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Abstract: Liquefaction has been known as a phenomenon in which the shear strength and stiffness
of saturated soil are reduced by the generation of pore water pressure under earthquake loading.
Consequently, liquefaction-induced settlement can result in severe damages including building
cracks or slope failure, which pose a threat to human lives and properties. In the current
Vietnamese standard TCVN 9386:2012, liquefaction potential hazard is often evaluated using the
simplified method, which solely identifies the areas with a high risk of liquefaction. Prediction of
Safety Factor (FS), Settlement (S), Liquefaction Potential Index (LPI), and Liquefaction Severity
Number (LSN) has not received sufficient attention to a completeness standard. This study assesses
the liquefaction of the ground at Ho Chi Minh City, Vietnam by using four conventional methods:
the simplified procedure, linear equivalent analysis, loosely-coupled effective stress analysis, and
fully-coupled effective stress analysis based on standard penetration test (SPT) data in Ho Chi
Minh Metropolitan City. A class of seismic events that are compatible with the design response
spectrum in the Vietnamese standard TCVN 9386:2012 is used as input ground motion at the
bedrock. According to the results of different methods, maps of ground settlement, LPI, and LSN
are proposed as useful references for construction works on such ground, which may have a high

potential for liquefaction and subsidence.

Keywords: liquefaction, factor of safety to liquefaction, settlement, liquefaction potential index,

liquefaction severity number.
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1. INTRODUCTION

Earthquake-induced liquefaction has been considered one of the primary hazards that lead
to severe damage to soil-structures built on saturated deposits (Le et al., 2022a, 2022b; Nguyen et
al., 2018, 2017; Rahman et al., 2021). Liquefaction from recent earthquakes such as the 1994
Northridge, 1999 Kocaeli, 1999 Chi-Chi, 2005 Kashmir, 2008 Wenchuan, 2010 Chile, 2010 and
2011 Newzealand, Tohoku 2011, was observed to result in many large deformations (i.e.,
settlement and horizontal displacements) leading to catastrophic damages to soil-structures built
on the liquefied ground.

To evaluate a seismic site response from a design earthquake event, three stages are often
pronounced involving the estimation of (i) cyclic stress ratio (CSR), (ii) cyclic resistance ratio
(CRR), and (iii) factor of safety (F5) to identify zones that will liquefy. Then, a further assessment
of the liquefaction potential index (LPI), liquefaction severity of number (LSN), and ground
settlement can be carried out based on the results of the FS. To estimate the CSR, the simplest way
is using the total stress-based analysis, which is often performed to identify regions with a high
potential of liquefaction. In this approach, displacement is calculated by reducing the strength
material to its residual strength and the pore water pressure generation is omitted. Therefore, there
1s an argument about the resulting displacements obtained from this method due to its
oversimplifications (Galavi et al., 2013). The advanced analysis is the effective stress-based
analysis, in which the element response is a function of evolving effective stress state (Beaty and
Perlea, 2011). Herein, the pore pressure changes and volumetric strain related to ground settlement
are predicted in the formulation.

Since the 1970s, a methodology termed the ‘simplified procedure’ has evolved as a

standard of practice for evaluating the liquefaction resistance of soils. Following disastrous
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earthquakes in Alaska and Niigata, Japan in 1964, Seed and Idriss (1971) developed and published
the basic ‘simplified procedure’. That procedure has been modified and improved periodically
since that time (Youd et al., 2001). For example, the simplified method based on SPT data Youd et
al. (2001), Cetin et al. (2004), Boulanger and Idriss (2014); CPT data — Youd et al. (2001), Moss
et al. Moss et al. (2006), Idriss and Boulanger (2008); V. data— Andrus and Stokoe (2000), Kayen
et al. (2013).

An equivalent linear procedure is used to predict the transformation of seismic motions as
they generate upward through a soil profile (Idriss and Seed, 1968; Seed and Idriss, 1970). From
the equivalent uniform strain induced in each sublayer, values of modulus and damping can be
predicted throughout an iterative procedure. Based on this, Schnabel (1972) firstly proposed the
1D equivalent linear site response analysis, which is well-known as the original SHAKE program.
After two decades of development with many updates, SHAKE91 (Idriss and Sun, 1992) has been
known as the standard equivalent linear code. To date, numerous following codes have been
developed in advance based on it.

The loosely coupled (i.e., partial coupled) effective stress-based analysis, in which the
element response is a function of evolving effective stress state (Beaty and Perlea, 2011). Herein,
the pore pressure changes are predicted by an independent pore pressure generator and do not
relate to the volumetric strains produced by the soil skeletons. These models may be the extensions
of perfect plastic models or complex non-linear models, for example, the Finn-Byrne model (Byrne,
1991; Finn, 1985) implemented in FLAC software (Itasca Consulting Group Inc., 2011).

Fully coupled effective stress-based models are the most sophisticated continuum models
for the assessment of liquefaction. The dilative or contractive behavior of sand can be directly

predicted with each load cycle. The changes in pore water pressure can be estimated in response
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to the contraction or dilation of the soil skeleton. However, the calibration and verification of these
models are often complex since the pore pressure response and stiffness depend on the appropriate
prediction of volumetric strains at each lading cycle. With the advancement of computer
technology in the twentieth century, several fully coupled constitutive models have been developed
to predict the liquefaction phenomenon. Many robust models such as UBCSAND (Beaty and
Byrne, 2011; S. S. Park et al., 2021) and PM4SAND (Boulanger and Ziotopoulou, 2015) have
been proposed or developed and implemented in commercial programs (FLAC, PLAXIS) for
applications in practical earthquake engineering analyses.

From 113 to 2003, a total of 1645 earthquake events have been recorded in Vietnam with
a magnitude (Mr) of 3.0 or higher (Ngo et al., 2008; Nguyen and Nguyen, 2022; Nguyen et al.,
2020; Tran et al., 2021). Among that, up to 90% of the events were found in Northern Vietnam
(Hung, 2012; Nguyen and Nguyen, 2022), since the Indochina and South China faults are operating
in the area. Southern Vietnam was always expected as a region with low tectonic activities,
compared to the North. However, recent earthquakes with a moderate magnitude that appeared
offshore of Vung Tau city in August 2005 (ML = 4.5), or Binh Thuan province in 2020 (ML =4.7)
related to the Thuan Hai — Minh Hai fault (Nguyen and Nguyen, 2022), have threatened the densely
populated areas such as Ho Chi Minh city (185 km from the epicenter). It is not excessive if site
response analysis of Ho Chi Minh stratigraphy would be carried out to mitigate damages and losses
from large earthquake-induced liquefaction. Currently, Vietnamese standard TCVN 9386:2012
(Vietnam National Code, 2012) has been used to evaluate the potential liquefaction, in which the
basis of the simplified method is solely applicable. However, a boundary of the application is
somehow to initially identify liquefied zones. Numerous papers with regard to the potential

liquefaction analysis of Northern Vietnam have been published (Chi and others, 2017; Nhung et
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al., 2018, 2017; Nu et al., 2021). It is noted that maps of LPI in Hanoi city were presented by
Nhung et al. (2017) and estimations of FS, LPI, and LSN were performed in the findings of Nu et
al. (2021), Nhung et al. (2017, 2018). Hua et al. (2017) reported the results of F'S and designed
earthquake-induced volumetric strains based on stratigraphy of the coastal seashore in Middle
Vietnam. Pham and Dai Vo (2014) partially showed an LPI map of District 7 — Ho Chi Minh City,
however, it is inapplicable to the whole city. Generally, the simplified method has been widely
used in the aforementioned research. Interestingly, the equivalent linear analysis (i.e., SHAKE
computer codes) and non-linear site response analysis (i.e., DEEP-SOIL computer codes) have
been recently applied to 1D site response analyses for Ha Noi city (Nguyen et al., 2020; Tran et
al., 2021) and Can Tho city (Nguyen and Nguyen, 2022). However, their research has just focused
on the analyses of the response spectrum, shear strains, and peak ground acceleration (PGA)
between observed layers and total stress-based analysis has been still employed. There has been
still an absence from the literature review of a general scheme such as maps of LPI, LSN, and
ground settlement for a specific stratigraphy in Vietnam considered alternative approaches.

In this paper, the total stress-based analysis is used for simplified method and equivalent
linear analysis, meanwhile, the effective stress analysis in terms of loosely-coupled and fully-
coupled effective stress models are employed for one-dimensional (1D) ground response analysis.
A series of SPT data from different districts around Ho Chi Minh city was considered as input soil
parameters for (i) simplified method using Boulanger and Idriss (2014)’s liquefaction triggering
empirical relationships; (ii) equivalent linear analysis using SHAKE91 computer code; (iii)
loosely-coupled effective stress analysis using Finn-Byrne model; and (iv) fully-coupled effective
stress analysis using UBCSAND model, respectively. Analytical and numerical results from the

four methods are taken into account for a completeness comparison concerning the evaluations of
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CSR, FS, maximum shear strain (ymax), maximum volumetric strain (¢v), ground settlement (),
LPI, LSN, and excess pore water pressure ratio (Ry). Based on that, an objective point of view is

provided to see the merits and drawbacks of each method.

2. PROCEDURE FOR EVALUATION OF SOIL LIQUEFACTION

2.1. Cyclic stress ratio (CSR)

The cyclic stress ratio CSR is the ratio of cyclic shear stress zcyc to the vertical effective

stress o’vo during the seismic loading. CSR can be calculated as follows:

CSR =22 (1)

Oyo
The CSR is widely used in the “simplified procedure” introduced by Seed and Idriss (1971) to
evaluate the potential of liquefaction, which can be calculated by the maximum acceleration of

earthquake motion amax, overburden stress o’vo and flexibility of soil profile.

2.1.1. Simplified method

In this method, CSR can be expressed as follows:

— Tav _ 9o\ (Amax
CSR =2 = 0.65 (%) (—g )7a )
T4 = exp [a(2) + B(2). M] 3)
a(z) = —1.012 - 1.126 X sin (= + 5.133) @)
B(z) = 0.106 + 0.118 X sin (ﬁ + 5.142) (5)

where amax = maximum acceleration at ground surface induced by earthquake. g = gravity

acceleration, o’vo and oyo are the effective and total vertical overburden stress. rq = stress reduction
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factor considering the flexibility of soil profile, and the version used in this paper is from Idriss
(1999) and Golesorkhi (1989). z = depth below ground surface in meters. The constant 0.65 is used

to convert irregular earthquake loading into equivalent uniform cyclic loading.

2.1.2. Equivalent linear analysis

The equivalent-linear method estimates the nonlinear relationship between stress and strain
for each layer in a soil profile by utilizing shear modulus reduction and damping curves. An
iterative process is employed to calculate the degraded soil properties due to strain-induced
nonlinearities. For the first stage of the algorithm, the behavior of the soil profile is estimated by
utilizing small-strain values of shear modulus and damping. A shear strain timeline response is
determined using the preliminary shear modulus and damping values, with the soil properties
staying constant from the initiation to the end of the seismic motion. Based on this time history
response for each layer, a representative shear strain, yef, is selected. The chosen representative
strain is utilized to determine the degraded values of shear modulus and damping, and these will
be used in the subsequent iteration of the analysis. This sequence is repeated until the modulus and
damping values attain a reasonable convergence with the predetermined degradation curves. Over
time, various approaches and values have been employed to calculate the effective shear strain,
vefr. Today, the most widely accepted approach is to utilize an effective strain value of 65% of the
maximum shear strain.

In this paper, the SHAKE91 code was used to account for the equivalent linear site response
analysis. A typical soil profile obtained from the SPT data at Ho Chi Minh Metropolitan City was
performed in the analysis and a class of seismic events compatible with the design response
spectrum in the Vietnamese standard TCVN 9386:2012 are used as input ground motion at the

bedrock.
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2.1.3. Loosely-couple effective stress analysis

In the effective stress-based analyses, the changes in effective stress due to cyclic loading
are coupled in the formulation. While the pore pressure changes are estimated by an independent
pore pressure generator, which is inconsistent with the volumetric strain produced by the model,
they can be classified as the loosely-coupled (i.e., partially coupled) effective stress analyses. The
loosely-coupled effective stress model used in this study was the Finn-Byrne model, which is
available as a built-in model in the commercial software FLAC2D (Itasca Consulting Group Inc.,
2011). This model incorporates two relationships between the irrecoverable volume-strain and the
cyclic shear-strain amplitude, developed by (i) Martin et al. (1975) and (ii) Byrne (1991), into the
Mohr-Coulomb model to estimate the dynamic pore pressure generation from shear stress cycles.
In practice applications, the Finn model adopting Byrne (1991)’s relationship, known as the Finn-
Byrne model, has been predominantly employed due to its simplicity and convenience. A detailed
implementation and parametric study of this model can be found in Itasca (Itasca Consulting Group

Inc., 2011). The general parameters of the Finn-Byrne model in this study are depicted in Table 1.

2.1.4. Fully-coupled effective stress analysis

The effective stress model used in this study was the UBCSAND model. This model was
implemented by a user-defined subroutine under two-dimensional (2D) plane strain: the explicit
finite difference program FLAC2D version 7.0 (Itasca Consulting Group Inc., 2011). It was
developed for application to cyclic loads such as earthquakes based on the fully elastic-plastic
Mohr-Coulomb model. The key input parameter of this model is the corrected SPT data (N1)eo of

the site’s ground. Many researchers have applied the UBCSAND model to laboratory tests and
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practical seismic designs (Doan, 2021; Doan et al., 2020a, 2020b; B.-P. Nguyen et al., 2022;
Nguyen et al., 2021b, 2021a; T. Nguyen et al., 2022; S.-S. Park et al., 2021; S. S. Park et al., 2020;
S.-S. Park et al., 2020). A detailed explanation and verification of this model were described by
Puebla et al. (1997), Byrne et al. (2004) and Beaty and Byrne (2011). The general parameters of

the UBCSAND model in this study are depicted in Table 2.

2.2. Cyclic resistance ratio (CRR)

Generally, cyclic resistance to liquefaction is defined as the CSR at which a soil sample
will reach liquefaction after the application of 15 cycles. This paper used the SPT-based method
of Boulanger and Idriss (Boulanger and Idriss, 2014) to evaluate the CRR. The procedure is

presented in Equation (6).

2 3 4
CRRy g = expl i () () () 2]

(6)

where (N1)s0 is the corrected SPT number of blow counts.
2.3. Magnitude scaling factor (MSF)
Since the CRR7 s are related to an earthquake magnitude of 7.5, the MSF is introduced to

adjust the value to the target event magnitude. The conversion relationship of Boulanger and Idriss

(2014) has been used in this paper, which can be expressed in Equation (7).

MSF =1+ (MSEq, — 1){8.64 x e~M/%) — 1.325} (7)
2
MSFyay = 1.09 + (£222)" < 2.2 ®)

10
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CRR = CRR;5 X MSF )
where (NV1)s0 1s the corrected SPT number of blow counts. Then, the CRR with regard to the target

earthquake magnitude can be obtained from Equation (9).

2.4. Factor of safety (FS)

The key output to evaluate the soil likely to be liquefied is the safety factor, which can be
defined as a ratio of CRR to CSR:

FS = CRR/CSR X K; X K, (10)

where K, = ground slope correction (is considered 1.0 in this study because of level ground

analysis). Ks = overburden stress correction factor, which can be expressed as in Equation (11).
Ky = (ou/P) (11)
where P, is atmospheric pressure in the chosen units and f depends on relative (Dr) and is given
by:
f =1—-0.005D4 for 40% < Dr < 80% (12)
Dg = (N1)6o/46 (13)
Based on the results of £'S, other important outputs for liquefaction assessment such as LP/

and LSN can be easily estimated.

2.5. Liquefaction potential index (LPI)

Calculation of the LPI is used to interpret the liquefaction assessment calculations in terms
of severity over depth. The calculation procedure is based on the methodology developed by

Iwasaki et al. (1984).

11
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To estimate the severity of liquefaction extent at a given site, LPI is calculated based on the
following equation:
LPI = [°(10 = 0.52) X F, X dz (14)
where:
Fr=1-FSwhen FS<1
Fr =0 when FS>1
z is the depth of measurement in meters
Values of LPI range between zero (0) when no test point is characterized as liquefiable and
100 when all points are characterized as susceptible to liquefaction. Iwasaki et al. (1984) proposed
four (4) discrete categories based on the numeric value of LPI:
LPI=0 : Liquefaction risk is very low
0 <LPI<=5 :Liquefaction risk is low
5 <LPI <= 15 : Liquefaction risk is high

LPI> 15 : Liquefaction risk is very high

2.6. Liquefaction severity number (LSN)

The LSN is a newly calculated parameter developed by Tonkin & Taylor consultant
company (van Ballegooy et al., 2014) to reflect the more damaging effects of shallow liquefaction
on residential land and foundations. The equation used to calculate LSN is presented below. LSN
considers depth-weighted calculated volumetric densification strain within soil layers as a proxy
for the severity of liquefaction land damage likely at the ground surface. The published strain

calculation techniques consider strains that occur where materials have a calculated triggering FS

12
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that reduces below 2.0. This means that the LSN begins to increase smoothly as factors of safety
drop, rather than when the FS reaches 1.0. One other aspect of LSN to note is that strains self-limit
based on the initial relative density as the factor of safety drops, so a given soil profile has a

maximum LSN that it tends towards as the PG4 increases.
LSN = 1000.fgz—"dz (15)

where ¢y is the calculated volumetric densification strain in the subject layer from Zhang et al.
(2002). z is the depth to the layer of interest in meters below the ground surface.

The procedure for the estimation of seismic-induced settlements based on Robertson and
Shao (2010). This procedure can be only used for the simplified method since the volumetric strain
and settlement can be directly obtained from the effective stress analysis. Unfortunately, the
volumetric strain or settlement cannot be estimated in the equivalent linear analysis although the
reduction of shear modulus and damping ratio of soil are considered. As a result, there is an absence

of the prediction of LSN and volumetric or settlement of the equivalent linear analysis in the results.

3. GEOTECHNICAL DATA

A collection of SPT data from 24 districts (i.e., one borehole for each district) in Ho Chi
Minh City has been selected for analysis. Based on the available database, the information and
location of selected SPT boreholes are summarized in Table 3 and Figure 1. It is noted that the
target PGA is accordingly included in relevant to the TCVN 9386:2012 (Vietnam National Code,
2012), in which the representative shaking intensity level for an earthquake return period of 475
years is expected to Ho Chi Minh soil stratigraphy. Furthermore, the TCVN 9386:2012

recommends that the classification of ground condition should be Sa, Sg, Sc, Sp and Sk dependent

13
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on geotechnical site characteristics (e.g., shear wave velocity, SPT number of blow counts,
undrained shear strength) for the ground up to 30 m of depth or to moderate rock. According to
TCVN 9386:2012, the seismic site classification in Ho Chi Minh City can be classified by Sp,
which comprises mostly cohesive soil layers or a few granular soil layers adjacent to cohesive soil
layers (i.e., average shear wave velocity at 30 m of depth is lower than 180 m/s, and SPT number
of blow counts is lower than 15).

Figure 2 presents the SPT number of blow counts (Neo) and corrected SPT values of (V1)s0
of 24 boreholes at each district in Ho Chi Minh City. The corrected SPT values of (Ni)eo are
converted from Neo using the overburden correction factor Cn proposed by Liao and Whitman
(1986). It is noted that field experience during past earthquakes (Iwasaki et al., 1984; Youd et al.,
2001) stated that liquefaction primarily occurs at a depth of less than 20 m with respect to granular
soil stratigraphy. Therefore, several boreholes in some districts are mostly encountered as clay
minerals or organic silt within a depth of 20 m. The (Neso) and (N1)eo values are expected to be very
low (i.e., lower than 5). It is assumed that there is no liquefaction will occur in these areas. It is
seen that data with the grey color in Figure 2 reveals these kinds of boreholes, including District
2, District 7, District 8, District 9, Binh Chanh District, Binh Tan District, Binh Thanh District, Cu
Chi District, Nha Be District, Can Gio, and Hoc Mon District. Moreover, below the depth of 50 m,
moderately stiff soil layers (i.e., mainly Neo > 50) have been considered as the bedrock to apply
the input ground motion for further analysis.

Key input parameters for the equivalent linear analysis are the maximum shear modulus
(Gmax) or shear wave velocity (Vs), which are determined using the formula proposed by Seed et

al. (1986).

0.5

Griow = 21,7 Kyrase: Py (‘;—m) (16)
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Komax = 20. (N1)600l333 (17)

where, Gmax 1S the maximum shear modulus, Komax 1S the number of shear moduli, P is the
atmospheric pressure (Pa~100 kPa), ¢'m is the vertical effective stress, (N1)eo 1s the corrected SPT
number of blow counts.

To perform the effective stress analysis, the (N1)e0 is required as input. The other parameters
necessary for the analysis can be determined using formulas presented in Tables 1 for the Finn-
Byrne model and Table 2 for the UBCSAND model, respectively. The Finn-Byrne and UBCSAND
model were designated for use with sand, silty sand, and sandy gravel strata. Meanwhile, the Mohr-
Coulomb model with elastic-perfect plasticity was designated for the clay or clayey silt layers,
which are considered to be soil layers that do not undergo liquefaction. It was assumed that the
permeability (k) in likely clay layers would have a low value of 10" m/s. By this assumption, the
values for the shear modulus (G), bulk modulus (B), cohesion (c¢’), and friction angle (¢") were
estimated to be G = 10° kPa, B = 3x10° kilopascals, ¢’ = 100 kPa, and ¢" = 20°, respectively. As
noted by Das and Sobhan (2013), the permeability of fine sand tends to range from 10 to 10
m/s, whereas, for sandy gravel, it can range from 103 to 10 m/s. In the case of silty sand, the
permeability typically falls between 107 and 10" m/s. In this study, effective stress analyses were
conducted with permeabilities of 10~ m/s for sand. It was assumed that the initial saturation values
prior to the earthquake were 99%, which would lead to a substantial increase in excess pore water
pressure.

Other information on geotechnical data, such as bulk density (y»), dry density (yq), fine
content (FC), corresponding particle size (Dso), water content (w), liquid limit (LL), and plastic
index (PI), is available in the database (Doan, 2023). The data is a compilation of both in situ and

laboratory test results at the observed boreholes in Ho Chi Minh City.
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4. INPUT GROUND MOTION

Given the lack of recorded motions in the Ho Chi Minh City area, a similar approach to
Nguyen et al. 2020) has been adopted in this study. A total of 12 earthquake events are selected
with respect to similar characteristics to those likely occurred in Vietnam. It is worth extracting

these recorded motions from the NGA-West2 database (https://ngawest2.berkeley.edu/) with

regard to the following characteristics:
e Surface moment magnitude (My) in a range of [5.5 — 7.5].
e Rupture distance (Rrp) in a range of [0.92 — 85.17] km.
e Vg0 in a range of [760 — 1500] m/s.
The detailed characteristics of selected earthquake events are shown in Table 3.

Figure 3 illustrates a series of response spectra of selected earthquake events from the
NGA-West2 database. Two horizontal components of the recorded motions (i.e., North-West or
South-East directions) are shown in Figure 3 since shear wave motions might cause more
catastrophic damages than vertical component. It is concluded that the recorded motion in the
North-West horizontal of the Kobe earthquake occurred in 1995 has been selected as the input
ground motion for further analysis since the response spectra produced by this event was recorded
up to 0.92 g at 1.2 s and with many slightly lower spikes during the period.

Figure 4(a) shows the target response spectra of 24 districts in Ho Chi Minh City calculated
based on TCVN 9386:2012. It is noted that the fundamentals of the method in TCVN 9386:2012
come from Eurocode 8 (Code, 2005) and it is applicable to local Vietnamese soil conditions. A
detailed description and calculation guidelines of response spectra can be found in (Nguyen et al.,

2020). As mentioned in Section 3, the seismic site classification Sp has been used to compile target
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response spectra for 24 districts in Ho Chi Minh City. Subsequently, the North-West horizontal
motion from Figure 3 (representing the Kobe earthquake of 1995) was used to match the target
response spectra of 24 districts in Ho Chi Minh City by an open-source code known as REQPY
(Montejo, 2021). The results of the matching are presented in Figure 4(b). It is seen that the
matching response spectra are consistent with the target response spectra in accordance with
TCVN 9386:2012 (Vietnam National Code, 2012).

Figure 5 shows a comparison between the original motion of the 1995 Kobe earthquake
and the matched motion using the REQPY (Montejo, 2021) at District 3, Ho Chi Minh City in
accordance with TCVN 9386:2012. In general, there is a similarity between the two acceleration
spectra with peaks at corresponding time intervals. The peaks in the original motion are nearly
twice as long as those in the matched motion.

Similarly, the acceleration time history of each matching motion was conducted for each
district respectively. The resulting matched acceleration spectra were then used as input ground
motion at the base of the 1D column soil model for equivalent linear analysis, effective stress
analysis using the Finn-Byrne model, and the UBCSAND model. It is noted that the simplified
method solely uses the PGA from Table 3 corresponding to the location of the observed borehole
and surface magnitude of the earthquake (i.e., assumed My = 5.5 for the potential earthquake that

might occur in Ho Chi Minh City) for the liquefaction assessment analysis.

5. RESULTS AND DISCUSSIONS

Figure 6 shows the detailed numerical results of alternative analyses at various depths,

including the simplified method, equivalent linear analysis, loosely-coupled effective stress
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analysis using the Finn-Byrne model, and fully-coupled effective stress analysis using the
UBCSAND model, for the liquefaction evaluation of the soil profile in District 3, Ho Chi Minh
City. Due to the large amount of data from the analysis results of various methods for multiple
boreholes in Ho Chi Minh City, it is not feasible to display all detailed results in this study.
Consequently, the specific outcomes of the borehole located in District 3 were selected as the
representative example to contrast the results of analysis obtained from alternative approaches.
This will enable a comprehensive assessment of the merits and drawbacks of the methods.

Figure 6(a) depicts the distribution of the input data, which are the SPT number of blow
counts Neo and the corrected SPT number of blow counts (N1)s0, along the depth. Generally, (N1)s0
is higher than Ngo in the depth range of 0-10 m, however, the trend reverses below 10 m depth.
This could be explained by the increasing overburdened stress in the soil profile. The (N1)so is the
key input parameter for further analyses.

Figure 6(b) shows the CRR and CSR results extracted from various methods versus the
depth of the soil profile. Based on the input data (Ni)so from the SPT, the CRR for the ground
subjected to an earthquake with magnitude My, = 5.5 was calculated using Equation (6) (Boulanger
and Idriss 2014) and adjusted from My, = 7.5 to Mw = 5.5 according to Equation (9). As depicted,
the CRR values are primarily within the range of 0.15-0.2 at depths between 10-42 m. In the depths
of 0-5 m and 42-50 m, the soil layer is clay, hence, the default CRR value is set to 2. According to
the simplified analysis method, the CSR ratio is calculated using Equation (2) as proposed by (Seed
and Idriss, 1971). Based on the equivalent linear analysis method, the CSR is estimated from the
SHAKE91 program. For effective stress analysis, the CSR can be directly obtained from the
UBCSAND and Finn-Byrne model analysis results. As shown in Figure 6(b), there is a consistency

between the CSR calculated from the analyses. It has been determined that the CSR estimated by
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the equivalent linear analysis method is only slightly higher than that obtained from the simplified
method and falls within a range of [0.15-0.2]. Meanwhile, CSR predictions from effective stress
analysis using the Finn-Byrne and the UBCSAND models are significantly higher than the
predicted values from the simplified method and equivalent linear analysis, ranging from 0.3 to
0.6. Furthermore, the UBCSAND model predicts the highest CSR values and shows a close
similarity to the CSR predictions from the Finn-Byrne model, with decreasing CSR values as the
depth increases.

Figure 6(c) presents the distribution of the FS to liquefaction as calculated from various
methods with respect to the depth of the soil profile in District 3, Ho Chi Minh City. In general,
the soil profile does not demonstrate susceptibility to liquefaction when FS is greater than 1, as
predicted by the simple analysis method and the equivalent linear analysis. However, the effective
stress analysis using the UBCSAND and Finn-Byrne models indicates that the soil profile liquefies
at depths ranging from 12-42 m. The distribution of F'S with respect to the depth is computed from
the methods that exhibit coherence, in which the predicted values from the UBCSAND model are
the lowest, followed by the values from the Finn-Byrne model, SHAKE91 program, and the
simplified method. It should be noted that there is a slight difference in the results from the
UBCSAND and Finn-Byrne models.

Figure 6(d) compares the maximum shear strains (ymax) along the depth computed from the
four methods. The ymax computed from the simplified method (i.e., (Boulanger and Idriss, 2014))
is significantly higher than that obtained from the linear equivalent analysis method (i.e.,
SHAKE91 program). On the other hand, the ymax computed from the effective stress analysis (i.e.,
UBCSAND and Finn-Byrne models) are relatively smaller compared to those obtained from the

simplified method. Especially, at a depth of 40-50 m, the results obtained from the effective stress
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analyses are much higher than those from the other two methods. The reason is due to the boundary
conditions at the bottom of the 1D site response model in the simplified method and equivalent
linear analysis being fixed, while input ground motion at the bottom of the model is allowed in the
horizontal direction in the effective stress analyses.

Figure 6(e) presents a comparison of LPI values, as determined by different analyses.
Typically, when using effective stress methods (i.e., UBCSAND and Finn-Byrne models), the
liquefaction potential is higher for soil layers situated above 10 m in depth. By Iwasaki et al.'s

(Iwasaki et al., 1984) classification of liquefaction hazards, the LPI value of 5 < LPI< 15 indicates

a high risk of liquefaction at shallow depths. The LPI at ground level is the sum of LPI values for
each soil layer from the surface to a depth of 20 m and is greater than 0 when the FS is less than 1.
It should be noted that the LPI calculated using effective stress analyses is significantly greater
than that obtained using the other two methods. On the other hand, both the simplified method and
equivalent linear analysis result in LP/ values that are almost equal to zero.

Figures 8(f-h) depict the results of four different liquefaction assessment methods for
maximum volumetric strain (&v), LSN, and ground settlement (S) at various depths. As the &y cannot
be directly calculated by the equivalent linear analysis method, its predictions from this method
are not presented in the charts. In general, there is a similarity in volumetric strain results between
the simplified method and the UBCSAND model, leading to a minimal difference in LSN between
the two methods. The reason is that LSN is an integral function of volumetric strain and depth.
However, the Finn-Byrne model shows significantly lower results of &y and LSN compared to the
simplified method and the UBCSAND model. Herein, the ¢y is the large value at a depth of 10-35
m compared to other depths, leading to an estimated LSN of approximately 1.5 at the ground

surface based on the results of the simplified method and the UBCSAND model. The UBCSAND
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model produces the highest ground settlement value, approximately 6 cm, followed by the
simplified method, which performs a settlement of nearly 3 cm, and lastly, the Finn-Byrne model
analysis, which provides the smallest ground settlement value, at approximately 0.3 cm.

Figure 6(i) reveals the excess pore pressure ratio (Ry) as a function of depth, as computed
by the Finn-Byrne and the UBCSAND effective stress analyses. The Ry derived from the Finn-
Byrne model is substantially lower than that obtained from the UBCSAND model. The R, reaches
a value of up to 0.5 at a specific depth of around 10 m, implying that liquefaction may take place
at depths ranging from 10 to 40 m.

A general explanation for the results in Figure 6 can be provided as follows. Since the
UBCSAND model takes into account both the behavior of the soil skeleton and the development
of pore water pressure within the plasticity framework, its estimations of liquefaction are the most
accurate and lead to the smallest FS. On the other hand, the Finn-Byrne model employs empirical
relationships to simulate pore pressure generation and shear-induced volumetric strain, resulting
in significantly lower predictions for Ru, &y, LSN, and ground settlement (S) compared to those
generated by the UBCSAND model. However, the predictions for CSR, F'S, ymax, and LPI do not
show significant differences compared to those obtained from the UBCSAND model. When
performing the simplified method, using only the PG4 and Mw of the earthquake for the entire
calculation produces the highest FS, which is also the most conservative outcome. Although the
equivalent linear analysis employs real-time acceleration data, it is still fundamentally based on
total stress, which neglects the interplay between the soil structure and the pore water pressure,
and only accounts for the linear elastic phase of the material. As a result, the computed results from
the equivalent linear method fall in between those obtained from the other three methods.

Figure 7 is a comparison of the LP] estimated from the simplified method, equivalent linear
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analysis, and effective stress analysis using the Finn-Byrne model, and UBCSAND model,
respectively. As mentioned, the districts with the ground mainly comprises clay deposits are
considered non-liquefaction, including District 2, District 7, District 8, District 9, Binh Chanh,
Nha Be, Can Gio, Binh Tan, Cu Chi, Binh Thanh, and Hoc Mon. Iwasaki et al. (Iwasaki et al.,
1984) proposed a classification of five levels based on the value of LPI as shown in Figure 7.
Generally, the liquefaction potential, as assessed by the LPI, is found to be highest when calculated
using the UBCSAND model, followed by the Finn-Byrne model, SHAKE91 program, and the
simplified method, in descending order. The liquefaction potential in the observed districts is found
to be very low (i.e., LPI = [0-2]) when assessed using the simplified method. However, a moderate
liquefaction potential (i.e., LPI = [2-5]) is observed in District 1 and District 12 when the
equivalent linear analysis method is employed. There are slight differences in the assessment of
the liquefaction potential using the Finn-Byrne and UBCSAND models. According to the results
from the UBCSAND and Finn-Byrne models, Thu Duc exhibits a low liquefaction potential (i.e.,
LPI = [0-2]). In contrast, districts 1, 5, 10, 11, 12, and Tan Phu demonstrate a very high potential
for liquefaction (i.e., LPI > 15), while districts 4, Tan Binh, and Go Vap present a moderate
potential for liquefaction (i.e., LPI = [5-15]). The UBCSAND model predicts that Districts 3 and
6 have a very high liquefaction potential, while the Finn-Byrne model predicts that they have a
high and moderate potential, respectively.

Figure 8 depicts a comparison between the estimated LSN values obtained from the
simplified method, the Finn-Byrne model, and the UBCSAND model. It should be noted that the
equivalent linear analysis method cannot capture the volumetric strain, and therefore the result
from this method was not included in the figure. It is seen that all the observed districts exhibit a

significantly low probability of liquefaction-induced damage (i.e., LSN = [0-10]), according to the
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results of the effective stress analysis (i.e., Finn-Byrne and UBCSAND models). On the other hand,
the simplified method predicts a minor probability of liquefaction-induced damage (i.e., LSN =
[10-30]) in districts 1 and 12, and little possibility of damage due to liquefaction (i.e., LSN = [0-
10]) in other locations.

Figure 9 demonstrates the maps of liquefaction-induced surface ground settlement
estimated from alternative approaches. As previously mentioned, the figure does not show the
result from equivalent linear analysis because this method is incapable of predicting shear-induced
volumetric strain. It is seen that the ground surface settlement resulting from liquefaction is
observed to be minimal, ranging from 0 to 2 cm, when using the Finn-Byrne model. In contrast,
the settlement results are much higher, ranging from 2 to 6 cm for the observed boreholes in Ho
Chi Minh City. The simplified method predicts the highest settlement in Districts 1 and 12, ranging
from 8 to 10 cm, followed by S = 4-6 cm in Districts 3 and 4, and S = 0-2 cm in the remaining

districts.

6. CONCLUSIONS

Soil liquefaction-induced settlement can significantly impact the structure of buildings, roads,
bridges, and ports during seismic activity. In this study, four analysis methods were used to
evaluate the liquefaction potential of soil: simplified method adopting (Boulanger and Idriss,
2014)’s liquefaction triggering relationship, equivalent linear analysis using SHAKE91 program,
effective stress analysis using the Finn-Byrne model and UBCSAND model, respectively. This
analysis utilized the SPT data from 24 districts around Ho Chi Minh City. The seismic loading data

is extracted from the NGA-West2 database, which has similar characteristics to those likely
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occurred in Vietnam in the past, and they are matched to target response spectra compiled from
TCVN 9386:2012. The computed results from the four analyses were compared together to
demonstrate the advantages and accuracy of each method. The maps of LPI, LSN, and surface
ground settlement due to seismic loading are first proposed for Ho Chi Minh City stratigraphy.
Some conclusions can be drawn as follows:

e The simplified method possesses the advantage of rapid computation, simplicity, and solely
using the PGA amax and earthquake magnitude My, throughout the analysis process. The
results from this method exhibit the highest level of F'S, the lowest LPI, the most LSN, and
the most pronounced surface ground settlement This method is employed to perform an
initial evaluation of the liquefaction potential at a designated site. it should not be employed
to calculate soil settlement or LSN due to its excessively conservative results in comparison
to actuality.

e The equivalent linear analysis method involves iterative analyses that gradually reduce the
soil shear modulus and damping ratio to simulate its nonlinear behavior. In this study, the
SHAKE91 program was utilized for the equivalent linear analysis. Despite utilizing the
acceleration time history for analysis, this method still employs the total stress approach,
neglecting the effects of increased pore pressure due to liquefaction. Thus, the results
obtained from the analysis using the equivalent linear analysis method are considered to be
safer than those obtained by effective stress analysis, but more hazardous than those
obtained by simple analysis. Furthermore, the limitation of this method lies in its
incapability to compute volumetric strain during vibration, thereby making it unable to
predict soil settlement and the LSN.

o The effective stress analysis method is considered the most reliable means of assessing soil
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liquefaction due to its comprehensive consideration of the behavior of both the soil skeleton
and pore water, as well as the elastic-plastic model of the soil material. However, the model
parameters are relatively complex, requiring users to have experience in selecting input
data and taking a considerable amount of time for each analysis. The present study employs
the UBCSAND model for the fully-coupled effective stress analysis and the Finn-Byrne
model for the loosely-coupled effective stress analysis, using real-time acceleration data
from earthquake ground motion throughout the analysis. The UBCSAND model is capable
of producing the most accurate liquefaction predictions due to its ability to account for both
the behavior of the soil structure and the development of pore water pressure within a
plasticity framework, which leads to lower FS. In contrast, the Finn-Byrne model employs
empirical relationships to simulate shear-induced volumetric strain and pore pressure
generation, resulting in lower estimates of Ry, v, LSN, and ground settlement (S) compared
to those predicted by the UBCSAND model. However, the predictions for CSR, FS, ymax,
and LPI do not show any significant differences when compared to those obtained from

the UBCSAND model.
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Table 1. Input parameters of Finn-Byrne model

Generic parameters

Parameters

Function Values
(N160.cs Normalized, corrected SPT blow counts Varies
Cor Correlation factor between (N1)eo and D; Constant=46
Relative density [(N1)6o/Cpx]®?
Friction angle 33°
Dilation angle 0°
Cohesion 0 kPa
Tension cutoff 0 kPa

Shear modulus

21.7%20%(N1)60"33

Bulk modulus

0.7x G

Constant Ci

8.7x(N1)eo "%

ARSI
IS IR)
N [~

Constant > 0.4/C,
ff_latency Minimum number of timesteps between reversals 1000000
Factor of switching between Byrne or Martin’s cyclic 1

switch . . } .
- volumetric-shear strain relationship

Note: ¢y = initial vertical effective stress, and Pam = atmospheric pressure (~100 kPa).
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Table 2. Input parameters of UBCSAND model

Generic parameters

Parameters Function Values
(N1)6es Normalized, corrected SPT blow Varies
counts
Co: Correlation factor between (N1)eo Constant
and D;
D: Relative density [(N1)60o/Cpx]®>?
Pev Constant volume friction angle 33°
Pt Peak friction angle Pev+(N1)60/10+max (0, (N1)so— 15)/5)
kc® Elastic shear modulus number 21.7%20x(N1)60’>>
kg® Elastic bulk modulus number 0.7xkc*
kcP Plastic shear modulus number ka®x(N1)60°x0.003+100
Me Elastic shear exponent 0.5
e Elastic bulk exponent 0.5
np Plastic shear exponent 0.4
R Failure ratio min(1.1x(N1)s0 1%, 0.99)
1.05-0.03%(N1)60+0.04x[(N1)60]*-
a Factor for hfacl calculation 0.000185x[(N1)6o]*+
2.92E-6x[(N1)so*
) 1.0/{-0.424-
b Factor for hfacl calculation 0.25{9><( N1)o+0.00763x[(N1)s0]2)
hfacl Factor of primary hardener ax(0”y0/Patm)"
hfac2 Factor of secondary hardener 1.0
hfac3 Factor of dilation hardener 1.0
anisofac Factor of anisotropic plastic 1.0

response

Note: ¢y = initial vertical effective stress, and Pam = atmospheric pressure (~100 kPa).
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798  Table 3. Information of SPT boreholes at Ho Chi Minh City used in this study

Soil Target PGA
classification (g)

District Site Location

Vietcombank Tower oA s o s
15 Me Linh Square, Ben Nghe Ward |0 40 32"N106%42°207E -~ Sp  0.084770642

Sugarcane Project

2 Ha Noi Boulevard, An Phu Ward 10°47°44”N106°45°22”E Sp 0.085565749
Orchids Hotel oA K2 OA1 AR
3 192 Pasteur, Ward 6 10°46°52”N106°41°45”E Sp 0.084271152
Ben Van Don Apartment 04371 0194
4 278-283 Ben Van Don St., Ward 2 10°45°30”N106°41°40”E Sp 0.084668705
Trieu Quang Phuc — Tran Hung Dao
5 St. Intersection 10°45°07°N106°39°41”E Sp 0.077370031

Ward 11
6 231 Tran Van Kieu St., Ward 1  10°44°32”N106°37°40”E Sp 0.069979613

Saigon Design Center Project

7 C7-A01, Tan Phu Ward 10°43°34”°N106°43°377E Sp 0.084566769
Ngo Han Office Buidling
8 172/39/39E An Duong Vuong St., 10°43°36”N106°37°18”E Sp 0.074475025
Ward 16
Office Building oA A9 O AL A
9 Phuoc Long B Ward 10°49°04”N106°46°47”E Sp 0.074678899
Shopping Mall AL AN AR
10 No. 106, 3/2 St.. Ward 12 10°46°33”N106°40°48”E Sp 0.077675841
Sacombank Office Building oA 9 A9 0O A9
11 920 Neuyen Chi Thanh St, Ward 4 10°45°24”N106°39°04”E Sp 0.070071356
Hung Ngan Apartment
12 48A, Thi Muoi St., Tan Hung Thuan10°51°31”N106°37°50”E Sp 0.081274210
Ward
Long An Metallurgical Office
Binh Building 0 An> Ao .
Chanh C12/15E QLIA, Tan Kien 10°42°40”N106°35°58”E Sp 0.058878695
Commune
Binh  Tan Binh 2 industrial zone, Binh oA ] e Om s> A9
Tan Hung Hoa Ward 10°49°13”N106°36°43”E Sp 0.069979613

Binh  Viet Thuan Thanh Office Buidling 10°47°48”°N106°42° 10°E

Thanh 131 Dien Bien Phu St., Ward 15 Sp 0.085270133

CuChi ~ WOH36QZGolfResort ) oo55045N106°30'15°E Sp 0.08077472
Tan Thong Hoi Commune
CTK Apartment 010> A7 02Q°29”
Go Vap Tan Son St., Ward 12 10°49°42”°N106°38°32”E Sp 0.083170234
Saigon International Hospital
Project 04210 0477927
Nha Be 10°43°19”N106°42°23”E Sp 0.081875637

Tan An Huy residential area, Phuoc
Kieng Commune
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Phu

Hoang Minh Giam Apartment 10°48°32"N106°40°24”E

Sp

0.084373089

Nhuan 8 Hoang Minh Giam, Ward 9

Thu Song Da Riverside Apartment

Duc 623 QL13 St., Hiep Binh Phuoc  10°51’17°N106°43’16”E Sp 0.072670744
Ward

Tan Hoang Hoa Tham Apartment

Binh 171 A Hoang Hciz; Tham St., Ward 10°48°20”N106°38°49”E Sp 0.070173293

Tan Luy Ban Bich Wedding and Event

Phu 568 Luy Ban Bich St., Hoa Thanh 10°47°09”N106°38’12”E Sp 0.070173293
Ward

Hoc Nhi Xuan Industrial Zone ‘

Mon Nguyen Van Bua St., Xuan Thoi 10°52°22”N106°31°43”E Sp 0.080173293

Son Commune
Can  Can Gio Water Supplying Station 1 5077:70N106°53'26"E~ Sp  0.061783894
Gio Long Hoa Commune
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801

Table 4. Selected earthquake events from the NGA-West2 database

. . Rrup Vi3
No.Earthquake name Year Station (Mw) Mechanism (km) (ms)
| SanFernando 1971 rasadena Lg}ld SeISmO ¢ 61 Reverse 215 969.07
, Whlttlerolfarrows— 1087 Pasadena - CIT Kresge 500 Reverse 18.12 969.07
Lab ' Oblique
3 Loma Pricta 1989 Piedmont Jr High School 6.93 Reyerse 73 895.36
Grounds Oblique
4 Loma Prieta 1989 Point Bonita 6.93 RGV'G rse 8345 131592
Oblique
5 LomaPricta 1989  SF-Pacific Heights 693 Leverse 7605 1249.86
Oblique
. So. San Francisco_ Sierra Reverse 63.15 1020.62
6 Loma Prieta 1989 Pt 6.93 Oblique
7  Northridge-01 1994 LA - Wonderland Ave  6.69  Reverse 20.29  1222.52
8  Northridge-01 1994  Vasquez Rocks Park 6.69 Reverse 23.64 996.43
9 Kobe_Japan 1995 Kobe University 6.9 Strike-slip 0.92 1043
10 Ch1—Ch165Ta1wan— 1999 HWA002 6.2 Reverse 45.03 789.18
11 Ch1—Ch165Ta1wan— 1999 TTN042 6.2 Reverse 85.17 845.34
12 Umbria-03_ Italy 1984 Gubbio 5.6 Normal 15.72 922
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803  Figure 1. Locations of the observed boreholes in Ho Chi Minh city.
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808  analysis.
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825  Figure 6. Comparison of alternative analyses of liquefaction evaluation for a SPT soil profile at
826  District 3 — Ho Chi Minh City in terms of (a) Neo and (N1)s0, (b) CSR/CRR, (c) factor of safety
827  (FS), (d) maximum shear strain ymax, (€) LPI, (f) maximum volumetric strain ey, (g) LSN, (h)

828  ground surface settlement (S), and (i) excess pore water pressure ratio (Ru) versus depth.
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831  Figure 7. Distribution of liquefaction potential index (LPI) interpolated across the land of Ho
832  Chi Minh metropolitan city using alternative methods: (a) simplified method (Boulanger and

833  Idriss, 2014), (b) equivalent linear analysis (SHAKE91), (c) loosely-coupled effective stress
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834  analysis (Finn-Byrne model), and (d) fully-coupled effective stress analysis (UBCSAND model)
835  based on available SPT database and target response spectra to TCVN 9386:2012.
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839  Figure 8. Distribution of liquefaction severity number (LSN) interpolated across the land of Ho

840  Chi Minh metropolitan city using alternative methods: (a) simplified method (Boulanger and

841  Idriss, 2014), (b) loosely-coupled effective stress analysis (Finn-Byrne model), and (c) fully-
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842  coupled effective stress analysis (UBCSAND model) based on available SPT database and target
843  response spectra to TCVN 9386:2012.
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847  Figure 9. Distribution of surface ground settlement (S) interpolated across the land of Ho Chi

848  Minh metropolitan city using alternative methods: (a) simplified method (Boulanger and Idriss,

849  2014), (b) loosely-coupled effective stress analysis (Finn-Byrne model), and (c) fully-coupled
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850 effective stress analysis (UBCSAND model) based on available SPT database and target
851  response spectra to TCVN 9386:2012.
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