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ABSTRACT: In earthquake engineering practice, the liquefaction potential of soils is
commonly evaluated through simplified procedures. These approaches are suitable for sands
with very low to no fines content, which have been traditionally thought to be the only
liquefiable materials. However, field observations and experimental research have extensively
demonstrated that low plasticity silty sands can also be highly liquefiable. Thus, this paper
investigates the effect of non-plastic fines contents on the liquefaction potential of soils, taking
the 2010-2011 Canterbury Earthquake Sequence as a case study. The validity of standard
simplified procedures for high fines content soils is critically evaluated and compared with a
finite element model based on a full solid-fluid coupled formulation. The model includes a
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state parameter-based constitutive law within the Generalised Plasticity theory, which allows
the fines content to be taken into account explicitly. The standard simplified procedures are
shown to be less effective in the evaluation of liquefaction potential in soils with high fines
content but are still indispensable tools for evaluating the performance of soils over large urban
areas. As the main conclusion, it is recommended that empirical models are complemented
with an advanced numerical analysis in those cases where silty sands with high fines content
are identified, as its outcomes can more realistically represent the soil behaviour during a

seismic event.

KEYWORDS: Liquefaction potential, Generalized Plasticity, Critical state framework, Silty

sands, low-plasticity fines, Canterbury Earthquake Sequence



1. INTRODUCTION

Liquefaction resistance of sands with fines is commonly evaluated using simplified approaches
that are based on research conducted on clean sands. The first simplified liquefaction
assessment procedure was developed in the early 1970s based on the Standard Penetration Test
(SPT) (Seed and Idriss, 1971). Since then, several other such procedures have been proposed
that use different types of in-situ tests as input. The simplified approach has been established
as state-of-practice liquefaction assessment procedure due to its simplicity and limited required
computational effort (Youd and Idriss, 2001; Kayabasi and Gokceoglu, 2018). However,
simplified liquefaction evaluation relationships have proven to have low accuracy when
applied to silty sands (Ecemis and Karaman, 2014) as they do not quantify the influence of

both the structure and fabric of the soil appropriately (Taylor, 2015).

The role of Fines Content (FC) on liquefaction susceptibility has been extensively studied
through experimental research. Some authors indicate that FC increases the resistance to
liquefaction (Pitman et al., 1994), and thus mainly clean sand with low FC content is
susceptible to liquefaction. For instance, the SPT-based and CPT-based simplified approach
relationships shift to the left as the FC increases (ldriss, 1999, Youd and Idriss, 2001; Idriss
and Boulanger, 2004, 2008; Boulanger and Idriss, 2014), which result in higher soil resistance
to liquefaction. However, other authors find that the increase FC makes the soil more
susceptible to liquefaction (Lade et al., 1994). More recent studies on the grain size and
composition of sand blows ejected in representative sites affected by the 2012 Emilia-Romagna
Earthquake show that silty sands and silts are characterized by a relatively high FC can liquefy
( Fontana et al., 2019; Amoroso et al., 2020). Cavallaro et al. (2018) present an alternative
approach to analysing the liquefaction phenomena produced during Emilia-Romagna

Earthquake with Seismic Dilatometer Marchetti Tests (SDMT). Generally, sand behaviour has



a strong dependence on voids ratio and effective stress (Been and Jefferies, 1985; Ishihara,
1993; Hird and Hassona, 1990; Jiang et al., 2015). This means that neither voids ratio nor
effective stress alone can fully characterise sand behaviour, and both need to be taken into

account.

The critical state framework comes into play to encompass the effects of void ratio and
effective stress on soil performance. When soil is subjected to failure, it reaches its critical
state, defined by the volume (under drained conditions) or confined stress p’ (for undrained
situations). The soil tends towards a critical state, independently from its initial conditions.
Instead, the state parameter indicates how far the current state of soil is from its critical state,

usually in terms of unitary volume (or void ratio e), (Been and Jefferies, 1985).

The Critical State Line (CSL) separates the initial states of the soil into contractive and dilative
regions in the e — p’ plane (Been and Jefferies, 1985; Ishihara, 1993). Experimental evidence
demonstrates that the CSL moves vertically and rotates anticlockwise when the FC increases
from 0 to 30% (Zlatovi¢ and Ishihara, 1995). This effect has also been observed in sandy soils
in cases where their grains break during shearing (Bandini and Coop, 2011). The definition of
the CSL for silty sands depends on the FC. The contractive or dilative behaviour of these soils
depends on the relative position of its initial state defined by the state parameter. The location
of the CSL and initial state parameter of soil has proven to be affected on its response under
dynamic loads, governing its liquefaction response (Qadimi and Coop, 2007; Lépez-Querol
and Coop, 2012). Thus, in any critical state-based constitutive model, the liquefaction

resistance can be evaluated if the location of the CSL is adequately defined.

Soil behaviour during an earthquake is a complex phenomenon that can be comprehensively
analysed through numerical simulations. Nonetheless, the ability of these numerical
simulations to reproduce the soil behaviour during cyclic loading depends, among other factors,

4



on the adopted constitutive soil model. For instance, the Generalised Plasticity state parameter-
based model, proposed by Manzanal et al.(2011a; 2011b; 2010), (referred to as MPZ
hereinafter), is suitable to reproduce phenomena such as liquefaction under monotonic loading
and complex phenomena observed during cyclic loadings as well, such as cyclic mobility and
densification. The constitutive behaviour of sands with non-plastic fines has been studied
throughout the concept of equivalent void ratio e* (Thevanayagam, 1998; Yang et al., 2006;
Rahman et al., 2014) or assuming equivalent steady-state lines (Rahman et al., 2008) or
reference state curve (Javanmardi et al. 2017). All these approaches are based on laboratory
mixtures of sand with non-plastic fines. For natural soils from clean sand to silty sand, the state
parameter y has been proved to capture different soil behaviour in a unified manner regardless
of soil type or FC (Jefferies and Been, 2016). State-dependent MPZ constitutive model can
capture changes in the CSL location for soils with different FC, which makes it a unique tool

to explore the soil performance during an earthquake when the FC might play a significant role.

During the 2010-2011 Canterbury Earthquake Sequence (CES), severe and extensive
liquefaction manifestations associated with natural sands and silty sand deposits were observed
(Taylor, 2015). After this sequence, significant site investigations and laboratory analyses were
performed and made publically available through the New Zealand Geotechnical Database
(NZGD), (Ministry for Business Innovation & Employment, 2018). These show that in many
locations where liquefaction manifestations were observed, the local sands have very high FC
(Maurer et al., 2015; Taylor, 2015; Green et al., 2014). These observations on high FC sands

have much potential for advancing insights on soil liquefaction.

Previous studies have mainly focused on clean sands as few laboratory data were available to
support procedural improvements capable of effectively dealing with silty sands. Nevertheless,

in recent years, Christchurch sandy soils have been the object of comprehensive laboratory



work (Rees, 2010; Taylor, 2015; Beyzaei et al., 2018; Markham et al., 2018; Cappellaro, 2019).
Indeed, Christchurch offers a unique opportunity to investigate the effect of FC on the location
of CSL inthe e - p’ plane. Thus, this paper complements previous research work by proposing
a general framework within Generalized Plasticity to assess the liquefaction potential for
granular materials with different FC and compares it with the state-of-practice simplified

liquefaction assessment procedures.

In the following sections, first, the state-of-practice liquefaction triggering procedures are
described. Then, the formulation of the Modified Pastor-Zienkiewicz Generalized Plasticity
constitutive law is illustrated along with the mathematical definition for the coupling between
the solid and fluid phases of the saturated soil. The CES, and in particular the 2011 Christchurch
Earthquake, is used as a case study to compare liquefaction procedures from the simplified
approaches and numerical modelling of different configurations of the soil column for different

FC. Finally, conclusions are drawn from this analysis.

2. STATE OF PRACTICE PROCEDURES FOR LIQUEFACTION ASSESSMENT

The state-of-practice procedures for the assessment of liquefaction potential are based on
simplified relationships derived by correlating liquefaction manifestations with in situ test
parameters. The original formulation for this type of analysis was firstly proposed by Seed and
Idriss in the early 1970s (Seed and Idriss, 1971) and consisted of analyzing Standard
Penetration Test (SPT) in order to differentiate liquefiable from not liquefiable soils. Since
then, these simplified correlations have evolved (e.g. Yang et al., 2017; Juang et al., 2012) and
adapted in order to consider different soil tests, such as the Cone Penetration Test (CPT), (Youd
and Idriss, 2001) or seismic dilatometer Marchetti tests (SDMTSs) (Monaco et al. 2005; Grasso

and Maugeri 2008; Grasso et al. 2021).



The procedure itself has been standardised in Youd and Idriss (2001) and later updated, for

instance, by Idriss and Boulanger (2008) and Boulanger and Idriss (2014), amongst others.

Generally, liquefaction triggering procedures consist of comparing the earthquake-induced
Cyclic Stress Ratio (CSR), which represents the seismic demand on a soil layer at a depth z,
with the Cyclic Resistance Ratio (CRR), which represents the capacity of the soil to resist
liquefaction, to derive a Factor of Safety (FS) against liquefaction triggering. Liquefaction is
predicted to occur in a soil layer if FS is less than 1. Liquefaction manifestations at the surface
can then be predicted, for instance, through the Liquefaction Potential Index (LPI), (Iwasaki et

al., 1978), which corresponds to the integral function of the FS for each soil layer within the

upper 20 m of the soil profile analysed as indicated by the formula: LPI = fozom

F(10 —
0.5z)dz, where F = 1 — FS for a single soil layer of thickness dz and z is the depth of the
layer. In this approach, the percentage of FC comes mainly into play for the estimation of the

CRR of the soil.

For mathematical convenience, the CRR of the soil is usually expressed in terms of clean-sand
values (FC<5%). The CRR can be calculated starting from the blow-count value (MN-value) or
the measured tip resistance (q.) obtained as a result of the SPT or CPT tests, respectively. The
liquefaction resistance can also be evaluated by the horizontal stress index (KD) from seismic
dilatometer Marchetti tests (SDMTSs) (Monaco et al. 2005; Grasso and Maugeri 2008; Grasso

etal. 2021).

By way of illustration, Fig. 1 shows the CPT-based formulation, according to Idriss and
Boulanger (2008). According to this formulation, the g, at a given depth z is normalised

considering the over-burden stress a,, and atmospheric pressure P,, and then is adjusted to a



clean sand value q.;n.s through a clean-sand parameter Ag.,yto take into account the

influence of FC on the penetration resistance.
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Fig. 1. Liquefaction triggering procedure: Idriss and Boulanger (2008) CPT-based method (Idriss
and Boulanger, 2008). Acronyms: CRR, Cyclic Resistance Ratio; CSR, Cyclic Stress Ratio; FC,
Fines content; FS, Factor of Safety; MSF, Magnitude Scaling Factor; PGA, Peak Ground
Acceleration; Cy, Overburden correction factor; I, Soil Behavior Type Index; K, Static shear
stress; K, Effective overburden stress factor; M,,,, Moment Magnitude; m, exponent for the
overburden correction factor; P,, Atmospheric pressure; q., measured cone resistance; g1, cone
penetration resistance corrected for overburden stress effects; q.1,cs, €quivalent cone penetration
resistance for clean sand; r, stress reduction coefficient; a(z) and B(z) esponents for the
estimation of ry; gy, effective vertical stress; a,,, total vertical stress; z, depth; Aq.15, clean sand
parameter.

The SPT-based approaches follow a comparable approach to the CPT-based ones. Standard
Penetration Test (SPT) is a simple in-situ testing to infer the strength of soils. It consists of
recording the number of blows required to drive a split-spoon sampler into the ground 15 cm

by dropping a calibrated hammer over the sampler from 76cm height. The test finishes once



the total penetration is 45cm. The standard penetration resistance (Nspt) is the number of blows
required to penetrate the last 30cm. Cone penetration testing (CPT) is another in-situ test
procedure that consists of pushing an instrumented cone penetrometer into the ground at a
constant rate. During the test, it is possible to measure the penetration resistance at the tip and

the sleeve friction during penetration (Schnaid, 2008).

Independent from the approach adopted, the FC impacts the estimation of CRR as evidenced
by Cheng et al. 2019, Prasomsri and Takahasi 2020, Cappellano et al. 2021, or Phan et al. 2021,
among many others. These FC values are commonly retrieved from laboratory analysis of
borehole samples and correspond to the percentage of fines passing a sieve number 4. In the
absence of site-specific soil sampling and lab testing data, FC can also be estimated from the

CPT tests using the empirical Robertson and Wride (1998) equations:

0 if I, < 1.26
FC={1.75-13% —3.7 if 1.26 < I, < 3.5 1
100 if I, =35

where the Soil Behaviour Type Index I (Robertson and Wride, 1998; Youd et al., 2001) is a

function of the dimensionless CPT tip resistance, @, and normalized friction ratio, F:

I, = /(347 —10og Q)% + (1.22 + log F)? )
c Yp Pa "
0=1 - (a_) 3)
F=—% 1000% )
qC O—‘U

and where n is in the range of 0.5 to 1.0 as calculated using the Robertson and Wride (1998)

method.



3. GENERALIZED PLASTICITY APPROACH

In this paper, simplified methods for liquefaction assessment are compared with numerical

approaches based on the generalized plasticity theory.

3.1 Constitutive model

MPZ is a constitutive model within the framework of critical state soil mechanics and
generalised plasticity (Pastor et al., 1990; Manzanal et al., 2011a; 2011b; 2010). In the
Generalised Plasticity Theory (GPT), introduced by Zienkiewicz and Mroz (1984), and later
extended by Pastor et al. (1990), neither yield nor plastic potential surfaces are explicitly
defined as mathematical expressions. Instead, their gradients are used in the formulation of

GPT.

The MPZ model assumes that the soil seeks an asymptotic critical state when it is sheared. The
critical state is defined through the void ratio and the effective confinement stress. It can
reproduce the stress-strain behaviour for density conditions either looser or denser than the

critical state, thanks to the state parameter, classically defined as shown in Fig. 2.

€min

er e

w>0

w<0

Void Ratio, e [-]

CSL

emax

Mean Effective Stress, (p/p},)% [-]

Fig. 2. Definition of state parameter (after Been and Jefferies, 1985).
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The most widely accepted state parameter i is defined by Been and Jefferies (1985) as the
difference of the current voids ratio and the voids ratio at critical state under the same confining

pressure:

’

$c
l/)=e—eC=eF+/1<p—C,> (%)
Fa

where ey is the critical void ratio at a confining pressure of 1 kPa, A is the slope of the critical
state line in a e — p’ plane, &, varies between 0.60 to 0.80 as stated by Li (1997); e, and p/. are
the voids ratio and confining pressure at a critical state, respectively and p,, is atmospheric

pressure.

In the MPZ model, it is assumed that the soil elastic properties depend on the confining pressure
p’ and voids ratio e as proposed by Richart et al. (1970), the bulk modulus K and the shear

modulus G are defined as:

(297 — e)? - 6
K:Kevo'—l_i_ 1/pp(’l ()
e
(297 —e)? 7)
G=Geso =715 VP 'Pa

where G, and K,,,, are dimensionless material parameters.

The elements characterising the plastic strain increment are defined as follows:

1
de? = — (ng,y®n): do (8)
Hy iy
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where ng, ,,; represents the unit vector perpendicular to the plastic potential surface, under

loading (L) or unloading (U) conditions, n is the unit vector perpendicular to the yield surface

and ® denotes their vector product.

The direction of the plastic flow is obtained from laboratory tests as a function of dilatancy d:

T

dg =32 (My-e™ —1) ®)

dg 1

n,=|—,—
g /1+d§, /1+d§,

and where d, and m are model constants; i is the state parameter defined by equation (5); n

is the stress ratio and M, is the slope of the Critical State Line in the p’ — g plane.

A similar expression to that derived under unloading conditions, n, is adopted for determining

the loading-unloading discriminating direction tensor n:

T
df 1 do (10)
n= , de =2 (M;-e™ —
/1+d/% 1+d} g Mf( f 77)
where:
M e\B
f _ (11)
- nh )
M, 1 2 e,

and hq, h, and  model constants.

The plastic modulus for loading is postulated directly without introducing any hardening law

and consistency condition, as:

! _ﬁ(’)(i)ﬁ 14 1] (12)
H,=H,-e “e VP'Pa'HDM'Hf(Hv+Hs)
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where Hy and 3, are model parameters for isotropic loading. Hf, Hpy H,, and H are defined

by the following equations:

4
1
77f af
_ (Emax\ . a ). m ~1/a (14)
How = (%) f—P[l—(m)M—f
Hy, = Hyo[My - e™Fr¥ — ] H, = B, - e Bodaer (15)

where H,,, By, Bo, f1, y are parameters of the model. &4, is the accumulated deviatoric plastic

strain.

The law suggested for the unloading plastic modulus assumes that there are plastic strains from

the beginning of the unloading process, and it is proposed to be of the form:

M

Yu M
H, = Hy, (—g) for —Hl>1 (16)
Nu Nu
M
H, = Hy,, for |-%| <1 (17)

u

where H,,, and y,, are constitutive parameters and n,,, referred to as the unloading stress ratio

is the stress ratio from which unloading takes place.

3.2 Numerical model

A mathematical model for reproducing the interaction between the soil skeleton and the pore
fluid in a saturated layer was first proposed by Biot (1941) for elastic linear elastic materials.
This was extended by Zienkiewicz et al. (1980; 1990) for non-linear materials: drained,
undrained, consolidating, and dynamic behaviour assumptions in soils. These equations

represent the equilibrium of the solid and fluid phases and the continuity of flow. At every
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point of the domain, the degrees of freedom are the vector of the displacements of solid and
fluid phases (with three components each in a 3D problem), as well as the pore water pressure.
Several successful attempts have been made to reduce the number of degrees of freedom when
the Biot’s equations are implemented in a numerical scheme (Zienkiewicz et al., 1999;
Zienkiewicz and Shiomi, 1984; Ghaboussi and Wilson, 1973). The most widely used is the so-
called u — p,, formulation, which is based on the assumption that the relative acceleration
between fluid and solid is negligible. In this formulation, the number of degrees of freedom in
every node is reduced to the vector of displacements in the soil and the pore water pressure,
(i.e. four in each node, in a 3D model). Another formulation, which does not require any
additional assumptions, is the u —w formulation which computes the vector of solid
displacement and relative displacement of fluid respect to the solid phase), (Lopez-Querol et
al., 2008). In this case, the displacements for solid and fluids phases are calculated in each node
(six in total). In this study, the coupled u — p,, formulation is used to represent the interaction
between the soil skeleton and pore fluid. If the shape functions for the displacement and pore
pressure fields are not adequately designed, this formulation may produce results with
numerical instabilities in the undrained incompressible limit. A saturated medium is said to be
in the undrained incompressible limit when it combines a quasi-incompressible mix (solid +
fluid) with a quasi-undrained condition associated with low permeability. The standard shape
function design (Zienkiewicz et al., 1999), which is used here provides a stable formulation,
and is a combination of quadratic shape functions for the displacement field and linear shape
functions for the pore water pressure field. If the same degree of interpolation is used for both
fields, stabilisation algorithms might be required to avoid spurious numerical instabilities in

the solutions (Biot, 1941; Li, 1997).

The numerical formulation used in this study is based on a space discretisation stage of the

mathematical model equations, carried out using the shape function design and standard
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residual Galerkin techniques. This first stage is followed by discretisation in time, which is
performed based on a Generalised Newmark expansion with a GN22 format for displacements
and a GN11 format for pore pressures. Finally, the non-linearity of the problem requires to set
up a Newton-Raphson framework to obtain a solution iteratively. A detailed description of this

numerical formulation may be found in Chapter 3 of Zienkiewicz et al. (1999).

4 CASE STUDY

4.1 Christchurch (New Zealand)

The city of Christchurch is chosen as a case study due to the unprecedented size and detail of
geotechnical data available. More than 30,000 CPT and approximately 18,000 SPT tests were
performed after the CES and can be downloaded from the NZGD (Ministry for Business
Innovation & Employment, 2018). Additional laboratory tests performed using the triaxial
apparatus at the University of Canterbury are also freely available (Taylor, 2015), which allow
very accurate characterisation of liquefaction potential of sand with fines in the analysed site

(Kilmore Street Site, K1, see Fig. 3).

The sandy soils underlying Christchurch are highly susceptible to liquefaction during a high
magnitude earthquake. Indeed, liquefaction is a long-established risk for Christchurch
(Brackley, 2012). Historical liquefaction manifestations were observed at the estuary of the
Avon and Heathcote rivers in 1869 and coastal areas north of Kaiapoi during the Cheviot
earthquake in 1901 and Motunau earthquake in 1922 (Brackley, 2012). Liquefaction
manifestations were also reported after each earthquake of the CES. Amongst them, the 22"
of February 2011 earthquake (M,, = 6.2), which is adopted in this paper as a case study, is
currently one of the most extensive liquefaction manifestation events on record (Maurer et al.,

2014). This event was induced by a strike-slip rupture on a formerly unrecognised fault that

15



has been located 10 km to the southeast from the city centre, at a depth of 5-6 km (Beavan et
al., 2011). Due to the shallow depth of the earthquake and its proximity to the city centre, very
high ground motions were registered by the 33 recording stations placed around the
Christchurch area. As indicated by the recordings obtained from PEER Ground Motion
Database (Ancheta et al., 2014), the highest Peak Ground Acceleration (PGA) recorded was
1.41g at Heathcote Valley Primary School (roughly 2.4 km from the epicentre). As a result,
unprecedented levels of liquefaction were surveyed across a wide area in the suburbs north to
south of the city, and northeast along the River Avon (New Zealand Geotechnical Database,

2013).

s

e .
ey Christchurch

Kilmore Street Site ( K1)
A Recoding stations
7’\,{ 22 February Earthquake
Fault
Rivers and Lakes

- ﬁ 2 \) | ' | |
-:-:éx— » I — | Central Business District (CBD)
Kilometers A —e== =

0 2 4 8 12 16 L ; Christchurch City Council

Fig. 3. Location map (in WGS84 coordinate system) of the Kilmore street Site (K1), Heathcote
Valley Primary School (HVSC) and Christchurch Resthaven (REHS) recording stations, the 22nd
February Earthquake and correspondent fault system (adapted from Beavan et al., 2011).

Lateral spreading, sand boils, settlement, silt mud ejections and water ponding on the ground
surface observed after the Christchurch event are consistent with the geology of the area. The
soil on which the Central Business District (CBD) lies has a recent formation (Bertelli et al.,
2019). The basement rock and the volcanic rocks that form the current Bank peninsula
originated, from the Permian-Cretaceous Period and Miocene Epochs, respectively. It is only

during the cycles of glaciations that characterised the last part of the Quaternary Period that the
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Canterbury Plain formed through interfingering of river gravels eroded from the basement
rocks of the Canterbury foothills and the South Alps with fine-grained shallow marine and
coastal sediments as shown in Fig. 4 (Brown and Weeber, 1992). Consequently, a substantial

area of Christchurch is underlain with sands that are susceptible to liquefaction.
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Fig. 4. Schematic geologic section of Christchurch (after Brown and Weeber, 1992) with the

location of the Kilmore Street site K1 and the Central Business District (CBD).

Regarding the mineralogy of these upper sandy soil layers, there are no differences between
marine sands of the Christchurch Formation and the fluvial sands of the Springston (Taylor,
2015). Indeed, as reported by Taylor (2015), the Christchurch Formation sands are clean,
moderately spherical particles, sub-angular to sub-rounded in shape. In contrast, Springston
Formation silty sands exhibit sub-angular slightly spherical particles with the fines having a
more angular shape. Scanning Electron Microscope images of a typical fluvial silty sand and

clean marine sand from K1 is shown Taylor (2015). The sand-sized particles are coated in
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fines and do not appear as ‘clean’ particles under the microscope. The fine sized particles (<
75um) range from moderately spherical in shape for the larger particles, to more angular,
elongated and some plate-like for the smaller fines. Also, the median grain size Dg, of the
Christchurch Formation sands (FC < 5 %) is approximately between 0.2 and 0.3 mm, with a
coefficient of uniformity c,, varying between 1.9 and 3.4, while for the Springston Formation
silty sands and sandy silts (FC 13 —98 %) Ds, varied between 0.03 and 0.14 mm, c, between
2.3 and 6 (Taylor, 2015).

The described geological process also influences the current hydrological system as the
Canterbury Plain mirrors the flow regime of the rivers which deposited the sediments (Beyzaei
et al., 2018)(Taylor, 2015). Gravelly materials prevail in western areas of the plain, whereas
sands through clays are more prevalent towards the cost. Similarly, the Ground Water Table
(GWT) lies several meters or more below the surface, and it rises to the surface closer to the
coast. Its fluctuation is evident in Christchurch itself where the GWT is at approximately 2 —
3 m depth in the western suburbs and 0 — 2 m in the eastern ones (Maurer et al., 2014). As a
result, these hydraulic and geologic features increase the susceptibility of Christchurch soils to
undergo liquefaction during major seismic events, as it is well known that sandy soils are

required to be saturated to liquefy.

4.2 144 Kilmore Street

A soil column corresponding to 144 Kilmore Street Site (-43.5264, 172.6400 in WGS84
coordinate system; Taylor, 2015) - K1 Site from hereon - is chosen to be analysed in detail to
investigate the influence of the FC on both simplified and numerical liquefaction prediction
methods. This location has the potential to suffer both liquefaction and lateral spreading, as it
is situated immediately north of the Avon River (Taylor, 2015). Before the CES, the site was

occupied by a single-family residential building, and so it can be assumed as a level, free-field
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ground. The upper 8 m of the soil column comprises loose to medium dense grey finely
interbedded silty fine sands and sandy silts (reworked flood over-bank deposits), with non-
plastic fines contents of 120 mm high specimens predominantly between 15 — 50%. Below
8m, medium-dense and then dense brown clean medium sands (marine beach/dune sands) are
encountered up to 22 m depth. Thus, the first 8 m of the soil column can be assumed to belong
to the Springston formation, whereas the more profound depths before reaching the Riccarton

Gravel Unit to the Christchurch formation (Taylor, 2015).

The Christchurch earthquake caused extensive and severe liquefaction at this site (Taylor,
2015). The closest recording station from K1 was the Christchurch Resthaven REHS (-43.522,
172.635 in WGS84 coordinate system, roughly 7.8 km from the epicenter), which recorded a
PGA of 0.71g on the Southeast component accelerogram (Fig. 5), (Ancheta et al., 2014). The
February 2011 reconnaissance investigation map (New Zealand Geotechnical Database, 2013)
classify the liquefaction manifestation at the site as ‘severe’, with no lateral spreading but with
large quantities of ejected material. The sand ejecta has been identified as being from the grey

fluvial silty-sand materials originating in the upper 8 m soil profile (Taylor, 2015).

Further insights on this soil column are presented in Section 4.5 of this paper.
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Fig. 5. Christchurch Resthavent (REHS) Recording station, 22 February 2011 event, South-East
Component. Peak acceleration value: 0.71g (Ancheta et al., 2014).

4.3 Simplified procedures

Through the NZGD (Ministry for Business Innovation & Employment, 2018), 54 high-quality
investigation sites spread across the entire municipal territory are selected to compare the
different liquefaction triggering methodologies. These sites are chosen based on the availability
of both CPT and SPT measurements at the same location, termination depth over 10 m,
proximity to ground motions recording stations, and availability of piezometer readings to
estimate the fluctuation of the GWT over time. For each of these locations, the tests available
from the NZGD correspond to a borehole report, FC estimation report, raw CPT log, and

instruments specifications.

In order to estimate the Factor of Safety (FS) against liquefaction associated with all the
selected CPT/SPT soil profiles, the simplified relationships reported by Youd and Idriss (2001),
Idriss and Boulanger (2008), Boulanger and Idriss (2014) are adopted. For both CPT-based and
SPT-based, the model selection includes a combination of four models from Youd & Idriss

(2001) with MSF from Idriss (1995) or Andrus & Stokoe (1997), and reduction coefficients
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r,; from Blake (1996) or Idriss (1999), respectively as reported in Youd & Idriss (2001); then
the Idriss & Boulanger (2008)’s model, and the Boulanger & Idriss (2014) one. It is noted that
different relationships from different authors have not been combined with the only exception
of the model of Youd & Idriss (2001) where the different alternatives have been made available
by the authors themselves. For the application of these relationships, soil unit weights are
presumed to be 17 kN /m3 above the GWT, and 19.5 kN/m3 below the GWT, as they are
representative values for the soils in this location (Wotherspoon et al., 2014). The PGA at each
site is instead extrapolated from a “Conditional PGA for liquefaction assessment” map
developed for conventional liquefaction assessments by Bradley Seismic Ltd. and the
University of Canterbury (New Zealand Geotechnical Database, 2015). For the CPT-based
methodology, the FC are estimated using the Robertson and Wride (1998) method as reported
in equation (1); this provides a continuous FC estimate along with the depth of the soil profile,
as the FC estimated from laboratory analysis are scarce and might not be representative of all
different soil layers. Finally, for the estimation of LPI values, soil layers are considered to be
potentially liquefiable if I, is less than 2.6 (Youd and Idriss, 2001;1driss and Boulanger, 2008;

Boulanger and Idriss, 2014).

For the current research, “Liquefaction and Lateral Spreading Observations” of property or
road maps (New Zealand Geotechnical Database, 2013) is adopted as a reference for
comparison. This source provides the most reliable information currently available on the
NZGD as they classify the observed liquefaction as none, minor, moderate, severe, moderate-
to-severe, very severe based on the evidence and quantity of ejected material as well as the

lateral displacement visible at the ground surface.

A spatial-analysis correlation is then established between the calculated LPI values and the

observed liquefaction manifestations reported in the aforementioned maps. In order to do this,
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the prediction of liquefaction occurrence is reduced to a binary system. For this purpose, the
lower band of the lwasaki Criterion (Iwasaki et al., 1984) is assumed to identify the occurrence
of liquefaction; as such, if LPI > 5 liquefaction manifestations are expected at the investigated
site. Likewise, the maps of liquefaction observations are reinterpreted by re-classifying each
site as “No Liquefaction” or “Liquefaction”; where the “none” and “minor” classes are mapped
as “No Liquefaction”, and all other classes as “Liquefaction.” The simplified approaches’
predictions of liquefaction are compared to the observations using a confusion matrix approach,
where True-Positive (TP) indicates a correct-prediction of observed liquefaction occurrence.
True-Negatives (TN) indicates a correct-prediction of observations of no liquefaction. False-
Positive (FP) represents the case when liquefaction is predicted by the simplified methods but
is not observed to occur. False-Negative (FN) represents the case when liquefaction is not
predicted to occur by the simplified methods but is observed in the maps. Based on a confusion
matrix classification, exploratory spatial analysis is carried out to evaluate the overall LPI
performance of the tested SPT-based and CPT-based approaches, as shown respectively in Fig.

6a and Fig. 6b.
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Fig. 6. Comparison of the observation data with the LPI values (WGS84 coordinate system): a)
SPT-based approach; b) CPT-based approach.

Taken together, Fig. 6.a and Fig. 6.b show an over-prediction of liquefaction by the simplified
methods. The pie-charts adopted for symbolising the cumulative results from the twelve
different methodologies at each test location are predominantly “yellow”, i.e. “False-Positive”,
in the westerns suburbs of Christchurch. This inconsistency between the predictions and

observations might be due to the geomorphological features of this area. This is particularly

23



evident for the CPT-based methodologies. The increasing mix of sand, silt and gravel in these
soil profiles would have misled the calculation of I. factors, and thus lower FC estimation,
which in turn results in higher LPI values and leads to an overprediction of liquefaction

manifestations.

Regarding the differences between methodologies, CPT-based ones result in being overall
more accurate. At the location in central Christchurch with liquefaction manifestations, the
CPT-based methodology consistently predicts the occurrence of liquefaction, i.e. “True-
Positive”. Instead, the SPT-based provide much more variability of results; they correctly
predict the non-occurrence of liquefaction manifestations near Linwood (‘“True-Positive”), but
also greatly underpredicting the occurrence of liquefaction in central Christchurch (i.e. “False
— Negative” for Kilmore Street site). The comparison between the CPT-based and SPT-based
methods for the Kilmore Street site indicates that all the six CPT-based procedures correctly
predicted the occurrence of liquefaction at the site, whereas the two most recent SPT-based
procedures do not predict the occurrence of liquefaction at the site. A possible explanation for
this result may be the lack of FC values for different soil layers in the retrieved boreholes; FC
estimations used for the SPT tests do not offer continuous data in contrast with the CPT tests

when using eq. (1).

Taken together, a remarkable aspect of these simplified methods is that the results from
different formulations are similar; they all tend to be conservative as they over-predict
liquefaction occurrences. This can be seen by analysing the CPT profile of the K1 Site
represented in Fig.7, which summarises the LPI evaluation through the CPT-based by Idriss
and Boulanger (2008). Indeed, Fig.7 shows that liquefaction is predicted from roughly 2 m to
16 m depth w, which could agree with the extensive ejected material observed at the site after

the Christchurch event (New Zealand Geotechnical Database, 2013). However, the FC
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estimated through the Robertson and Wride (1998) formula, is much lower than the FC
determined from laboratory analysis (Taylor, 2015), which decreases the CRR of the soil
profile. Thus, the obtained LPI is likely to be an over-prediction of liquefaction at the site and
can be related to the significant uncertainties in the I. versus FC empirical relationship

(Boulanger and Idriss, 2014).
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Fig.7. CPT-based liquefaction triggering assessment: a) g, values; b) FC estimation and c) Soil
Behaviour Type Index Ic d) Identification of potentially liquefiable layer through Idriss and
Boulanger (2008).

4.4 Numerical approach: Calibration of the constitutive model

To assess the suitability of the selected constitutive model, it is calibrated with experimental
results obtained from the Springton and Christchurch formation (Taylor, 2015). As mentioned,

the material was collected from a geotechnical campaign at K1 Site (Fig. 6). This street was
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severely affected by liquefaction-induced ground deformation in the last earthquake events in
the CBD. In the conducted site and laboratory characterisation, loose to medium dense grey
silty fine sands and sandy with non-plastic FC predominantly between 15 — 50 % were found
over the upper 8 m. Below this, medium-dense and then dense brown clean medium sands
were encountered to a 22 m depth, where the gravels shown in Fig. 4 (as reported by Taylor,
2015) appeared. All analysed samples have been isotropically consolidated and then sheared
under confining pressures between 50 kPa and 200 kPa and void ratios between 0.722 and 1.05.
Table 1 shows the initial value of void ratio and effective confining pressure of the calibrated
undrained triaxial tests for different FC. The nomenclature adopted by Taylor (2015) to identify
each sample tested (K1-X-SX-UX) has been maintained to have better traceability of the
calibrated tests. K1 is associated with Kilmore Street site, X is the tube number, SX is the

sample number, and UX is the undrained triaxial number.
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Table 1. Initial conditions of the analysed undrained triaxial test for different fines content (FC),
voids ratio (e) and confinement stress (p') (Taylor, 2015)

FC 3% e[-] p'[kPa]
K1-5-S5-U3 0.774 198.7
K1-5-S5-U2 0.952 49.8
K1-6-S1-U2 0.901 101.6
K1-6-S1-U3 0.957 50.1

FC 17% el-] p'[kPa]

K1-4-S4-U3 0.813 201.418
K1-4-S4-U7 0.931 101.418
K1-4-S2-U2 0.963 51.773

FC 40% el-] p'[kPa]
K1-2-S4-U4 0.722 299.473
K1-2-S4-U7 0.891 101.23
K1-2-S4-U1 1.053 50.615

FC 58% el-] p'[kPa]
K1-3-S1-U1 0.899 99.838
K1-3-S1-U2 0.938 49.919

In all these cases, a single set of constitutive parameters for Christchurch Sand and Springston
Silty Sand have been obtained, which are used for all densities, confining pressures, loading
path and drainage conditions. Although in the literature it is observed that elastic constants
have some variability in testing mixtures of sands with different non-plastic FC (Ratman &
Dafalias 2014, Goudarzy et al. 2016), in the case of Christchurch soils where the fines content
varies along with the depth for a single site K1, that variability of the elastic parameter is very
low as shown by Taylor (2015). Table 2 shows the parameters adopted. G., and K,,,, are
dimensionless elastic constants given by equation (6) and (7), d, and m are model constants

related to dilatancy d, given by equation (9). hy, h, and 8 are model constants related with

loading-unloading discriminating direction tensor n allowing non-associative flow rule. Hy and
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Bo are a model parameter related to plastic strains at the beginning of the loading process. H,,,,
By, are parameters of the model obtaining the peak stress ratio 7,, as a function of the state
parameter 1 (equation 15). Details of the parameter calibration can be found in Manzanal
(2008) and Cuomo et al. (2018). The suitability of the MPZ constitutive model is explored

under monotonic loading.

Table 2. Model parameters after calibration for two different soils.

Sand

Elasticity  Geso 125
Kevo 167

Plastic dy 0.88
hi/h, 1.31/0.85

B 1.8

H) 125

Plastic Bo 19
modulus  H,, 175
By 1.5

The critical state lines for different FC and the initial state of the tests are shown in Fig. 8,
according to the experimental data reported by Taylor (2015). The critical state parameters
obtained from the experimental data for different ranges of fines content (FC) and average fines
content (FCg4y,) are shown in Table 3. M, is the slope of the Critical State Line in the p’ —
q plane, and e is the critical void ratio at a confining pressure of 1 kPa, A is the slope of the
critical state line in a e - p’ plane, &, is a calibration parameter. It is observed that the CSL
moves downwards as the FC increases (Fig. 8). The critical void ratio decreases as particle size
distribution improve (Poulos, 1981; Sadrekarimi, 2013). The slope of the critical state line
increases slightly. In the Springston formation, this behaviour is observed in the range of FC
from 3% to 40%. For FC higher than 40%, the critical void ratio increases, and a significant
increase in A is observed.
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Table 3. Critical state parameters for the different range of fines content (FC) and average fines
content (FC zpe)

FC FCave Mg er A Ec

less 5%
5 1,38 0,9750 0,060 0,47

(Christchurch Sand)

15-29% 20 1,38 0,9520 0,085 0,45
30-49% 40 1,38 0,9400 0,095 0,45
50-80% 65 1,38 1,0300 0,160 0,45

Fig. 9 compares the calibration result for undrained triaxial tests in terms of effective stress
paths (g — p”) for medium dense and loose samples. MPZ model reproduces static liquefaction
stress path in loose samples and the contractive — dilative behaviour in medium dense sands

with a set of model constants, as shown in Table 2. Fig. 10 presents the calibration for undrained
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triaxial tests in terms of effective stress paths (g — p”) and stress-strain behaviour for
saSprington Fm silty sand samples with different fine content, ranging from 17 to 58% for the

loose and medium dense state.

Remarkably, there is very little difference between the silty sand behavior with different FC
and the clean sand. Higher FC does not prevent liquefaction if the initial state of the soil (in
terms of its voids ratio and confining stress) yields over the CSL in the plane e — (p/py)¢l.e.,
there is contractive behaviour in loose sands, for which the state parameter is positive. In such
cases, static liquefaction is observed despite the FC. The MPZ model can reproduce this

observed behaviour.
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Fig. 9. Calibration results for undrained triaxial tests on Christchurch sand with fines contents
3% for a) confining pressure of 50 and 200 kPa and void ratios of 0.952 and 0.774 respectively and
b) confining pressure of 50 and 100 kPa and void ratios of 0.957 and 0.901, respectively. Symbols:
experimental data. Lines: model simulations.
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Fig. 10. Comparison of undrained triaxial test and model simulation on Sprinton Fm silty sand
for 17, 40, and 58% of fines content for different confining pressure and void ratios. Symbols:
experimental data. Lines: model simulations.
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4.5 Numerical simulation of the soil column under seismic loading

In order to assess the liquefaction potential of the aforementioned fully saturated soil profile, a
finite element model is created in the code GeHoMadrid (Fernandez Merodo et al., 2004) to
represent the soil to a depth of 20 m subjected to a horizontal earthquake. The 20 m soil
column is divided by an upper silty-sand layer of 8 m and a lower clean sand layer of 12 m
(Fig. 11). The seismic input is the SE component accelerogram for the Christchurch case
measured at REHS (-43.5015, 172.021 in WGS84 coordinate system) location (Ancheta et al.,
2014), (Fig. 5). Both sides and the bottom of the column are assumed impermeable. Pore
pressures are assumed to be zero at the surface of the layer. The finite element model consists
of 20 standard u — p,,, quadrilateral elements, where quadratic shape functions with eight nodes
for displacements field variable, and linear shape functions with four nodes for pore pressure
field variable, are used. The lateral nodes have repeated boundary conditions, where the
displacement of a right-hand side node equals that of the corresponding left-hand side node
(Fernandez Merodo et al., 2004). The material parameters used for both silty-sand and clean

sand are shown in Table 2.
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This study analyses the effect of the void ratio of the different layers and the effect of fines
content on liquefaction susceptibility. Regarding the void ratio effect, different initial
conditions for Springston Formation silty sand in the upper 8 m and Christchurch formation
clean sand in the lower 12 m of the soil column are numerically modelled. The soil is assumed
to have the same initial conditions of the laboratory test calibrated previously for the FC of

17% and 40%. Table 4 summarises the cases studied.
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Table 4. Analysed cases for different initial void ratios (ey) and fines content (FC)

Upper layer Lower layer
Column eo FC[%] € FC[%]
Case la 1.030 15-29 0.825 1-5
Case Ib 0.886 15-29 0.825 1-5
Case Ic 0.886 15-29 0.957 1-5
Case lla 0.960 30-49 0.825 1-5
Case llb 0.903 30-49 0.825 1-5
Case llc 0.886 30-49 0.825 1-5
Case lld 0.771 30-49 0.825 1-5

The results for all cases during the earthquake motions are presented in Fig. 12 and Fig. 13, as
isochrones lines, which can be compared with the initial vertical effective stress throughout the
soil column. It is worth remarking that liquefaction is predicted at those locations where the
isochrones touch the initial effective stress line. The evolution of the excess pore pressures for
three different times, in conjunction with effective vertical stress for case I, is shown in Fig.
11. After 10 s of loading, the excess pore water pressure equals the initial vertical effective
stress leading to the liquefaction of all the upper layer (8 m) with silty sand at loose state (Fig.
12. a). When the density of the top stratum is higher (Case Ib), no liquefaction is observed in
the soil column (Fig. 12. b). In the case Ic, the initial conditions of the upper 8 m are kept as
in case Ib, and lower 12 m of the clean sand column are assumed to be at loose initial states
(e, = 0.975). It is observed that liquefaction occurs throughout almost all the lower stratum
after 20s of loading (Fig. 12. c). The excess pore pressure in the upper layer increases in

comparison with the case Ib. This is mainly induced by the liquefaction of the lower layer.
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Fig. 12. Results of excess pore pressure soil for different times during seismic loading: a) Case
la, b) Case Ib, and (c) Case Ic.

The excess pore pressure evolutions over the depth for different initial densities in the upper
layer for case Il are shown in Fig. 13. It is seen that liquefaction occurs throughout almost all
the upper stratum for the void ratio e = 0.96 (Case Ila). For the denser state (Case I1b to Case
I1d), the excess pore pressure remains in the safe region during the shaking. Liquefaction is not
observed in the deepest layers during shaking for the four cases analysed. Furthermore, it is
possible to observe some dilations on this layer for the denser state (Case 11d). The critical state
line for silty sand with FC around 40% moves downward in comparison with the silty sand

with FC around 17% (Fig. 8)
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Fig. 13. Results of excess pore pressure soil for different times during seismic loading: a) Case
Ila, b) Case Ilb, ¢) Case llc and d) Case I1d

According to the simplified procedures, the increase of the FC does not cause a monotonic
increase in liquefaction potential. However, the presented numerical results seem to indicate
otherwise. Fig. 14 shows the influence of the FC (5%, 20%, 40% and 65%) in the
susceptibility to liquefaction for four void ratios (e = 0.80, 0.85, 0.90 and 0.95) in terms of
excess pore pressure ratio (r;) along with depth where r;, is defined as the ratio between the
excess pore water pressure and the initial effective stress. The relative position of the critical
state lines for different FC (Fig. 14) influences the contractive-dilative behaviour of the clean
and silty sand through the state parameter — MPZ constitutive model. It is possible to observe

that confining pressure lower than 100 kPa ( (p'/p,)%¢ = 1), similar at the confining pressure
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along with the upper layer, and high void ratio (e = 0.95) produces liquefaction only in the first

4 m of upper layer for 20% FC and the first 8m for 40% FC.
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Fig. 14. Results of excess pore pressure ratio along the soil column for different fines content of the
upper layer of the silty sand at the end of the earthquake for different initial void ratio e

When the FC of the layer is 65% and the confinement stresses are low, no liquefaction is
observed for the voids ratio between 0.8 and 0.95. The same applies to the upper layer with FC
lower than 5%. There is an increase in the liquefaction potential between the depths of 2m and
5m. This shows that liquefaction susceptibility is not given only by density or FC as evaluated
with simplified methods. The influence of both the confinement pressure and the void ratio, as

well as the location of the critical state line, influence and vary the potential liquefaction of the
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layer, as shown in Fig. 14. The state parameter plays a fundamental role in the evaluation of the

liquefaction potential through constitutive models that adequately reproduce the liquefaction.

These numerical analysis results also corroborate previous findings from the simplified
methodologies, which showed that LPI estimations tend to over predict liquefaction
manifestations. Compared to the numerical approach, simplified methodologies are fast and
straightforward to apply, and they do not require extensive calibrations for their application.
Both methods lead to the prediction of liquefaction manifestations at the K1 Site, in agreement
with the observations after the Christchurch event. However, the simplified procedures are not
able to fully characterise the heterogeneity of the soil column and its behaviour during a seismic
event. These approaches are based on regression analysis of liquefaction case histories of soil
profiles from different geomorphological settings, most of which involve low FC sites. Instead,
Christchurch is characterised by a complex stratigraphy with soil profiles with higher
variability of FC. This results in the simplified procedures over-predicting the extent of
potentially liquefiable layers due to significant uncertainties in the soil stratigraphy
characterisation, FC estimation and, thus, their influence on the identification of potentially

liquefiable layers.

5 CONCLUSION

This paper presents a numerical approach for estimating the effect of the FC on liquefaction
potential on the Christchurch soils by finite element fully solid-fluid coupled formulation. The
constitutive model used combines the versatile and hierarchical formulation of the generalised
plasticity theory with the critical state framework and introduces state-dependency for sands

and silty sands through the state parameter. Based on previous experimental data on
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Christchurch soils, the state parameter is chosen to combine critical state parameters and initial

state to estimate the influence of the FC on the liquefaction of different initial soil columns.

The numerical approach shows that higher FC does not prevent liquefaction but rather depends
substantially on the initial state of the soil, given by confinement pressure and initial voids
ratio. The determination of the critical state line for different FC influences the initial state and
the state parameter. Positive initial state parameter shows that the soil columns reach
liquefaction. These results demonstrate that liquefaction is likely to occur in the selected

location despite the high FC, which agrees with the observations.

Liquefaction across several Christchurch sites is also assessed using 12 simplified procedures
based on in-situ penetration testing (6 CPT-based and 6 SPT-based). It is shown that, as these
methods do not take into account the effect of contractive-dilative behaviour of sand during
shearing, their application to sands with fines can result in over-prediction of liquefaction and

unreliable results.

Overall, the simplified approaches result in being valuable methods for skimming the
liquefaction potential of large urban areas, as they do not require a vast amount of data for their
application. However, numerical simulations must be used to verify empirical estimates in
complex geomorphological settings like Christchurch as they provide remarkable insights into
the mechanics of soil liquefaction and can more realistically represent the effect of non-plastic

fines content on the liquefaction potential of soils during a seismic event.
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