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ABSTRACT

This paper presents the implementation, validedioth application of the PM4Sand model
(version 3) formulated by Boulanger and Ziotopou[@015) in the PLAXIS finite element
code. The model can be used for modelling geoteahearthquake engineering applications,
especially in the case liquefaction is likely taoc The PM4Sand model represents an
improvement of the elasto-plastic, stress ratidradled, bounding surface plasticity model
for sands formulated by Dafalias and Manzari (2004 two-dimensional version has been
implemented in PLAXIS and compared to the origingblementation by Boulanger and
Ziotopoulou (2015). The original implementation legn used in explicit finite difference
simulations which can be sensitive to the sizénefreturned stress increment, based on the
chosen time step size and loading rate. Therefloeayser needs to evaluate the sensitivity of
the solution with respect to the chosen time sitsgssOn the contrary, in the finite element
method used here, the default time step togethbrtive sub-stepping used at the constitutive
model level, provide a robust solution independ¢rthe size of the returned stress
increment.

INTRODUCTION

The PM4Sand model is gaining popularity as a ctuiste model that has been used,
meanwhile, in several research projects utilisingarical nonlinear dynamic analyses,
predicting the mechanical behaviour of soil and-sucture systems subjected to
earthquake loading where liguefiable sands have ime®lved. It is the elasto-plastic, stress-
ratio-controlled, critical state compatible, bourgisurface plasticity model originating from
the Dafalias-Manzari model (Manzari and Dafalia87,®Dafalias and Manzari 2004) with
substantial improvements made by Boulanger (204@)Boulanger and Ziotopoulou (2012,
2015) at UC Davis and also described in Boulangdrzotopoulou (2013), Ziotopoulou and
Boulanger (2013), Ziotopoulou (2014).

There are many reasons why this model is a pronsamdidate for a wider use in
the industrial projects of geotechnical earthquatkgineering, among others: very accurate
stress-strain and pore pressure build-up simulatimder dynamic regular and irregular
loading conditions, ability to accurately captune effects of initial static shear stresses,
good approximation of empirical correlations usegractice including the post-liquefaction
settlements, accurate simulation of the accumulaifeshear strain and strength degradation
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as well as very accurate prediction of number atliog cycles to liquefaction. One of the
key aspects that facilitate the wider industria issthe very small number of material
parameters that have to be calibrated by the Nsanely, the model requires only 3 primary
parameters to be calibrated, while the remaining&@meters have predefined values that
normally need no adjustment. Their values are eittternally calculated from the index
properties or have the default values.

In contrast to the original implementation of tfd45and model in a finite difference
scheme, its implementation in the finite elementhoé brings the following main
advantages: a reduction of the computational tiewbse larger load steps can be applied
and an increase in the accuracy of the soluticoutiit unconditional global equilibrium of
the system throughout the analysis. To be congisti¢éim the original implementation, the
model has been implemented in 2D stress conditiening that it can be used in plane
strain analyses.

In this paper, first, the brief description of tim@del formulation is given. Afterwards,
the undrained cyclic DSS validation results comgaveh the original implementation are
presented for 3 different material sets correspunth 3 different relative densities. The
stress-strain, stress path, pore pressure-strauelaasCSR — N plots are shown. At the end
of the paper, the results of the ground responabysia of one-dimensional wave propagation
are presented showing the liquefaction of the Idtigd Sand layer.

BRIEF DESCRIPTION OF THE MODEL

In this section, the main components of the modebaefly presented. For a detailed
description of the formulation, the reader is nefdrto Boulanger and Ziotopoulou (2015).
All the expressions are given in the compressiaitpe sign convention. The bold
characters indicate a tensorial quantity.

Many modifications from Boulanger and Ziotopoulaavh been added to the
Dafalias-Manzari model (2004) to substantially i its simulation capabilities for
geotechnical earthquake engineering applicationsoig others, we can consider: revision
of the fabric formation function, addition of fabistory and cumulative fabric formation
terms, modification of the plastic modulus incluglits dependence on fabric, modification
of the dilatancy expressions, splitting them inbduwnetric contraction and expansion parts as
well as incorporating Bolton’s (1986) dilatancyatbn in the expansion part, modification of
the elastic modulus to include dependence on statissand fabric history and modification
of the tracking of initial back-stress ratios. Thedifications were added to improve the
model behaviour in sloping ground conditions, ieglucing the accumulation of non-realistic
shear strains as well as post-liquefaction recassiodn. The model has also been slightly
simplified by excluding the Lode’s angle dependettcyeduce the computation times.

In addition to the yield surface, the model usesstate dependent bounding and
dilation surfaces as well as the critical statéasi@. In the critical state, bounding and
dilatancy surfaces coincide with the critical sagaFigure 1 schematically shows all the
surfaces, except the critical one, in the strese-rg - ry, plane. The surfaces are circular due
to no Lode’s angle dependency.

The state is defined via the relative state parametiexéy:

$r = Dpcs — Dr
whereDy, is the current relative density abg .; is the relative density on the critical state
line at the current mean effective stre&sDue to the 2D formulatiom’ is defined as:
o'n+al,
2
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whereg’;, ando’,, are the effective horizontal and vertical streseespectively. The critical
state line is a function of the Bolton’s (1985)andR parameters and the atmospheric

pressurep,:
R

DR,cs =

Q —In(100 25
Pa

Ty f_syy/P

Bounding
surface

Yield
[ surface

Dilatancy n
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Figure 1. Yield, dilatancy and bounding surfaces irthe stress-ratioryy - ry, plane
together with the corresponding normal tensor (Bounger and Ziotopoulou, 2015).

The bounding surface ratid” and the dilation surface ratié® are defined as:

MP = M exp(—n"&R)

M? = M exp(n?ép)
wheren? andn? are material parameters aMdis the critical surface ratio defined by the
critical state friction angle,,, as:

M = 2 sin(¢.,)
Using the ratio3/? andM¢, the image back-stress ratio tensors for bounalitey

dilation surfacest” anda® are expressed as:

abz\/%[Mb—M]n
adz\/%[Md—M]n

wheren is the normal to the yield surface. Additionall§? is scaled to get the rotated
dilatancy surface which is active when fabric i$awourable. Initial back stress raug, is
tracked according to bounding surface formulatibBafalias (1986). In order to avoid the
over-stiffening at stress reversats,, is subdivided into appareaf’” and truea,*¢ initial
back stress ratios. Additionally, the previousiatiback stress ratia?, is tracked. Together
with the state, stress and fabric evolution teims distances from the yield surface back-
stress ratiax to a?, a® anda;,, form the dilatancylf) and plastic modulusk}) expressions.
The complex expressions and conditions needednpateD andK, are not given in this

paper due to brevity. The non-associated flow ngled by the model is defined as:
1
de? = (L)(n + §DI)



wheredePis the plastic strain incremerfty MacCauley bracketd, is the plastic multiplier
andI the identity matrix. The movement of the axislhod yield surface is given by the
kinematic hardening rule:

2
da = (L) §h (a’ — )
whereh is defined as:
3 K,
C2p(ab —a)n
and the symbaldenotes the trace of the product of adjacent tenge.a: b = tr(ab). The

effects of strain history are taken into accountibyg the fabric-dilatancy tensedefined
by Dafalias and Manzari (2004). The evolutiorea$ expressed by the following formula:

Cz <_d£51)

1+ (youm—q) D

max
Wherede,’,’l is the volumetric strain increment,,,,, the sum of norms of changeszinz,,,
the parameter denoting the maximum value 2hedn attain and, being the parameter
controlling the rate of evolution af
The non-linear elastic part of the model is a fiorcbf the constant Poisson’s ratio
as well as the stress, stress-ratio and fabricrabp# shear modulus:

dz =

1 1 + Zcum

[ZAV) Zmax
G=G pA <_> CSR - g
"4 \pa 14 Zamc,,

max

where the shear modulus coefficiéitis a constant(sy is a factor that accounts for stress
ratio effects and;,, is a parameter that describes the effect of tigeadiation ofG at very
large values of,,,.

VALIDATION OF THE MODEL IMPLEMENTATION IN CYCLIC SI NGLE
ELEMENT SIMULATIONS

In order to validate the implementation of the madd®’LAXIS, many single Gauss point

and single element monotonic and cyclic tests ywerormed. Herein, the results of a series
of single element undrained cyclic direct simpleattest simulations are shown. The chosen
relative densities of simulations &g = 35%, 55% and75% in accordance with the
published values of the report by Boulanger andafioulou (2015)D, represents also one

of the three primary parameters of the model. Ttherawo, namely the shear modulus
coefficientG, and the contraction rate parametgg are assigned consistently with the report
(Table 1). In order to determirtg, the simplified expression for a range of typidahsities

and stress levels, given in Boulanger and Ziotopo(?015) is used to calibrate the material

in this paper:

Go = 167 \/(Ny)go + 2.5
where the values @V;)4,, Normalised penetration resistance for SPT, walautated by
using the expression by Idriss and Boulanger (2008)

(N1)60
46 @

Alternatively, the elastic shear modul@san be calculated based on correlations
between the shear wave velodity and the penetration resistance. Similar valueg, afan
then be derived using the following expression:

DR:




P \2
G = Gyp (—)
OAp

1

A

The parametel,, in the dilatancy expression controls the contvactess of the
model response. It enables the calibration of thdehto specific cyclic resistance ratios
(CRR). The target values @RR for an effective overburden stress of 1 atm and an
earthquake magnitude of = 7.5 were selected from Idriss and Boulanger (2008} —
(Ny)¢o correlation. An SPT-based estimateC&R for an earthquake @ff = 7.5 and 1 atm
effective overburden stress was assumed by themudi the report to be approximately
equal to theCRR value at 15 uniform loading cycles causing a padar strain of 3% in
DSS loading.

The other parameters of the model can be considexyedcondary parameters for

which the default values have been used as recodeddry the authors of the model. In
Table 1 the values of primary parameters are gioe parameter sets as well as
corresponding in-situ conditions that were derifredn the published correlations.

Table 1. In-situ conditions and values of primary @rameter sets used in performed DSS
simulations, a) Eq.1, b) Andrus and Stokoe, 2000) triss and Boulanger, 2008.

Set In-situ conditions from published correlations Model parameters

Dg [-] | (N1)eo [[] (@) | Vi1 [m/s] (b) | CRRy=75(C) | Dr [-] | Go [-] | hpo [-]
1 0.35 6 139 0.090 0.35 476 0.53
2 0.55 14 171 0.147 0.55 677 0.40
3 0.75 26 198 0.312 0.75% 890 0.63

a) 06

05

04

In Figure 2, the comparison between the simulatebpaublished data regarding the
cyclic stress ratio versus the number of uniforrley to cause liquefaction defined as 1%,
3% and 7.5% single amplitude shear strain is shown.
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Figure 2. Cyclic stress ratios (CSR) versus the nuper of uniform loading cycles to
cause liquefaction defined as a single amplitude shr strain reaching (a) 1%, (b) 3%
and (c) 7.5% in undrained DSS simulations a#’ o = 100kPa.
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It can be observed that the number of cycles teefaction calculated with the
PLAXIS implementation of the model is very closehe published results. The differences
are within the acceptable tolerance for engineesymglications. Nevertheless, our future
efforts will be focused on further approaching titeads of the original implementation.

Figures 3 show plots af,, — vy, (3a, 3d, 30)r,, — 0,’ (3b, 3e, 3h) angwp — y,,
(3c, 3f, 3i) for single element undrained cyclic®&sts performed with 3 different material
sets (Table 1) and 3 different cyclic stress rafidge results are compared with the original
implementation of the model. Also in these figuiesan be observed that the PLAXIS
model simulations are very close to the simulatminthe original model implementation.
The differences are also in this case within theeptable tolerance for engineering
applications.
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Figure 3. Plots ofty, — Yyy, Txy — 6, @and pwp — vy, showing the comparison between
simulation of undrained cyclic stress-controlled DS tests with the original
implementation using the parameter set 1 an€SR = 0.1 (a), (b) and (c), parameter set
2 andCSR = 0.2 (d), (e) and (f), parameter set 3 and an@SR = 0.4 (g), (h) and (i). In
all casesg,, = 100kPa andK, = 0.5.

Figure 4 shows the comparison of the overburderection factorK, between the
empirical relations recommended by Boulanger andddq2004), original implementation
simulations (black markers) and our implementasionulations (blue markers). It can be
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seen that there are very small differences betweenriginal and our implementation for
Dr=35% while the values fdP;=55% andDz=75% coincide.

14
| | |
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Boulanger & Idriss (2004)

1.0 k /’I' i
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|_'_'|t:06 75% w
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0.2 _: A : PLAXISg °
10 R S S
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Figure 4. K, factors determined at 15 uniform loading cycles t@ause 3% single-
amplitude shear strain (modified from Boulanger andZiotopoulou, 2015).

APPLICATION OF THE MODEL IN ONE-DIMENSIONAL SITE RE SPONSE
ANALYSIS

In order to further test the simulation capabitited the PM4Sand model implemented in
PLAXIS, a 1D wave propagation analysis was perfatmide aim of the analysis was to
verify that the PM4Sand model is able to predietdhset of liquefaction in sandy layers.

The soil stratigraphy consisted of an overconstéidalay layer of medium compressibility
that extended from the ground surface to 5m dépllowed by 10m of sand layer and 25m

of clay (Figure 5), until the bedrock was reachlte water table was assumed to be
coincident with the ground surface level. The afesterial was modelled using the HS small
constitutive model (Benz, 2006), while the PM4Samatiel was used to simulate the
behaviour of the sand. The material parameterseotiay and sand layers are given in
Tables 2 and 3, respectively. For both materilks biehaviour was considered undrained and
the Rayleigh damping coefficiendsandf were assumed equal to 0.096 and 0.00079 (based
on the target damping rat§oequal to 1% in the frequency range between 1.03atz,
following the strategy proposed by Hudson, IdrisBé&irkae (1994)).

Table 2. HS small parameters of clay

Parameter Symbol Value Unit

Saturated unit weight Ysat 21 kN /m3
Unsaturated unit weight Yunsat 19 kN /m3
Secant stiffness in standard drained TX test E 9000 kN /m?
Tangent stiffness for primary oedometer loading Eggg 9000 kN /m?
Unloading-reloading stiffness E;ﬁf 27000 kN /m?
Power for stress-level dependency of stiffness m 1 -

Shear modulus at very small strains i 60000 | kN/m?
Shear strain at whichG 0.722 G Yo.7 0.0007 -

Friction angle @' 26 °

Cohesion Cref’ 30 kN /m?




Dilatancy angle Y 0 °
Failure ratio R¢ 0.9 -
Poisson’s ratio Vur 0.2 -
Tensile strength o, 0 kN /m?
Reference stress Dref 100 kN /m?
Over-consolidation ratio OCR 2 -
Earth pressure coefficient Ky 0.87 -
Table 3. PM4Sand parameters of sand
Parameter Symbol Value Unit
Saturated unit weight Ysat 18 kN /m3
Unsaturated unit weight Yunsat 14 kN /m3
Relative density Dy 55 %
Shear modulus coefficient Gy 677 -
Contraction rate hyo 0.40 -

The bedrock layer of 1m thickness was modelled Wihlinear elastic material of
drained type behavioup,,; andyunsag were set to 22N /m3. The Young’s modulus and
Poisson’s ratio were set to 8°KN/m” and 0.2, respectively.

The Loma Prieta 1989 accelerogram was used asgnpubnd motion. It is
characterised by a moment magnitidg equal to 6.9. The input signal was scaled at & pea
horizontal acceleration ®#.3g. The earthquake was assumed to be measuredaittitep
of a rock formation and was modelled by imposimgescribed displacement at the bottom
of the model. The boundary condition at the bagh®imodel was defined using a compliant
base. The vertical boundaries were modelled w&ith tiegrees of freedom, which allow to
simulate the one-dimensional behaviour in a 2D caiimn.

Figure 5 shows the finite element mesh of the maakkl prescribed displacements at
the bottom and the time history acceleration ofithgosed earthquake signal.
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Figure 5. Connectivity plot of the numerical modeknd time history acceleration of the
earthquake motion.



Figure 6 shows the results at the end of the aisalyxan be seen that the maximum
excess pore pressure ratig, ., is between 0.9 and 1 (6a), i.e. the sand layecbapletely
liquefied. The evolution of the excess pore pressatior, with time for the points K, L and
M in the sand layer (6b) shows that after 13s ofashyic loading the excess pore pressure
ratior, is greater than 0.93 in all the three points.
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Figure 6. Maximum excess pore pressure ratio max at the end of the dynamic analysis
(a) and excess pore pressure ratiq, for points K, L and M during the dynamic
calculation (b).

CONCLUSIONS

The implementation, validation and practical apgtiien of the PM4Sand model (version 3)
by Boulanger and Ziotopoulou (2015) in the PLAXIiSte element code has been presented
in this paper. The implementation of the modelleesn validated by comparing ti8R —
N graphs from cyclic undrained single element disatiple shear simulations with the
original implementation of the model. Moreovey, — yyy, Ty, — 0, andpwp — vy,
comparisons are shown in the paper for 3 mategialwith 3 different cyclic stress ratios.
The results show a very good agreement with thegrad implementation of the model. The
implemented model was also used for an applicatiena one-dimensional site response
analysis. The behaviour of the loose sand layersivasglated with the PM4Sand model
while the clay layers were modelled with the HS km@del. The results show that the loose
sand layer completely liquefies under the appledhguake loading of magnitudé = 6.9.
The model is capable of modelling the accumulatibexcess pore pressures and triggering
liquefaction in saturated loose sands subjectegdbc loading.

According to the performed validations and appiaa of the model, it can be
concluded that the PM4Sand model has successtedly bmplemented into the PLAXIS
finite element code.
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