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ABSTRACT 
On February 6, 2016, a moment magnitude (Mw) 6.4 earthquake struck southern Taiwan, devastating the Tainan area. 
Widespread damages associated with liquefaction (e.g., settlement and tilt of residential buildings) were observed even 
when the intensity of ground shaking was only moderate (peak ground acceleration, ~0.2 g). In this study, liquefaction in 
two residential areas during the Meinong earthquake was assessed. Liquefaction triggering analysis using the field 
measurement (e.g. SPT-N, CPT) was initially performed to identify the liquefied layer. The comparison between the 
gradation and color of ejecta and the in situ soil sample associated with the liquefied layer supported the analysis result. 
The liquefied layer is very shallow, and the damage level is highly correlated to the distance between the footing and the 
liquefied layer. This study also conducted a numerical analysis to simulate the interaction between the shallow-footing 
structure and liquefiable soil through a simplified approach by reducing the soil strength of the liquefied layer. The residual 
strength of the liquefiable soil is recommended based on the comparison between the analyzed results and the observed 
consequence. 
 
 
 
1 INTRODUCTION 
 
The Meinong earthquake struck southern Taiwan at 
3:57:27.2 am on February 6, 2016, local time. The 
earthquake registered a local magnitude (ML) of 6.6 
(moment magnitude [Mw], 6.4) with the epicenter at 22.92° 
north and 120.54° east, and a focal depth of 14.6 km. No 
significant damage was reported in the epicentral region. 
However, serious damages were found about 30 km west 
of the epicenter in Tainan City. More than 20 multi-story 
buildings constructed under relatively modern building 
codes were severely damaged.  

The Meinong earthquake caused widespread damage 
associated with liquefaction (e.g., settlement and tilt of 
residential buildings) even when the intensity of ground 
shaking was only moderate. Liquefaction mostly occurred 
in very fine sands to very silty sands, which were located 
at the lower bound of the typical liquefied soil (Tsai et al., 
2016).  

In this study, a rigorous liquefaction analysis was 
performed on two liquefaction sites: Annan and Xinshi. The 
liquefaction triggering analysis using the free-field 
measurement (e.g. SPT-N, CPT) was initially performed to 
identify the liquefied layer. The liquefied layers were 
confirmed by comparing the gradation and color of ejecta 
with the in situ soil sample and other field evidence. In 
addition, this study conducted a numerical analysis to 
simulate the interaction of shallow-footing structure and 
liquefiable soil through a simplified approach by reducing 
soil strength. The residual strength of the liquefiable soil is 
recommended based on the comparison between the 
analyzed results and the observed consequence. 
 
 

2 GROUND SHAKING 
 
Based on surface evidence, liquefaction was identified at 
eight locations during the Meinong earthquake. Annan and 
Xinshi were the two severely damaged residential areas 
among the sites. Moreover, liquefaction occurred again in 
the Xinhua site, a farmland with liquefied records in the 
past, without liquefaction-induced building damage.  
 
 

 
Figure 1. Shaking map (unit: gal) 
 
 
   Figure 1 shows the shaking map of the maximum 

ground acceleration (amax) using the Real-time Data (RTD) 
stations of the CWB (blue cross) and the strong motion 
Network (black dots). The amax values of Annan and Xinshi 
sites are 0.19 g and 0.27 g, respectively. The shaking 
levels in these locations were moderate, but the 



 

consequences were significant. During the 2010 Jiasian 
earthquake (also Mw=6.4), liquefaction was observed in 
Xinhua but not reported at the Anna and Xinsin sites. The 
amax of Anna and Xinsin sites is estimated at 0.10 g and 
0.14 g, respectively during the Jiasian earthquake.  
 
 
3 LIQUEFACTION-INDUCED DAMAGES 
 
3.1 Annan site 
 
The Annan site, located at the east of Sec. 3, Bei’an Rd. 
and bounded by the TanShui creek and the Jianan 
irrigation canal (Figure 2), experienced significant and 
widespread liquefaction damage during the earthquake. 
Typical failure patterns included ground settlements, 
cracks in pavements, settlement/tilting of reinforced 
concrete structures on shallow foundations, and rupture of 
underground utilities. The typical settlement in the area 
was about 10–20 cm. The severity of liquefaction damage 
was assessed carefully based on the ground failure (GF) 
index (Bray and Stewart, 2000), and its distribution is 
shown in Figure 2. The affected area extended to about 
16,000 square meter. The most severe damage occurred 
along Lane 161, Hui-An St., where five buildings (Nos. 6, 8, 
12, 14, and 24) were subjected to significant tilt of up to 7° 
(No. 24) or settlement of up to 90 cm (No. 8). According to 
the old map (Academia Sinica), this area was an old pond 
prior to 1921 and was reclaimed between 1921 and 1944. 
The pond boundary is marked in Figure 2. 

 
 

 
Figure 2. Distribution of liquefaction and field investigation 
at the Annan site 
 
 

The typical foundation of the buildings in this area was 
a shallow spread footing connected with grade beams 
around the perimeter wall. Although the buildings suffered 
severe settlement from liquefaction, a manhole (3–5 m 
deep) in the vicinity remained clean (no intrusion of sand), 
and exhibited no uplift. Therefore, the liquefied layer could 
be very shallow that led to tremendous foundation 
settlement. 
 
3.2 Xinshi site 
 
This area is located in the north of Sanmin St., the east of 
Minzu Rd., and the west of Route No. 1. The observed 

severity and distribution of the liquefaction damage are 
shown in Figure 3. The liquefaction manifestation was 
observed mainly at Lane 50, Sanmin St. The most severe 
damage was within a triangle zone, where a fishpond 
existed, and was reclaimed during the late 1980s. Within 
the triangle zone, the color of the ejected sediment was 
dark gray, whereas the ejecta of the rest of the liquefied 
areas were yellow brown. The dark gray soil could be the 
backfill material of the pond, whereas the yellow brown soil 
was the original sedimentary material. 

All the buildings in the triangle zone, such as the three-
story dual townhouses with parking garage attached in the 
front and with spread footings connected with perimeter 
grade beams as foundation, were built by the same 
construction company in 1989. The maximum settlement 
of these buildings was about 50 cm, but no major tilt was 
observed.  
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Figure 3. Distribution of liquefaction and field investigation 
at the Xinshi site 
 
 
4 SUBSURFACE CHARACTERIZATION 
 
To perform stress approaches for liquefaction evaluation 
using various in situ properties, three in situ site 
characterization techniques were conducted, including 
standard penetration tests (SPT) and cone penetration 
tests with pore pressure measurement, and downhole 
seismic testing (SCPTu). The CPT sounding was 
performed with a standard penetration rate of 20 mm per 
second (PR=20 mm/s). The downhole shear-wave velocity 
tests were conducted every meter. Additionally, 
undisturbed soil samples were retrieved with modified 
hydraulic piston samplers for dynamic laboratory tests. 

At Annan site, three borings and two SCPTu were 
performed as shown in Figure 2. Two of the borings were 
drilled in the GF3 area, and one boring was drilled at the 
GF2 area. In the Xinshi site, three pairs of borings and 
SCPTu were performed as shown in Figure 3. The location 
of these tests is intentionally selected to cover different GF 
conditions. Test results, including SPT-N, FC, tip 
resistance (qc), and friction ratio (fr) are shown in Figure 4 
and Figure 5 for Annan and Xinshi sites, respectively.  

At the Anna site, the subsurface condition is a typical 
interlayer of SM/ML and CL. The top SM/ML layer is very 



 

loose underlain by a very soft CL layer. Another SM/ML 
layer underlain by the CL layer follows this layer, but these 
layers are denser or stiffer. A medium dense to dense SM 
layer is encountered 10 m bgs. In A-SPT3, located in the 
GF2 area, a medium dense SM layer is encountered near 
the ground surface, which is different from the very loose 
SM encountered in the borings in the GF3 condition.  
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Figure 4. Subsurface of Annan site 
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Figure 5. Subsurface of Xinshi site 
 
 

In the X-SPT1, the upper 2 m is SM layer, which is 
different from the CL layer obtained in X-SPT3 and X-SPT2. 
This observation is caused by the X-SPT1 that is drilled in 
the location that used to be a fishing pond and backfilled in 
late 70’s. The CL layer represents the original subgrade 
condition of the site. Beneath the 2 m, the strata start to 
show consistency among these borings and CPT 
soundings, indicating that the virgin ground start from the 2 
m. Beneath 2 m, a ML/SM layer is first encountered 
between 2 to 4 m bgs, followed by a CL layer down to 7 m. 
Then, the strata repeat another ML/SM layer underlain by 
an interlayer of ML and CL down to the 20 m.  
 
 
5 LIQUEFACTION ANALYSIS 
 
The SPT, CPT, Vs, and laboratory testing data were used 
to evaluate the liquefaction susceptibility after the Jiasian 
and Meinong earthquakes at Xinsin site. The semi-
empirical SPT procedure by Boulanger and Idriss (2014), 
Hwang and Yang (2001), and Youd et al (2001) and the 
CPT approach by Robertson (2009a, b) were used to 
evaluate the liquefaction potential. Boulanger and Idriss 

(2014), denoted as BI14, is the update of Idriss and 
Boulanger (2006) with new magnitude scaling factor (MSF) 
and iterative fine correction procedure. Hwang and Yang 
(2001), denoted as HY01, is a local liquefaction analysis 
method developed using the 1999 Chi-Chi earthquake 
database. Youd et al (2001), YD01, is the summary of the 
1999 NCEER liquefaction workshop. The factor of safety is 
defined as 
 
 

FSLF = CRR/CSR      [1]
 
 

CSR is the cyclic stress ratio induced by the earthquake, 
evaluated as: 
 
 

CSR = 0.65 ௔೘ೌೣ௚ ఙೡఙᇱೡ  ௗ      [2]ݎ
 
 

where amax is the maximum horizontal acceleration at 
the ground surface, g is the gravitational acceleration, σv 
and σv' are the total and effective vertical stresses, 
respectively, and rd is the stress reduction coefficient. CRR 
is the cyclic resistance ratio as a function SPT-N or qc, 
which represents the capacity of soil against liquefaction. 
A factor of safety against liquefaction (FSLF), of less than 
1.0 indicates that the soil could liquefy. 

The liquefaction susceptibility criteria for silts and clays 
proposed by Boulanger and Idriss (2006) and Robertson 
(2009b) are applied to distinguish the sand-like and clay-
like soils for SPT and CPT data, respectively. For the SPT 
with PI measurement, the soil layers with PI>7 (i.e. clay) 
were considered non-liquefied in the SPT approach. For 
the CPT sounding, the soil behavior type index (Ic) value 
larger than 2.6 is considered as non-liquefied. 
 
 
6 ANALYSIS RESULT 
 
The analysis results of all available borings and CPTs are 
shown in Figure 6 and Figure 7 for Annan and Xinshi, 
respectively. In addition, to show the FS, the blow count, 
tip resistance and Vs are presented on the left side as 
reference. A good agreement is found between N, Qt, and 
Vs. All calculated FS are presented; those determined as 
non-liquefied soil based on PI and Ic are shown in gray.  

Some discrepancies are found in the screening result 
based on SPT and CPT. Take Xinshi site for example, the 
CPT indicates that SBH3 is non-liquefiable between 10-15 
m, whereas the SPT result indicates that SBH3 is 
liquefiable. This result is caused by the interlayer of ML and 
CL in this unit. The discrete SPT soil sample was retrieved 
from these thin ML layers, which lead to the different 
impression that the layer is liquefiable. However, based on 
the CPT sounding, the layer is a CL layer, and is not 
liquefiable. Similar observation is found in the tube sample 
that shows high variation of soil types in a limited length. 
Therefore, with the aid of CPT result visualized in these 
figures, to judge liquefied layers is easy, as shown in blue 
in the figure. 



 

Two major liquefied layers are identified, which are 
consistently shown in all borings at the Anna site. The first 
layer is between 1 m to 3 m bgs, and the second layer is 
around 6.5 m to 7 m. However, the distribution of these 
liquefaction layers is slightly different among the borings, 
especially near the ground surface. In the A-SPT1, where 
most of the severe damages occurred, the 1st liquefied 
layer starts from the ground water level, whereas the 1st 
liquefied layer starts few meters beneath the ground water 
level in the slightly damaged areas. 
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Figure 6. Liquefaction analysis result at the Anna site. 

 
 
In the Xinshi site, two major liquefied layers are 

identified and consistently shown in all borings. The first 
layer is between 2 m to 4 m bgs, and the second layer is 
around 7 m to 10 m. In the X-SPT1 drilled in the old pond, 
the loose back fill from 1 m to 2 m was also liquefied, which 
is different from the other locations where that liquefied soil 
starts from the 2 m bgs. 
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Figure 7. Liquefaction analysis result in the Xinshi site 
 
 

The gradation curves of ejecta are compared with that 
of the retrieved SPT soil sample in the Xinshi site (Figure 
8). The gradation curve of the soil sample corresponding to 
the liquefied layer is shown in red, and the others are 
shown in blue. In X-SPT1, the gradations of the first and 
second soil samples agree well with that of the ejecta. 
However, only the gradation of the first soil sample is 
similar to the ejecta in the other borings (e.g. X-SPT3). The 

results indicate that the first identified layer was liquefied. 
However, the gradation of soil sample obtained from the 
first liquefied layer in X-SPT3 is still finer compared to the 
ejecta, which may be attributed to two sources. First, some 
fines might have been lost during the ejection process, 
especially for the deep liquefied layer. Similar results have 
been observed by previous studies through the comparison 
between ejecta and liquefied layer (Yoshimi 1999). Second, 
a high variation of soil type is observed in a limited length. 
The soil sample used in the gradation analysis may not 
represent the actual liquefied soil. Based on the earlier 
comparison, only two layers have significant liquefaction. 
 
 

 

 
Figure 8. Gradation of ejecta and soil sample in Xinshi site 
 
 
7 NUMERICAL ANALYSIS OF INTERACTION OF 

SHALLOW-FOOTING STRUCTURE AND 
LIQUEFIABLE SOIL 

 
Building settlement induced by soil liquefaction is affected 
by many factors, such as SSI, water flow, deviatoric strains 
induced by building shaking, volumetric strains, etc. (Dashti 
& Bray 2010). Moreover, the simplified approach did not 
consider the transient nature of excess pore water 
pressure build-up. It is recommended that these be 
acknowledged in the Section, before explaining why a 
simplified approach was adopted. 
 
7.1 Numerical Model and Analysis Approach 
 
The mechanical behavior of the structure interacting with 
different subsurface conditions caused by soil liquefaction 
was simulated by FLAC2D program with a simplified 
approach. A modeled 3-story house with shallow spread 



 

footing (Figure 9) is the typical damaged building based on 
the field reconnaissance. Two idealized profiles that 
present severe and minor damage conditions are shown in 
Figure 10 and Figure 11 in Annan and Xinshi sites, 
respectively. The main difference between the two profiles 
in each site is the location as well as the thickness of the 
liquefied layer (i.e. SM) near the ground surface. Two 
profiles within one site are mostly identical. Figure 12 
shows the numerical model of the Anna GF3 site. The 
others are not shown because of their similarity.  
Building settlement induced by soil liquefaction is affected 
by many factors, such as SSI, water flow, deviatoric strains 
induced by building shaking, volumetric strains, etc. (Dashti 
and  Bray 2010). The simplified approach is adopted in this 
study to reduce the soil parameters to mimic the 
mechanical behavior of the liquefiable soil. Therefore, the 
complex SSI can be rationally achieved by simple 
numerical calculation. The reduction is applied to both the 
strength and stiffness of the liquefied soil based on the 
Japanese code (JRA 2012), which is different from the 
typical approach where only the strength reduction is 
considered (Dawson et al.1999, Olson and Stark 2002). All 
analyses were performed under static condition, without 
considering inertial force. Besides, the transient nature of 
excess pore water pressure build-up and the associated 
volumetric change were not modeled. The key issue of the 
approach is the degree of softening through reduction in 
stiffness. In this study, the observed settlements of 
buildings from the post-earthquake investigation are good 
references to calibrate the reduction ratio. Therefore, 
different reduction ratios ranging from 1.0 to 0.1 were 
tested until the simulated settlement of the building 
matches the field observation.  
 
 

 
Figure 9. Geometry and parameters of structure. 
 
 

 
Figure 10. The idealized profiles at the Anna site. 

 
 

 
Figure 11. Idealized profiles at the Xinsin site. 
 
 

 
Figure 12. Numerical model of Anna GF3 site 
 
 
7.2 Analysis result 
 
During the earthquake, the foundation embedded with 
liquefiable layer will reduce its bearing capacity because of 
the evident strength loss of the liquefiable layer. When the 
bearing capacity of the foundation is less than the weight 
of the surface structure, the structure will settle and cause 
the shear failure of the soil beneath the foundation. Figure 
13 shows the typical simulated damage pattern. The 3-
story house settles because of the strength loss of the soil 
beneath the foundation. Moreover, the soil beneath the 
building is compressed and, consequently, squeezed 
outwardly to heave up the ground surface adjacent to the 
building. The slab of the first floor also heaved because of 
the bearing uplift force during the settlement of the building. 
The non-reinforced slab is damaged because of its weak 
strength against the bending moment. 

Figure 14 and Figure 15 show the settlements of the 
building under different reduction ratios of the two studied 
sites. The trend of these two sites is similar. The GF3 
locations in the two figures show that the rate of the building 
settlement increased, and the reduction ratio is lower than 
0.4, which means that the plastic failure of the foundation 
occurred from then on. Before the reduction ratio reached 
0.4, the developed settlement of the building is mainly 
dominated by elastic deformation of foundation caused by 
the reduction in the elastic modulus. Comparatively, the 

Soil 
layer

Sand
Clay

19

2

4

6

8

10

12

14

16

18

20

1

3

5

7

9

11

13

15

17

Depth
(m)

GWT
1.00m

Soil parameters for Xinsin GF3 site

γt
(t/m3)

G
(MPa)

B
(MPa)

c
(t/m2)

ϕ
(o)

Parameter 
reduction

No1.95 3.5 10.4 0.5 23

Yes1.90 1.7 5.3 0.5 21

No2.05 4.8 46.7 3.6 0

Yes2.00 6.1 18.2 0.5 26

No2.10 9.7 93.3 7.2 0



 

turning point in increasing the rate of the building 
settlement occurs when the reduction ratio reaches 0.2 
because of lesser thickness of the liquefiable layer in GF2 
sites.  

According to field observation, the range of the 
settlement of buildings in GF3 sites is from 40 cm to 90 cm, 
and the settlement of buildings in GF2 sites ranges from 5 
cm to 20 cm. The numerical results, based on the reduction 
ratio of 0.1, are similar to the field observation. Therefore, 
the reduction ratio of 0.1 is suggested to model the 
liquefied soil in the proposed simplified approach. The 
proposed ratio of 0.1 agrees with the previous study 
(Ashford et al. 2011). In addition, the application of the 
proposed approach is recommended because of its 
simplicity and efficiency. 
 
 

 
Figure 13. Deformed mesh of Anna GF3 site 
 
 

 
Figure 14. Summary results of Anna site 
 
 
8 CONCLUSION 
 
Liquefaction triggering analysis using SPT-N and CPT was 
performed to identify the liquefied layer at the Anna and 
Xinshi sites during the 2016 Meinong earthquake. The 
analysis result is confirmed by comparing the gradation 
and color of ejecta with the in-situ soil sample obtained 
from the liquefied layer. The soil sample retrieved from the 
liquefied layer is generally finer than the ejecta. Moreover, 

the liquefied layer is very shallow, and the damage level is 
highly correlated to the distance between the footing and 
the liquefied layer. According to the numerical analysis, by 
reducing the soil strength of the liquefied layer, the residual 
strength and stiffness of the liquefiable soil is 
approximately 10% of that under the non-liquefied 
condition so that the structure settlement is consistent with 
the field observation in different GF areas.  
 
 

 
Figure 15.Summary results of Xinsin site. 
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