger liquefaction.

3.2 Data Analysis

3.2.1 Acceleration to trigger liquefaction from
liquefaction susceptibility equations

With the borehole data collected, the
computation for the liquefaction susceptibility was
performed. The whole process involved the
computation of the seismic amplification factor, the
initial liquefaction susceptibility based on the
compositional criteria, the corrected SPT-N values
for clean sands, and the acceleration required for the
soil to liquefy. For the amplification factor, the
shear wave velocities based on SPT N-value [14] or
RQD [15] were first computed using Eq. (4) or
using linear interpolations of the values in table 1.

V; = 77.13N°377 @)
Table 1 Shear wave velocity using RQD
Shear Wave
0
RQD (%) Velocity, Vs (m/s)
0<RQD <50 600
RQD =65 760
RQD =80 1500
RQD =90 2500
RQD =100 3400

With the shear wave velocity in each layer, the
approximate value of Vsz [16], which is the
average shear wave velocity in the first 30 meters is
calculated using Eq. (5).

N
Zi=1hi

N M
yN L
Elvg

Vs30 -

®)

The amplification factor [16,17] was evaluated
using Eg. (6) and Eg. (7). The equations used
considered the linear and non-linear effects of soil.

For ngo < Vref:
2
In(AF) = a;In (V‘”) +a, [ln (VS:“’) ] +

Vref Vref
a3 In (“2242) 4 p, n (2Rrestc) 4
max(PArock,PArockmin) Viatio
b, In ( PAyockmin ) xIn ( 14 ) (6)
For ngo > Vref:
In(AF) = b, In (@) +
max(PArock,PArockmin) Viatio
b, In ( PAyockmin ) xIn ( 14 ) )
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The initial peak ground acceleration [18] used
for the amplification factor calculation is defined in

Eqg. (8).

log(A) = 0.41M — log(R + 0.032 x 100.411\4)
—0.0034R + 1.3, Ologa = 0.21 (8)

The parameters a;z and b; used in the calculation
were taken from Eq. (9) and Eqg. (10) as shown
below.

ao, if Vzo <V,
a, .

az; ={ay— benvnx(Vsao =V, ifVa<Vge =V, (9)

0, if Vizo >V,

bo1, if Vszo <V1

boz—b v )
b, = {bo1 + 1(:("—2319{111( :“), if Vi <Vgo <V,
Vi

boz, if Vszo >V,

(10)
The values of the other constants can be seen in

table 2.

Table 2 Constants in the amplification factor
calculation

Constant  Values Constant Values
a1 -0.69 \1 184
az -0.13 \Y 184
ao 0.34 c 0.10
Va 176 b, 0.09
Vy 481 Vet 1000
b01 -0.91 PArockmin 0.01
bOZ -0.24 Vratio 2.5

The relationship between the amplification
factor, peak ground acceleration for bedrock, and
adjusted PGA [16] is shown in Eq. (11).
In(PGA) = In(AF) + In(PAocx) (11)

Then, the initial liquefaction susceptibility was
determined using the compositional criteria. The
soil layer is initially classified as susceptible to
liquefaction if all the criteria in Eq. (12) were
satisfied [19]. The input values in the relationship
are the water content, liquid limit, and plasticity
index.

W, > 0.85LL, LL<37, PI<7 (12)

The unit weight of soil in each layer is an
important parameter in the correction of the SPT. It
is also the basis for the computation of the total and
effective stresses which is used in the computation
of the acceleration. A method of predicting the

geotechnical parameters using various machine
learning techniques were utilized [20]. The
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summary of the correlations is shown in table 3. The
equations have an input of N-value which was taken
from the borehole data.

Table 3 Unit weight computations based on N-
value

Soil Soil Unit weight Range
Type  Property (in kg/m?) 3;'3[;
Coarse  Saturated  (0.0096*N+1.5001) 1-39
Coarse  Saturated  (0.0141*N+1.3726)  40-50
Coarse Moist (0.0068*N+1.5554)  1-50
Fine  Saturated (0.0080*N+1.7202)  1-50
Fine Moist (0.0114*N+1.2488) 1-50
For each susceptible layer based on the

compositional criteria, the corrected SPT (N1)eo
value [21,22] was evaluated using Eg. (13), and the
clean sand adjustment [21] was determined using
Eq. (14). The final SPT N-value corrected for clean
sands was done using Eq. (15).

(N1)60 = CyCgCrCpCsNy, (13)

9.7 15.7

2
A(N1)eo = exp <1'63 + Fc+.0.01 - (FC+0.01) ) (14)

(NDsoes = (N1)go + A(N1) 60 (15)
where: Cy is the overburden correction factor, Cg is
the hammer energy correction factor, Cr is the
correction for rod factor, Cg is the nonstandard
borehole correction, Cs is the split spoon correction
factor, Ny, is the standard N value, and FC is the
percent fines content.

For each susceptible sub-layer, the total stresses
and effective stresses of each soil layer were
computed. Then, the correction factors for the
cyclic stress ratio and cyclic resistance ratio were
computed: the overburden correction factor, the
stress reduction factor, and the magnitude scaling
factor [21] was determined using Eq. (16), Eq. (17),
and Eq. (18), respectively.

Pq

K, = 1—c,,1n("”)s1.1;
(16)
C. =

1

pu <0.3;
18.9-2.55

(N16ocs

ra = expla(z) + B(2) - M];
a(z) = ~1.012 = 1126 sin (55 +5.133); (17)
+5.142);

z
11.28

B(z) = 0.106 + 0.118 sin (
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MSF = 6.9 - exp (%) —0.058<18 (18)
where: o’y is the effective stress at the layer
considered, P, is the atmospheric pressure, z is the
depth below the ground surface, and M is the
magnitude considered.

In each layer considered, the non-adjusted and
corrected cyclic resistance ratio, CRR [21] was
evaluated using Eq. (19) and Eq. (20), respectively.

(N1)socs ((N1)50cs)2 _
14.1 126

CRRyq = exp| ((veocs\? (NDsocs\* (19)
(=) + (Tp=) -
2.8
CRRy.51 = CRRyq - MSF - K, . (20)

The value of the cyclic stress ratio, CSR [21]
was solved by using Eq. (21). Then, the acceleration
to trigger liquefaction was determined by isolating
the value of the required acceleration, amax in Eq.
(22). The computed acceleration will be used as the
parameter for the liquefaction potential calculations
[23].

CRR

_ M<a'1';
FSyq = T (21)
CSRyy.q; = 0.65 Z—“mT T4 (22)
3.2.2 Liquefaction opportunity based on

probabilistic seismic hazard analysis

After obtaining the required acceleration to
trigger liquefaction, the said acceleration will be
used as an input value in the probabilistic seismic
hazard analysis (PSHA) [24] to determine the
probability that the certain acceleration will be
exceeded in a given year. The PSHA was expressed
using the total probability theorem formula as
shown in Eq. (23).

ALY 2 y] =3, v X0 S PY >y my,n] P[M =
m;| PR = ncJmy] (23)

where: A[Y > y] is the total mean annual rate of
exceedance for the peak ground acceleration, y*, Ng
is the number of earthquake sources, i at the site or
region of interest, Nm is the number of magnitude
intervals, j to be considered, N; is the number of
distance intervals, k to be considered, v; is the mean
rate of exceedance for magnitude for source, i,
PLY>y*|m;, r] is the probability that the peak
acceleration level is exceeded given the probability
of magnitude, j and distance, r, P[M = mj] is the
probability for the magnitude, M occurs in the
magnitude intervals, m;, and P[R=rymj] is the
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probability for the distance, R.

The probability distribution function for
distance was determined based on a uniform
distribution. It is assumed that the fault rupture
followed the finite fault rupture model which asserts
that an earthquake-generated at the center was of the
same magnitude in the rupture length or the rupture
area. The ends of the faults are extended using the
relationship for the linear sources [25] shown in Eq.
(24) while the formula for the areal sources [26] was
done using Eq. (25). Further, the length of the
rupture based on the down-dip width [27] was
computed using Eq. (26).

logL = 0.74M,, — 3.55; 0jog;, = 0.23 (24)
M = 4532+ 0.887logL; 0joey = 0.344 (25)
L=2w (26)

Then, the difference between the nearest (rmin)
and the farthest (rmax) from the site to linear/areal
source was solved. A uniform probability
distribution function (PDF) was created by
subdividing the difference into 10 intervals, then the
1 km strip was tallied in each fault source.

For the probability distribution for the
magnitude, the annual rate of an earthquake in each
fault source was then computed. The distribution of
the magnitudes of the earthquakes was recorded
using a class size of 0.6 [28] starting with a
magnitude 5.2 earthquake. The number of
earthquakes exceeding the minimum magnitude in
each class was tallied. Then, the logarithm of the
ratio of the number of earthquakes exceeding the
minimum value to the number of years passed since
the first earthquake, and the midpoint values of the
classes were plotted in a graph.

A connecting line was used to connect the points
in the graph and an approximate linear regression
was drawn based on the points plotted. The linear
graph developed was the Gutenberg-Richter graph.
A graph using the Digdig Fault in the Philippine
Fault Zone is shown in figure 3. The computation
for the probability distribution function for the
bounded Gutenberg-Richter relationship is done
using Eq. (27), and the probability that of an
earthquake with a minimum and maximum
magnitude is calculated using Eqg. (28). The beta
value was derived from the slope of the graph
following Eq. (29).

B exp(=B(m-my))

fM(m) - 1_eXp(_ﬁ(mmax_m0)) (27)
Pl <m<m,] = [ fiy(m)dm

= fuur (PE2) (my, — my) (28)
B = 2.303b (29)
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where: mo is the minimum magnitude of an
earthquake, Mmax is the maximum possible
magnitude of an earthquake, m is the magnitude of
an earthquake considered, b is the value from the
regression analysis, m; is the minimum magnitude
in each interval, and m, is the maximum magnitude
in each interval.

For the computation of the probability of
exceeding the acceleration to trigger liquefaction
given a distance-magnitude pair, the predicted
acceleration of an earthquake [29] given a
combination of distance and magnitude was
computed using Eq. (30). The comprehensive
computation for the ground motion prediction
equation was done using the spreadsheet from the
Pacific Engineering Earthquake Research (PEER)
Center [30].

InSa(g) = f1(M' Rrup) + Fry f(M) + Fy fz(M)
+FAsf11(Cij) + f5(Sa1180, Vs30)
+Fuwfa (ij» Ry Ry, Ryo, W, dip, Zrgp, M) +
f6(Zror) + f10(Z10,Vs30) +
Regional(V 0, Ryp)

(30)

The probability of an earthquake exceeded the
mean PHA was computed using the normal
distribution curve with the standard score, z, given
by the cumulative distribution function of Eq. (31).

7 = loga—log A (31)

OlogA

For each distance — magnitude, the product of
the probability that the earthquake will happen at a
certain distance, the probability that a certain
magnitude will happen, and the probability that the
ground motion will be exceeded was computed
following the concept of conditional probabilities.
Then, the values were added to determine the total
mean annual rate of exceedance which is also taken
as the probability of exceedance for the given fault
and location.

3.2.3 Liquefaction potential using semi-Markov
chain

The Markov Chain is a probability process
where the posterior distribution is used to predict
future events. Semi-Markov chains are a type of
Markov process, but it considers a finite interval of
time during the transition period making it a time-
dependent stochastic process.

The liquefaction potential is the calculation of
the probabilities that an earthquake triggering
liquefaction can happen in the next couple of years.
The initial probability matrix [31] was defined as
the total mean annual rate of exceedance of an
earthquake triggering liquefaction and its
complement. The initial matrix is done using Eq.
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(32). The two values were used as the parameters in
the transitional matrix using Eq. (33). The
computation for the liquefaction potential for each
year was attained using Eq. (34) following the
concept of the semi-Markov chain.

[P]=[p(f.s) p(f.f)]
1-p(f.) 1-p(s.f)

(32)

n__ 1
1" = 2-p(s)-p(f.f) [1 -p(f,f) 1-p(sf)
[p(s,f>+p(f.f)—1]"[ 1-p6.f)  =(1=p(0)
2-p6N-pAN [—(1-p(f,f)) 1-p(f.f)
(33)
[L] = [P]x [T]" (34)

where: s(success) is the annual rate of occurrence
of an earthquake that could produce liquefaction,
f(failure) is the annual rate of non-occurrence of an
earthquake that could produce liquefaction or no
earthquake at all, p(s,s) is the probability of success
followed by another success, p(s,f) is the probability
of success followed by failure, p(f,s) is the
probability of failure followed by success, p(f,f) is
the probability of failure followed by another failure,
and n is the number of years from the year
considered.

The probability of an earthquake triggering
liquefaction was computed each year for fifty years.
To better show the gradual increase of the
liquefaction potential, a probabilistic map for the
next 5, 10, 25, and 50 years shall be drawn.

4. RESULTS AND DISCUSSION
4.1 Liquefaction Potential Map

Using the liquefaction potential computation for
each borehole data, the liquefaction potential map
was drawn. The liquefaction potential for the next
five (5) years is shown in Fig. 3. The maximum
probability (in percent) in the map was 5.6 and it
was taken as the maximum value of the liquefaction
potential excluding the outliers. The same
maximum value was used for other liquefaction
potential maps. From the figure, it can be observed
that the lower portion and the middle portion have a
high liquefaction potential for the next five years. It
should be noted that there are no available borehole
data within the top-most left section, hence, the
liquefaction potential map may not represent the
actual condition for the said portion. The
liquefaction potential maps for ten (10), twenty-five
(25), and fifty (50) years are also shown in Figs. 4-
6.

In the map for five (5) years, only the lower
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portion has a high liquefaction potential while a
moderate liquefaction potential can be seen in the
middle portion of the study area. The high value of
liquefaction potential in the lower portion of the
area may be attributed to the looseness of soil near
bodies of water which resulted in a relatively low
SPT N-value compared to other areas.
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Fig.3 Liquefaction potential map for the next five
(5) years
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Fig.4 Liquefaction potential map for the next ten
(10) years
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Fig.5 Liquefaction potential map for the next
twenty-five (25) years
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Fig.6 Liquefaction potential map for the next fifty
(50) years

For the map for ten (10) years, a significant
increase from moderate to high liquefaction
potential map can be seen in the middle portion of
the area but the majority middle portion was not yet
considered as an area with high liquefaction
potential.

In the map for twenty-five (25) years, most of
the middle portion of the area was classified as an
area with a high liquefaction potential. In addition,
the area in the top left portion was being reclassified
to a potential of moderate liquefaction.

Finally, the map for fifty (50) years showed that
most of the upper left, middle and lower portions of
the study area showed a high liquefaction potential.
In general, as time passes by, the liquefaction
potential for the study area became larger and larger.

4.2 Deaggregation

It is important to determine which fault source
and magnitude contributed the most to the
liquefaction potential. The deaggregation of the
fault sources and magnitude is shown in Fig. 7.
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Fig.7 Deaggregation for fault source and magnitude
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The deaggregation was done by determining
which fault source contributed the most to the
annual rate of exceedance. Then, the contribution of
the moment magnitudes in each fault source was
also taken into consideration. From the figure, it
was concluded that the Iba fault and at moment
magnitudes 5.2 to 5.8 contributed the most to the
liquefaction potential. In addition, it should be
noted that the Digdig Fault from the Philippine
Fault Zone contributed the second-highest in the
liquefaction computation while the third-highest is
from the Iba fault with a magnitude interval of 5.8
t0 6.4.

5. CONCLUSION

The presence of seismic activities and hazards
in the Philippines contributed to the need for studies
such as this. The history of liquefaction in the said
province and the weight of the city’s contribution in
terms of economic and residential shares were some
of the main factors for the assessment of the
liquefaction potential. Since the study area is
relatively close to the nation’s capital, continuous
development and urbanization are happening in the
province, where the City of San Fernando belongs,
which is another factor considered in the study.

In the analysis, the acceleration to trigger
liquefaction was used as the target acceleration in
the liquefaction opportunity. The probabilistic
earthquake-induced liquefaction potential
computation in each 5, 10, 25, and 50 years was
developed using a semi-Markov chain.

A liquefaction potential map was using QGIS.
From the liquefaction potential maps, the following
was concluded:

o for five (5) years, it was observed that
the lower portion of the province’s
capital has already a high potential for
liquefaction;

o for ten (10) years, a significant
increase from moderate to high
liquefaction potential can be seen in
the middle portion of the study area
but the majority of the middle portion
was not yet considered as an area with
high liquefaction potential;

e for twenty-five (25) vyears, the
majority of the middle portion was
classified as an area with a high
liquefaction potential;

e going further, the map for fifty (50)
years  recommends that  the
liquefaction potential is high for the
majority parts of the city: the lower
part, the middle part, and the upper left
areas.

From the deaggregation, it was observed that
earthquakes near the Iba fault are the main sources
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of liquefaction opportunity for the city.
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