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Abstract

In this paper, the numerical work that has beeredoncalibrate the Manzari-Dafalias model and &ntdy its more
relevant parameters is presented. The model pagesneheir respective reference values and the thst were
performed to determine most of the parameters rreduced. A parameter sensitivity analysis thromgimerical

simulation of a triaxial monotonic drained testjngsan OpenSees model with a single 1x1¥1$8PbrickUP 3D
element, is described and the results analyzedsehsitivity analysis is conducted for each paramiedividually, for

several pairs of physically related parametersadrile most relevant ones. It is considered thal fimfluence upon the
peak values of the shear strajnshear stress ratipand dilatancy and upon the critical state voluioeiraine, .

Furthermore, a parameter sensitivity analysis thhonumerical simulation of a cyclic undrained torsl test is
implemented, both for the pre-liquefaction and difaction phases. In the former, the variation ahsoresponse
parameterg¢namely the damping ratio, the shear modulus, tearsétress amplitude, the average shear stresshéae
strain amplitude and the averggewith the model parameters is evaluated for tiiifferent cycles.
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1. Introduction

The Manzari-Dafalias (M-D) constitutive model [1],i& capable of realistically simulating the stregsin
behavior of sands under monotonic and cyclic lagitls drained or undrained conditions. It allowsidify

a unique set of model parameters for a given saddpendent of soil density and confining pressataes.
This model is effective in reproducing relevant exgp of soil response under cyclic loading inclgdin
liquefaction triggering (contraction tendency wiibre pressure buildup) and dilatancy effects. ljuge
relevant that the post-liquefaction behavior isoalsell reproduced, as large shear and volumetric
deformations in saturated sands are found to tieepnainly after liquefaction, eventually causheavy
damage in structures.

The design of a third Tagus river crossing is auttyebeing considered downstream of 25 de Abril
Bridge in Lisbon, Portugal. This corresponds tdramersed tunnel with a length of approximately &}
which is supported by alluvial Tagus basin sandgrlaying Miocenic layers of increasing stiffnessla
strength in depth, and basalt bedrock. The poteotieurrence of seismically induced liquefactiontlire
foundation ground and the prescription of efficigméventive measures are topics of utmost impogtanc
within this project. Being the M-D model a natucaindidate for numerical modelling of the problems t
paper addresses its applicability to the referieal.g

While the model can be effective and has been showroduce good results, the calibration of its
large number of parameters can be cumbersome pébir summarizes the numerical work to calibrage th
M-D model to the estuarine sand properties in otddiacilitate its application in the scope of thagus
crossing.

The calibration framework presented for the M-D modombines results of laboratory tests with
numerical sensitivity studies. Many of the modeiamaeters, specifically those related to the morioton
behavior, are calibrated directly from triaxial nedonic drained tests (TMDT). The remaining paramste
related to the monotonic and cyclic behavior, @ibrated through numerical simulation of laboratiests
(TMDT and cyclic undrained torsional tests — CUT€&spectively). A constitutive driver developed in
OpenSees is used to perform the simulations. Anpetier sensitivity analysis is carried out in orttebetter
understand the relevance of each model paramdtestrésses herein defined are effective stresses.

2. TheManzari-Dafalias model and parameter reference values

This model builds upon previous work by Manzari &afalias [1], in which the two-surface formulatioh
plasticity is coupled with a state parameter tostact a constitutive model for sands in a gensti@ss
space. This work was extended to account for tleetedf fabric changes during loading [2]. It wdsserved
that, despite the bounding surface formulation,dineulation of reverse loading was not very acaufat
small values of the effective stress. This is ladiied to the fact that the model did not accounttie drastic
change in fabric observed in microscopic studiesnduthe dilatant phase of plastic strain, whicls lza
significant effect on the contracting response upaersal of loading. The latter is considered édkby to
successfully simulate the effective stress redociiod modulus degradation under undrained cycéditm.
Thus, the dilatancy is made to depend on a fablatashcy tensor whose evolution models macrosctipica
the foregoing phenomenon of fabric changes and dfiieict on dilatancy characteristics.

In the formulation in triaxial stress space, thitgical state, for which the soil deforms continuously in
shear with no volume change, can be defined bycthieal state stress ratig./p. = My, where the
parameteMy . is uniquely related to the friction angle.The power relation suggested in [3] is used fer th
equation of the critical state line in e-p spage= e.(p. ).

ec = epo — Ac(Pe/Pa ) (1)
with e, the void ratio ap. = 0, p, the atmospheric pressure ahdand ¢ constants.
To define the critical state in extension, the paterc is introduced:
Mg,
= ",

)

C
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Theyield surface represents a “wedge” ip-q space, whose bisecting line has a slapand the
wedge opening a value 2fnp (Fig. 1). It is defined as

f=ln-al-m=0 3

a andm are stress ratio quantities. The model considetsoigsic and kinematic hardening.H is
fixed, thena can be related with the plastic hardening modtiyshroughda = desf;.

qA

Ss « Bounding

Fig. 1 —Yield, critical, dilatancy and boundingds inq, pspace [2]

The plastic hardening modulus H,, depends on the distanée= MP ¥ n whereM? is a peak or

bounding stress ratio, which bounds the compregsjoor extension (+) loading, when it increaseslam
monotonic drained triaxial compression or extensknr the simplest case of linear dependence:

H,=h(M"F17) (4)
where positiveh is a function of the state variables, given by:
bo p -1/2
h=—2 . =Gh(1—ce)(—) )
In—nml” 0 O T \p,

with scalar parametetg, andcy,. n;,, is the value of at initiation of a loading process in compressiothe
value ofh at the point of reversal in extension. Thus, dufoading withdn > 0 one hasi, = h(M” -7 )
while for reverse loading witlly < 0 it changes té7, = h(M? + 7).

According to Rowe'’s theory, dilatanel/becomes proportional to the difference of curréress ratio
n from dilatancy stress ratid, which is also defined as tiphase transfor mation line [4]:

d=A44(M%-1) (6)

Depending om < M4, 1 > M% orn = M% a contractantd > 0), dilatant ¢ < 0) or zero volumetric
rate @ = 0) response is obtained. A corresponding dilatat@ss ratiaV¢ in extension can be defined, so
thatd = A;(M® +n ) in a similar way to the bounding stress rai®.

Let afabric-dilatancy internal variable that evolves according to:
dz = —c,{—deb)(sZmax + 2) (7
be introduced. Parametgy is given by:
Ag = Ag(1 + (sz)) 8
where(x) = x if x > 0 and(x) = 0 if x < 0 ands = +1 according ta) = a + m, respectively.
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Before fabric-dilatancy is activated one lgs= A,. Thus, to determine the paramefigr a constant

p test is made. Then, based on the test resultafaddy d = —% is determined, as well as the

q
corresponding values gf Finally, using Eq. (6), a linear regression iddmat the dilatancy zone just before

the peak to obtain the value 4.

In order that the constitutive relations are confgbatwith critical state soil mechanics requirengent
and can simulate softening of dense sands, an g variation oM? andM< with the material state was
also considered in [2], such that wher= e, andp = p,, thenM? = M¢ = My .. Furthermore, for states
denser than criticak(< e.), the condition® < Mg < MP must hold, and the reverse for states looser than
critical. Along these lines, the use of the follagriequations was proposed in [5]:

MP = Mg cexp(—nP¥) 9)
M4 = Mflcexp(nd‘{’) (10)
with n? andn? material constants.

Both n? andn? are determined making an average of the valuesirgat for 3 different confining
pressures (100, 200 and 300 kPa) and using E@n@)Eq. (10), respectively. Whek® = Npeak (P€AK
state) andv¢ = n,,-, (state where the volumetric change is zel)= e — e., wheree? = €peak aANd
e? = epy—o.

In conclusion, for the Tagus sand the following gmaeters of the M-D model were directly
determined from triaxial monotonic drained tesky . = 1.46, ¢ = 0.67, epo = 0.014, 1. =0.78 and

& = 1.15 (related with the critical state}” = 3.5 (related with the plastic modulus) adg = 0.932 and
n? = 1.5 (related with dilatancy).

These model parameters and respective referenaesyakhich correspond either to laboratory tests
results ([lab] in Table 1) or to published datas@veral references about the M-D model [2, 6, 7a8)well
as the tests commonly used to determine the pasasnere summarized in Table 1. Apart from the
laboratory determined properties of the estuarimeds for the sensitivity analysis it was consideeed
variation of £20% of the reference value (exceptpgfarameterm — 0.015, 0.03, 0.06).

Both the calibration framework and the sensitiatyalysis results presented here provide modelers
with an understanding of the effects of modelingppgeters on model performance. The parameterdaelec
for the sensitivity analysis are the ones that datilbe obtained directly by laboratory testy,(m, hy, and
c,) as well as some parameters that, though obtalimedtly through laboratory tests, don’t have aigtnt
physical meaningn®, A, andn®). The intrinsic (physical and critical state paedens) weren’t considered
for the sensitivity analysis.

3. Parameter sensitivity analysisthrough numerical ssimulation of triaxial monotonic
drained test

In order to perform this sensitivity analysis it svhuilt an OpenSees model [6], using a single 1xik1
SSPbrickUP 3D element with 8 nodes. It can be usdgnamic 3D analysis of fluid saturated porousiiae
with a mixed displacement-pressure— p) formulation, based upon the work of Biot as egtsh by

Zienkiewicz and Shiomi [9].

Regarding boundary conditions, at the base of tament two of the 4 nodes were free in each
horizontal directionX andy) and one was free in both horizontal directionse Top nodes were all free.
During the consolidation phase concentrated forepsesenting an all-around pressure were applieith@n
free nodes at the base and top of the elemengspwnding to the chosen confining presspigs; (100,
200 and 300 kPa). For the shear phase of theadtitest, a vertical displacemen) (vas applied at the four
nodes of the top face of the element, until a gaktxial strain of approximately 20% was reached.
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Table 1 -Manzari-Dafaliasmodel parameters, reference values and publisttad([b, 7, 8])

Category Paramet‘erRe}terence Test
value
Ps . .
Physical (KN/m®) 16.21 [lab] Physical testing
€ 0.634 [lab] Physical testing (Dr = 71.3%)
RC (though values from small strain measurementsbae or 3
Go 125 [6] :
times too large)
Elasticity 0.3 [lab] _ Ko o4
v (& = 36%) V=K ; Ko —.1 sing
(0.2t0 0.4in [7])
M 1.46 [lab] TMDT (1.20 to 1.32 in [7])
C 0.67 [lab] TMDT (usingM¢. andMg,)
Ac 0.014 [lab] TMDT that approach critical state (Dt0 0.03 in [7])
Void ratio atp. = 1 kPa. TMDT that approach critical state (0.72 to
Critical state| ~ ©po 0.78 [lab] Pe ? N oPp (
0.90in [7])
3 1.15 [lab] TMDT that approach critical staté € 0.7 for most sands [8])
Yield surfacg m 0.015 [6] Fitting (TMDT) (0.06-0.07 in [7], 0.0245 in [8]).
hg 7.05 [6] Fitting (TMDT)
Plastic Ch 0.968 [6] Fitting (TMDT)
modulus b 3.5 [lab] nP = ln(%)/lpb , whereW® andMP are the values oF andn at a
' drained peak stress state (1.1 in [2])
TMDT — good quality stress dilatancy data — volumsedtrain vs.
A, 0.932 [lab] | deviatoric strain in a constant p drained triatésit (beforez is
d 1.5 [lab] nd = ln(%)/‘lJcl , wherewd andM¢? are the values oF andn at a
' phase transformation state (3.5 in [2])
Fabric- . 416] Fitting (CUTT) —m must exceed? so that the evolution afis
. max activated (4-5 for most sands according to [8])
dilatancy Fiting (CUTT 39 so that th lution of i
tensor c, 600 [6] itting ( ) -n must exceed1 so that the evolution afis
activated

TMDT — monotonic drained triaxial test; RC — resoineolumn test; CUTT — cyclic undrained torsiorestt

3.1 Sensitivity analysis for each model parameter

In Table 2, the results for a 200 kPa confiningspuee are summarized. The sensitivity analysishef t
individual parameters points out that the modeapaaters that cause a greater variation of the nsspare:

¢, concerning peak shear straip n? regarding peak shear stress ratiand finally A, concerning peak
dilatancy and volumetric strain at critical state Similar conclusions may be drawn from the 100 and
300 kPa simulations.

Fig. 2 to Fig. 4 present thevs. §&; graphic and the relation between the volumetrairst e, and the
shear strairde, considering, respectively, the variation of theapaetersc,,, n? and 4, in the response.
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Table 2 — Parameter sensitivity analysis of TMDa@n(fining pressure of 200 kPa)
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parameters 1 (peak) &5 (peak) dilatancy (peak)| ey (critical)
Reference caseg 1.782 3.028% 0.410 -4.071%
Go = 100 1.783 3.608% 0.411 -4.051%
Go = 150 1.781 2.637% 0.411 -4.085%
m = 0.03 1.782 3.023% 0.412 -4.072%
m = 0.06 1.782 2.966% 0.411 -4.073%
hy = 5.50 1.774 3.586% 0.401 -4.069%
h, = 8.50 1.787 2.684% 0.417 -4.073%
cp =0.75 1.790 2.496% 0.422 -4.070%
cp =115 1.771 3.829% 0.400 -4.081%
n® =28 1.732 3.264% 0.372 -3.865%
n® = 4.2 1.825 2.843% 0.446 -4.223%
Ag =0.75 1.788 3.173% 0.336 -3.667%
Ag =110 1.777 2.917% 0.479 -4.331%
nd =1.2 1.785 3.071% 0.391 -3.971%
nd =18 1.778 3.014% 0.429 -4.160%
0/p VS Shear strain d¢g awy 100kPa Volumetric strain d¢,, VS Shear strain &gy avg 100kPa

-20% 100kPa

— -20% 100kPa

2 \ \ \ 0.02
//ﬁ— \«xﬁx&\ +20% 100kPa > i +20% 100kPa
wsHyZ e e——— avg 200kPa ‘§ or avg 200kPa
i -20% 200kPa T ool ———— -20% 200kPa
g 1 +20% 200kPa o +20% 200kPa
avg 300kPa ';5) 0.041 T~ avg 300kPa
0.5 -20% 300kPa 5 ool —— -20% 300kPa
+20% 300kPa S +20% 300kPa
0 s s s s ‘ : 0.08 s s s s : ;
0 0.05 0.1 0.15 0.2 0.25 03 0 0.05 0.1 0.15 0.2 0.25 0.3
Shear strain 3¢ Shear strain &gy
Fig. 2 — Simulation results consideriggvariation
a/p VS Shear strain g avg 100kPa Volumetric strain 3g,, VS Shear strain &, awy 100kPa
2.5 -20% 100kPa 0.02 ——— -20% 100kPa
+20% 100kPa > : +20% 100kPa
avy 200kPa s Or avg 200kPa
=S -20% 200kPa T 02l -20% 200kPa
+20% 200kPa [ +20% 200kPa
awg 300kPa £ 0.04r aw 300kPa
-20% 300kPa 5 oosl -20% 300kPa
+20% 300kPa S +20% 300kPa
0 L L L L I T _008 L L L L T T
0 0.05 0.1 0.15 0.2 0.25 03 0 0.05 0.1 0.15 0.2 0.25 03
Shear strain de Shear strain de
Fig. 3 — Simulation results considerin§ variation
o/p VS Shear strain &g avg 100kPa Volumetric strain 3g,, VS Shear strain 3¢ awg 100kPa
-20% 100kPa 0.02 ———— -20% 100kPa
L +20% 100kPa > ; +20% 100kPa
— awg 200kPa é or avg 200kPa
—— -20% 200kPa T 02l -20% 200kPa
+20% 200kPa 4 +20% 200kPa
awg 300kPa 5 0.04r aw 300kPa
-20% 300kPa E oosh -20% 300kPa
+20% 300kPa S +20% 300kPa
s s ‘ : 0.08 s s s s : ;
0.15 0.2 0.25 03 0 0.05 0.1 0.15 0.2 0.25 03

Shear strain éss Shear strain ags

Fig. 4 — Simulation results consideriAg variation
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3.2 Sensitivity analysis for model related paramse¢é, with n¢ andc, with h)
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Then, two related parameter, (andn® concern dilatancy while, andh, regard the plasticity modulus) were
varied simultaneously, according to Table 3, faroafining pressure of 200 kPa. Observing both Tabénd
Table 3 it can be concluded that, when the parameteandh, are varied simultaneously, tlag variation is
fairly greater than when only one of the paramei®rshanged. In the case 4§ andn? the variation of the
response is only slightly larger than when only ofthe parameters is changed.

Table 3 — Two related parameter sensitivity analgéiTMDT (confining pressure of 200 kPa)

Parametel n (peak) & (peak) | dilatancy (peal &y (critical)

Referencecast 1.782 3.035% 0.411 -4.071%
Ay =0.75;n% =12 1.791 3.226% 0.322 -3.551%
Ay =0.75;n9 =18 1.785 3.149% 0.352 -3.773%
Ay =110;n%=12 1.781 2.974% 0.349 -4.247%
Ap=110;n%=18 1.773 2.907% 0.348 -4.403%
¢yp = 0.75; hy = 5.50 1.78: 2.935% 0.41: -4.067%
¢, = 0.75 ; hy = 8.50 1.794 2.207% 0.424 -4.072%
cp = 1.15;hy =5.50 1.763 4.523% 0.361 -4.083%
¢, = 1.15; hy = 8.50 1.777 3.372% 0.400 -4.080%

Fig. 5 presents thg vs.d¢e; graphic and the relation between the volumetniairstie, and the shear
straindeg considering the four cases of variatiorcpfandh, described in Table 3.

a/p VS Shear strain &
2

o {
1.5r 7 . awg
e 1 -20%/-20%
= -20%/+20%

0sl +20%/-20%
+20%/+20%

o
Q
N

awg
-20%/-20%
-20%/+20%

Volumetric strain ,, VS Shear strain ¢
+20%/-20%
+20%/+20%

l\\
I I I I T T [
0 0.05 0.1 0.15 0.2 0.25 0.3

r | | | |
Shear strain 585 0 0.05 0.1 0.15 0.2 0.25 0.3
Shear strain 8¢

o

S
Q
)

S
o
r

0

Volumetric strain d¢,,

o
o
>

Fig. 5 — Simulation results considering simultarsseariation ofc;, andh,

3.3 Sensitivity analysis for the most relevant pseters 4, with cj,, Ao With n? andc, with n?)

Finally, pairs of the most relevant parametefs 4 and4,) determined in 3.1 are varied simultaneously. The
results of the sensitivity analysis for a confinjprgssure of 200 kPa are presented in Table 4.

The analysis of both Table 2 and Table 4 showstti@foint variations of parameters andA4, causes
larger variation than when only one of the paransei® changed. In the case&f andn? and4, andc;, the
effect onn (peak) is only slightly larger to when one of th&rameters is independently changed. This also
happens when analysiig after changing simultaneousty andn?.

Fig. 6 presents thg vs.de; graphic and the relation between the volumetniairstie, and the shear
strainde, considering the four cases of variatiorcpfand4, described in Table 4.

In a nutshell, the most important parameters tcsiclem in a sensitivity analysis acg, n?and4,. In a
joint sensitivity analysis;, andh, shall be varied simultaneously, as weltagandA,.
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Table 4 — Two most relevant parameter sensitiviglysis of TMDT (confining pressure of 200 kPa)

Parameters n (peak €5 (peak dilatancy (peak)| ey (critical)

Referencecast 1.782 3.035% 0,411 -4.071%
Ay =0.75/cy = 0.75 1.795 2.597% 0,343 -3.673%
Ay =0.75/cy = 1.15 1.778 4.007% 0,327 -3.662%
Ay =1.10/cy, = 0.75 1.785 2.418% 0,277 -4.325%
Ag=1.10/cy, = 1.15 1.765 3.682% 0,327 -4.351%
Ay =0.75/nP = 2.8 1.737 3.409% 0,305 -3.435%
Ay =0.75/n" =42 1.832 2.973% 0,362 -3.846%
Ay =110/n" =28 1.728 3.162% 0,366 -4.155%
Ay =1.10/n" =42 1.820 2.748% 0,361 -4.456%
cp, = 0.75/nP =28 1.739 2.67% 0,362 -3.871%
cp =0.75/n" =42 1.834 2.349% 0,456 -4.217%
cp, =1.15/n" =28 1.723 4.150% 0,402 -3.862%
cp, =1.15/nP =42 1.813 3.563% 0,437 -4.242%

a/p VS Shear strain 555 Volumetric strain &V VS Shear strain 685

R — ; ; ;
1.5//%

(=%
= 1

avwgy
-20%/-20%
-20%/+20%
+20%/-20%
+20%/+20%

0 0.05 0.1 0.15 0.2 0.25 0.3 0'060 0.05 0.1 0.15 0.2 0.25 0.3

Shear strain de Shear strain 3¢

awg

-20%/-20%

-20%/+20%

05 +20%/-20%

+20%/+20%
T

Volumetric strain d¢,,

0

Fig. 6 — Simulation results considering simultarewariation ofc;, and4,

4. Parameter sensitivity analysisthrough numerical ssmulation of cyclic undrained
torsional test

In this case, the consolidation phase of the eshadeled similarly to the triaxial test descriliedsection 3.
Then, in order to simulate the shear phase of yoliccundrained torsional test, the pore presssirget free at
the nodes of the element. The nodes of the tophefdlement are fixed in the horizontal directign. (
Displacements are applied at all four top nodakdrx horizontal direction, according to a sine cyclindtion,
with a frequency of 1 Hz and which amplitude inse=a progressively up to 0.03 m (1X1®x10° 1x10%
5x10% 0.001, 0.003, 0.006, 0.01, 0.02 and 0.03 m).

4.1 Sensitivity analysis in the pre-liquefactiorapl
The sensitivity analysis was performed for thrdéedint confinement pressures: 100, 200 and 300 kPa

Table5 and Table 6 show the variation of some responsenpeters (namely the damping ragiothe
shear modulus, the shear stress amplitude, thageehear stress, the shear strain amplitude aral/érage)
with the model parametet, m, hy, c,, n?, 4, andn? for two different cycles and for a confining press of
200 kPa. It is important to refer that the paramsete and z,,,, don't affect the pre-liquefaction response,
having influence only on the liquefaction responske cells in red mean the variation in relationthe
reference case was over 10%.
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Table 5 — Sensitivity analysis of CUTT in the piguiefaction phase — cycle 1 (confining pressurQff kPa)

Shear Shear_ stresp Average Shear_ strair Averagep
& (%) | modulus| amplitude | shear stresk amplitude (kPa)
(kPa) (kPa) (kPa) (%)
Reference case 1.9 52814 9.1 1.2 0.0173 179.6
Pre-liquefaction i o i I _ -
parameters — var:)atlon var:)atlon var:)atlon var:)aﬂon var:)a‘uon var:)atlon
Cycle 1 (%) (%) (%) (%) (%) (%)
Gy = 100 -22.07 | -17.28 -15.11 1.41 231 3.41
Gy = 150 30.98 15.23 15.00 -1.82 -0.58 -4.13
m = 0.03 -20.36 7.81 0.22 3.31 -7.51 7.39
m = 0.06 -99.94 13.35 0.33 4.88 -11.56 11.09
h, = 5.50 30.98 -2.06 -0.05 -0.50 1.73 -1.35
hy, = 8.50 -17.24 1.02 0.03 0.25 -1.16 0.64
¢, = 0.75 -25.80 3.53 0.10 1.41 -3.47 2.99
¢, = 1.15 41.66 -5.74 -0.16 -2.32 5.78 -4.95
n? =2.8 9.38 -1.28 -0.03 -0.50 1.16 -1.08
n? =42 -8.49 1.16 0.03 0.50 -1.16 0.97
Ay = 0.75 -2.07 1.29 0.03 0.08 -1.16 2.27
Ay = 1.10 2.09 -1.23 -0.02 -0.08 1.16 -2.15
n? = 1.2 0.44 -0.26 0.00 0.00 0.00 -0.46
nt =18 -0.40 0.25 0.01 0.00 -0.58 0.44

Table 6 — Sensitivity analysis of CUTT in the piguiefaction phase — cycle 3 (confining pressurg0ff kPa)

Shear Shear_ stresg Average Shear_ strai Averagep
& (%) modulus | amplitude | shear stresg amplitude (kPa)
(kPa) (kPa) (kPa) (%)
Referencecase| 14.9 12458 225 0.2 0. 1804 48.7
Pre-liquefaction i L - L L -
parameters — var:)atlon var:)atlon var:)auon var:)atlon var:)atlon var:)auon

Cycle 2 (%) (%) (%) (%) (%) (%)
G, = 100 0.61 -25.76 -19.16 -12.30 8.87 -18.22
Gy = 150 8.67 51.06 -22.31 245.99 -48.56 -5.50
m = 0.03 13.92 48.20 4.50 282.35 -29.49 13.75
m = 0.06 98.87 18.74 95.26 683.42 64.41 42.37
hy, = 5.50 17.77 22.70 3.01 415.51 -16.08 15.43
hy = 8.50 -0.91 36.25 2.93 102.67 -24.45 3.06
¢y, = 0.75 12.75 31.59 3.74 247.06 -21.18 -12.16
¢, = 1.15 9.63 24.85 -33.89 219.25 -47.06 -1.60
n? =28 19.13 41.91 3.31 235.29 -27.22 27.34
n? =42 14.09 41.14 4.06 271.12 -26.27 4.90
Ay = 0.75 17.96 -10.47 -1.31 -123.53 10.20 -13.31
Ay =1.10 9.21 44.59 4.30 345.99 -27.88 25.34
n® =1.2 33.99 32.99 3.98 325.67 -21.84 13.95
n? =18 3.35 36.07 2.96 140.64 -24.33 14.74
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It can be observed that at the beginning of tharspkase (cycle 1), for the same parameter vaniatice
changes in the response are generally smallerdbaer to liqguefaction, where the shear strain iglmhigher
(cycle 3). Nevertheless, in cycle 1 a variationGgf m, hy andc; causes significant variation of the damping
ratio, beingc;, the most relevant. The variation @f is also important regarding the average shear asaund

the shear stress amplitude. Concerning cycle 2halinodel parameters uf exert influence on the response,
except for the shear stress amplitude, which ig imiluenced byG,, and the average shear stress, that is mainly
influenced byG,, m, hy, andc,. These four parameters are also those which egeecgreater influence on the
response. Finally, for cycle 3 all the model par@mrebutn? have influence on the response, except for the
shear stress amplitude which is only influencedzpyandc;. Thus, from the global analysis of these tables, i
can be concluded that the most relevant paramietepse-liquefaction cyclic response datg, m, hy andcy,.

In Fig. 7, the shear stress-shear strain relatign 1(s.€,,) for the 3 cycles above described, the
normalized stress path fp.onr vs. p/Pcons) for the pre-liquefaction phase and the pore pressatio variation
during the shear phase are presented, consid@engatiation of the paramet@y in the response.
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4.2 Sensitivity analysis in the liquefaction phase

In Fig. 8, the shear stress-shear strain relationifs. €,,) for a chosen cycle in the liquefaction phase ted
normalized stress patly fpcons vS. p/Pcony) for 3 cycles in the liquefaction phase are presgnconsidering
the influence of the variation of upon the response.
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In the liquefaction phase, in each cycle, the poessure ratio should reach a value near one anghthar
stress should be around zero at the same time.dverethe shear strain should follow the appliedlicy
displacements. However, due to convergence probleimthe M-D model, the pore pressure ratio varies
significantly, with its maximum value decreasinglanoving away from one, the shear stress doesatreero
and the shear strain doesn’t follow the appliedlicydisplacements (Fig. 8). Thus, it wasn't possilbd
determine the relative importance of these paramétethe cyclic response. Further improvementhéM-D

numerical model are deemed necessary.

201

15+

10

(kPa)

Xz

10+

Shear stress T

15}

20+

25}

Shear stress T, VS Shear strain £, " liquefaction

Pore pressure ratio variation - after initial liquefaction

8
g 1
g T FASF AT TT ST 5 AT
2 gols AT TR k ”HJLJV—/fo/,
g ° ¥ '
Sl
g 2.0053 2.0054 2.0055 2.0056 2.0057 2.0058 2.0059 2.006 2.0061 2.0062 2.0063
a
7 B x 10°
% Shear stress T,, Variation - after initial liquefaction aw
%0 20%
@ Qb e e e e o N +20%
173 ~ e ae? e e I
@ L == =7
® 50 I I I I I I I I
5 2.0053 2.0054 2.0055 2.0056 2.0057 2.0058 2.0059 2.006 2.0061 2.0062 2.0063
@ Time (s) x 10°
. Shear strain £, variation - after initial liquefaction
5 001 ‘ ‘
ol #u_ e e Py e P d
P e e R bed b A ;?ﬂ
. .

Shear strain g

Time (s)

-30
-6

0.2
5
o 0
o
=2
0.2 . . . . . .
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
p/pconf
g/pconf VS p/pconf - liquefaction
0.5 T T T T
€
8 of - E
o
=2
0.5 I I I I I I I
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
p/pconf
g/pconf VS p/pconf - liquefaction
0.5 T T T T
15 —— awg
S of -20%
= — +20%
05 . . n
0 0.15 0.2 0.25 0.3 0.35
p/pconf

-0.01
2.0053 2.0054 2.0055 2.0056 2.0057 2.0058 2.0059 2.006 2.0061 2.0062 2.0063

x10*

Fig. 8 — @/Pcons VS-D/Dcony) @Nd €, Vs. £x,) paths and pore pressure ratio time history cemisig variation

5. Concluding remarks
Based on a parameter sensitivity analysis throughemical simulation of a triaxial monotonic draintst, it
was concluded that the model parameters that cawggeater variation of the response agg.concerninge
(peak),n® regarding; (peak) and finallyl, in what concerns dilatancy (peak) asd(critical). Moreover, when
the parameters;, and h, are varied at the same time, thevariation is reasonably greater than the variation
induced by each parameter individually. Likewisédhew the parameters, and A, are varied together, the
dilatancy variation is considerably greater thamwbnly one of the parameters is changed.

of ¢,
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Regarding the parameter sensitivity analysis thmaugmerical simulation of a cyclic undrained torgib
test in the pre-liquefaction phase, from the analg$three cycles, corresponding to progressividjer shear
strains (approaching liquefaction), it can be codetl that the most relevant parameters for prefapiion
cyclic response ar€,, m, hy and c,. As to the liquefaction phase, due to converggmublems of the
Manzari-Dafalias model in this phase, it wasn't gessible to determine the relative importancearbmeters
¢, andz,,,, in the cyclic response.
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