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Abstract

This paper presents major preliminary observations on the liquefaction-induced damages in the Meinong earth-
quake (M, = 6.4). The severe damages to buildings centered on Huian and Sanmin Streets in Tainan City where the
places were reclaimed fish or farm ponds with poor construction quality from many decades ago. To better under-
stand the effect due to the soil liquefaction at these sites, the information provided by the in situ 13 Standard Pen-
etration Test boreholes and 5 Cone Penetration Test soundings accompanying with the PGAs derived from the near
seismographs was used to conduct the soil liquefaction evaluation by the Seed method (Seed et al. in J Geotech Eng
ASCE 111(12):1425-1445, 1985) when subject to the Meinong earthquake. The liquefaction potential index (LPI) was
then evaluated accordingly. From the results, it was found that the estimated damage severity was not consistent to
the field conditions if the local site effect was not taken into account. To better reflect the site response in such sites,
the sites’PGAs in the PGA contour map were multiplied by 1.5 times to quantify the amplification effects due to the
soft geological condition. In addition, the PGAs based on other simple approaches were evaluated as well for com-
parison. Besides, the effects of fines content and magnitude scaling factor were also discussed in this paper. After that,
several common simplified methods were also used to calculate the LPI when subject to the Meinong earthquake in
order to evaluate the applicability of these simplified methods.
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Introduction

On February 6, 2015, a local magnitude (M;) 6.4 earth-
quake struck southern Taiwan. The epicenter was at
22.92° north and 120.54° east with a focal depth of
14.6 km according to the Taiwan Central Weather Bureau
(CWB). The epicenter was near the town of Meinong
in Kaohsiung City and thus was called Meinong earth-
quake. No significant damage was reported in the epi-
central region. However, serious damages occurred
approximately 30 km west of the epicenter in Tainan City.
The collapse of the 16-story Wei Guan complex building
(30 km from the epicenter) resulted in 115 deaths and
caused the greatest public concern. Apart from this tragic
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and indicate if changes were made.

event, the liquefaction-induced damages also caused
considerable concern. This paper presents major pre-
liminary observations on the liquefaction-induced dam-
age. The severe building damages centered on Huian and
Sanmin Streets in Tainan City. From old geographical
information, we know that these areas are fill reclama-
tion from old fish or farm ponds, and it is not surprising
that the construction of these reclaimed areas had poor
quality control. Since seismic stations were far from these
areas, there is some doubt as to the exact PGAs. To better
understand the effect of site responses in these areas, this
study used the several simplified approaches to consider
site response analyses and quantify the amplification
effects of the sites subject to the Meinong earthquake for
comparison. After that, several common simplified meth-
ods with the information provided by 13 Standard Pene-
tration Test (SPT) boreholes and 5 Cone Penetration Test
(CPT) soundings were used to estimate the liquefaction
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potential index (LPI) during the Meinong earthquake.
The liquefaction evaluation results combined with the
soil characteristics were used to explain the failure mech-
anism of the damaged buildings. It was also found that
the estimated damage severity was not consistent with
the field conditions if the local site effect was not taken
into account, because this results in the underestimate of
the PGA at the site. Besides, the performance of the sim-
plified methods in moderate magnitude earthquake was
reviewed based on the collected case histories. The sensi-
tivity of fines content in liquefaction assessment was also
evaluated.

Liquefaction-induced damages to building
structures

Based on a field investigation by a survey team from the
National Center for Research on Earthquake Engineer-
ing (NCREE), the locations of major liquefaction sites are
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shown in Fig. 1 along with the epicenter and the CWB
seismic stations. The estimated peak ground accelera-
tions range from 0.15 to 0.25¢ in this general area. The
major liquefaction sites include Annan (LI), Sinshih (L2),
Wenhe (L3), Zhengju (L4), Dawan E (L5) and Xinhua
(L6). The first four sites are residential areas and liquefac-
tion led to different levels of structural damage. The last
two are free-field sites located on farm land, and thus,
no damage was reported. According to the definition of
ground failure index (GFI) (Table 1) proposed by Bray
and Stewart (2000), the most severely damaged areas
were located at the Annan, Sinshih, Wenhe and Zhengju
sites where substantial settlements and tilts of buildings
are summarized in Table 2. In this paper, the liquefac-
tion evaluation mainly focuses on the two most severely
damaged areas in the Annan and Sinshih Districts. The
distributions of the ground failure index for Annan
and Sinshih Districts are shown in Fig. 2 along with the

iﬁ{ Epicenter
@ CWB rapid :
reporting station ||
O Location of soil
liquefaction
0 2.5 5km
[ s

Fig. 1 Locations of liquefaction sites, epicenter and seismic stations
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Table 1 Ground failure index (after Bray and Stewart 2000)

Index Description Interpretation

GFO No observable ground failure No settlement, tilt, lateral movement or sediment ejecta

GF1 Minor ground failure Settlement, D < 10 cm; tilt < 1° no lateral movements

GF2 Moderate ground failure 10 cm < D < 25 cm; tilt of 1°-3% small lateral movements (<10 cm)

GF3 Significant ground failure

D > 25 cm; tilt of > 3° lateral movement >25 cm
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Table 2 Damage description of major liquefaction sites
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Location Index Description

Annan GF1 The settlement of this area ranging from 10 to 20 cm mainly occurred at and around the building. The differential settlement

Annan GE2 caused cracks between the building and road; meanwhile, the pipeline at the interface was destroyed

Annan GF3  The building in this area seriously settled (40-90 cm) and tilted (1°-7°). The road heaved much and had extensive sand boiling

Sinshih GF1 The settlement of building is minor due to soil liquefaction

Sinshih GF2  The maximum settlement of column was about 10 cm. The maximum tilt of building is about 1°. Boiling sand deposited in the
kitchen and ditch behind the building. The first floor slab heaved and cracked. The edge of road cracked and damaged the
water pipeline

Sinshih GF3  The area was fishpond before. The three-story building here is a two-span frame structure in long direction with a garage add-on

in front of house. Due to soil liquefaction, the column seriously settled and caused the indoor first floor slab heaving and crack-
ing much. The sand/mud boiling was obvious inside the house. Fire lanes heaved and sand deposited in the ditch. The road in
front of building heaved and the pipeline was damaged. The sand boiling could be observed everywhere

Wenhe St.  GF2
place nearby

Wenhe St.  GF3
surface of roads nearby

Zhengju St.  GF1
deformed, as well as road and floor slab cracked

The settlement of building was a few of centimeters. The first floor slab and road pavement had minor cracks. Sand boiling took
The maximum tilt and settlement of the building were 4° and 20 cm, respectively. It could be found the sand boiling on the

The degree of soil liquefaction was slight. The differential settlement of building caused brick wall cracked, window railings

positions of the geological investigation points. In Annan
District, six buildings in Huian Street suffered serious
damages and had been demolished based on the resto-
ration principle. The No. 8 and No. 6 three-story build-
ings at Lane 161, Huian Street (Annan District), suffered
the most severe damages as shown in Fig. 3. The No. 8
building settled 90 cm and tilted to 3° toward west and 4°
toward south. The No. 6 building settled 60 cm and tilted
2° toward west and 2° toward south. Figure 4 shows the
damage to No. 7 building at Alley 10, Lane 50, Sanmin
Street (Sinshih District). It is found that the front part of
the building is a garage and the back part is a main three-
story RC structure. Since the garage is light and the main
structure is heavy, the differential settlement occurred
due to this uneven loading. It caused the damage to the
walls of the garage. The damaged buildings in Sanmin
Street are currently restored by jack and upright method.

Post-earthquake investigations

Geological investigation

Based on the geological information provided by Cen-
tral Geological Survey (CGS), the geological deposit of
Tainan area belongs to Holocene alluvial. The liquefied
areas in this earthquake were reclaimed fish or farm
ponds from many decades ago. At that time, the quality
of construction was poor. These reclamation areas were
thought to have poor compaction, and the fill material
used may have been of questionable quality.

To better understand the complex geological condi-
tions of the liquefied sites, geotechnical borings and
Seismic Cone Penetration Test (SCPT) soundings were
conducted in the Annan and Sinshih Districts right after
the earthquake. The locations of these investigation

points are shown in Fig. 2. Many thin-walled tube sam-
ples were retrieved from the boreholes for performing
undrained static and cyclic triaxial tests and resonant
column tests.

The geological profiles based on the SPT and SCPT
soundings in the Annan District are shown in Fig. 5. From
the figure, the groundwater tables are shallow: 0.55—
0.95 m below the ground surface. In terms of strength,
the deposits can be roughly divided into two groups: one
from O to 11 m and the other from 11 to 20 m. The shal-
low deposits (0—11 m) consist of an uneven distribution
of silty sand (SM), silt (ML) and clay (CL). Of these, the
SM and ML soils are liquefiable. The SM soils have fines
content of 16-43% with very low N values (<3.0). The
ML soils have N values of 2—8 in general. It can be seen
that the liquefaction resistances of SM and ML are poor.
Given the high water table, this loose and non-cohesive
geological material is quite sensitive to the process of liq-
uefaction during earthquake. The CL soils have N values
of 1-2.5 in general. Due to the weak strength of the CL
soils, the foundation bearing layer has difficulty provid-
ing sufficient bearing capacity for the surface structure
once the adjacent SM and ML soils liquefy. Note that the
soils near the ground surface have an unusually high N
value of 22 based on the BH-A3 borehole record at the
depth between 1.05 and 1.50 m. This may be caused by
the compaction of the base material due to the construc-
tion of road pavement. For the deposits below 11 m, the
strength is higher in general according to the SPT-N val-
ues or cone penetration resistances (g.), but some weak
ML soils can still be found occasionally.

Figure 6 shows the geological profiles based on the
SPT and SCPT soundings in the Sinshih District. The
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Fig. 2 Distributions of ground failure index for Annan and Sinshih Districts
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water tables range from 0.55 to 0.86 m below the ground
surface at Sanmin Street. The soils at shallow depths
(0-10 m) consist of uneven distribution of silty sand
(SM), silt (ML) and clay (CL). The SM soils have a fines
content of 9-40% with N values of 2-11. The ML soils
have N values of 2-8 in general. Since the strengths of
the liquefiable soils (SM and ML) are low, the evidence
of soil liquefaction in this area can be easily observed
when shaken by relatively larger ground motion. The
CL soils have N values of 1-9 in general. Again, the CL

soils are difficulty to provide sufficient bearing capacity
to support the weight of the surface structure alone. The
deeper deposits (11-20 m) mainly consist of ML and CL

soils, whose strengths are greater than the ones at shal-
low depth.

Evaluation of peak ground acceleration

After the Taiwan Strong Motion Instrumentation Pro-
gram (TSMPI), the urban areas of Taiwan are commonly
dotted with seismographs, and the PGA can be easily
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NCREE

Fig. 3 Damages to No. 8 and 6 three-story buildings at Lane 161, Huian Street (Annan District)

Fig. 4 Damage to No. 7 building at Alley 10, Lane 50, Sanmin Street (Sinshih District)

obtained from the near seismograph after earthquake in
general. However, in this case, there is no seismograph
near the sites with serious liquefaction condition dur-
ing the Meinong earthquake. In other words, to obtain
the PGAs on the liquefied site, several evaluation
approaches should be adopted. Among them, the most
straightforward one is to adopt the PGA from the clos-
est seismograph. Note that the accuracy of the approach
may be insufficient due the distance from the measured

instrument to the concerned site. Another one is to first
make the PGA contour map by the method of interpo-
lation and extrapolation based on the information pro-
vided by the neighbor seismographs and then derive the
PGA of the liquefied site from the map. In addition, the
empirical attenuation law can also be used. It should be
noted that the above approaches do not well consider
the amplification of seismic ground motion during the
upward propagation from the bedrock to ground surface,
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Fig.5 Geological profiles of Annan District
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which implies that the effect of site response is ignored.
However, the liquefaction sites in Huian and Sanmin
Streets were man-made fill grounds in old water ponds.
The PGA may be significantly amplified due to the loose
backfill materials. Based on the “Design specifications
of building foundations” (Construction and Planning
Agency, MOI 2010), the acceleration amplification of the
weakest ground (Class III) is 1.2, while the PGA of bed-
rock is smaller than 0.24g. In this case, the reclaimed land
is thought to be much weaker than the weakest ground
defined by the code and the PGA of the bed rock is
smaller than 0.24¢. The amplification factor higher than
1.2 is thought to be reasonable. Furthermore, according
to analysis results of site response at soft ground by Idriss
(1990), the PGA amplification factor is from 1.4 to 1.6,
while the acceleration at bedrock is from 0.20 to 0.15g.
Therefore, an average PGA amplification factor of 1.5 is
assumed. The estimated PGA values in these liquefaction
sites are listed in Table 3. It can be found the PGA from
empirical attenuation law is the lowest and the PGA con-
sidering amplification effect is the largest.

Soil liquefaction evaluation

To determine the effect of soil liquefaction in severe liq-
uefaction areas during the Meinong earthquake, the lig-
uefaction potential index (LPI) proposed by Iwasaki et al.
(1978, 1982, 1984) was used to evaluate the liquefaction
severity at each site. The equation for LPI is expressed as:

NL NL
LPI =Y "(ALPI); = » Fi x w; x AH (1
i=1 i=1

where NL is the number of soil layers, F; is the function
of FS of the ith layer defined in Eq. (2) and w; is the depth
weighting factor (=10 — 0.5z > 0, where z is the depth in
meters) which implies that the severity of surface mani-
festation of liquefaction is proportional to the proximity
of the liquefied layer to the ground surface and there is
no contribution from soils below 20 m, and AH,(m) is the
thickness of the ith layer which implies that the severity
of liquefaction is proportional to the thickness of the liq-
uefied layer.

{1—Fsi for 0<FS; <1
F; =

0 for FS;>1 @

Table 3 Estimated horizontal peak ground accelerations
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where FS,; is the safety factor of the ith layer of a horizon-
tal formation without surface structures. This definition
of the variable F; implies that only soils with FS < 1 con-
tribute to the severity of liquefaction at the ground sur-
face. Given these definitions, LPI can range from 0 for a
site with no liquefaction potential to a maximum of 100
for a site where FS = 0 over the entire soil column. Based
on the calibration of LPI with field observations by Iwa-
saki et al. (1982, 1984), four different liquefaction levels
are identified and given in Table 4.

Regarding the calculation of the factor of safety (FS) of
a soil element in a free-field horizontal ground, the sim-
plified method is usually employed in engineering prac-
tice. In the simplified method, liquefaction “loading” is
expressed as cyclic stress ratio (CSR) and liquefaction
“resistance” is expressed as cyclic resistance ratio (CRR),
and the factor of safety can be expressed as CRR/CSR.
In this paper, the classic simplified method, so-called the
Seed method, is recommended, which was pioneered
by Seed and Idriss (1971) and later refined by Seed and
Idriss (1982) and Seed et al. (1985). With the evaluation
of Hwang and Yung (2003) and Hwang et al. (2005, 2012),
the better performance of the Seed method has been
concluded and suggested for practical soil liquefaction
evaluation. In the evaluation of the CSR, the peak ground
acceleration (PGA) is a key factor and to adopt the PGA
from the nearest seismograph is straightforward and was
adopted first. Table 5 shows the LPI evaluation results of
the 13 SPT boreholes in Annan and Sinshih Districts. The
GFIs based on the field observation at the corresponding
boreholes are also presented in Table 5 for comparison. It
can be seen that five SPT boreholes are in GF3 liquefaction
area and one in GF1 liquefaction area of the Annan Dis-
trict. There are six SPT boreholes in GF3 liquefaction area

Table 4 Relationship between LPI and the degree of lique-
faction risk

Range of LPI Description

LPI=0 Liquefaction risk is very low
0<LPIZ5 Liquefaction risk is low
5<LPI=15 Liquefaction risk is high

15 < LPI Liquefaction risk is very high

PGA estimation method

Annan District (g) Sinshih District (g)

Referring to the nearest seismograph
PGA contour map (NCREE 2016)
Empirical attenuation model (Jean et al. 2006)

1.5 times the PGA of contour map (roughly consider site effect)

0.168 (TAI) 0.233 (SSH)
0.152 0.196
0.128 0.140
0.228 0.294
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Table 5 LPI evaluation results of the Annan and Sinshih Districts

Borehole LPI Liquefaction risk

GFl ranked by field observation (after Bray and Stewart 2000)

Analyzed results of Annan District with the PGA = 0.168g derived from TAl station

BH-A1 8.6 High GF3
BH-A2 107 High GF3
BH-A3 84 High GF1
BH-A4 29 Low GF3
BH-A5 5.0 Low GF3
BH-A6 4.1 Low GF3
Borehole LPI Liquefaction risk GFl ranked by field observation (after Bray and Stewart 2000)

Analyzed results of Sinshih District with the PGA = 0.233g derived from SSH station

BH-S1 57 High
BH-S2 86 High
BH-S3 125 High
BH-54 136 High
BH-S5 14.1 High
BH-S6 131 High
BH-S7 89 High

GF3
GF3
GF2
GF3
GF3
GF3
GF3

and one in GF2 liquefaction area of the Sinshih District. To
the GF3 area, the LPI was thought to be quite larger than
15, which means liquefaction risk is “very high,” before the
liquefaction evaluation due to its serious liquefaction from
field observation. However, from the LPI evaluation results
of Annan District, it can be seen that the evaluated LPIs
range from 2.9 to 10.7, and the liquefaction risk in this
area is just “low” or “high” Except the BH-A3 borehole, the
results of the other boreholes do not comply with serious
liquefaction condition from field observation. Similar to
the Annan District, the evaluated LPIs of the boreholes in
GF3 area of Sinshih District range from 5.7 to 14.1, which
the liquefaction risk is just “high” Comparing with the field
liquefaction evidences, the above evaluated LPIs of the
both sites seem to be underestimated and not to reflect
the serious liquefaction condition. The reasons may be
deduced from several factors with unsuitable estimations
due to the high uncertainty. It should be noted that due to
the extreme site effect and lacking seismograph near the
studied site, the accuracy of the PGA derived from the
nearest seismograph is doubt. The uncertainty due to the
different PGA evaluation will be discussed in the follow-
ing section. Besides, other uncertainty factors such as the
effect of fines content, magnitude scaling factor and differ-
ent simplified methods will be also addressed.

Effect of uncertainty

The peak ground acceleration

The assessment of soil liquefaction potential by simplified
method is normally regarded as a simple and straight-
forward job. However, due to the lack of seismograph

at the liquefied sites in these cases, the estimates of the
peak ground acceleration (PGA) become uncertain due
to extreme site effect on the land reclamations from old
fish or farm ponds. The estimated PGA values listed in
Table 3 were used for the soil liquefaction evaluation
by the Seed method. The results are given in Table 6.
It can be seen that only the case that considered the
amplification effect due to the site characteristics of the
reclamations can yield the LPIs that are approximately
comparable with the field observation. The LPIs of the
other cases are too low to reflect the serious liquefaction
condition from field observation. Since the liquefied site
is reclaimed from old fish or farm ponds by the mate-
rial with poor quality control, the PGAs with consider-
ing the site response of the reclamations were thought to
be more rational than the rest. Thus, the PGA of 0.228¢
in Annan District and the PGA of 0.294¢ in Sinshih Dis-
trict would be used for the following analyses. It should
be noted that the evaluated PGAs with considering the
amplification effect are based on the authors’ assumption.
To obtain more accurate PGA on the studied sites, more
complicated analysis is recommended for next phase.

The effect of the fines content

From the samples of the SPT boreholes, the soil mate-
rial in these sites has high fines content with low plas-
ticity index (PI). It was argued the effect of fines content
on the increase in the CRR in this kind of soil material.
Therefore, the scenario adopted in “Soil liquefaction
evaluation” section was re-evaluated by the same simpli-
fied method with ignoring the contribution of the fines
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Table 6 The evaluated LPI subject to the PGAs evaluated by different approaches

Borehole PGA (evaluation approach)
0.128g 0.152g 0.168g 0.228g
(Attenu. model) (Contour map) (Seismograph) (Amp. effect)
LPI

Annan District

BH-A1 4.1 7.1 8.6 14.8

BH-A2 6.5 93 10.7 17.3

BH-A3 49 7.2 8.4 13.7

BH-A4 0.0 13 29 103

BH-A5 2.8 4.2 50 14.2

BH-A6 1.7 33 4.1 129

Borehole PGA (evaluation approach)
0.140g 0.194g 0.233¢g 0.294g
(Attenu. model) (Contour map) (Seismograph) (Amp. effect)
LPI

Sinshih District

BH-S1 0.0 0.8 57 11.5

BH-S2 15 53 8.6 14.2

BH-S3 2.1 8.2 12.5 185

BH-S4 1.8 85 13.6 209

BH-S5 39 104 14.1 20.8

BH-S6 37 104 13.1 19.0

BH-S7 59 79 89 12.7

content. In this soil liquefaction evaluation, the PGAs
with considering the site effect were used due to the com-
ment of “The peak ground acceleration” section. Table 7
shows the comparison between the results by the Seed
method and the one without the consideration of FC. It
can be seen that if the contributions of fines for SM and
ML are neglected, all the predicted LPIs will become
significantly larger and closer to the field damage condi-
tions. From the results, the contribution of fines content
is significant, and it is suggested to carefully study the
increase in CRR due to the fines content with low plastic-
ity index (PI).

The effect of the magnitude scaling factor

The duration of the earthquake has a great influence on
the amount of the generated excess pore water pressure.
In liquefaction evaluation, the influence of the earthquake
duration is replaced by an equivalent loading cycles. The
larger the earthquake magnitude, the more the number of
the loading cycles, the smaller the cyclic resistance ratio
(CRR). The Seed method was developed based on the
case histories with earthquake magnitude close to 7.5. If
the earthquake magnitude is different from 7.5, the mag-
nitude scaling factor (MSF) should be used to modify the

CRR, especially when the earthquake magnitude of the
Meinong earthquake is just 6.4. In practice, the MSF = 1
for an earthquake with a moment magnitude M, = 7.5.
The MSF is greater than 1 when M, < 7.5 and less than
1 when M,, > 7.5. In the original Seed method, the MSF
suggested by Seed and Idriss (1982) is employed. It is of
interest the performance of the MSF in the Seed method
in moderation magnitude earthquake. In this section,
the Seed method with several MSFs would be evaluated.
Besides the MSF suggested by Seed and Idriss (1982), the
other two common used MSFs including Idriss (1997)
and Andrus and Stokoe (1997) were tested. Please refer
to Youd and Idriss (1997) for the detailed background of
the tested MSFs. The PGAs recommended by Sect. 5.1
were used. Table 8 shows the LPIs evaluated by the Seed
method with different MSFs. From the results, the MSF
suggested by Seed and Idriss (1982) is most conserva-
tive, and the MSF suggested by Idriss (1997) is followed
by the one suggested by Andrus and Stokoe (1997). Fig-
ures 7 and 8 demonstrate the evaluated LPIs comparing
with LPI = 15 and 5. Because the locations of the most
boreholes are located on serious liquefaction sites (GF3),
the evaluated LPIs larger than 15 are thought to be more
rational. In light of this view, the MSF suggested by Seed
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Table 7 The effect on LPI evaluation due to the fines content

Borehole LPI LPI ALPI
(by default of the Seed method) (no contribution of FC)

Analyzed results of Annan District with the PGA = 0.228g

BH-A1 14.8 332 184
BH-A2 17.3 29.7 124
BH-A3 13.7 286 14.9
BH-A4 10.3 24.2 139
BH-A5 14.2 30.1 15.9
BH-A6 129 26.1 132
Borehole LPI LPI ALPI
(by default of the Seed method) (no contribution of FC)

Analyzed results of Sinshih District with the PGA = 0.294g derived from SSH station

BH-S1 11.5 214 9.9
BH-S2 14.2 299 15.7
BH-S3 18.5 309 124
BH-S4 209 36.8 159
BH-S5 20.8 352 144
BH-S6 19.0 29.7 10.7
BH-S7 12.7 224 9.7

Table 8 The effect on LPI evaluation due to the MSF

Borehole Method to considered MSF ALPI

Seed and Idriss (1982) Idriss (1997) Andrus and Stokoe (1997)
LPI

Analyzed results of Annan District with the PGA = 0.228g derived from TAl station

BH-A1 14.8 104 85 6.3
BH-A2 17.3 12.7 106 6.7
BH-A3 13.7 10.1 84 53
BH-A4 10.3 55 2.7 7.6
BH-A5 14.2 6.3 49 93
BH-A6 129 52 40 89
Borehole Method to considered MSF ALPI

Seed and Idriss (1982) Idriss (1997) Andrus and Stokoe (1997)

LPI

Analyzed results of Sinshih District with the PGA = 0.294g derived from SSH station

BH-S1 1.5 6.3 33 8.2
BH-S2 14.2 9.2 6.8 74
BH-S3 185 13.2 10.5 8.0
BH-S4 209 14.5 11.0 9.9
BH-S5 208 14.6 12.2 86
BH-S6 19.0 13.6 11.9 7.1
BH-S7 12.7 9.2 84 43

Seed and Idriss (1982) suggested MSF = (M,,/7.5)~""!
Idriss (1997) suggested MSF = (M,/7.5)~2°¢
Andrus and Stokoe (1997) suggested MSF = (M,,/7.5) 733
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Fig. 7 Evaluated LPIs for the Annan District with considering different MSFs

and Idriss (1982) is considered to be more rational for the
Seed method.

The variation due to the different simplified methods

Since LPI is evaluated from the obtained factors of
safety (FS) to predict the potential of liquefaction to
cause damage at the surface level, it should be noted
that the evaluation by different simplified methods will
result in different FS even if the borehole data are all
the same. To quantify the variation of LPIs from dif-
ferent simplified methods, other common SPT-based
and CPT-based simplified methods were also used in
this study. Besides the classic Seed method, the other
considered SPT-based simplified methods are the JRA
method (Japanese Road Association 1996), the NCEER
method (Youd and Idriss 1997), the AIJ] method (Archi-
tecture Institute of Japanese 2009) and the HBF method
(Hwang et al. 2012). The CPT-based simplified meth-
ods are the NCEER method (Youd and Idriss 1997)
and the Juang’s method (Juang et al. 2008). Figures 9
and 10 show the evaluated LPIs for Annan and Sinshih
Districts by different simplified methods and estimated

PGAs for the SPT boreholes and CPT soundings. From
the figures, we can see that the estimated PGAs have
the largest influence on the LPI. The larger the PGA, the
larger the LPI. The evaluated LPI results using the esti-
mated PGAs considering amplification effect are closer
to the damage conditions in the field. On the contrary,
the use of PGA by the empirical attenuation law pre-
dicts no damage.

Among the SPT-based methods, the JRA and Seed
methods are more conservative and the AIJ] method is
the least conservative. The NCEER and HBF methods
are in between. The predicted LPIs by the JRA and Seed
methods are more consistent with the damage conditions
in the field. However, it should still be noted that the JRA
method did not consider the magnitude scaling factor.
Although the results evaluated by the JRA method are
comparable with field observations, we suggest that the
applicability of the method with other earthquake magni-
tudes should be checked carefully. The CPT-based meth-
ods generally predict a larger LPI than the SPT methods.
Among the CPT-based methods, Juang’s method is more
conservative than the NCEER method.
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Fig. 8 Evaluated LPIs for the Sinshih District with considering different MSFs

Conclusion

This paper discussed the liquefaction-induced damage to
buildings that occurred during the Meinong earthquake.
From site investigations, we determined that the forma-
tions of the liquefied sites always exhibit a very soft clay
layer below the saturated sandy soils. The foundation
load is mainly supported by the sandy soils and a pres-
hear (deviatoric) stress existing in the foundation soil of
the footing before earthquake. The soil is easier to reach
the failure state due to the additional shear force and the
generation of the excess pore water pressure triggered by
the earthquake excitation and cause large settlement and
deformation. During the shaking of the earthquake, the
excess pore water pressure is generated and decreased
the strength of the saturated sandy soils. When the sof-
tened sandy soils beneath the spread foundation cannot
bear the deviatoric stress induced by the loading of the
surface building as well as the additional shear force due
to the seismic loading, the foundation bearing layer will
be squeezed out laterally and upward. Then, the founda-
tion load is transferred to the soft clay beneath the satu-
rated sandy soils, which induces more settlement of the

building. Note that if the weight of the surface building is
uneven like the case shown in Fig. 4, the differential set-
tlement can be observed in case of the foundation bear-
ing layer being liquefied during earthquakes.

The soil liquefaction evaluation using the Seed method
seemed to underestimate the degree of damage observed
in the field if several uncertainties were not taken into
account. The discussion shows that the liquefaction
assessment is not a simple job and highlights some issues
worth studying in the future. Based on the results, the site
response should be carefully evaluated, especially where
the site has been reclaimed from old farm and fishponds.
It should be noted that the site effect is roughly estimated
using a certain degree of engineering judgment by the
authors. More advanced tools such as the equivalent
linear-based SHAKE or the FDM-based FLAC programs
are suggested to conduct the seismic response analyses
for the sites. The mentioned programs have good perfor-
mance to derive seismic response with considering the
dynamic nonlinear properties of the soil medium under
small to medium strain levels (Idriss and Sun, 1992;
Rayhani et al., 2008; Itasca 2011). Since the Meinong
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Fig.9 Evaluated LPI for the Annan District by different simplified methods and PGAs
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earthquake (M| = 6.4) is a small to moderate earthquake,
the determined PGAs by the programs for these sites will
be more accurate and can be used to further review the
rationality of the estimated PGAs in this study.

In the uncertainty discuss for the contribution of fines
content, an extreme conservative assumption was made
to evaluate the CRR contribution of fines content with
low PI. From the results, if the effect of FC for SM and
ML is neglected, all the predicted LPIs become signifi-
cantly larger and closer to the field damage conditions. It
is recommended to better understand the CRR contribu-
tion of the fines with low PIL.

Regarding the suitability of the MSF for the Seed
method, the MSF suggested by Seed and Idriss (1982) is
suggested since the evaluation results are more compa-
rable with field observation. In this paper, other simpli-
fied methods were also adopted. The predicted LPIs by
the JRA and the Seed methods are more consistent to
the damage conditions in the field. Note that the user of
the JRA method should be aware that the method does
not take the MSF into account. Except the Seed and JRA
methods, the evaluated LPIs by other methods predict
only light to moderate liquefaction-induced damages
which are not consistent to the severe GF3 damage con-
dition observed in the field. The results by the HBE, AlIJ,
and NCEER methods are suggested to further review the
suitability of the existing MSFs.
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