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ABSTRACT: A magnitude 5.4 earthquake struck the city of Pohang, South Korea on
November 15 2017. Many sand volcanoes were observed on paddy fields, parks and roads.
This phenomenon was the first time to observe as a sign of soil liquefaction in South Korea.
In this study, two different kinds of ejected Pohang sands were collected from a liquefied
paddy field. Those sands were reconstituted into loose and dense conditions and then a series
of cyclic simple shear tests were carried out under confining stresses of 100 and 200 kPa. A
real earthquake motion was repetitively applied into the specimen. As a result, the loose sand
was liquefied at the second earthquake motion and the dense sand was at third earthquake
motion.

1 INTRODUCTION

A research on liquefaction began to implement actively around the world since Niigata
earthquake in 1964. In Tangshan earthquake happened on 1976, 240 thousands of
people dead due to building collapse as a result of liquefaction. Earthquake occurred
regular these years in South Korea even though it is not in earthquake-prone regions. A
magnitude 5.1 earthquake happened in Gyeongju on 2016 and then a magnitude 5.4
earthquake hit the city of Pohang on 2017. After the Pohang earthquake, sand volcanoes
were first observed in paddy field, grove and footpaths near the epicenter in South
Korea. Most of sand volcanoes had 1-2 m breadth and less than 0.5 m height as shown
in Figure 1.
Most researchers used a sine wave motion to study soil liquefaction resistance behav-

iors in laboratory (Carraro et al. 2009, Park & Kim 2012, Saglam & Bakir 2012). A few
researchers inputted the real earthquake motion to study soil liquefaction behavior (Sim
et al. 2002, Lee et al. 2010). On the other hand, cyclic triaxial test were used largely
even though cyclic shear test could simulate the field stress condition during earthquake
(Sitharam & Govindaraju 2007, Jiang et al. 2010). In this study, ejected sands after
Pohang earthquake were collected from a liquefied paddy field, and then a series of
cyclic simple shear tests were performed. On this experiment, the recorded Pohang earth-
quake motion was applied into the specimen to research liquefaction resistance behavior
of these ejected sands.

2 CYCLIC SIMPLE SHEAR TEST

2.1 Materials

Two kinds of ejected Pohang sands were collected from liquefied paddy field. They were
washed, dried and sieved into between 4.75mm and 0.075mm. For convenience, one was
called Ochre sand, and the other was called Grey sand according to their different colors and
particle size. Both of them were siliceous medium non-plastic sand with subangular shape.
Particle of Ochre sand showed a little larger than the Grey sand. The specific gravity, the
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minimum and maximum void ratios of Ochre sand and Grey sand are 2.52 and 2.48, 0.70 and
0.66, 0.98 and 0.96, respectively. Their material properties are presented in Table 1 and
Figure 2 shows their SEM photos.

2.2 Seismic wave of Pohang earthquake

Seismic data of Pohang earthquake is shown in Figure 3. Pohang earthquake had a high peak
ground acceleration of 0.268g and a 3.5 seconds of strong shaking duration. This acceleration-
time curve were applied into ProShake program (EduPro 2006) to calculate shear stress values
by layers in the paddy field.
The results of drilling investigation on liquefied paddy field implemented by National

Disaster Management Research Institute (NDMI 2017) is shown in Figure 4. Saturated
sand layers existed underneath since groundwater level was just 0.6 m. On the other hand,
sand layers appeared at the shallow depth of 5.6 m (Sand 1) and 11 m (Sand 2). Param-
eters inputted into ProShake are shown in Table 2 according to drilling investigation
results. After calculation, the shear stress outcome of layer 9 was chosen to conduct cyclic

Figure 1. Sand volcano due to Pohang earthquake.

Table 1. Material properties of Ochre sand and Grey sand.

Sand

Specific gravity D10 D30 D60 Cu Cc emax emin

mm mm mm

Ochre sand 2.52 0.09 0.18 0.36 4 1 0.98 0.70

Grey sand 2.48 NA* 0.17 0.35 NA* NA* 0.96 0.66

* NA = Not Applicable.

Figure 2. SEM photos of Ochre sand and Grey sand.
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simple shear experiment. Because of the low CPT result of layer 9 (N=4), which had an
immense potential to liquefy when Pohang earthquake occurred. As shown in Figure 5,
the peak shear stress was about 22.5 kPa since the vertical effective stress was 100 kPa in
layer 9.

Figure 3. Acceleration record of Pohang earthquake (by Korea Meteorological Administration).

Figure 4. Soil profile used to calculate shear stress by layers.
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2.3 Sample preparation and test conditions

In this study, the 63.5 mm initial diameter and 30 mm initial height of wire-reinforced mem-
brane was used to prepare samples so as to forbid horizontal displacement. Samples were
reconstituted by an air pluviation method into loose (Dr=40%) and dense (Dr=90%) condi-
tions using dry Ochre sand and Grey sand. After preparation, a series of cyclic simple shear
tests were carried out on consolidation of 100 and 200 kPa, respectively. As described earlier,
the Pohang real earthquake motion (time history) was applied to the specimens. NGI type of
simple shear device used in this study was manufactured by Geocomp. This device can con-
duct both constant volume test and constant load test. In this study, all specimens were con-
ducted on undrained constant volume condition by keeping specimen height constant. An
excess pore water pressure generated under shearing is equal to the changing value of vertical
confining pressure (Bjerrum & Landva 1966).

Table 2. Input parameters for ProShake analysis.

Thickness γsat Vs Gmax Damping

Layer Classification of soils m kN/m3 m/s Mpa %

1 Silt 0.6 16.0 150 36.71 20.1

2 Silt 1.3 20.0 150 45.89 20.1

3 Silt 1.3 20.0 150 45.89 20.1

4 Silt 1.2 20.0 150 45.89 20.1

5 Sand 1 1.2 21.0 237 120.28 20.0

6 Soft clay 1.1 16.0 127 26.32 21.5

7 Soft clay 1.1 16.0 127 26.32 21.5

8 Sand 2 1.0 20.5 198.8 82.62 20.0

9 Sand 2 1.0 20.5 198.8 82.62 20.0

10 Sand 2 1.2 20.5 198.8 82.62 20.0

11 Stiff clay 1.1 18.0 219.4 88.35 21.5

12 Stiff clay 1.1 18.0 219.4 88.35 21.5

13 Stiff clay 1.1 18.0 219.4 88.35 21.5

14 Stiff clay 1.1 18.0 219.4 88.35 21.5

15 Gravel 1.2 22.0 400.0 358.94 27.1

16 Gravel 1.1 22.0 400.0 358.94 27.1

17 Rock 0 24.0 750.0 1376.62 4.5

Figure 5. Shear stress time history on layer 9 calculated by ProShake analysis (σv0ʹ=100 kPa).
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3 RESULTS

Liquefaction on laboratory testing has been defined based on either pore pressure ratio or
axial/shear strain. In this study, it was defined as a shear strain of 7.5% in double amplitude.
Table 3 summarizes the condition of a cyclic simple shear test and number of motions to lique-
faction. After consolidation, relative densities of specimens increased about 3.5-4.1% in loose
sand, and 2.0-2.5% in dense sand. Number of motions to liquefaction had no difference in
different sands. On the other hand, liquefaction resistance made little sense when confining
pressure increased from 100 to 200 kPa.

3.1 Liquefaction resistance of real earthquake motion

Since similar numbers of motion to liquefaction were obtained regardless of different sands
and different confining pressure. In this section, results of Grey sand conducted under 100
kPa confining pressure will be discussed. Figure 6a-6d compare the results of shear stress-
effective stress, shear stress-shear strain, excess pore pressure-NLiq and shear strain-NLiq car-
ried out on loose and dense Grey sand under 100 kPa, respectively. In loose condition, excess
pore pressure occurred more than 85% and about 3% of single amplitude shear strain

Figure 6a. Effective stress path.

Table 3. Results of cyclic simple shear test.

Confining stress Dr Drc* ΔDr**

Soil kPa Sample condition % % % NLiq***

Ochre sand 100 Loose 39.6 41.0 3.5 2

100 Dense 88.2 90.4 2.5 3

200 Loose 38.6 40.2 4.1 2

200 Dense 89.4 91.2 2.0 2

Grey sand 100 Loose 38.7 40.1 3.6 2

100 Dense 87.3 89.6 2.6 3

200 Loose 37.8 39.3 4.0 2

200 Dense 93.5 95.4 2.0 2

* Drc is a relative density after consolidation.
** ΔDr is the percentage increase of relative density after consolidation.
*** NLiq is a number of motions to liquefaction.
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Figure 6c. Excess pore pressure vs. number of motions.

Figure 6d. Shear strain vs. number of motions.

Figure 6b. Shear stress-shear strain curves.
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generated after the first motion; after the second motion, 100% of excess pore pressure and
4.5% of single amplitude shear strain happened after the second motion. On the other hand,
in case of dense condition, excess pore pressure generated less 100% even though double amp-
litude shear strain exceeded 7.5% after the third motion.

4 CONCLUSIONS

In this study, two kinds of liquefied paddy sands were collected near Pohang earthquake epi-
center. Sands were prepared into loose and dense conditions, and then a series of cyclic simple
shear test were carried out by applying Pohang real earthquake motion calculated by
ProShake program. Confining pressures of 100 and 200 kPa were used, respectively.
The liquefaction resistance of Pohang sands with a little different grain sizes behaved simi-

larly, regardless of relative density and confining pressure. Liquefaction occurred after the
second motion in loose sand and the third motion in dense sand.
For the same sand and a constant relative density, the numbers of motion to liquefaction

changed slightly when confining pressure increased from 100 to 200 kPa. The confining pres-
sure had relatively small effect on liquefaction resistance when real earthquake motion was
applied.
While a sine wave motion is widely used in laboratory liquefaction research, a liquefaction

resistance of sand could be predicted precisely using a real earthquake motion because it can
take into consideration real earthquake characteristics.
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