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ABSTRACT

Experience has shown that port facilities, and especially gravity quay walls, aoelpdyt
vulnerable to earthquake related hazards. Motivated by numerous observed cases where gravity quay
walls suffered large displacement and rotation during earthquakes, even in soils not prone to
liquefaction, an illustrative numerical analysis isgmeted for the response of a typical blogke
guay wall section at Piraeus port in Greece. Utilizing the Byrne's elastoplastic constitutive model, an
effective stress dynamic analysis is performed using as seismic excitation two recorded strong motions
of the seismic environment of Greece. The results emphasize the role of exceastgongressure
(negative or positive) buildp during shaking on the evolution of the lateral displacement and tilt of
the quay wall, shedding light on the potential pifdaliat could emerge from a total stress analysis in
which porewater pressure generation is not directly considered. It is shown that when extensive soil
liquefaction does not take place, the negative pore water pressures develop in the backfill hndtigate t
large displacement and rotation of the quay wall.

INTRODUCTION

Gravity quay wall structures have repeatedly suffered substantial outward displacement and rotation
even when subjected to moderate earthquake shakingP{i@akis and Moutsakis, 1989;gan et al.,
1992; lai et al., 1994; Suganoand lai, 1999; Elnashai et al., 2010; Zarzouras et al. Appadently,
due to their nature, these structures are extremely vulnerable to liquefaction and lateral spreading.
Such phenomena may lead to dramatcizontal displacements and rotations, resulting not only to
the failure of the structural component itself, but also to damage to a number efoimected
elements: extreme deformation or failure of piping systems and utilities. The strong rockimayof q
walls (due only to its inertial forces), when founded on a compliant and weak foundation soil in
combination with the oneided action of the earth pressures leads to the accumulation of horizontal
displacement and rotation towards the seaside. Ttasté$ rather amplified due to the current design
practice of quay walls: their seismic design against earth pressures unavoidably leads to large
dimensions of the wall§Okabe, 1926) The increase of their dimensions is a -sifeating and
expensive prposition, as it augments the mass of the quay wall, ultimately amplifying the inertial
forces acting on the foundation s(larzouras et al., 20104 vicious circle that may not serve either
the safety or the economy of the project.

Tilt performance dteria related to container crane operations hamper thefugavity quay
walls for container wharf operations imposed to seismic loading. Conventional practice for evaluating
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their seismic stability is based on (i) psetsdatic (forcebased) approachesd (ii) oversimplified

sliding block (displacemeriiased) methods of analysis, similar to those applied for embankments!
The deformation modes that synthesize the response of the quay wall at large displacements and near
failure conditions: sliding, ovaurning, and bearing capacityiobilization are evaluated separately,
totally neglecting the unavoidable interplay with one another. The-afqeactice assigns higher
factors of safety for overturning and bearing capacity than for sliding, as theserareritical modes

of failure. A key component in the above analyses is the estimation of the seismic active earth
pressure. While the Mononabe Okabe limit equilibrium method is widely used in practice to predict
active and pssive earthquake pressures €kt and Morrison, 1992; PIANC, 20))the method have
limitations, and a generalized limit equilibrium approach has been recommendedNgHRP 12

70 Project Report 611 (Anderson et al., 2008) both methods, however, the influence of soil
liguefacton on the failure mechanisms of the quay wall is completely ignored.

The vital role that quay walls play in the operational capacity of ports, shipyards and other
waterside facilities, increases the pressure to provide more efficient and seismicabyntresiiv
infrastructure or improve the existing facilities through rehabilitation and seismic upgrading.
Optimizing the seismic performance of gravity quay walls requires a deep understanding of the
mechanics that govern their response, and, effectivessamalysis is an essential tool that could
provide a valuable insight into this. Evidently, the whole problem is very complex.dynamic
response ofgravity quay walls is strongly affected by ndinear soil behaviour. Development of
excess pore pres&ag and accumulation of shear and volumetric strains both at the retained soil and
the foundation soil, produces the degradation of the shear strength of the soil which may lead to
liquefaction. The above phenomena are further complicated when accountirgpilfstructure
interaction.

The goal of this paper is to investigate the seismic response oftgfmelgravity quay walls
emphasizing the role of poreater pressure buildp in the soil behind and in front of the wall. Two
subcases are examined: lime first one (hypothetic case) only the hydrostatic conditions are
considered and the possibility of pesater pressure build up is completely ignored. This case serves
as a reference for evaluating the influence of water flow on the system's respmosel(®alistic
case). The comparison is attempted at two performance levels, representing: (a) the corgngéncy
earthquake (475 years return period) and (b) the ultihestd earthquake (975 years return period)
with application to a typical grayitquay wall section at Piraeus port in Greece. To this end, the paper
utilizes the rigorous plain strain finite difference formulation of FLAC2D (ltasca, 2000), along with
Byrne's elastglastic constitutive model for cyclic stresgain soil behaviour.

NUMERICAL MODELING

In the framework of the current research program which aims to the upgrade and retrofit of existing
piers in ports within Greece, pier Il of Piraeus port, built in 22986 was studied. A typicaross
section of pier Il comprising the geomebf the blocktype gravity quay wall and the idealized soil
profile is shown in Figure 1The examined soil profile does not indicate significant liquefaction
potential; perhaps apart from the silty sand layer of medium density situated 3 m belowethéthas

quay wall.

The current 2D section was simulated and analysed numerically using the finite difference
code FLAC 2D (Itasca, 2005Jhe distances of the boundaries from the quay wall are also shown in
Figure 1. Twotypes ofmodels were dynamicallgnalysed:i) model A where the developmeruf
negative or positivexcessore pressurespl, was allowed and properly simulated, and ii) maddel
where hydrostatic pressures were applied initially to establish a realistic geostatic field while further
development ofju during the seismic stage was ignorBdth models incorporated Mohr Coulomb
plasticity model along with appropriate hysteretic dampikgpecially, simulation of model A
involves the constitutive law of Byrne (1991) for pore pressure generation which is incorporated in the
standard MohCoulomb plasticity modelThe waterfront wasimulated through constant hydrostatic
pressure on the quay wall; thus hydrodynanfieats due to sewat er waves were negl
fieldo conditions were used for the outer bounda
quay wall.
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The conéct corlitions betweenthe blocksof the qug wall as wellasbetween he quaywall
and the aljacent soilwere modeled with interfacesallowing for slippage and detzhementvia a
Coulomb fiictional law. Friction codficients wereassumedequalto 0.5and0.7 respetively.

The seismic input motions/ere chosen among the available records from earthquakes in
Greece. The goal was to examine two levels of intensity: a medium and a strong one according to
standards of Greece. To this purpose, the chosen records include Kali@d@&awith PGA 0.269g
and Lefkada (2003 with PGA 0.42g, depicted in Figure 2, along with their acceleration spdttea.
seismic input motios wereappliedat the base of the models.
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Figurel. Idealized soil profile and geometry of pier 2 obflPiraeus port.
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Figure2. Input motions and acceleration spectra.
RESULTS & CONCLUSIONS

The results are presentadFigures 313 through the following graphgi) time historiesof the quay

wall horizontal displacement and rotatjofii) contours of reslual horizontal displacement, lear
strain andexcesspore water pressure ratio, and (iii) displacement vectors and deformed finite
difference mesh.

Numerical result®f both modelsare primarily shown for the higher intensity input seismic motion of
Lefkada (2003), in Figures 3 to Examining initially the deformed grid after the end of shaking,
illustrated in Figure 3, it is evident that the quay wall sustained greater outward displacement and
rotation in case of model (b), where any developmemfofiue to seismic loading was igedr This

is due tonegative exceswater pressure ratiolosely behind the quay wall (Dakoulas and Gazetas,



2007), as indicated by the contours of excess pore pressure yatiofigure 4.The excess pore
pressure ratio,,f is defined as the excess p@ressurequ, over the initial vertical effective stress,
U'v. Figure 4 also indicates significant generation of positive excess pore pneghimahe silty sand
layer of Dr =60% Neverthelessit is evident that no liquefaction occurred in trekfill close 6 the
quay wall.

It should ke noedthat for all casesconsdered no slippageor detachmenbccurredbetween
the blodks of thequaywall, leading totranslatia of the qug wall as arigid body. Interestingly, model
B, without qui, sustained greater outward displacement and rotation compared to model guwith
for all earthquake motions considered. This is attributed to the extensional seaward deformation of the
backfill soil ajacent to the quay wall resulting in a geometrical imposed dilation (negative excess
pore water pressure), which overshadows the tendency of soil for volumetric contraction (positive
excess pore pressure) due to cyclic loading.

Another remarkable obseti@n, for the strong motion record (Lefkada), is ttiet permanent
seaward displacement of the backfill extends all the way to the right boundary of mowigh A,
approximately 70 m from the quay waHowever in case of model B, withoufu, the residual
displacements vanish rapidly after the midwidth of model, at a distance approximately 40 m from the
guay wall. On the other hand, for less strong motions (Kelta), the distribution of backfill
displacements seems to extend to the same distance from the quay wall (Figure 9) despite the larger
outward quay wall displacement of model B, withaat. Thesediscrepanciesn the displacement
patternrender he poblem case spéfic and they could lead to emneous design assumptions and
displacemenbased performance requiremerits deformatiorsensitive inteiconnected elements,
such as piping sfems and container craneaghen the effect of excesspore water pessureis not
explicitly taken hto accaint in theanalyss.
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Figure3. Deformed grid (bluepn top of undeformed grid (yellow) after the end ofkagla 2003 seismic
motion: (a) modeA with caui and (b) modeB with no quu.
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Figure4. Contours of excess pore pressure ratio after the endkddae 2003 seismic motion in case of the
modelA wherequ is allowed to develop.
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Figure5. Shear strain contours after the end of Lefkada 2003 seisationm(a) modeA with qu and (b)
modelB with no qu.



