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ABSTRACT

Liquefaction Potential Index (LPI) is used as an assessing tool of liquefaction potential. In this study, the LPI-
based method was applied to evaluate the earthquake-induced liquefaction potential for the urban area of Hanoi city.
The data used includes 120 boreholes logs, containing necessary geomechanical information such as fine contents,
specific gravity, dry density, porosity, N (SPT) values and the groundwater depth Z(w) of subsoil layers in every
borehole. The “simplified procedure” proposed by Seed and Idriss was applied to evaluate the liquefaction of all sub-
soil layers in each borehole point. Then, the Liquefaction Potential Index was calculated for the whole soil column at
all boreholes points using the method proposed by Iwasaki. Finally, the obtained LPI values were used to assess the
liquefaction probability for an urban area of Hanoi city, using the empirical formula proposed by Papathanassiou and
two earthquake scenarios originated on the Chay River fault with magnitudes of 5.3 and 6.5, respectively.

For entire study area, the first scenario earthquake (Mw=5.3) is not capable of causing liquefaction (PG<0.1).
This means that the downtown area of Hanoi city is non-liquefiable to the medium magnitude events. Results of the
second scenario (Mw=6.5) show in worst cases, an earthquake with magnitude, maximum expected for Hanoi region
can produce liquefaction throughout the downtown area of Hanoi city. The highest liquefaction probability of
0.7<PG<0.9 is distributed in two large areas, where the first one is observed in Thanh Tri district, eastern part of Ha
Dong, a smaller areas of the Thanh Xuan, Tu Liem and Cau Giay districts, while the second area covers Hoan Kiem
district, a northern part of Hai Ba Trung district and northwestern part of Long Bien district.

This is the first time the LPI based method was applied for evaluation of earthquake-induced liquefaction for Ha-
noi city. The most advantage of the method is that it can be easy to use, although the reliability of the results depends
very much on number and distribution of the borehole data. Nevertheless, the combination of this method with other
available methods can help effectively solving the problem of urban seismic risk assessment for the mega-cities in
Vietnam.

Keywords: Liquefaction hazard; Standard Penetration Test (SPT); liquefaction potential index (LPI); liquefaction
probability; earthquake.
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1. Introduction is a well-known phenomenon and has been
studied worldwide for a long time (Seed &
Idriss, 1971; Iwasaki 1978; 1982; Juang 2002;
2007; 2010). However, as this phenomenon
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had never been observed in Vietnam, up to
now the studies of earthquake-induced lique-
faction in the country are of forecasting char-
acteristics and mostly focused on two main
research directions, namely (1) assessment of
liquefaction hazard for urban areas, and (2)
safety evaluation of dyke systems under seis-
mic loads.

Studies on assessment of liquefaction haz-
ard for urban areas started in Vietnam by
seismologists since the beginning of the 21st
century. The first methodology of urban seis-
mic risk assessment and loss estimation for
Vietnam was developed in 2001 based on the
HAZUS’s methodology, with modification
taking into account for the seismic and tecton-
ic conditions of Vietnam and was applied to
the Hoan Kiem district, a downtown district of
Hanoi. In the successive years, within the na-
tional scientific research projects, the method-
ology has been continuously improving and
applied to downtown districts of three biggest
cities in the countries, namely Hanoi, Nha
Trang and Ho Chi Minh city (Nguyen Hong
Phuong 2002; 2003; 2008; 2009). In these
studies, assessment of seismic liquefaction
hazard is usually carried out as a part of the
whole procedure of urban seismic risk as-
sessment. The results of the liquefaction haz-
ard assessment are presented in terms of maps
showing the distribution of zones with differ-
ent level of liquefaction susceptibility and
probability under the impact of scenario
earthquakes. These results then are used as in-
put for calculation of seismic risk and loss es-
timation for the study areas. It should be noted
that the methodology of urban seismic risk as-
sessment deeply involves studies of such
seismic characteristics of the study areas like
seismicity, seismic source models, and attenu-
ation models. In addition, wide scope of study
and capability of integrating databases and re-
search results in a GIS environment are the
main advantages that make the methodology
widely applicable in Vietnam.

Independently with above direction, the
studies of liquefaction for safety evaluation of
dyke systems have been conducted recently in
Vietnam by water resource experts (Tran Dinh
Hoa, 2013; Nguyen Hong Nam, 2014). The
methodology applied in this study is focused
on the geotechnical aspects of the problem of
evaluating the liquefaction potential. Howev-
er, the earthquake occurrence model, as the
main cause of liquefaction, is not thoughtfully
considered in this methodology. Up to now,
this methodology has mostly been applied to
single water resource constructions in the
country.

In this paper, the idea of combining two
seismic and geotechnical approaches in a pro-
cedure of earthquake-induced liquefaction
hazard assessment is implemented. A method
based on liquefaction potential index is used
for evaluating the liquefaction hazard for the
downtown area of Hanoi city. The LPI based
method was applied for a study area, which is
bounded by the longitudes of 105.7°E+106°E
and latitudes of 20.85°N+21.15°N, covering
10 downtown districts, namely Hoan Kiem,
Ba Dinh, Hai Ba Trung, Dong Da, Thanh
Xuan, Tu Liem, Ha Dong, Long Bien, Tay
Ho, Hoang Mai and two suburb districts,
namely Thanh Tri and Gia Lam of Hanoi city
(see Figure 5). The realistic earthquake sce-
narios were developed to provide seismic in-
put for liquefaction hazard calculation, and
the results are presented in the forms of the
liquefaction hazard maps compiled for the
downtown area of Hanoi city.

2. LPI-based method for evaluation of
earthquake-induced liquefaction potential

In order to evaluate the liquefaction poten-
tial of a site, Iwasaki et al., 1982 proposed the
use of an index which is proportional to the
thickness of the liquefiable layer, the thick-
ness of the non-liquefiable (cap) layer and the
value of the factor of safety against liquefac-
tion (FS). Iwasaki et al., 1982 calibrated the
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values of Liquefaction Potential Index with
the severity of liquefaction-induced damages
using data of 87 boreholes having SPT results
in liquefied and non-liquefied sites in Japan.
According to this scale, liquefaction failure
potential has been characterized as high where
LPI ranges between 5 and 15 and low at sites
where LPI ranges between 0 and 5. The lique-
faction potential is extremely low where LPI
is equal to 0, while the liquefaction potential
is extremely high at sites where LPI exceed-
ing 15. The LPI scale then has been modified
by various investigators for more applicabil-
ity. Sonmez, 2003 proposed to add more cate-
gories of potential, namely “non-aquifeable”
and “moderate” to the LPI scale. Li et al.,
2006 defined the LPI as a function of the
probability of liquefaction and proposed
mathematical formula for estimation of the
probability of liquefaction-induced ground
failure.

The advantage of LPI is that it quantifies
the likely of liquefaction of the site, by
providing a unique value for the entire soil
column instead of several factors of safety per
layer. Moreover, the values of LPI can be
used for the compilation of liquefaction haz-
ard maps, which comprise a preliminary as-
sessing tool of the liquefaction potential and
can be used by decision-makers for urban
planning. Up to now, the liquefaction hazard
maps have been compiled for several urban
areas in the world such as the city of Dhaka,
Bangladesh (Ansary and Rashid 2000), the
state of California, USA (Holzer et al., 2002),
the town of Inegol, Turkey (Sonmez, 2003;
Sonmez and Gokceoglu, 2005), the town of
Eskisehir, Turkey (Koyoncu and Ulusay
2004), the city of Lefkada, Greece (Pa-
pathanassiou et al., 2005).

The deterministic procedure of LPI-based
evaluation of the liquefaction potential, wide-
ly known as “the simplified procedure”, was
first proposed by Seed and Idriss in 1971 and
has been upgraded by other investigators
(Seed 1985; Youd 2001). Implementation
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steps of the procedure are described below in
details.

2.1. Determination of the cyclic resistance
ratio (CRR)

The CRR, according to Youd et al. (2001),
is computed by the following equation:
CRR = CRRy=75.MSF (1)
where:

CRRw=75 is the cyclic resistance ratio for
magnitude 7.5 earthquakes and can be calcu-

lated by: -
1 Ni)eo

CRRy=75 = 34— (Ny)go | 135 +
50 1
[10.(Ny)eo+45]2 200 @)

MSF is the magnitude scaling factor to be
used for magnitudes smaller or larger than
7.5. The MSF is calculated by (Seed and
Idriss, 1982):

102.24
MSF = Mﬁ,T (3)

(N1)eo is the SPT blow count normalized to
an overburden pressure of approximately 100
kPa (1 ton/sqft) and a hammer energy ratio or
hammer efficiency of 60% and can be calcu-
lated by the formula:

(N1)6o = Nm-Cn.Cg.Cp. Cr Cs (4)
where Np, is the measured standard penetration
resistance; Cy is the factor to normalize Ny, to
a common reference effective overburden
stress; Ckg is the correction for hammer energy
ratio (ER);Cg is the correction factor for bore-
hole diameter; Cris the correction factor for
rod length; and Cs is the correction for sam-
plers with or without liners. Afterwards, a “fi-
ne content” correction was applied to calcu-
lated (N1)eo value in order to obtain an equiva-
lent clean sand value (Ni)eocs given by the
equations proposed by Youd et al. (2001).

2.2. Determination of the cyclic stress ratio
(CSR)

Seed and Idriss (1971) formulated the fol-
lowing equation for calculation of the cyclic
stress ratio:
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CSR = 22 = 0,657, (&) (M) (5)
70 v0 g
where: amax 1S the peak horizontal acceleration
at the ground surface generated by the earth-
quake, g is the acceleration of gravity, o, and
ay,are total and effective vertical overburden
stresses, respectively; and rq is the stress re-
duction coefficient.
Quantities o, 0w are calculated by the
following equations (Kayen et al., 1992):
0v0 = YaZw + Vsac(Z — 2y) (6)
Op0 = YaZw + Vb (2 — 2y) (7)
where:

¥4- dryunit weight of soil, in kKN/m?;

Ysat- saturated unit weight of soil, in
kN/m?;

Y- floating unit weight of soil, in kN/m?,

z- calculation depth of gy, 05, in m;

Z,,- grown water depth, in m.
The coefficient rqaccounts for flexibility of the
soil profile and can be determined as follows
(Liao and Whitman (1986):
ry = [[ 1—-0.00765 % z .With z<9.15m (8)

1.174 — 0.0267 X zwith9.15m < z < 23m

2.3. Determination of the factor of safety
against liquefaction (FS) for each sediment
layer

The factor of safety against liquefaction
(FS) is determined for each sediment layer by
the following formula:

CRR
FS =20 9)

where CRR and CSR are the cyclic stress ratio
and the cyclic resistance ratio of the soil layer
obtained from the two previous steps of the
procedure.

2.4. Calculation of the Liquefaction Poten-
tial Index (LPI)

The Liquefaction Potential Index is calcu-
lated for each soil column at a boring point by
the following equation (Iwazaki et al., 1982):

LPI = fOZF(z)W(z)dZ (10)

where z is the depth below the ground surface
in meters (usually taken from 0 to 20 m) and
is calculated as w(z)=10—0.5z; F(z) is a func-
tion of the factor of safety against liquefac-
tion, FS, where F(z)=1-FS when FS < 1, and
F(z)=0 when FS>1.

In addition to the simplified procedure de-
scribed above, in this study the empirical rela-
tionship between LPI and probability of lique-
faction proposed by Papathanassiou (2008)
was used for mapping of liquefaction hazard
for the study area:

1
- (1+3-092—0.218LPI)

Pg

(11)

3. Seismotectonic characteristics of the
Hanoi region

3.1. Active faults

The role of controlling the tectonic regime
and seismic activity of the North Vietnam in
general and the Hanoi region, in particular,
the Red River Fault Zone (below referred to
as RRFZ), also known as Ailao Shan-Red
River shear zone. Originated from Tibet,
China, the RRFZ spreads over 1000 kilome-
ters along the NW-SE direction, crossing over
the North Vietnam’s territory until it reaches
to the Bac Bo gulf (Figure 1). The RRFZ is
considered to be a boundary between the
South China and the Indochina blocks. In the
territory of Vietnam, the RRFZ is character-
ized by the Elephant Range (also known as
Day Nui Con Voi) metamorphic massive,
which is bounded by the Red River fault to
the SW and the Chay river fault to the NE.

Results of detail geomorphologic investi-
gation show that the Red River fault consists
of two branches stretching along the two
banks of the Red River. According to the geo-
physical data, the Red River fault is a deep-
seated fault that crosses through the Moho,
with the average depth of more than 30 km
(Bui Cong Que, 1983). Right lateral strike-slip
offsets of these faults are determined by
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analyzing tributaries, stream channels, Qua-
ternary alluvial fans and river valleys on
Landsat and SPOT images, on detailed topo-
graphical maps, and by field observations.
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Geomorphology and topographical offsets
suggest that these strike-slip movements are
combined with normal slip (PhanTrong Trinh
et al., 2012).
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Figure 1. Seismotectonic map of the North Vietnam. The earthquake catalog used includes historical and

instrumental data updated until 2015

The Chay River fault is also identified as a
deep-seated fault, stretching along the NE
boundary of the Elephant Range metamorphic
massive from Lao Cai to Viet Tri. The fault is
clearly seen on the satellite Landsat and SPOT
images. By analyzing the deviation across the
fault of the stream network, Phan Trong Trinh
et al. (2012) suggested that the offset of the
right lateral displacement of the stream is 150-
700 m; average offset is 150 m. According to
observed seismicity, the seismic active layer
along the fault is determined within the depth
from 20 to 25km (Nguyen Dinh Xuyen 1987).

Using the average length of offset channels
and a minimum rate of 100-150 mm/yr for
river propagation, Phan Trong Trinh et al.,
2012 estimated the horizontal slip rates of
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2.9+1.7 mm/yr for the Chay river fault,
2.3£1.5 mm/yr for the NE branch and 2.1£1.5
mm/yr. for the SW branch of the Red River
fault.

Located in the NE and almost parallel to
the RRFZ is the Lo river fault. According to
the geologic data, the fault appeared in Early
Paleozoic. The fault is clearly seen on the sat-
ellite images, DEM maps from Tuyen Quang
to Tam Dao and inferred to be continued until
it reaches to the coast of the East Vietnam Sea
if not be overshadowed by the sediments of
the North Vietnam’s delta. At Tuyen Quang,
the fault is mainly identified as a right strike-
slip, but along the SW side of Tam Dao
mountain, it appears as a normal fault, dipping
70-800 to the SW direction. Some authors ar-
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gue that the Lo river fault is a part of the
RRFZ (Phan Trong Trinh 2004).

Judging by size and role of controlling the
regional tectonic activity, the Red River fault,
the Chay River fault, and the Lo river fault are
considered as the first rank of the seismically
active faults which are capable of producing
earthquakes in the territory of North Vietnam.
These three active faults are parallel and
crossing the Hanoi’s territory in the NW-SE
direction.

Another active fault that crosses nearby
Hanoi city is the Dong Trieu - Uong Bi fault,
with the average depth of 30 km and dipping
60-800 to the NE direction. In the present
time, the Dong Trieu - Uong Bi fault is as-
sessed as left-lateral strike-slip, which is dif-
fering from the movement mechanism of the
RRFZ. Regardless the fact that the Dong
Trieu - Uong Bi fault belongs to a group of
second-ranked active faults, its seismic impact
to the Hanoi city has always been considered
(Nguyen Hong Phuong et al., 2002; 2006).

3.2. Seismic activity

While the large earthquakes were not rec-
orded in the Vietnamese part of the RRFZ, the
events with medium magnitude occurred quite
frequently (Figure 1). During less than a cen-
tury, from 1910 to 2005, 33 earthquakes with
magnitude exceeding 4.0 have been instru-
mentally recorded within the zone. In addi-
tion, it is worth to mention the historical
events, which might have occurred during the
years 1277, 1278, 1285 and can be traced in
the ancient annals. As described in literature,
the first event “had caused a crack of 7 zhangs
length (~24 meters) in the surface”, while the
second event was “a swam of three strong
shakings during a day”, and the third event
“had made the gravestone in Bao Thien tem-
ple broken in two, and caused landslide in the
Cao Son mountain” (Nguyen Dinh Xuyen,
2004). As evaluated by seismologists, the
shakings of these historical earthquakes are

comparable with intensity 7 or 7-8 on the
Macroseismic scale.

Among the earthquakes observed in the
RRFZ, the largest events were concentrated
along the Chay River fault. There were 3
events with magnitudes exceeding 5.0 instru-
mentally recorded along this fault, of which
the epicenter of Yen Lac earthquake (M=5.3,
occurred in 1958) is located within the territo-
ry of Hanoi city. The two other events have
occurred in the territory of Yen Bai province,
namely the Luc Yen earthquake (M=5.3, rec-
orded in 1954) and the Yen Binh earthquake
(M=5.2, recorded in 1961). It is also worth to
note that three historical events described
above (occurred right in the ancient city of
Hanoi during 1277, 1278 and 1285) are as-
sumed to be caused by the Chay River fault.

Seismic activity along the Red River fault
is quite similar to that of the Chay River fault,
but wicker in terms of frequency and magni-
tude. Three earthquakes with magnitudes
M=5.0 were instrumentally recorded along the
Vietnamese part of this fault. The nearest to
Hanoi event is the Kim Boi earthquake
(M=5.0, occurred in 1934). The two others
events occurred further from Hanoi was the
Yen Mo earthquake in Ninh Binh province
(M=5.0, occurred in 1914) and the Ha Hoa
earthquake in Phu Tho province (M=5.0, oc-
curred in 1947).

Outside of the RRFZ, the Dong Trieu -
Uong Bi fault, although is evaluated as the
second-ranked active fault, had provoked a
serial of strong earthquakes including the
BacGiang ecarthquake (M=5.6, occurred in
1961), the Mao Khe earthquake (M=5.1, oc-
curred in 1903), and the Dai Tu earthquake
(M=5.0, occurred in 1967). The seismicity
along the Lo River fault is weaker, where
carthquakes of magnitudes not exceeding 4.8
have been recorded with sparse frequency.

3.3. The scenario earthquakes

Seismically, the Hanoi region is mostly af-
fected by the Red River Fault Zone, which

&3



Vietnam Journal of Earth Sciences, 40(1), 78-96

consists of three deep-seated seismically ac-
tive faults, namely Red River, Chay River and
Lo River faults. Coupled with the Dong Trieu-
Uong Bi faults in the northeast, these three ac-
tive faults are crossing the boundary of Hanoi
city as shown in Figure 2. To evaluate the liq-
uefaction hazard for the study area, the seis-

mic inputs as am. and M, were determined
from scenario earthquakes. A scenario earth-
quake is an event, most likely to have to occur
in the future, and with predefined parameters.
In another word, scenario earthquake is a sim-
ulation of an event in the past for predicting
the effects of a future event.
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Figure 2. Distribution of active faults in Hanoi region and epicenters of scenario earthquakes

The seismic fault source model of Vietnam
was used for the creation of scenario earth-
quakes (Nguyen Hong Phuong, 2007). The
creation of scenario earthquakes in the Hanoi
city region is based on the following assump-
tions:

- Earthquake originated on one of the ac-
tive tectonic faults which crosses through or
nearby the site (urban area).

- Except for the epicenter’s coordinates,
the other parameters of the scenario earth-
quake are determined on the basis of geomet-
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ric and geodynamic characteristics of the fault
rupture source following the rules of the seis-
mic fault source model.

In this paper, two scenario earthquakes
originated on the Chay River fault were se-
lected. Their parameters are listed in Table 1.
The parameters of the first scenario earth-
quake coincide with a past event occurred in
Hanoi in 1958, while the magnitude of the
second scenario earthquake (M=6.5) was cho-
sen in accordance with the maximum earth-
quake magnitude predicted for Hanoi region
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and for the Chay River fault as well (Nguyen Nguyen Hong Phuong, 2003; 2006; Phan
Dinh Xuyen, 1996; Nguyen Ngoc Thuy, 2004;  Trong Trinh, 2012).

Table 1. Parameters of the scenario earthquakes used in this study
Epicenter’s coordinates

Ne S io cod: S fault Mw Focal depth, (km
cenario code ource fau Longitude (deg) Latitude (deg) ocal depth, (km)

1 DD HN SC5.3  Chay River 53 105.5 21.25 17

2 DD HN SC6.5 Chay River 6.5 105.73959 20.98574 17

The shaking maps caused by two scenario  the ground surface can be determined at every
earthquakes are illustrated in Figure 3a and  borehole point by the following formula:
3b, showing the distribution of peak ground amax = F,PGA (12)
acceleration (PGA), mneg. As can b ¢ seen from Where Fis the site amplification factor,
these maps, the shaking attenuation is clearly F.=1.6 for site class D. F.=2.5 for site cl
reflected different locations of earthquake ep- 2= 1,0 lor site class LJ, v orstie ¢ gsses
icenters. E and F (Fema 1999). Figures 4a and 4b illus-

By combining the shake maps with the trate distribution of am in the study area due
sitemap, the peak horizontal acceleration at to scenario earthquakes.
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Figure 3a. Distribution of PGA in the study area due to the DD_HN_SC5.3 scenario earthquake (M=5.3)
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4. Subsoil characteristics

For evaluating the liquefaction potential for
the study area, beside the seismic inputs as amax
and M, a dataset containing 120 borehole logs
collected from several research and construc-
tion projects was also used (Nguyen Huy
Phuong 2004; 2010). Location of the boreholes
used in this study is shown in Figure 5. An ex-
ample of a borehole log used in this study is
shown in Figure 6. The borehole logs data con-
tains all necessary information on geomechani-
cal characteristics of each layer in everybore-
hole as shown in an example in Table 2. Cou-
pled with such geomechanical information as
the fine contents, specific gravity, dry density
and the porosity of the subsoil layers, such oth-
er parameters as the N values of SPT at differ-
ent depth Z, the groundwater level Z(w) at each

borehole was also used for liquefaction poten-
tial evaluation. In the case where the infor-
mation on the groundwater depth is lacking, a
default value of 2 m was assigned to conform
with the average value of the gh static ground-
water level, widely is tributed in the Hanoi
region (Vu Thanh Tam et al., 2014).

5. Evaluation of earthquake-induced lique-
faction potential for wurban areas of
Hanoi city

The factor of safety against liquefaction
was calculated for each sediment column at
120 borehole points following the simplified
procedure described above. An example of the
FS calculation results at a borehole is shown
in Table 3. Results obtained at some borehole
points are shown in Figure 7.
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Figure 5. Distribution of boreholes with SPT in the study area

Table 2. An example of geomechanic characteristics of a subsoil layer extracted from a borehole log, where the in-
formation on fine content, specific gravity (ps), dry density (pd) and void ratio (e) were used in analysis.

Layer 2: Mud- lake, pond bed. Particle size analysis (sand (2-0.05) 42.8%, silt (0.05-0.005) 29.9%, clay (<0.005)
27.3%).

N Property Unit Symbol A Vzl_ue v
1 Moisture contents % W 52.5 19.54 0.37
2 Natural density g/cm’ p 1.67 0.15 0.09
3 Dry density g/em’ pd 1.10 - -
4 Specific gravity g/cm? ps 2.62 0.10 0.04
5 Void ratio - e 1.383 - -

6 Porosity % n 58 - -
7 Degree of saturation % G 99.2 - -
8 Liquid limit % Wch 50.5 16.62 0.33
9 Plastic limit % Wd 34.8 14.53 0.42

10  Plasticity index % Ir 15.7 - -
11 Consistency - Is 1.13 - -
12 Internal friction angle deg o) 5044 - -
13 Cohesion KG/cm? C 0.080 0.05 0.59
14  Compression ratio Cm%*KG ai2 0.093 0.05 0.50
15 Deformation module KG/cm? Eo 15.8 - -
16  Resistance capacity KG/cm? Ro 0.61 - -
17 SPT value Hammer Naso 2 0.98 0.40
18  Total number of samples Sample n 56
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BOREHOLE LOG
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Figure 6. Illustration of the TX-22 borehole log with information on N(SPT), ground water level and layers contents

to be used for calculation
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Table 3. An example of the results of FS calculation

(amax=0.287909 g, My=6.5, w(z) =4.6m)

Sciences, 40(1), 78-96

for sediment column at the TX-22 borehole point

Specific Dry Void SPT ) N
Layer FC(%) «a B gravity ps density pg __.. Z (m) oy gy 4 CSR  CN  (N)g (N)goes CRRM7.5 CRRm FS
N Aa ratio e N30 (m)
(g/lem”3) (g/lem”3)
6 30.7 4.7512 1.1601 27 146  0.847 295 11 34.655 51.155 0.977 0.1239 1.3981 11.557 18.159 0.1936 0.3426 1
6 30.7 4.7512 1.1601 27 146 0847 495 10 72508 69.008 0.962 0.1891 1.2037 10.252 16.645 0.1770 0.3133 1.6561
6 30.7 4.7512 1.1601 27 146 0847 695 7 110.36 86.860 0.946 0.2251 1.0729 7.1495 13.045 0.1409 0.2495 1.1082
7 27.7 45374 11357  2.66 122 1181 995 5 148.03 94533 0.908 0.2661 1.0285 4.8951 10.097 0.1139 0.2017 0.7578
13 294 4.6654 1.1494 259 1.04 1483 1195 3 166.04 92540 0.854 0.2870 1.0395 3.1248 8.2571 0.0980 0.1735 0.6046
13 294 4.6654 1.1494 259 1.04 1483 1445 2 20655 108.05 0.788 0.2819 0.9620 1.9278 6.8813 0.0867 0.1534 0.5442
13 294 4.6654 1.1494 259 1.04 1483 1745 3 25516 126.66 0.708 0.2669 0.8885 2.6708 7.7353 0.0937 0.1658 0.6213
13 294 4.6654 1.1494 259 1.04 1483 1945 2 287.58 139.08 0.654 0.2533 0.8479 1.6992 6.6186 0.0845 0.1497 0.5909
13 294 46654 1.1494 259 1.04 1483 2245 4 336.19 157.69 0.574 0.2292 0.7963 3.1916 8.3339 0.0987 0.1747 0.7622

As can be seen from Figure7, the FS val-
ues calculated from the second scenario earth-
quake (DD _HN SC6.5) are always smaller
than those calculated from the first one
(DD_HN SC5.3). It means that, for a point
with certain soil conditions, the stronger im-
pact from earthquake will cause higher lique-
faction potential. As shown by the data analy-

sis, in the study area exit the boreholes with
the soil columns containing at the same time
liquefiable (FS>1) as well as non-liquefiable
(FS<1) layers. This fact can be used in prac-
tice for choosing a construction site, where the
sites with a thin non-liquefiable layer located
on top of a thick liquefiable layer have to be
avoided.
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Figure 7. Examples of the factors of safety against liquefact

ion (FS) calculated from two scenario earthquakes at the

boreholes in: (a) Dong Da district (DD-75); (b) Long Bien district (LB-35); and (c) Tu Liem district (TL-31)

The obtained FS values were used in the
formula (10) to calculate the Liquefaction Po-
tential Index (LPI) at all 120 borehole sites.
Then, formula (11) was used for calculation of
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liquefaction probability (PG) at all borehole
sites. Finally, the liquefaction hazard maps
showing the distribution of liquefaction prob-
ability in the study area were constructed
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based on the PG values obtained from the two
scenario earthquakes using interpolation tech-
nique in a GIS environment (Figures 8 and 9).
The liquefaction probabilities are compared
with the levels of liquefaction potential as
shown in Table 4.

From Figures 8, 9 and according to the cri-
teria of liquefaction potential assessment

the shaking caused by the second scenario
carthquake in the study area is considerably
higher than the shaking caused by the first
scenario earthquake.

Table 4. Liquefation potential levels corresponding to
the calculated values of earthquake-induced liquefaction
probabilities (Li et al., 2006)

shown in Table 4, one can conclude that for Po Liquefaction potential
the entire study area, the first scenario earth- 0.0-0.1 Very low
quake (Mw=5.3) is not able to cause liquefac- g';'g'i ML;),W
tion (PG<0.1), while the second earthquake o ecum
. . . . . 0.7-0.9 High
scenario (Mw=6.5) is capable of causing lig- 0.9-1.0 Verv hich
uefaction (PG>0.1). This is understandable as — SYE
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Figure 8. Map showing the probability of liquefaction-induced surface disruption in case of a magnitude 5.3 earth-

quake and a distribution of amax values relatively to the first scenario (DD_HN_SC5.3)

The second scenario earthquake produces
different levels of liquefaction potential in the
study area. The highest liquefaction probabil-
ity of 0.7<PG=<0.9 is distributed in two large
areas, where the first one is observed in Thanh

Tri district, eastern part of Ha Dong, a smaller
areas of the Thanh Xuan, Tu Liem and Cau
Giay districts, while the second area covers
Hoan Kiem district, a northern part of Hai Ba
Trung district and northwestern part of Long
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Bien district. The zones with medium lique-
faction potential (0.3<PG<0.7) includes ma-
jority of the Gia Lam district, eastern parts of
the Long Bien and Hoang Mai districts, ma-
jority of the Thanh Xuan and Dong Da dis-
tricts (except for the Dong Da hill where the
groundwater level is low), the Cau Giay dis-
trict, the southern part of Tu Liem district
and the western part of Ha Dong district.

105.70 105.75 105.80 105.85

105.90

There are two zones with low liquefaction
potential (0.1<PG<0.3), which located in
northern part of the Tu Liem and Tay Ho dis-
tricts, the small area in Ba Dinh and Dong
Da districts and a junction of the Gia Lam,
Long Bien, Hai Ba Trung and Hoang Mai
districts. The Red River and the West lake
areas are left blank on the map due to the
limitation of borehole data.
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Figure 9. Map showing the probability of liquefaction-induced surface disruption in case of a magnitude 6.5 earth-

quake and a distribution of amax values relatively to the second scenario (DD_HN_SC6.5)

6. Discussions

Results obtained from the first scenario
(Mw=5.3) imply the fact that the earthquakes
instrumentally observed in the Hanoi region
up to now are of moderate magnitude and
therefore have the very low probability of
producing liquefaction in the downtown area
of the city. On the other hand, results of the
second scenario (Mw=6.5) show the fact that
an earthquake with magnitude, maximum ex-
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pected for Hanoi region as assessed by many
authors (Nguyen Dinh Xuyen et al., 1996;
Nguyen Ngoc Thuy et al., 2004; Nguyen
Hong Phuong et al., 2003; 2006) can produce
liquefaction throughout the downtown area of
Hanoi city.

With consideration of geologic characteris-
tics of various sediment layers at different
depths as well as the soil amplification due to
seismic shaking, the method applied in this
study has given the quantitative results as
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shown by the liquefaction hazard maps. This
is considered to be a progress in comparison
with the liquefaction susceptibility maps pro-
duced in previous works, where only geomor-
phologic characteristics of the study area were
considered without seismic impacts. In com-
parison with the works done by Nguyen Hong
Phuong et al., 2007, 2014) using the method-
ology modified from HAZUS, the LPI based
method of liquefaction evaluation used in this
study gave much higher values of liquefaction
probability. This fact has been pointed out
previously by some authors (Kongar et al.,
2016).

The results obtained in this study are also
comparable with those done by Nguyen Hong
Nam et al. (2016) for some dykes crossing the
downtown area of Hanoi city at Dong Ngac,
Tu Liem district and at Huu Hong, Hoang Mai
district. These authors applied the method
proposed by Seed & Idriss using the PGA
values from the Building Code TCXDVN
375-2006, which were determined by the
probabilistic method and correspond to the re-
turn periods of 2475 and 475 years, respec-
tively. As found by Nguyen Hong Nam et al.
(2016), calculation results at three boreholes
KC4, KC13, KC15 in Dong Ngac show some
liquefiable layers (FS<1) at the depth of 10.2
m, and calculation results at nine boreholes
(from HK1 to HK 9) in Huu Hong show the
high potential of liquefaction. This coincides
with the results obtained by this study as
shown in Figure 9, where values PG=0.1+0.3
obtained at the Tu Liem district and values
PG=0.3+0.7 obtained at the Hoang Mai
district.

Characterized by a low level of seismicity,
Vietnam is facing difficulty in establishing the
empirical models for verifying the results of
liquefaction potential for the country (Jaimes
et al., 2015; Liu et al., 2016). However, the
preliminary results described in this paper
show attempts of enhancement of methodolo-
gy and technique to be used taking into ac-
count the World’s experience, particularly in

terms of seismic input and the uncertainty of
soil characteristics.

It should be noted that in this study the un-
even distribution of the boreholes data affects
the reliability of the mapping results. The high
uncertainties are assigning to such areas as the
southern part of Ha Dong district, northern
parts of Tu Liem and Gia Lam districts due to
lacking boreholes data.

7. Conclusions

In this study, the LPI-based method was
applied to evaluate the earthquake-induced
liquefaction potential for the urban area of
Hanoi city. Using a dataset of 120 boreholes
logs, the “simplified procedure” to evaluate
the liquefaction of soil layers in every bore-
hole point. The Liquefaction Potential Index
(LPI) was calculated for the whole soil col-
umn at all boreholes points and the obtained
LPI values were used to assess the liquefac-
tion probability for an urban area of Hanoi
city, using the two earthquake scenarios origi-
nated on the Chay River fault with magni-
tudes of 5.3 and 6.5, respectively. Parameters
of the first scenario earthquake were selected
to coincide with a real event occurred in 1958,
while the second scenario earthquake repre-
sents the worst case in terms of shaking that
can be expected from this fault source.

The obtained results include the values of
the factor of safety against liquefaction (FS)
calculated for each layer in 120 borehole soil
columns and two liquefaction hazard maps
compiled for the wurban area of Hanoi
city which correspond to two earthquake
scenarios.

As shown by the liquefaction hazard map
compiled from the first scenario earthquake
the entire downtown area of Hanoi city is non-
liquefiable. In the meantime, there is a high
possibility (with the probability of 0.3 to 0.9)
that the second scenario earthquake may pro-
duce liquefaction in the majority of the down-
town area of Hanoi city. Regardless the fact
that up to now, the majority of earthquakes
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recorded in Hanoi city and its vicinity are of
medium magnitudes, in order to reduce dam-
age and losses caused by liquefaction during
future earthquakes, attention and measure-
ments need to be taken for the areas with high
and medium liquefaction potentials due to the
fast infrastructural development and high
population density in the urban area of Hanoi.
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