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Abstract. This paper discusses a case study on the assessment of buckling
stability of piles due to liguefaction of foundation soils for a coal-fired power
station (CFPS) in Indonesia. As the rapid growth in the economy sector, the
demand for electricity is increasing and a CFPS is planned and constructed in
Central Java. During the planning stage, the risk caused by earthquakes should
be considered. As the foundation soils of the site consist of soft sandy silts or
clays interbedded with loose fine sands up to a depth of 9 m, soil liquefaction
and its effect on the buckling stability of piles for CFPS thus become the main
concerns of this project. Liquefaction analysis is performed based on a SPT-N
approach. A depth-weighted procedure is applied for the assessment of lique-
faction potential for the site. Results of liquefaction assessment indicate the site
is prone to risk of soil liguefaction due to the design earthquake. Buckling of
piles due to seismic loading is evaluated for the cases of liguefied soils in both
dry and wet seasons, while only the wet season scenario is the main focus of this
paper. A buckling stability index G is adopted as the difference between the
critical pile length (H,) for buckling and the unsupported pile length (D, ) due to
soil liguefaction. If & is greater than zero, then the pile is safe; otherwise, the
pile will buckle. Results of buckling assessment show € = 0 for the piles of the
site with an average G value of 15 as the foundation soils are liquefied during
the design earthquake with magnitude M, of 6.8, indicating the pile foundation
of the CFPS should be safe from buckling failure due to soil liguefaction.

1 Introduction

Indonesia 1s one of the countries located in a highly seismic area. It is surrounded by
the Trans-Asian and Circum Pacific belts. In addition, 1t 1s also surrounded by three
major active tectonic plates, namely, Eurasia, Indo-Australian, and Philippine Plates.
Due to the effect of the colliding plates, the region becomes actively tectonic and
volcanic as well. The active tectonics are related to the same hazards or disasters such
as earthquake, tsunami, fault, uplift, subsidence and mass-movement. In the last decade
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major earthquakes occurred in several parts of the islands of Indonesia causing dam-
ages and many fatalities.

Indonesia has often been hit by huge disasters. such as earthquake and liquefaction.
Earthquakes with magnitude (M,,) of 5.9 (2006), 7.6 (2009), 7 (2018) induced sand
boiling and ground settlements in Yogyakarta, Padang, North of Lombok, respectively
(Unjianto 2006; Tohart 2013; Kasbani 2018). Recently, the Palu earthquake occurred
on 28 September 2018 with magnitude (M,,) of 7.4 caused strong shaking, generating a
tsunami and massive liquefaction (GEER 2019). Therefore, increased attention should
be focused on earthquakes and subsequent liquefaction potential in Indonesia.

In order to reduce the damage caused by an earthquake, the engineering profession
needs to take into account the risks caused by seismic loading. Seismic loading is
triggered by the earthquake vibration waves on the soil layer. Thus, it affects the soil
behavior in order to support the structure, both structures beneath the soil or above.

Certain soils liquefy during earthquake shaking, losing its shear strength causing it
to flow taking with 1t any overlying non-liquefied crust. As illustrated in Fig. 1. These
soil layers drag the pile with them causing bending failure. In terms of soil-pile
interaction, this mechanism assumes that the soil pushed the pile (Hamada and
O’Rourke 1992; Finn and Fujita 2002). Soils that can liquefy are clearly understood
and can be identified by evaluation procedures proposed by Youd et al. (2001). See
“liquefaction assessment at foundation soil” further in this report.
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PILE CONFIGRATION
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Fig. 1. Potential failure mode of piles due to seismic loading and soil liquefaction (Finn and
Thavaraj 2001)
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Foundations directly supported on soil are particularly vulnerable to liquefaction.
This phenomenon is well understood and studied. Piled foundations and their response
to liquefaction are less studied.

In structure terms, piles are slender columns with lateral support from the sur-
rounding soil. Generally, as the length of the pile increases, the allowable load on the
pile increases due to the additional shaft frichon but the buckling load decreases
inversely with the square of the length. If unsupported, these columns will fail due to
buckling instability and not due to the crushing of the material. During earthquake-
induced liquefaction, the soil surrounding the pile loses its effective confining stress
and perhaps not offers sufficient lateral support. Hence. the pile now acts as an
unsupported length column prone to axial instability. The instability may trigger the
pile to buckle sideways in the direction of least elastic bending stiffness under the axial
action load. In this case, the pile could push the soil and it could not be necessary to
invoke lateral spreading of the soil to cause a pile to collapse (Bhattacharya 2003). If
the pile buckles due to diminishing effective stress and shear strength owing to lig-
uefaction, buckling instability can be a possible failure mechanism irrespective of the
type of ground-level ground or sloping.

The mechanism and critena to be used by practicing engineers are usually specified
by prevailing codes. An example 1s bending failure assuming any non-liquefiable crust
offers passive resistance and any liquefiable soil layer offers restraint equal to 30% of
the overburden pressure (JRA 1996) as shown in Fig. 2. Furthermore, the Eurocode
advises to design piles against bending due to mnertia and kinematic forces arising from
deformation of the surrounding soil (Bhattacharya 2003). It is required by the code to
check separately against bending failure due to inertia load and not to add the effect of
lateral spreading and inertia (Ishihara 1997). Unanimity among vanous researchers led
to the assumption that lateral spreading is the cause of failure, such as Sato et al. (2001),
Takahashi et al. (2002), Haigh (2002), Berrill (2001), Tokimatsu et al. (2001).

* 5

=\ Q| qn= Passive earth pressure

q.= 30% of overburden pressure

Fig. 2. The idealization for seismic design (JRA 1996)
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2 Methodology

2.1 General Procedures for the Safety Assessment of Pile Foundations

Structures supported by piled foundations can be subjected to axial and lateral loadings.
Structural failure of the pile can be seen in Fig. 3. Expected pile deformations under
service loads and their ultimate load capacity are controlling factors in foundation
design. There are several methods for calculating the bearing capacity of foundations
including theoretical static analysis (Kulhawy 1984; Poulos 1989), procedures based on
in situ test results (Meyerhof 1976: Fellenius 1997), dynamic methods (Rausche et al.
1985: Fellenius 2006), or interpretation of full scale pile load test (Fellenius 1990).

a) b) c) ¢ a) 4
1'!‘ '

Tt
Pt

Fig. 3. Structural failure of the pile in different cases. (a}-(c) compression, (d), (e) tension, (f),
(h) transverse {Wrana 2015}
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2.1.1 Axial Bearing Capacity

The axial load capacity of the pile i1s derived from fniction on the pile shaft and
resistance at the pile tip. The ultimate bearing capacity @, of a pile installed into sand
can be expressed as Eq. (1):

er(' = Qp L Q.s' L H'!ff.s' - H{r} (lj

where point resistance is Q. shaft resistance is (J;, weight of the pile is W,,, weight of
the displaced soil is W,. For calculating pile capacity in tension, Eq. (2) is used:

Qm‘ = Q.s Ll H":r} (ZJ

where (), is positive in tension and (J; is positive downwards. The end bearing @, 1s
taken zero in the case of tensile capacity. The pile weight, W, in both of the above
equations, should be net pile weight, Le., the total weight of the pile minus the total
weight of the displaced soil and water.

2.1.2 Lateral Resistance
Several methods are available for determining the ultimate lateral resistance to pile in
cohesionless soil (Hansen 1961; Broms 1964):

(1) Hansen (1961) presented an expression for predicting the ulumate lateral resis-
tance to piles in a general ¢ — ¢’ soil, where ¢ and ¢’ are the cohesion and the
effective internal friction angle of the soil, respectively. For a cohesionless soil,
¢ = () and the ultimate lateral resistance can be calculated by Eq. (3):

Pu = K472 (3)

where p,, is ultimate lateral resistance in the unit of force per pile length, K, is Hansen
earth pressure coefficient which is a function of ¢°, y is the effective unit weight of soil,
z 1s the depth from the ground surface and B 1s diameter or width of the pile. The lateral
deflections have been computed assuming that the coefficient of subgrade reaction
increases linearly with depth.

(2) Broms (1964) suggested the ultimate lateral resistance in cohesionless soil as
following Eq. (4):

pu = 3K, 2B (4)
where K, = 45° + ¢’ /2 is passive earth pressure coefficient. Using Eq. (4), Broms
(1964 ) prepared charts in a non-dimensional form giving the lateral capacity of piles in
terms of the plastic moment and geometry of the pile.
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2.2 General Procedure for the Safety Assessment of Piles in the Liquefied
Ground

2.2.1 The Seismic Axial Capacity of Piled Foundations

The axial loading of piled foundations during earthquakes is complex, with the
structure having to carry the vertical loads, which are applied under normal conditions,
as well as additional axial load arising from the seismic excitation. A key feature of the
end bearing capacity and shaft friction capacity was noted to be effective stress level in
the soil profile, resulting in the loss of shaft friction and pile end bearing capacities as
described by Knappett and Madabhushi (2008).

Bhattacharya (2006) indicated the static axial loading acting on each pile beneath
the building 1s equally loaded during the static condition by neglecting any eccentricity
of loading. During earthquake excitation, mertia action of the superstructure will
impose dynamic loads on the piles, which can increase the total axial load on several
piles, as given by Eq. (5):

Pd}'rramr'(' = Pstaric + AP = |:l T m)P.s'rafr'(' (S:l

Equation (5) needs the mmformation of dynamic axial load factor o, which 15 a

function of the type, dimension and mass of the superstructure, the characteristics of
seismic shaking, as well as matenial properties and geometry of the pile foundation.

2.2.2 Lateral Resistance in Liquefied Ground

The lateral resistance of liquefying sand in the field undoubtedly depends upon
numerous factors that are not yet fully understood or readily quantifiable. These factors
can reasonably be expected to include everything that affects the stress-strain response
of saturated sand, including relative density, drainage conditions, relative magnitudes
of monotonic and cyclic loading components, number of loading cycles, and soil
characteristics (Wilson 2000).

Takahashi et al. (2002) conducted an experimental work to study the lateral
resistance of pile in liquefied soil. The test results showed that the mitial resistance to
movement 1s negligible at all rates of loading but some resistance was mobilized after
some amount of displacement.

2.2.3 Pile Buckling as Soil Liquefies

Structure design with column buckling and beam bending criteria require different
approaches. The former 1s based on strength and the latter 1s on stiffness. Bending
failure depends on the bending strength, for instance moment at first yield (M,). and
plastic moment capacity (M,) of the pile. Whereas buckling represents a sudden
instability of the pile when axial load reaches the critical value (P, ) described by Dash
et al. (2010).
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Bhattacharya (2015) indicated the static axial load at which a frame supported on
slender columns becomes laterally unstable is commonly known as the elastic critical
load of the frame of buckling load. The elastic cntical load of the pile is defined by
Eq. (6):

T El

P('F‘ - 2
Ly

(6)

where L. 1s the effective length of the column, which depends on the boundary
condition at the column end i.e., fixed, pinned or free. The actual failure load Py . 18
therefore some factor ¢ (¢ < 1) times the theoretical Euler’s buckling load given by
Eq. (7):

P,rbrr'.l'::rc‘ = GE'P('P ET]

Based on Euler’s theory. it may be inferred that buckling instability is initiated at
around ¢ = 0.35.

As ground shaking starts, the excess pore pressure gradually increases which will in
tum decrease the effective stress in the soil. As the effective stress of the soil
approaches zero, the soil loses its strength and liquefies. Hence, the confining stress of
the soil around the pile will be decreasing drastically, and eventually lead to buckling
of the piles as shown in Fig. 4. Bending failure could be avoided by increasing the
yield strength of the material. i.e. by using high-grade concrete or additional rein-
forcement, but it may not suffice to avoid buckling. To avoid buckling, there should be
a minimum diameter depending on the depth of the liquefaction soil. In contrast, the
pile has often being designed as a beam (Bhattacharya et al. 2004).

Pl!'m'l'ffl Pﬂmﬂn 1 i..r.lvr.ﬂ'h'.nf 'Pyruwh' 1 [rlm'rll'rm' 'Pgrunn * rﬂm‘rﬂa’.’
r P
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Fig. 4. Load applied to a pile foundation and failure mechanism (Bhattacharya 2015}
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2.3  Analysis Procedures for Buckling Assessment of Piles Due to Soil
Liquefaction
2.3.1 Liquefaction Assessment of Foundation Soil
Factors of safety against liquefaction could be computed using SPT-N based lique-
faction evaluation procedure proposed by Youd et al. (2001). Liquefaction analysis
calculates factors of safety against liquefaction at separated soil layer depths of a
borehole. To address the seventy of liquefaction for the entire borehole in the ground,
the computed factors of safety and the associated depth intervals need to be considered.
To evaluate the factor safety against liquefaction, both the soil’s resistance to lique-
faction and demand imposed on the soil by the earthquake need to be estimated. For the
simplified approach used herein, the amplitude of cyclic loading is proportional to the
peak ground acceleration (PGA) at the ground surface and the duration 1s related to the
earthquake magnitude. The peak ground acceleration at SPT-N sites needs to be esti-
mated for representative design earthquake.

The factor of safety against the initiation of liquefaction of a soil under a given
seismic loading is generally defined as the ratio of cyclic resistance ratio (CRR), which
i1s a measure of liquefaction resistance, over cyclic stress ratio (CSR), which is a
representation of seismic loading that causes liquefaction. The term CSR 1s calculated
in this paper as follows Eq. (8) (Youd et al. 2001):

CSR = 0.65 (a’”“*) (ﬂ) rd (8)
g )\o

where o, 1s the vertical total stress of the soil at the depth considered. ﬂ-’: is the vertical
effective stress, a,,, 1s the peak horizontal ground surface acceleration, g is the
acceleration of gravity, ry 1s the depth-dependent shear stress reduction factor (di-
mensionless). The term CRR is calculated using SPT-N data. The following empirical
equation developed by Youd et al. (2001):

CRR — 1 | Nueore | 50 1 MSF (9)
34 — Nigo.rc 135 (10N, gk +45)° 200

where Ny g p¢ 15 the SPT blow count normalized to an overburden pressure of 1 atm, a
hammer efficiency of 60%, and correction of fines content. MSF 1s the magnitude
scaling factor for the adjustment of an earthquake magnitude of 7.5 to the magnitude of
design earthquake of the site. The equation for factor of safety (F} ) against liquefaction
1s written as follows:

Fi = CRR/CSR (10)
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Iwasaki et al. (1982) developed the liquefaction potential index (LPI) to predict the
potential of liquefaction to cause foundation damage at a site. The surface effect from
liquefaction at depths greater than 20 m are rarely report, limited the computation of
LPI to depth (z) ranging from 0 to 20 m. Proposed the following definition as Eq. (11):

2{n 2
] 0

In Eq. (11), F=1—-Fp for Fp <1 and F =0 for Fi = 1, where F| is obtained
from simplified liquefaction evaluation procedure. w(z) is depth-weighting. Thus, it 1s
assumed the severity of liquefaction manifestation 1s proportional to (1) the thickness
of liquefied layer; (2) the amount by which F is less than 1.0:; and (3) the proximity of
the layer to the ground surface.

2.3.2 Unsupported Length Due to Liquefaction

The unsupported length of piles (D) indicated the extent along the pile where its lateral
confining stress decrease significantly as a result of liquefaction of the surrounding
soils. The unsupported length of piles is assessed based on the liquefaction profile. Dy
1s equal to the thickness of liquefied soil layers plus additional distance necessary for
fixity mto the upper or lower non-liquefied soil layer. The fixity is typically three to five
times the diameter of the pile (Bhattacharya and Goda 2013). In this case study. we
adopt a fixity of five diameters of the pile.

2.3.3 Buckling Assessment of Piles

The buckling assessment of piles 1s obtained based on the cntical pile length (H¢). We
assume that each pile 1s equally loaded during static condition, the static load (Piaic)
acts on each pile under the building. During shaking, the inertia of the superstructure
imposes the dynamic axial load on the piles. Thus, the piles with increased axial load
are perhaps vulnerable to buckle.

The cntical pile length describes the minimum length that the pile will buckle due
to axial load based on Euler’s theory. As indicated above, the critical pile length 1s
evaluated by considering the static and dynamic axial load as well as the boundary
conditions of the pile as given at Eq. (5).

To determine of critical pile length, the limit state condition of failure 1s assumed,
P namic = Paitre and Loy = H., and Eq. (7) can be rewritten as:

{#]EEEI |: 1 J
Edynamic = th cr — 5 e
) K-H ?

where EI is the bending stiffness of the pile and K is the effective column length factor
depending on the boundary condition of the pile. In this study, ¢ value of 0.35 and K
value of 1.0 are adopted in viewing that the pile head 1s fixed to the superstructure and
the pile tip 1s embedded into the hard layer.
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By rearranging Eq. (12), the critical pile length can be evaluated by Eq. (13):

. [O35TEL | 0357%EI (13)
‘ KgPd}':ramr'c KZEI + m)Psmrr'c

Hence, liquefaction-induced pile buckling is indicated if He <D,

Finally, a buckling index G is adopted as the difference between the critical pile
length (H¢) for buckling and the unsupported length (D;) due to liquefaction of
foundation soils, where H 1s the capacity variable and Dy 1s the demand term. Thus,
the failure criterion can be indicated by Eq. (14):

As shown in Fig. 5, if G is greater than zero (He > Dy), then the pile is considered
safe. Otherwise, the pile will be buckling due to seismic loading and soil liquefaction.

Safe against Unsafe against
buckling-bendin buckling-bendin
interaction: He > Dy, interaction: He < Dy

Liquefied

D D soft layer D D

Unsupported pile

length Dy Critical pile

depth Hc Unsupported pile

length Dy,

Non-liquefied
hard layer

Fig. 5. Concept of critical length (H) and unsupported length (D} ), Bhattacharya (2015).
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3 Case Study

3.1 Background Information

This case study related to a construction of a coal-fired power station in Central Java
with capacity 2 »x 1000 MW. In general, the project is located on an overlay alluvium
deposit of the Muria mountain sediment material. The materials consist of coarse sand,
fine sand, and clay. The soil contains old and recent river alluvial and shore deposits
that were brought to the site by a small river lowing through and around the project site
and tidal depositon. The upper soil deposits comprise alternating layers of very soft to
soft clays and very loose to loose silty sands.

The case study covers 3 main facilities consisting of Boiler Units 5 & 6 and Central
Control Building (CCB), which are supported by 1300, 1300, and 232 pre-stressed
concrete piles, respectively. The piles are formed with exterior and interior diameters of
600 and 400 mm, respectively. The average pile length in Units 5 & 6 1s 18 m. while in
CCB i1s 12 m. The axial load for each pile (Pgyi) 1s 1450 kN, Young’s modulus, E 1s
33.9 GPa, flexural ngidity, ET is 178 MN/m".

3.2 Liquefaction Analysis of the Ground

Several techniques on assessing liquefaction potential for the entire borehole depth
have been proposed. The liquefaction potential of the site is evaluated based on the
SPT-N approach by Youd et al. (2001) in association with the depth-weighted method
by Iwasaki et al. (1982). As mentioned above, the earthquake with magnitude (M,,) of
6.8 and peak ground acceleration (PGA) of 0.210 g are adopted in the analysis by
Youd’s method. The PGA 1s adopted from the Indonesian spectra design-Puskim,
Ministry of Public Works (2011) database and consistent with the regional ground
motion. Based on limited on-site data, an energy ratio of 70% is assumed for the
current study, which 1s consistent with the value adopted by sub-contractor soil
investigation for the SPT hammer used. In an analysis, the unit weight of soil at each of
the material strata is based on the borehole data obtained at the time of drilling.

In the project site, there were several monitoring wells used to know the fluctuation
of groundwater levels. This study assumes the groundwater levels recorded in the
borehole logs and monitoring wells for the analysis during SPT test and liquefaction. In
order to determine groundwater levels the average groundwater data for the area 1s
separated mto dry and wet seasons. To account for seasonal fluctuations, 1.40 m and
0.90 m below the ground surface are assumed as the average groundwater levels for
dry and wet seasons, respectively. An increase in the groundwater level would decrease
the effective stress of soil, which would, in wrn enhance the computed seismic force
(i.e., CSR) at the depth of interest. On the other hand, as a result of an increase in the
groundwater level, a decrease in the effective stress of soil would amplify the over-
burden pressure correction factor in order to accommodate the underestimated SPT-N
due to nsing groundwater, and thus cause an increase in the cyclic resistance ratio
(CRR).
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Table 1. LPI category and numbers of borehole

LPI categories Number of borehole
computed
Wet season  Dry season
Low (0 < LPI < 5) 6 7
High (5 < LPI< 15) 4 5
Very high (15 < LPI}) 6 4
Total 16 16

Scale LPI Contours

UIIIlIH.IIII-lHu P

Fig. 6. LFI contours for groundwater scenario in wet season

Results of liquefaction potential and the unsupported pile length evaluation show
the site is prone to liquefaction due to the design earthquake. Table 1 indicates the
categories of liquefaction potential index (LPI) and the computed number of boreholes
that cover the entire project site. Figure 6 shows LPI contour plots for the groundwater
scenario during the wet season. The LPI results indicate more than 50% of the borehole
with a LPI value greater than 5 (i.e., high to very high liquefaction potential) and the
areas with high hiquefaction potential generally fall in the center and southern parts of
the site (CCB and Unit 6) and to north and east boundaries of Unit 5 (northem part of
the site). The results of unsupported pile length from the representative 47 piles sep-
arated into 3 main facilities indicate more than 50% of the piles computed with D,
value less than 5 m. The areas with D value of more that 5 m generally fall in the
center and southern part of the site, which are consistent with the LPI results with very
high hquefaction potentials. These results are shown in Table 2 and Fig. 7.
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Table 2. D, category and numbers of pile

Dy categories (m)  Number of pile

computed

Wet season Dry season
Dp<5 29 26
5<Dp< 10 18 21
10<Dp < 15 0 0
15<D; 0 0
Total 47 | 47

| e T A =

Fig. 7. D, contours for post-liquefaction in wet season.

3.3  Buckling Analysis of Piles

The pile buckling analysis can be divided into two phases, pre-liquefacton and post-
liquefaction. Since the pile will normally not buckle due to the confinement of foun-
dation soils prior to liquefaction, the post-liquefaction phase is therefore considered in
the buckling assessment of the piles in this study.

In analyzing the dynamic axial load of pile (P umic) as indicated in Eq. (5) and to
estimate the additional dynamic axial load (AP) on each of piles, the acting moment
due to seismic shaking by the superstructure has to computed. Afterward. the moment
can be distnbuted onto all of the resisting piles and the additional dynamic axial load
on each of the piles can then be calculated.
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Design provision BIS (2002) is the code of practice for estimating the force on the
superstructure as well as the base shear, as given by:

Vg =C,W (15)

where W is the total dead load from superstructure and C; is seismic response coef-
ficient, for which C; could be computed by the four parameters (1) Z is zone factor for
maximum considered earthquake (MCE) (0.16: Prakash 2004; Bhatia et al. 1999), (2) [
1s importance factor for the structure (1.5 for coal-fired power plants), (3) R 1s response
reduction factor, depending on the perceived seismic damage performance character-
ized by ductile or brittle deformations (4.0 for steel frame with concentric braces,
(4) Sa/g is the average response acceleration coefficient, which is a function on the site
and vibration period on the structure. The spectrum acceleration can be estimated based
on the fundamental period of the structure. For the post-liquefaction situation, the
fundamental period the structure can be calculated by:

[ w/e

Tpose = 2y | 3 16
pt = S\ N, x 12E1/D} (16)

where N, 1s the total number of piles of the building, and is the depth to the lower
boundary of liquefied soil plus and additional fixity. With the calculated fundamental
period, the spectrum acceleration, and the base shear of the building as well, due to the
design earthquake can then be obtained based on the design spectrum for the case of
soft soil sites (BIS 2002).

In order to compute seismic moment on the superstructure, the arm where the
inertial force acts can be estimated by the following:

ARM,,o5e = D + fi3H (17)

where H is the height of the building, and f, is the coefficient to account for the
effective height where the inertia acts in a post liquefaction condition (typically, 0.5).
Henceforth, the base shear and the arm, the acting moment can be computed as:

M st = VBARM st I: l 8 :I

The overall moment is then distributed to all of resisting piles of the superstructure
for computing the additional dynamic axial load on each of the piles. To do this, the
utmost dynamic load for piles located at the peripheral boundary of the pile foundation
needs to be calculated first, and then the additional dynamic load of the inner piles can
be estimated by assuming the dynamic load is proportional to the distance between the
pile of concern and the axis of symmetry of the foundation area.
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By the assuming a rectangular arrangement of piles (n rows x m columns) and the
acting moment in the direction of row, the additional dynamic axial loads of the
penipheral and inner piles can thus be computed, respectively, as follows:

'rJ' \.M 5]
&Pmm = n (}%mi’ujé} (19)
= i=1""i
AP; = ( a )Mm (20)
'tJ'J‘Ir.’,Ll

where x,,,,, and x; are the distances of the peripheral and inner piles, respectively, to the
axis of symmetry of the foundation area. Finally, the dynamic axial load (P uumic) can
then be calculated by Eq. (5).

With the evaluated dynamic axial loads, Eq. (13) can be applied to estimate the
critical length for each of the piles. Table 3 and Fig. 8§ show the results of Hy com-
putations for the 47 representative piles that cover main facilities (Units 5 & 6 and
CCB) of the site. The results indicate the minimum length that the on-site piles will
buckle is 18 m, when the foundation soils are liquefied due to the design earthquake in
wel season.

Table 3. H category and numbers of pile

He categories (m) | Number of pile
computed

Wet season | Dry season

He=< 3 0 0
S<H-< 10 0 0
10<H-< 15 0 0
15<Hq-=< 20 34 34
20< He 13 13

Total 47 47
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Fig. 8. H contours for post-liquefaction in wet season

3.4 Buckling Index Computation

Based on the above the analyses on the unsupported pile length (D) due to lique-
faction and the critical pile length (H¢). the buckling index (G) can hence be assessed
to determine if the piles are adequate in resisting the buckling instability per Eq. (14).
As stated previously, if a G value 1s greater than zero then the pile is safe. Otherwise,
the pile will be buckling. As shown in Table 4 and Fig. 9, the project site (Units 5 & 6
and CCB) will be safe from buckling instability, with calculated & values of greater
than 10 (m) and an average of & value of 15 (m), for all of the piles at the project site.

Table 4. G category and numbers of pile

(; categories (m) | Number of pile

computed

Wet season | Dry season
G< -5 0 0
~5<=G=0 0 0
0<G< 5 0 0
5<«G< 10 0 0
10<G 47 47
Total 47 47
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4 Conclusions

This study discusses the computation and assessment of liquefaction potential of
foundation soils and buckling instability of piles for a coal-fired power station in
Indonesia. Major findings of the study are listed as follows:

(1) Subsurface explorations reveal the soil deposit of the site generally consists of soft
sandy silts or clays interbedded with loose fine sands to a depth of about 9 m. The
deeper strata will be stiff and hard clayey soils.

(2) Liquefaction analysis indicates the foundation soils are prone to liquefaction due
to design earthquake, with more than 50% of the boreholes assessed showing
LPI > 5 (high to very high liquefaction potentials).

(3) Buckling assessment indicates the piles of the site will be safe from buckling
failure, with computed critical pile lengths (H¢) of greater than 18 m and buckling
indices (G) of greater than 10 (m), due to soil liquefaction by design earthquake,
for the piles assessed at the project site.
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