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ABSTRACT

In the framework of a third Tagus River crossingotugh an immersed tunnel, advanced
laboratory tests were performed on its highly litale foundation sand, namely cyclic

undrained torsional tests. The Manzari-Dafalias ehodhich allows simulating liquefaction

on the Tagus River sand and is, therefore, cemtrahe tunnel design, as well as the
numerical work to calibrate the model and identify most relevant parameters, are
presented. Model parameters, their respective ember values and tests performed to
determine directly most of the parameters, arethiced. A parameter sensitivity analysis,
conducted through numerical simulation of triaxmbnotonic drained tests and of cyclic
undrained torsional tests, implemented both forgresliquefaction and liqguefaction phases,
is described. Finally, some parameters are detedniy fitting the model to the laboratory
results.

Keywords. advanced laboratory tests, constitutive model, erigal simulation, liquefaction,
immersed tunnel.

1. INTRODUCTION

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

Many immersed tunnels are built on alluvial forras in earthquake zones and one of the
main issues in their safety design is precisely tlesistance to foundation liquefaction. As a
matter of fact, displacements of an immersed tuneslilting from a seismic event depend
largely on the behaviour of the surrounding groumémely its stiffness [1]. These
displacements may be amplified by liquefaction aad lead to ground failure if significant
loss of soil strength occurs. Consequences of fiigtien may include loss of lateral or
vertical support, differential movements or rotaip movements due to shake-down
settlement effects (where granular material natui@dnsifies 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 leashthe tunnel joints.

This paper summarizes the laboratory and numewoak 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.
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2. TAGUSRIVER SAND

The immersed tunnel is supported on alluvial Tagues sandswith a maximum thickness of
around 50 m, overlaying Miocenic layers of incregsstiffness and strength with depth and a
basalt bedrock (Figure 1). The river maximum deptbout 30 m.

80

tunnel

a — Alluvial Tagus River sand;
b — Volcanic Lisbon complex;
C — Cretacic unit;
M — Miocenic unit.
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Figure 1. Third Tagus River crossing geologic profile

Tagus River sand is a siliceous, clean and poadgey sand, classified as SP. Its physical
characterization included: a grain size analysetpiining the solid particles densitys;
and obtaining the maximunyy ;,4,, and minimumy g .., dry unit weight.Some physical
indexes are presented in Table 1.

Table 1. Physical indexes of Tagus River sand

Dio 0.20 mm Dsy 0.36 mm Yamax 17.12 kN/nd
Ds 0.28 mm Gs 2.70 Yamin 14.32 kN/nf

The in-situ relative densityD,., of Tagus River sand was determined by using eelation
with SPT values, which were obtained for differbateholes and depths, mainly in the north
shore of the river. Similar SPT values were assuatéde centre of the river as, at the tunnel
site, flow velocities near the bed of the watervaagy small. AD,. of 70% was then obtained.
Admitting a maximum depth of 30 m for liquefactiamiggering, effective confining
pressuresp ., s, ranging from 100 to 300 kPa, were set. AdditipnaD, = 60% (Pcons =
100 kPa) and D, = 80% (pcony = 300 kPa) were adopted to analyse the effect of varying
the relative density. All stresses herein definededfective stresses.

3. CYCLIC UNDRAINED TORSIONAL TESTING

Actuation of the earthquake generates primarilyrenease of shear stresses, which can be
well simulated in a cyclic torsional test. Thuse thain goal of these tests was to characterize
stress-strain behaviour of the sand under cyclailg, in the medium to large range of
strains, including liquefaction, and to obtain paesers for the constitutive model, related
with dynamic behaviour of the soil.

Therefore, LNEC's (Laboratério Nacional de Engerdn@ivil) torsional shear device [2] was
used to perform five cyclic undrained torsionaltse¢CUTTs) on hollow cylindrical
specimens. Table 2 includes dimensions of the spas Hy, 7. o andr; o, as well as their dry
unit weight,y,, relative densityD,., and void ratio after preparatiog,; the chosen effective
consolidation pressurg,,, ¢, and void ratio after consolidation phasg,, .
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Table 2. Cyclic undrained torsional tests data

After specimen preparation After consolidation
Test Ho (M) | 7o (M) | 70 (M) | va (KN/m) [ D, (%) | eq | Peons (kPQ) [ econs
CUT_Dr70_p300| 0.1431 0.0354 0.014y 16.15 68,9 0.640 300 0.551
CUT_Dr70_p200| 0.1433 0.0354 0.0148 16.17 69,8 0.637 200 0.581
CUT_Dr70_p100| 0.1431 0.0355 0.014y 16.18 70,0 0.637 100 0.627
CUT_Dr60_p100| 0.1431 0.0355 0.014y 15.92 60,9 0.664 100 0.652
CUT_Dr80_p300| 0.1433 0.0355 0.014y 16.51 80,6 0.605 300 0.539

After the saturation phase, specimens were isaatipiconsolidated. All tests were subjected
to shear by controlling strain. Strain amplituge, was increased progressively seven times,
using each of the following values during 10 cyclesf 1s ¢ =1Hz):

p, = £5%107, £1x107, £3x107, £6x107, £1.0x107, £2.0x10, +3.0x107.

External and internal confining pressures were kepistant as well as axial force. Changes
on the mean effective confining stress were exehlgi due to pore pressure variation.

Additionally, the final excess pore pressure vatoeresponded approximately to the initial

mean effective confining stress, which meant liqagbn was attained in all cases.

Figure 2 to Figure 4 illustrate the obtained restitr test CUT_Dr70_p100, with B, of
70% and the lowest.,,s of 100 kPa. Initial liquefaction was consideredntave occurred
when excess pore pressure was 95% of the inifiatt®fe consolidation pressure, thus in this
test at cycle 47y( =+0.01 - Figure 4).

In Figure 2, it can be observed that, for the fisgtles, the curves are very close together, but
as the specimen approaches liquefaction straineease and hysteresis loops’ open up
quickly, tending to the horizontal, with their hgstsis area increasing considerably.
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Figure 2. Shear stressy, (kPa) vs shear straipy, (left - cycle 6 (pre-liquefaction); right -
cycle 66 (liquefaction))

Concerning Figure 3, the left plot reflects thedya build-up of pore pressure (Figure 4) as
the effective mean stress reduces. Before iniitalefaction, for each imposed strain, the
decrease ip, as well as the rate of excess pore water pressargnulation, is higher during
the first cycle than during the subsequent cycM®re it is almost constant. This behaviour
has been associated with particle rearrangemenelméhation of local instabilities at the
contact points [3].

The specimen starts failing, as the stress pathoappes the critical stress ratio. As seen on
the right plot of Figure 3, the shape of the strpath changes completely and becomes
“hooked” towards the later stages of the test. 3jecimen reaches the critical stress ratio at
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low g values, because of the high pore pressures gedetaut as strain increases dilation
tendency moves the stress path up the criticad fite¢ (CSL). When stress reverses, dilation
tendency ceases and volumetric contraction tendehisyes the stress path back down
towards the origin, until the critical stress rats encountered in the opposite direction.
Moreover, for each cycle of imposed shear strdimerd are two cycles of excess pore
pressure, which decreases in the dilation phaseadied strain (and stress) reversal, increases
in the contraction phase in both directions.
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Figure 3. q/pcons VSP/Pcons (lEft —Cycles 1 to 30 (pre-liquefaction); righafter initial
liquefaction; CSL — critical state line, PTL — pleatsansformation line, BL — bounding line)

After cycle 20, when a shear strain amplitude of B was imposed, sand began to become
significantly soft andpp/p.ony, at the end of the last cycle with this amplit(dgcle 30),

exceeded approximately 65% (Figure 4).
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Figure 4. Excess pore pressupg (kPa) vs number of cycles (left — full test; rigltetail
after initial liquefaction)

4. NUMERICAL MODELLING OF THE LABORATORY TESTS
4.1. Constitutive M odel

The Manzari-Dafalias (M-D) model was chosen. Thsidding surface model builds upon

previous work by [4], which was extended to accdontthe effect of fabric changes during

loading [5]. In the formulation in triaxial strespace, the yield surface represents a “wedge”
in p-g space, with an opening value2hip and whose bisecting line has a slap@-igure 5).

a andm are stress ratio quantities. The dilatancy lineemghthere is a zero volumetric rate
response, separates the contractant (below thefloma the dilatant (over the line) response.
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Figureb5. Yield, critical (CSL), dilatancy (PTL) and boundihines (BL) in p-q space [5]

The model parameters and respective references/aliech correspond either to laboratory
tests results ([lab]) or to published data in salvezferences about the M-D model ([5], [6],
[7], [8]), plus tests commonly used to determine plarameters, are summarized in Table 3.
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The following parameters of the M-D model were dilg determined from MDTTsG, =
125 andv = 0.3 (elasticity parameters)M; . = 1.46, ¢ = 0.67, e,,o = 0.014, 1. = 0.78 and

& = 1.15 (related with the critical state};? = 3.5 (related with the plastic modulus) and

Ay = 0.932 andn® = 1.5 (related with dilatancy).
Table 3. Manzari-Dafalias model parameters, reference valed published data

Category Parameter Reference value Test
Bhvsical Ya 16.21 kN/n [lab] Physical testing
Y eo 0.634 [lab] Physical testing (Dr = 71.3%)
RCT (small strain measurements),
G 125 [lab] [8]
Elasticity ° '\I/'(DTT
v 0.3 [lab] (0.2t0 0.4 in [7]) MDTT, v = T;’{O Ky =1 —sing
Mg 1.46 [lab] (1.20 to 1.32in [7]) MDTT
c 0.67 [lab] MDTT (c = My /My )
Ae 0.014 [lab] (0.01 to 0.03 in [7]) MDTT that appréecritical state
Critical state i i =
epo 0.78 [lab] (0.72 10 0.90 in [7]) | V0'd ratio atp. = 1kPa. MDTT that
approach critical state
& 1.15 [lab] (0.7 for most sands [6]) MDTT that apgeh critical state
Yield 0.015 [8] (0.02-0.05 in [6] and -
surface m 0.06-0.07 in [7]) Fitting (MDTT)
hg 7.05 [8] Fitting (MDTT)
Plasti ch 0.968 [8] Fitting (MDTT)
asfic n = In(=)/¥? , where®? andM? are
modulus b . mb )
n 3.5 [lab] (1.1 in [5]) the values of? andn at a drained peak
stress ratio state
MDTT — good quality stress dilatancy|
. data — volumetric strain vs deviatoric
Ao 0.932 [lab] (0.704 in [5]) strain in a constant p drained triaxial te
Dilatancy (beforez is activatedd, = A,4)
nt = ln(% /¥%, where?? andM¢ are
n? 1.5 [lab] (3.5in [5]) the values of” andn at a phase
transformation state
. ) . Fitting (CUTT) —; must exceed® so
dli:IZ?anncc; Fmax 4 [8] (4-5 for most sands in [6]) that the evolution of is activated
tensory c 600 [8] Fitting (CUTT) -n must exceed? so
i that the evolution of is activated

MDTT - monotonic drained triaxial test; RCT - resohaplumn test; CUTT - cyclic undrained torsionalttes
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4.2. Sengitivity analysis

Before calibrating the remaining parameters, rdldate monotonic and cyclic behaviour, a
sensitivity analysis was carried out in order tttdreunderstand the relevance of each model
parameter. The selected parameters were namelg thas couldn’t be obtained directly by
laboratory testsm, h, andc,) as well as some parameters that, though obtaiiredtly
through laboratory tests, don’t have a straightsptat meaningn?, 4, andn?). G, was also
considered due to its relevance in the responsgcyarly in the pre-liquefaction phase.

Numerical simulations of laboratory tests, MDTTda@UTTs, were performed using an
existing OpenSees constitutive driver [8], where tHanzari-Dafalias model governing
equations had been implemented. The numerical medslbuilt to perform the described
sensitivity analysis, using a 1x1xT r8SPbrickUP 3D element with 8 nodes. This element
can be used in dynamic analysis of saturated pormoedia with a mixed displacement-
pressurey — p) formulation, based upon the work of Biot as egthby [9].

A variation of £20% of the reference value was wedi for the selected parameters (except
for parameterm, for which, according to several references, 0.00B3 and 0.06 were
chosen). This +20% variation was believed adequateavoid instabilities and non-
convergence of the model. Only the main resultthefsensitivity analysis through numerical
simulation of MDTTs are presented next, since @dscribed in more detail in [10].

4.2.1. Parameter Sensitivity Analysis through NucaéiSimulation of MDTTs

Results of the sensitivity analysis for each mquielameter pointed out that the parameters
that cause a greater variation of the responsecarepncerning peak shear straig n’”
regarding peak shear stress ratiand finally A, concerning peak dilatancy and volumetric
strain at the critical stats,. Then, two related parameter, (with n¢ concerning dilatancy
andc, with h, regarding the plasticity modulus) were varied dtameously. It was shown
that when parameters, andh, are varied simultaneously, variation is fairly greater than
when only one of them is changed. Finally, pairthef most relevant parameters, (with c;,,

A, with n? and ¢, with n?), were also varied simultaneously. It was conallitteat joint
variation of parameterg;, and A, causes larger variation than when only one of the
parameters is changed.

4.2.2. Parameter Sensitivity Analysis through NucaéiSimulation of CUTTs

First, specific boundary conditions for the SSPdie 3D element had to be defined. At the
base of the element two of the four nodes wereifresach horizontal directiorx (or y) and

one was free in both horizontal directions. The topdes were all free. During the
consolidation phase, concentrated forces repregpah all-around confining pressug, s
(100, 200 or 300 kPa) were applied at the free sodken, in the shear phase, pore pressure
was set free at all nodes and top nodes were fikedhe horizontal direction yj.
Displacements were applied at the four top nodeékdan horizontal direction, according to a
cyclic sine function, with a frequency of 1 Hz amtdich amplitude increases progressively up
to +0.03 m (+1x10, +5x10° +1x10”, +5x10% +0.001, +0.003, +0.006, +0.01, +0.02 and
+0.03 m).

Parameters, andz,,,, weren't considered in thgre-liquefaction phaséecause they only
have influence on liquefaction response. From tiayais of 3 cycles gradually approaching
liquefaction, it was concluded that the most retév@arameters for cyclic response in this
phase aré,, m, hy andcy. In Figure 6, the normalized stress pab.onr VSD/Pcons fOr

the pre-liquefaction phase and the pore pressure change during the shear phase are
shown, considering the effect of changing paramgjen the response.
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Figure®6. q/pcony VSP/Dcons Paths (pre-liquefaction) and pore pressure ratiod history
(shear phase) considering variation®@f

In Figure 7, the normalized stress paltpcons VSD/Pcons for 3 cycles in thdiquefaction
phase(corresponding to different applied shear strawels, respectively £+0.01, +0.02 and
+0.03) is presented, considering the influence afymg c, in the response. In the
liquefaction phase, in each cycle, the pore pressafio should reach a value near one and
shear strain should follow the applied cyclic disgments. However, due to convergence
problems of the M-D model, the pore pressure raéines significantly, with its maximum
value decreasing and moving away from one and séteain doesn’t follow the applied
cyclic displacements (Figure 7). Thus, it wasn'sgible to determine the relative importance
of ¢, and z,,,, in cyclic response. Further improvements in theDMnodel are deemed

necessary, namely for the liquefaction phase.
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4.3. Fitting the Model to the Laboratory Results

Hence, the value of parametdrs, c;, andm still had to be determined. This was done by
fitting the numerical model to the MDTT results.oRr the sensitivity analysis, the most
relevant of these parameters wags and thenh,. Due to its irrelevant influence on the
response for the monotonic sensitivity analysis, ubed value of: was the reference value
in Table 3. Therefore, parametgr was fitted first, followed byi,. Small adjustments in?
andA, were made as well. As a result, the chosen vdarebe parameters were;, = 1.33,

ho = 6.05, n® = 4.50 and4, = 1.25.
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5. CONCLUSION

An immersed tunnel case-study, supported on ligbédi alluvial Tagus river sands, was
presented, providing context to this work. MDTTsravexecuted to characterize stress-strain
behaviour of Tagus river sand and calibrate the vh@del. CUTTs were also performed,
highlighting the dynamic behaviour of the sand.

Some parameters of the M-D model were directlyrdateed from triaxial tests, while others
(hy andcy) were determined by fitting the model to the lattory results, after carrying out
an extensive sensitivity analysis. From this serisitstudy, the most significant parameters
to consider for monotonic loading weeg, n?and A4, and, in a joint sensitivity analysie,
and hy, as well ax;, and A,. Regarding cyclic loading, before initial liquef@a, the most
relevant parameters weg, m, hy andcy,.

Both the calibration framework and the resultshef sensitivity analysis presented here can
provide designers with an understanding of the mpdemeters effects’ on its performance
and guide them in implementing a complex model th&r designs.
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