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ABSTRACT

In this paper, an immersed tunnel case-study, sporeding to a third Tagus river crossing,

supported on liquefiable alluvial sands, is presgni_aboratory testing, namely monotonic

drained triaxial tests and cyclic undrained toraldests, is described. Moreover, a constitutive
model, as well as the numerical work, essentiébtoalibration and to identify its most relevant

parameters, are presented. Model parameters, thspective reference values and tests
performed to determine directly most of the paramsetare introduced. A parameter sensitivity
analysis, conducted through numerical simulatiotriakial monotonic drained tests, is defined.

Furthermore, a parameter sensitivity analysis thinooumerical simulation of cyclic undrained

torsional tests, implemented both for the pre-lfgagon and liquefaction phases, is described.
Finally, some parameters are determined by fittiregmodel to the laboratory results.

1. INTRODUCTION

Design of a third Tagus river crossing is curreiiiyng considered downstream of 25 de Abril
Bridge in Lisbon, Portugal, between Algés and Tiafecorresponding to an immersed tunnel
with a length of approximately 2.4 km.

This type of tunnels are usually an interestingrakitive from the economical and safety points
of view as (Ingerslev, 2007): they are shallow tlan which minimizes imposed water-
pressures, reduces overall length of the tunnel @mdributes to having flatter approach
gradients than in bored tunnels; they have veesatiloss-sections, which makes them
appropriate for highways and combined railway avatirtraffic; they are suitable for most types
of ground, including soft alluvial materials andhddions like loose permeable soils at the sea
bottom, where tunnel boring machines use is nabmegended; their construction is mostly
performed ashore, ensuring high quality.

Many immersed tunnels are built on alluvial forroas in earthquake zones and one of the
main issues in their safety design is preciselyr ttesistance to foundation liquefaction. As a
matter of fact, displacements of an immersed tumeslilting from a seismic event depend
largely on the behaviour of the surrounding grouramely its stiffness (Ingerslev et al., 1997).
These displacements may be amplified by liquefacémd can lead to ground failure if
significant loss of soil strength occurs. Consegaerof liquefaction may include loss of lateral
or vertical support, differential movements or tmias, movements due to shake-down
settlement effects (where granular material naturéénsifies due to loss of structure) and
floatation of the tunnel. Likewise, its uncontrallenovement is undesirable and could lead to
overstressing and damage of the structure or leakdgthe tunnel joints. Thus, potential
occurrence of seismically induced liquefaction lne foundation and prescription of efficient
ground improvement measures to avoid it are topfcatmost importance within the third
Tagus river crossing project.

This paper summarizes the laboratory and numeweak to calibrate a chosen constitutive
model, the Manzari-Dafalias (M-D) model, to the Tiagiver sand properties, with the goal of
enabling its future application in the scope ofithenersed tunnel crossing design.



2. CASE-STUDY

The immersed tunnel considered in this case-stadyatroughly rectangular reinforced concrete
cross-section of around 40 m x 11 m (width x hdigbonsidering two bores with three traffic
lanes in each direction and an additional cented lhior pedestrian evacuation and services.
The river maximum depth is about 30 m. Furthermtme, immersed tunnel is supported on
alluvial Tagus river sands overlaying Miocenic lesyef increasing stiffness and strength with
depth and a basalt bedrock (Figure 1).
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Figure 1 — Third Tagus river crossing geologic peofa — alluvial Tagus river sands; b — volcanisdon
complex; C — Cretacic layers; M —Miocenic layer&iiCio Martins et al., 2001)

Tagus river sand is white, clean and poorly gradelhssified as SP). Its physical
characterization included: a grain size analysetemnining the solid particles density; and
obtaining the maximuny,; ;q,, @and minimumy g ,,,;,, dry unit weight.

Moreover, the in-situ density index),, of Tagus river sand was determined by using a
correlation with SPT values, mainly obtained aladhg north shore of the river, for different
boreholes and depths. Density index was quite aahstith depth, at least in the correlation’s
valid region (up to 20 m). ThereforeDa = 70% after specimen consolidation in the laboratory
tests and effective confining pressurgs,y going from 100 to 300 kPa were intended,
admitting that depth of interest for liquefactidndies is 30 m maximunuf around 300 kPa).
What's more,D;,. = 60% (pcony = 100 kPa) and D, = 80% (pcons = 300 kPa) were also
considered to compare with the other laboratorystesid validate the chosen constitutive
model. All stresses herein defined are effectivesses.

3. LABORATORY TESTING
3.1. Monotonic Drained Triaxial Testing

The goal of these tests was characterizing thesssg®ain behaviour of Tagus river sand.
Moreover, obtaining its basic strength parametexs mwtended, as well as some plastic modulus
and dilatancy-related parameters, paramount tbreadi the used constitutive model.

So, ten monotonic drained triaxial tests (MDTTsYyavexecuted. Table 1 includes dimensions
of the speciment, andr, as well as their dry unit weighty, density indexD,., and voids
ratio after preparatiorg,; and the effective consolidation pressuyrg,,r, and voids ratio after
the consolidation phase,,,r. The accepted density index after preparation wa%+2% for
tests B, C and D; 60%+2% for test E; and 80%+2%det J.

Test A was an isotropic consolidation test, wiharound 70% ang.,, of 1000 kPa. Tests F,
G and H were also isotropic consolidation testshis case wittD,. around 60%, used to clarify
the cause of some volumetric jumps in the constitidaphase. Finally, test | was made



maintainingp constant, with the goal of determining a dilatanelated parametef, for the
constitutive model (see section 4). These teststwerpresented here.

After the saturation phase, specimens were isaatipi consolidated. All tests were then
subjected to shear by controlling axial straip, During shear, the radial confining pressures
were kept constant. The tests were executed watlbdick pressure drainage valve open, so pore
pressure was constant during the test.

Table 1 — Monotonic drained triaxial tests

After specimen preparation After consolidation
Test HO (mm) To (mm) Ya (kN/mg) Dr (%) €o pconf (kpa) econf
B 119.98 34.73 16.21 71.3 0.634 300 0.584
C 122.96 34.75 16.21 71.3 0.634 200 0.626
D 123.24 34.78 16.21 71.3 0.634 100 0.631
E 122.70 34.79 15.81 57.6 0.675 100 0.671
J 120.50 34.75 16.44 78.8 0.611 300 0.566

Figure 2 sums up the obtained resultstésts B, C, D, E and J, including curves:fe,, q/p)
and @¢,4, 6¢,). The left graphic confirms quality of the teststae curves are very similar. In
the right graphicthe volumetric strain curve of test C should beMeetn tests B and D curves,
and the curve of test J should be under the cufwesd B, which didn’'t happen, frorie,
approximately 11% or 13%, respectively, due to ssfme blockage in the back volume system.
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Figure 2 — Tests B, C, D, E and J — stress rgfipand volumetric straide, vs imposed axial straife,

3.2. CyclicUndrained Torsional Testing

Actuation of the earthquake generates primarilyjnarease of shear stresses, which can be well
simulated in a cyclic torsional test. Thus, themgoal of these tests was to characterize stress-
strain behaviour of the sand under cyclic loadind # obtain parameters for the constitutive
model, related with dynamic behaviour of the soil.

Therefore, LNEC torsional shear device was useshé&ar hollow cylindrical specimens. These
allowed avoiding solid specimens’ non-uniform sirdistribution in the radial direction. The
equipment is described in more detail in Serra §19@'s relevant to refer, though, that some
changes were made in the software that controlstafgonal shear device, namely in the
dynamic modulus. In fact, the possibility of char@gduration of the test (and number of cycles
until test termination), as well as recording daith less than 2 seconds between measured
values, was implemented.

In order to assure, as much as possible, homogengistress and strain states along the
specimen, so that the corresponding measured &vextates would correspond to the real



behaviour of the specimen, porous plates at thamopbottom of the specimen were made with
a high relief, enhancing friction and better traisng torsional rotation.

Hence, five cyclic undrained torsional tests (CUJWeere performed. Table 2 includes
dimensions of the specimendy, 7., andr;,, as well as their dry unit weight,, density
index, D,, and voids ratio after preparatian, the effective consolidation pressupg,, s, and
voids ratio after consolidation phasg,,r. The accepted density index after preparation was:
70%+2% for tests t15, t21 and t22; 60%+2% for t23f and 80%+2% for test t25.

After the saturation phase, specimens were isaatipiconsolidated. All tests were subjected
to shear by controlling straip,g. Rotation amplitude and consequently strain anmditwere
increased progressively, using each of the follgwialues during 10 cycles of 1§ € 1Hz),
respectively: 6 = +0.155° +0.311°,+0.932°,+1.863°,+3.105°,+6.211°,+9.316° and

Yo, = £5%x107%, +1x1073, +3x1073, +6x103, £1.0x1072, +2.0x1072, +3.0x1072.

Table 2 — Cyclic undrained torsional tests

After specimen preparation After consolidation
Test HO (mm) re,O (mm) ri,O (mm) Ya (kN/m3) Dr (%) €o pconf (kPa) econf
t15 143.14 35.42 14.72 16.15 68.9 0.640 300 0.551
t21 143.34 35.40 14.75 16.17 69.8 0.637 200 0.581
t22 143.09 35.46 14.70 16.18 70.0 0.637 100 0.627
t23 143.14 35.45 14.74 15.92 60.9 0.664 100 0.652
t25 143.30 35.46 14.73 16.51 80.6 0.605 300 0.539

External and internal confining pressures were kepistant (and equal) as well as axial force.
Tests were executed with the back pressure drawvelge closed. This implied that changes on
the mean effective confining stress were exclugivdlie to pore pressure development.
Moreover, the final excess pore pressure valueespanded approximately to the initial mean
effective confining stress, which meant liquefagtwas attained in all cases.

For instancetest t22 has aD, of 70%, but with the lowest confining pressurel@0 kPa. This
means thab, after consolidation was quite similar to that afipecimen preparation. Figure 3
to Figure 5 illustrate the results. Initial liquef@mn is considered to have occurred at 46.5 s,
similar to t21 and sooner than t15, which may iatécthat, for the sam®,, under a certain
value, confining pressure doesn'’t influence sigaffitly time of initial liquefaction.

In Figure 3, for the first cycles the curves aresel together, but as the specimen approaches
failure strains increase and hysteresis loops’ agerguickly. In fact, hysteresis loops’ are
initially almost vertical, with an area very clogezero and then, after initial liquefaction, they
tend to the horizontal, shear strain increasing) wétry small increase in shear stress.
Concerning Figure 4, the left graph reflects thedgal build-up of pore pressure (Figure 5) as
the effective mean stress reduces almost until. Zéras, when the stress path approaches the
critical stress ratio, the specimen starts failumgl shape of the stress path changes completely,
as seen on the right graph. As a matter of faet;sthess path becomes “hooked” towards the
later stages of the test.
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Figure 3 — Shear stresg, (kPa) vs shear straipy, — t22 (left - cycle 0-10 s (5 s) (pre-liquefaciipright
- cycle 60-70 s (65 s) (liquefaction))



What's more, because of the high pore pressurespcimen reaches the critical stress ratio at
low g values but as strain increases dilation tendermyesithe stress path up the critical state
line (CSL). When stress reverses, dilation tendex@@ses and volumetric contraction tendency
drives the stress path back towards the origin thwdi critical stress ratio is encountered in the
opposite (extension) direction.

Finally, in Figure 5 variation of shear strain afi@tial liquefaction is shown. At 50 s there was
a clear transition in the imposed amplitude of stst&in, which was then kept constant and
equal to +2x18G during 10 s.
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Moreover, it is fundamental to refer that afteratation amplitude of 0.932was imposed
(corresponding to a shear strain amplitude of +3xEand began to become significantly soft
andpp /pcons at the end of the last cycle exceeded approximéteto.
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Figure 5 — Pore pressupe (kPa) and shear strayg, vs timet (s) — t22 (right — after initial liquefaction)

4. NUMERICAL MODELLING OF THE LABORATORY TESTS
4.1. Constitutive Model

The constitutive model has to be capable of reprioguthe most relevant aspects of soil
behaviour in what concerns cyclic performance aimgiefaction. These aspects include
liquefaction triggering (contraction tendency witbre pressure build-up), dilatancy effects and
post-liqguefaction behaviour. The latter shall bdl weproduced, as large shear and volumetric
deformations in saturated sands take place mofidy mitial liquefaction and cause heavy
damage in structures. This is essentially due terdhspreading (mainly near riverbanks) and
ground settlement resulting from densification tludissipation of excess pore water pressures.
The Manzari-Dafalias (M-D) model was chosen. Thimirdding surface model builds upon
previous work by Manzari and Dafalias (1997), whigds extended to account for the effect of
fabric changes during loading (Dafalias and Manza@04). Therefore, the M-D model is
capable of realistically simulating stress-stra@ihdwviour of sands under monotonic and cyclic



loads in drained or undrained conditions. It aldlovwes defining a unique set of model
parameters for a given sand, independent of soditieand confining pressure values.

In the formulation in triaxial stress space, thiéical state is defined by the critical state stres
ratio q./p. = My, where parameteM; . is uniquely related to the friction anglg:.The
following power relation is used for the criticéhte line (CSL) equation in e-p space:

€c = €po — Ac(pc/pa )E [1]

with ey, the void ratio ap, = 0, p, the atmospheric pressure ahdand ¢ constants. The
critical state line in extension is defined by paetersc andMy ..

Theyield surface represents a “wedge” ip-g space, with an opening valuehp and whose
bisecting line has a slope(Figure 6).c andm are stress ratio quantities. It is defined as:

f=ln-al-m=0 2
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Figure 6 — Yield, critical, dilatancy and boundiimges inp-q space (Dafalias and Manzari, 2004)

The plastic hardening moduliéis, depends on the state paraméter MP ¥ n whereM? is a
peak or bounding stress ratio. For the simplest catinear dependence:

-1/2
Hy = h(MP F0); h = —2—; by = Goho(1 — cpe) () / 3]
with scalar parametens, andc,. n;, is the value ofy at initiation of a loading process in
compression or the value afat the point of reversal in extension. Thus, dytimading with
dn > 0 one hast, = h(M? —n ), while for reverse loading wittln < 0 it changes td{, =
h(MP +17).

According to Rowe’s theory, dilatanelis proportional to the difference of current strestso

n from dilatancy stress ratid?, also defined as the phase transformation line.YPT

d=A4,(M*-n) [4]
Depending o < M%, n > M% or n =M% a contractantd > 0), dilatant @ < 0) or zero

volumetric rate ¢ = 0) response is obtained. A corresponding dilatartoyss ratioM? in
extension can be defined, so that 44(M? +17 ).



Let a fabric-dilatancy internal variabdeand a dependent paramefigrbe introduced:
dz = _Cz(_dsg)(szmax + z) (5]
Ag = Ag(1 + (sz)) [6]

where(x) = x if x > 0 and(x) = 0 if x < 0 ands = +1 according to) = a + m, respectively.
An appropriate variation ai? and M¢ with the material state was also considered, shah t
whene = e, andp = p,, thenM? = M4 = Mg .. Furthermore, for states denser than critical

(e < e.), the conditionM? < Mg < MP must hold, and the reverse for states looser than

critical. Along these lines, the use of the follagiequations, with? andn? material constants
and¥ = e — e, was proposed in Li and Dafalias (2000):

MP = Mf,cexp(—nb‘{’) [7]
M*=M dy 8
£ cexp(nt) [8]

The model parameters and respective reference syalldch correspond either to laboratory
tests results ([lab] in Table 3) or to publishedada several references about the M-D model
[Cheng et al. (2013), Dafalias and Manzari (20B9padimitriou et al. (2001), University of
Berkeley], plus tests commonly used to determireptirameters, are summarized in Table 3.
The following parameters of the M-D model were dilge determined from triaxial monotonic
drained testsM; . = 1.46, ¢ = 0.67, e, = 0.014, . = 0.78 and ¢ = 1.15 (related with the

critical state);n? = 3.5 (related with the plastic modulus) amt) = 0.932 and n® = 1.5
(related with dilatancy).

4.2. Sensitivity Analysis

The remaining parameters, related to monotoniccyotic behaviour, were calibrated through
numerical simulation of laboratory tests (MDTT a&dTT, respectively). A constitutive driver,
developed in OpenSees, was used to perform thdagions. A parameter sensitivity analysis
was carried out in order to better understandélevance of each model parameter.

The selected parameters were those that couldwbtaned directly by laboratory testg( m,

ho andc;) as well as some parameters that, though obtalivedtly through laboratory tests,
don’t have a straight physical meanimg (A, andn?). The intrinsic (physical and critical state
parameters) weren't considered for the sensitiaiylysis. So, a variation of +20% of the
reference value was defined (except for parammtefor which it was chosen, according to
several references: 0.015, 0.03 and 0.06). Thigat28riation was believed adequate to avoid
instabilities and non-convergence of the modely@mé main results of the sensitivity analysis
are presented next, since it is described in metaildn Miranda et al. (2017).

4.2.1. Parameter Sensitivity Analysis through Numericah@ation of MDTTs

An OpenSees model (University of Berkeley) was thbual perform the described sensitivity
analysis, using a 1x1x1*®SPbrickUP 3D element with 8 nodes. This elemanthe used in
dynamic analysis of saturated porous media with igedn displacement-pressure: € p)
formulation, based upon the work of Biot as extehi Zienkiewicz and Shiomi (1984).
Regarding boundary conditions, at the base of kment 2 of the 4 nodes were free in each
horizontal directionX andy) and 1 was free in both horizontal directions. T nodes were
all free. During the consolidation phase, concéetraforces representing an all-around
confining pressurg,, (100, 200 or 300 kPa) were applied at the freeeso&or the shear



phase of the triaxial test, a vertical displacententvas applied at the 4 nodes of the top face of
the element, until a vertical axial strain of appneately 20% was reached.

Results of the sensitivity analysis for each magughmeter pointed out that the parameters that
cause a greater variation of the responseareoncerning peak shear straip n? regarding
peak shear stress ratjoand finally 4, concerning peak dilatancy and volumetric straithat
critical stategy,.

Figure 7 presents the/p vs de, anddey vs e graphics considering the effect of varying
parameters;, andA4,, respectively, in the response.

Then, two related parameters,(with n¢ concerning dilatancy ang, with h, regarding the
plasticity modulus) were varied simultaneouslyw#s shown that when parametegsandh,

are varied simultaneously, variation is fairly greater than when only ondl@m is changed.
Finally, pairs of the most relevant parametetgs \With c,, 4, with n? andc, with n?), were
also varied simultaneously. It was concluded tbat jvariation of parameters, and4, causes
larger variation than when only one of the paransatechanged.

Table 3 — Manzari-Dafalias model parameters, ref@evalues and published data: [1] - Cheng et al.
(2013), [2] - Dafalias and Manzari (2004), [3] pRdimitriou et al. (2001), [4] - University of Berley

Category Parameter Reference value Test
Phvsical y4(kN /m3) 16.21 [lab] Physical testing
y ey 0.634 [lab] Physical testing (Dr = 71.3%)

RCT (though values from small strain

Elasticit Go 12514] measurements may be 2 or 3 times too large)
ety 0.3 [lab] @ = 36°)(0.2 ye Ko 1 g
v to 0.4 in [3]) 14K,
1.46 [lab] (1.20 to 1.32
MfrC in [3]) MDTT
c 0.67 [lab] MDTT (c = My, /Mg )

0.014 [lab] (0.01 to 0.03

Critical state Ae in [3]) MDTT that approach critical state
o 0.78 [lab] (0.72 to 0.90 Void ratio atp, = 1kPa. MDTT that
po in [3]) approach critical state
& 115 [Iggglég'[?ﬁ;)r most MDTT that approach critical state
Yield 0.015 [4] (0.02-0.05 in -
surface m [1] and 0.06-0.07 in [3]) Fitting (MDTT)
ho 7.05 [4] Fitting (MDTT)
) c 0.968 [4] Fitting (MDTT)
Plastic "
modulus nb = ln(%)/lz”b , Where?? andM? are the
n® 3.5 [lab] (1.1 in [2]) values of andn at a drained peak stress
ratio state
MDTT — good quality stress dilatancy data —
. volumetric strain vs deviatoric strain in a
4o 0.932 [lab] (0.704 in [2]) constant p drained triaxial test (befares
Dilatancy activated4, = 4,)
nt = ln(%)/'yd , where?? andM¢ are the
n? 1.5[lab] (3.5in[2])  values of¥ andn at a phase transformation
state
Fabric- . 4 [4] (4-5 for most sands Fitting (CUTT) —n must exceed¢ so that
dilatancy max in [1]) the evolution ot is activated
itti - d
tensor c 600 [4] Fitting (CUTT) -n must exceed® so that

the evolution of is activated

MDTT - monotonic drained triaxial test; RCT - resnohaolumn test; CUTT - cyclic undrained torsionaitte



4.2.2. Parameter Sensitivity Analysis through Numericah@ation of CUTTs

Here, the consolidation phase was modelled sinitartriaxial tests. Then, in the shear phase,
pore pressure was set free at all nodes and togsnedre fixed in the horizontal directiay) (
Displacements were applied at the 4 top nodes éncthorizontal direction, according to a
cyclic sine function, with a frequency of 1 Hz antich amplitude increases progressively up
to +0.03 m (x1x10, +5x10°, +1x10% +5x10% +0.001, +0.003, +0.006, +0.01, +0.02 and
+0.03 m).

Sensitivity analysis in the pre-liguefaction phasas performed for three different confining
pressures: 100, 200 and 300 kPa. Parameieend z,,,, weren't considered in this phase
because they only have influence on liquefactisspoese. From the analysis of 3 cycles
gradually approaching liquefaction, it was concllidhat the most relevant parameters for
cyclic response ar&,, m, h, andcy,.

In Figure 8, the normalized stress paip.ons VSP/Pcony for the pre-liquefaction phase and
the pore pressure ratio change during the sheaephee shown, considering the effect of
changing parametét, in the response.
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Figure 7 — Simulation results considering variatibm model parameter (ugy; down -4,)

Sensitivity analysis in the liquefaction phase wen performed. In Figure 9, the normalized
stress patly /pcony VSD/Pcons fOr 3 cycles in the liquefaction phase is presgntensidering
the influence of varying, in the response. In the liquefaction phase, irheacle, the pore
pressure ratio should reach a value near one st skrain should follow the applied cyclic
displacements. However, due to convergence probtdnise M-D model, the pore pressure
ratio varies significantly, with its maximum valgecreasing and moving away from one and
shear strain doesn’t follow the applied cyclic thsements (Figure 9). Thus, it wasn’t possible
to determine the relative importancecgfandz,,,, in cyclic response. Further improvements in
the M-D model are deemed necessary, which are rdiyranderway at the University of
Washington, Seattle, through implementation ofRM#Sand model in OpenSees.
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Pore pressure ratio variation - after initial liquefaction
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4.3. Fittingthe Modéd tothe Laboratory Results

Hence, the value of parametéys c;, andm still had to be determined. This was done bynfitti
the numerical model to the MDTT results. From teasitivity analysis, the most relevant of
these parameters wag and thenh,. Due to its irrelevant influence on the responsetfie
monotonic sensitivity analysis, the used valuewaias the reference value in Table 3.
Therefore, parametey, was fitted first, followed by,. Small adjustments in? andA4, were
made as well. As a result, the chosen values ®pdrameters were;, = 1.33, hy = 6.05,
n? = 4.50 and 4, = 1.25. These values allowed reproducing the test redoltsdifferent
confining stresses, as shown in Figure 10 for akE¥confining stress.

a/p VS Axial strain &g,
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I

I I
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Figure 10 — Fitting MDTT — 200 kPa confining pressu

5. CONCLUDING REMARKS

An immersed tunnel case-study, supported on ligbédi alluvial Tagus river sands, was
presented, providing context to this work. Therefdo characterize stress-strain behaviour of



Tagus river sand and calibrate the M-D model, teDTWs were executed. Moreover, five
CUTTs were also performed, highlighting dynamicdngbur of the studied sand.

Some parameters of the M-D model were directly rdateed from triaxial tests, while others
(hy andcy) were determined by fitting the model to the latory results, after carrying out a
sensitivity analysis to understand the relevanceeaéh model parameter. Based on the
sensitivity analysis through numerical simulatioh MDTTs, it was concluded that the
parameters with more importance in the responsecara® and 4,. In a joint sensitivity
analysisc, and h, shall be varied simultaneously, as well @s and 4,. Regarding the
sensitivity analysis through numerical simulatidrC&TTs in the pre-liquefaction phase, it was
concluded that the most relevant parameters focytbkc response a@,, m, h, andcy,.

Both the calibration framework and the results led sensitivity analysis presented here can
provide designers and analysis practitioners withuaderstanding of the model parameters
effects’ on its performance and guide them in imp#ating a complex model into their designs.
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