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ABSTRACT: The Incheon Bridge, the longest bridge of Korea Whigs opened to the traffic in 2009, is an intégrabf several special
featured bridges and the major part of the bridgesists of cable-stayed spans to cross the Yelkav 8ll the foundations consist of drilled
shafts, large diameter bored pile foundations wiwehe penetrated into the bedrock under the seabsihgle pile-bent type foundation
system was selected as well as the pile-cap typedftions. New design scheme according to the LR&& (& resistance factor design)
specification was implemented for the project. Esmation of bearing capacity and settlement ok socketted drilled shafts was carried
out based on the understanding of the site comditiee ground properties and pile load test resillte results of the load tests were
thoroughly analyzed by a number of experts to datex the resistance factor, giving a unique opmityuto improve the current LRFD
concept in Korea. Geotextile tubes to block seawatre made to construct the foundation at thesfosee site whose tidal difference
between ebb and flow was so large. Rip-raps whiate wesigned by physical modeling and analysis pireasl around the pile to prevent
the scouring of the foundation. Circular dolphirustures made of the flat sheet piled wall andillaef aggregates surround the piers near
the navigation channel to protect the bridge agafres collision with aberrant vessels. The struatdesign of the dolphin as a ship impact
protection system was performed with numerical ys®s of which constitutional model was verified thg physical model experiment

using the geo-centrifugal testing equipment.
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1. INTRODUCTION

The Incheon Bridge is an 18.4 km long sea-crossinidgée
connecting the Incheon International Airport withe texpressway
networks around the Seoul metropolitan area (Figywr&his bridge
is an integration of several special featured kagdgnd the major
part of the bridge consists of cable-stayed sp&nis. marine cable-
stayed bridge has a main span of 800 m wide toscitos vessel
navigation channel in and out of the Incheon Port.

Although superstructures of the bridge are rfasltus, all the
foundations for the bridge consist of large-diamel#lled shafts, a
kind of the cast-in-place bored pile. Drilled shpfte foundations
were penetrated into the bedrock to support theossal
superstructures. The bearing capacity and defoomeiti
characteristics of the foundations were verifietbtigh the static
load tests using 8 full-scale pilot piles and 2 kg piles. A single
pile-bent type foundation system was selected dsasmé¢he pile-cap
type foundations. Horizontal load tests for theepikere also
performed to find the lateral stability of the falation.
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Figure 1. Location of the Incheon Bridge

Rip-raps which were designed by physical modelarg
analysis are spread around the pile to prevenstioaring of the
foundation. Geotextile tubes as a cofferdam to lokeawater were
made to construct the foundation at the foreshiieevehose tidal
difference between ebb and flow was so large. Girecll type
dolphins surround the piers near the navigatiomobhto protect
the bridge against the collision with aberrant etssEach dolphin
structure consists of the flat sheet piled wall anfilled aggregates
to absorb the collision impact. The structural gesias performed
with numerical analyses of which constitutional mbdas verified
by the physical model experiment using the georifagtl testing
equipment.

Geotechnical analysis and designs of the foundafwnthis
epoch-making bridge including the auxiliary struets are
introduced in this paper.

2. DESIGN CRITERIA

There are two main philosophies of civil enginegridesign:
Working or Allowable Stress Design (WSD, ASD) and
probabilistic-based limit states design. Ultimateesgth design or
load factor design locates somewhere between thige
methodologies. LRFD, a relatively new development divil
engineering design, especially in geotechnical regmying, is a
reliability-based limit states design methodologfhe most
conventional and general method for geotechnicaigds is the
ASD In ASD or WSD, the stresses in members undeticgeloads
are compared to an allowable stress divided byctoifaof safety.
The factors of safety used in ASD are based oneqstrience and
engineering judgment, not specific consideratiothefuncertainties
involved in design. There is only one factor toaaa for all the
uncertainties that may be encountered in loadgesigtance.

New design scheme of bridge by LRFD was implesztiior
the Incheon Bridge project. Incheon Bridge is thst faroject of the
AASHTO LRFD applications to both the superstructuaesl the
substructures of a bridge in Korea. Basic conceph®fLRFD can
be described in equation (1) as follows:
2rQsz2gR 1)

In the equation@), is nominal load an&; is nominal resistance,
ri is load factor andy is resistance factor. Nominal resistaftés
corresponding with the allowable stress evaluated$D. In the
LRFD philosophy by this equation, design loads amdased and
design resistances are reduced by multiplying epective factors;
namely,r; (> 1.0) andg (< 1.0). Foundations are proportioned so
that the factored resistances are larger than abmred loads. In
ASD, it needs only to decide the global factorafesy. For example,
the safety factor for a bridge foundation typicalipuld be 3.0 in
design stage without load tests. In LRFD, it is p8akto find the
values ofr; andg. The key improvements offered by LRFD over the
traditional working stress design (WSD) are thditgtiio provide a
more consistent level of reliability between diéfat designs and the
possibility of accounting for load and resistancecartainties
separately (Foye et al., 2006). Limit states desjgoroach provides
a consistent design manner between structural eegnand
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geotechnical engineers and it also possible to naakational and
consistent framework for design and risk managenoéndesign

uncertainties. However, from the early 1980s whenlimit states

design for the foundation was first introduced iforth American

engineering practice, this kind of design conceggt hot been well
accepted by geotechnical engineers. Moreover, iois easy to

define the value of resistance factpiwhich can be influenced by
geotechnical characteristics of the ground, effoftquality control,

skill of engineers, and various factors during desiand

constructions. Loads and load combination accortbntipe Korean

design codes as well as the AASHTO design spetidita were

additionally applied into the design to considee tdomestic

conditions.

At the beginning of the project, many kinds bé ttest and
investigation were carried out to find out the dasparameters
accounting for the detail design. Especially, a bamof full-scale
static pile load tests were conducted for bothdfighore sites and
the onshore areas not only to determine site dpemkistance
factors but also to remove any excessive margirthef stability
came from the conventional ASD practices. Literattgviews and
researches to grasp the changes in the AASHTOf&adicins were
also zealously undertaken. And several countermeaswere
introduced to guarantee the reliability of thetfitlRFD design in
Korea. Additional subsurface explorations were WWiddone to
verify the design and high-level quality controlere applied into
the field site during the construction to secure tliability of the
design. Comparison with results by the ASD scheme waigo
fulfilled at the preliminary design stage.

3. SITECHARACTERISTICS

Geotechnical investigations including in-situ testsd laboratory
tests were performed along the bridge alignmentfind the

engineering characteristics of the ground. Seisuaiwvey using the
Bubble Pulser, the Chirp, and the Sparker systemshensea
provided the subsurface sedimentary structure nmdtion. The
comparison between the analysis of seismic da¢abdinehole data,
and the laboratory testing data enabled to claghify subsurface
layer stratigraphically and to get accurate proesrof the ground.
Differential GPS positioning techniques replacednvemtional

methods in performing area surveys. The surveyelessd barges
were controlled by monitoring system with DGPS ataligation

Program. Predetermined boreholes drilled as NX-glzmmeter 76
mm) and self-elevating-platform barges with legstafied with

hydraulic pressure jack were used to get overrhleinent weather
conditions and tidal differences in the offshorte.siSteel casing
pipes were installed to the weathered rock laygrédect the bored

hole and boring was continued to the depth more ghtimes of the
pile diameter from the pile tip. During the testring, standard
penetration test (SPT) was performed at 1.5 mvatgiin soil layers
and weathered rock layer. In alluvial deposits,istodbed samples
were obtained in clay layer using a thin wall tuReck core sample
were recovered by using a double, or triple corerebawith a
diamond bit. Various kinds of in-situ tests for g@l and rock were
carried out to find the engineering characteristesl laboratory
tests were also conducted with obtained specimeajoivmethods
of the site explorations are summarized in Table 1.

The basement of the site consists of Precambrigamuaephic
rocks, Jurassic igneous and sedimentary rocks, @redaceous
volcanic rocks. So, major types of the rock areagdsic biotite
granite, gabbro, granodiorite, and K-feldspar gearnThe basement
rock was later intruded by aplite, pegmatite, imediate and acidic
dykes. Biotite granite, which consists of most af tasement rock,
shows fine to coarse grain size and equigranularoarfoliated
texture. Regional lineaments were investigated bynparing
Landsat image (30m) with geologic maps. Lineamevese found
as trend of faults that were formed during Juraasit Cretaceous in
age. The subsurface ground was stratified with meadieposits (clay,
silt and sand; thickness 15-30 m), residual saih@s thickness is up
to 20 m), weathered rock (RQD is 0 to 20 %; thicknissup to 20
m), soft rock (bedrock) and hard rock layers fréva surface. There
was a reclaimed layer locally at some working aFégure 2 shows
a ground profile at the main span section of thdgder route. Depth
of the sea is about 20 m under the cable-stayelgdi(CSB). Index
properties of the soil layer are summarized in &ghl SPT results
of the cable stayed bridge site versus the degtiplatted in Figure
3(a). Difference between each layer from the sdadpasit to
weathered rock can be recognized. Undrained sleargshs of the
clayey soils obtained from the triaxial compresstest with UU
conditions, G, are shown in Figure 3(b). ,&increases as depth
increases.

Marine deposit layers at the top of the seabedhwash formed
by erosion, transportation and sedimentation ashal turrents that
result in complex depositional patterns. The realidwil layer was
formed by weathering of rocks. The weathered raglel preserves
the original macroscopic features. The boundary wétsidual soil
layer was defined by N values (50 blows/ 15 cmjhaf SPT with
additional considerations from physical observatiorhe soft rock
layer is relatively fresh and has higher strenggntthe weathered
rock. The boundary with weathered rock was declied@CR (total
core recovery), RQD (rock quality designation), diestrength,
weathering status and fracture conditions.

Table 1. Geotechnical investigation methods inltitheon Bridge project

Types

M ain methods of siteinvestigations

In-situ tests and

Test boring / Standard penetration test (SPT) witbrgy measurement
Field vane test (FVT) / Piezo-cone penetration (€BXT)
Pressuremeter test (PMT) / Lateral load test (LLGpodman jack

samplings Borehole shear test (BST)

Disturbed and undisturbed sampling for soils aruso

Index properties / Tri-axial compression test (@W, CK,U, Cyclic)
Laboratory tests Unconfined test / Resonant column tests / Point tead

Consolidation test (oedometer, Rowe cell)

Geophysical surveys

Seismic survey on the sea and the land (Tomogrdpdiyaction, Reflection, Suspension logging)
Electric resistance survey / Density logging
Bore-hole television (BHTV) / Bore-hole image prodegqBIPS)
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Figure 2. Ground profile with boring log at the mapan of the cable-stayed bridge

Table 2. Basic index mujes of the soil in the field

Items Clayey Sail Sandy Sail
Specific Gravity 2.67-2.79 (2.72) 2.58-2.76 (2.69)
Finer passing the #200 (%) 47-100 (91) 1-99 (45)

Atterberg limit (%)
W: water contents, LL: liquid limit
PL: plastic limit, PI: plastic index

W: 17-48 (33), LL: 26-75 (37)
PL: 15-33 (23), PI: 2-53 (15)

W: 12-41 (27), LL: 25-56 (30)
PL: 21-32 (24), PI: 1-31 (6)

N value from SPT (Blows / penetrated depth)

Undrained Shear Strength, C,, (Mpa)
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Figure 3. Results of SPT and UU-triaxial testla¢ ¢able stayed bridge site

Ground profile or layer can be recognized by seismave
velocity. Figure 4 shows the result of suspensiSAdyging survey
using E2-2 borehole at the CSB site. The locaticth 8RT results
are depicted in Figure 2. Velocity profiles of Pweaand S-wave
can be compared with the ground classification®micg to the Rock Mass Rating (RMR) from the pressuremeter testing a
SPT results. Dynamic modulus of elasticityy Bnd dynamic Goodman jacking at the bed rocks. It is obvioug tteformation
modulus of shear, Swere evaluated from seismic wave velocitymodulus is closely related with the RMR.
data. They are also shown in Figure 4.

Pile foundations of the Incheon Bridge were desigtoesupport
the vertical load by the bearing capacity mainiynayated at the

rock socket. Therefore the strength and deformatimaracteristics
of the rock layer were important to the design.| &ojers over the
rock strongly influenced on the lateral behaviothadf pile. Figure 5
shows the relations between the deformation modiysand the
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Figure 5. Relation between deformation modulus andRRiMsoft rock (left) and hard rock (right)

4. DESIGN OF DRILLED SHAFT FOUNDATIONS

Incheon Bridge is supported by large-diameter drillshafts
socketted into a base rock layer. A drilled shafa ikind of the pile
foundation that is constructed by placing fluid cate with rebar
cage in a excavated hole. The main function ofdtiéed shaft is
same as other deep foundation which transfersceéttad through
weak ground to relatively strong stratum. It hasrbalso useful to
resist large lateral or uplift loads when deformatiolerances are
small.

Diameter of the drilled shaft for the Incheon Bridgas up to
3.0 m. Piles were designed to support any loadsdsadl weight
that transferred to the foundation. For the offghbridges around
the main span and overland bridges, a multi-coldoumdation
system with pile cap was applied. Single drilledafsigolumn
system was designed for other offshore bridgedréan the main
span and bridges on the mud flat area. The pilgthewas up to 76
m from the pile cap to the tip and it was determinfeom
geotechnical analysis and penetrated into the rock.

A number of pile load tests (PLT) were conducted &
sections not only to determine site specific loasistance factors in
the LRFD implemented sections but also to
conservativeness in the ASD implemented sectiohsonithe-sea
parts, over 30,000 tons, more than three timesiésegned load was
added to a pile in the world’s largest scale tkss equivalent to 77
Jumbo-747 planes carrying a full load of passengsskages and
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fuel pressing a pile. We also conducted laterad ests on reduced
scale as well as full-scale piles with due consitien of possible

loading situations in which the actual piles, hgviaubstantial

lengths above seabed with pile-bent, are expeotedhject to large
dynamic hydraulic pressure and lateral loads duttiegbridge's life

time.

4.1 PileLoad Tests

A full scale pile load tests using eight pilot gileere carried out in
order to establish criteria for bearing capacityaleation. Bi-
directional load tests including the Osterberg cwlbt were
conducted in order to verify the actual bearingacély of the drilled
shafts. Thanks to the sacrificial loading cell fa¢ €nd of the pile,
upward loading against skin friction and downwardding against
end bearing during the cell's working in two diieats separates the
each resistance parameters. Schematic concepe difi-irectional
load test is depicted comparing with the convemtidesting method
in Figure 6. Strain gauges attached along the gflaft give a
information of skin friction as well as the loadutsfer behavior.
Figure 6 also shows an example of strain gaugeuimsntation of a

remove arpilot pile which penetrated into the hard rock witksing pipe to the

upper part of the weathered rock.
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Figure 6. Schematic diagram of the pile load tési{s) and an
example of instrumentation for the bi-directioradttin the Incheon
Bridge site (bottom)

Three pilot piles with multi-level loading cell dgsn were
experimented to verify the side resistance varyngording to the
depth and the ground type. All the testing reswkse thoroughly
analyzed by a number of experts to determine thistesce factor,
giving a unique opportunity to improve the curré®FD concept
(Cho et al, 2009B; Kim et al., 2007). During constiat an
additional proof load test was conducted to confitme design
assumptions in addition to a series of lateral loests on three
reduced-scale piles and nine as-constructed pilethe site to
confirm the lateral load carrying capacity. For thédge section
constructed by FSLM, the load-transfer characiesstwere
additionally examined by instruments installed gtila with pile-
bent to confirm whether or not the load from thppr structure is
transferred to the foundation.

The examples of the load-displacement curves aangpbottom

of the pressure cell installed at the tip of a pile drawn in Figure 7.

Upward compressive load up to 137 MN and downwaedl lup to
142 MN were applied at the end of this pile.

The estimation of bearing capacity and settlemehtrazk
socketted drilled shafts was carried out basecheruhderstanding
of the site condition, the ground properties and joad test results.
Load-transfer analysis using the readings from gtrain gauge
attached along the pile was performed. An exampléhe strain
gauge installations are shown in Figure 6. Pildesaents predicted
by both elastic modulus and deformation modulusctvhivere

obtained from PMT were compared the measured vatueas
found the settlement estimation using the elasticdutus gave a
conservative result. Figure 8 shows skin frictiond &nd bearing of
the testing drilled shaft of Figure 7.

Very large scale pile load test by the bi-direcsioecheme in
Incheon Bridge project was inevitable and it wao dise only
testing method considering the level of the loadl droubled
offshore conditions on the sea. Although the testse very
successful, it was not easy to cast away the daflite limitations
of the bi-directional method. Some researchers ig8ist that this
kind of test may give a different result companmigh conventional
top-down type static loading test, while there aso many
researches which prove that the results of the IDtest were
similar as that of the conventional static test.
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shaft in Figure 7

From a recent research in Korea, which comparesofmreown
loading tests and bi-directional loading tests adicg to the
coupled load-transfer analysis, bi-directional logd test
underestimated the settlement of the pile. The med@sons of this
result might be due to 1) the separation betweerskim friction and
the base resistance, and 2) the upward directiorthef side
resistance along the shaft. The settlement at tleetip as the
loading along the pile shaft may not be considemedthe bi-
directional test. This can cause an overestimatibithe bearing
capacity. However, that research also concludedt ttre
underestimation of the settlement was not sevetéanpile which
penetrated into very stiff layer like as rocks. &a¥ uncertainties of
the test were taken into considerations and thngesesults were
applied into the design conservatively as stattt.la

Details on the lateral load test, vertical prodatése and load-
transfer tests under the actual bridge load anepski over in this

paper.
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Table 3. Ultimate resistance estimations and cpomdin

settlement by two methods

Test pile A B C D
Davisson Ultimate Resistance_(MN) _ - 190 460 235
Method Settlement at the ultimate resistance (mm) - 10D 525 128
Settlement/Pile-diameter (%) - 4.2 10.4 5.2
DeBeer Ultimate Resistance.(MN) . 160 42 95 66
Method Settlement at the ultimate resistance (mm) 15 2.b 5 5 6
Settlement/Pile-diameter (%) 0.5 0.1 0.2 0.2

42

FHWA method, Davisson (1972) method and DeBeer’'sldag
method (DeBeer, 1970) were reviewed to decide thamate
resistance. Settlement corresponding to the ulémesistance was
more than 4.2 % of the pile diameter by Davissothoa: and it was
less than 0.5 % of the diameter by DeBeer methotlas concluded
that Davisson method may overestimate the settlen@m the
contrary, the method by DeBeer's theory may undenast the
settlement. FHWA defines the ultimate resistancthawalue at the
settlement of 5 % diameter. In the Incheon bridggegt, 1 % of
pile diameter criterion was used to determine #sistance of the
pile to enhance the safety of the mega structdrmelns that the
unit ultimate resistance of a pile correspondethto displacement
equal to 1% of the pile diameter.

When the rock is brittle in side, the residual sheteength of the
socket can be assumed to be zero (AASHTO, 2004oming the
FHWA (1999) researches, in some brittle rocks,dide shear may
develop fully at a small value of displacement @hein decrease
with further displacement. If the rock is ductile shear, both shaft
and base resistance can be added directly. Fromanigsis on the
testing results, when the drilled shaft is embeddet the
weathered rock and soft rock of the Incheon sheasng force can
be mobilized even with large relative displacemesisce the
bedrock has a lot of discontinuity such as joimd partial cracks.
And both skin friction and end resistance can kaeddo calculate
the total settlement of the rock socket. Pile Itesis proved that the
layer of weathered rock and soft rock is ductilstar. In figure 9,
skin friction of these layers keeps on growing dtesghme increase of
the settlement. So, for cases where the pile stiafilacement
exceeded 10 mm, the frictional resistance was etswidered in
addition to the end bearing capacity for the beproapacity
estimation. However, ductile characteristics of Ha#d rock were
not confirmed through the tests. So, only the egatibg of the pile
was considered for hard rock layer.

Bearing Capacity Evaluations

b

—

Unit Side resistance(kPa)

10

40 50

20 30
Displacement(mm)
Figure 9. Skin friction behavior of the socket lire tweathered rock
and soft rock layers

Skin friction of the weathered rock has been veifficdlt to
estimate due to its kaleidoscopic variations. la thcheon Bridge
site, weathered rocks were classified into 3 graageording to the
SPT results. Penetrated depth of the split spooplea when the
blow number reaches the 50 was the criterion ofcthssifications.
A meaningful difference in side resistances of Weathered rock
can be observed in Figure 10. The lower boundaryhef load
testing results was proposed as a design guideurd=ig0 also
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presents the relation between the end resistaratesén the TCR.
This kind of correlations using available field aatsed to give
useful tools to compensate for the limitations afst$ and
investigations. Table 4 is a guideline to evaluhte end resistance
of the drilled shaft on the soft rock layer aniitlso an example to
utilize the TCR, point load strength {Pelastic modulus (g, and
unconfined strength (§j Resistance factor to calculate the end
resistance of the soft rock was set to 0.6. Tabtiimarizes the
resistance factors for the rock embedded drilledftshof the
Incheon Bridge (Cho et al., 2006; Kim et al., 200&sistant factor
for the extreme event state was decided as 0.95idsming the
possible limitations of the bi-directional tests.

Combination of resistance factors of Table 5 andmale
resistance, i.e. end-bearing shown in Table 4 mptiance with the
equation (1) made an actual design of the axiadigdéd pile
foundation.

Based on these guidelines of the bearing capacéyation, the
embedment length to the ground including the bddrotc each
drilled shaft was calculated. The bearing capadiityiles of a pylon
for the cable stayed span is compared with the ilodtgure 11. 24
piles were installed to each pylon of cable stadyedge.
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Table 4. End bearing resistance evaluation tabléh®pile socketted in the soft rock stratum

gu (MPa) P. (MPa) En (MPa) TCR (%) Ultimate base resistance (M Pa) (0}
qu>12 R >20 - - 7 0.6
Qu<12 PL>20or - - [700-13x%(12-g)]/100 0.6

gu>12orNodata P_.<20 - - [700-11.33x%(209j/100 0.6
No data No data E< 2100 - [700-0.22%(2100:5/100 0.6
TCR >80 7 0.6
No data No data No data
TCR <80 [700 - 0.98 x (80-TCR)]/100 0.6
Table 5. Resistance factor for the axially loadeliedr shafts which are embedded to rocks in thédon Bridge project
Resistance factor
Limit state Layer
Skin friction End bearing
50/15cm< N < 50/10cm 0.50 -
Weathered 151 geme N < 50/5¢m 0.60
Strength rock 0.50
Limit 50/5cm< N 0.75
State
Soft rock 0.70 0.60
Hard rock 0.65 0.50
Extreme event All layers 0.95

4.3 Analysisfor Connecting with the Pile Cap

Piles of a bridge pier were connected with a coluhmugh a pile
cap (footing) except for pile-bent system (singlellel shaft
column). Behavior of the pile foundation can beet#ht according
to the connection method between piles and the qdle. This
difference causes a change of the design methodnecCton
methods between pile heads and the pile cap ardedininto two
groups; rigid connections and hinge connectionsstMesign codes
have specified to use rigid connection method fue highway
bridge. In the rigid connection method, maximumdirg moment
of a pile occurs at the pile head and this helpspile to prevent the
excessive displacement (Table 6). Rigid methodsal® good to
improve the seismic performance. Bending momentaada force
at the pile head of the pile cap located in theugtbare shown in
Figure 12 as an example.

However, some of current Korean specifications @iks that
conservative results through investigations forhbibie fixed-head
condition and the free-head condition should bdecefd in the
design. This statement may induce an over-estinasiyn for the
bridge which has very good quality structures va#tsing covered
drilled shafts and the PC-house contained pile &grause the
assumptions of free-head conditions (hinge conoes}iare unreal
for the elevated pile cap system with multiple pit# the long span
sea-crossing bridges. On the other hand, elastplatiement
method to evaluate the pile reactions under the pdp is not
suitable for this type of bridges due to impradtiaasumptions.
External forces in the global structure systemhef pile groups and
pile cap under or on the water are described inir€ig.3. Bending
moments of the pile along the shaft were compari#d @ach other
according to the pile head connection methodsHerelevated pile
cap structure. Figure 14 presented the resultseaflibhg moment
estimation for the conditions of Figure 13. In tfigure, capacity
ratio more than 1.0 indicates the unstable member.

Full modeling techniques which analyze the supecsire and
the substructure simultaneously were performed.dscand stress
state of the very large diameter drilled shaft éimel pile cap for
Incheon Bridge were investigated through the fulbeimg for rigid
connection conditions.

4.4  Constructionsof the Drilled Shaft

The drilled shafts were constructed by a numbemethods with
due consideration of the site and ground conditiGugh as the
RCD method, Beneto method, rotating method, earth rdgthod,
etc. During the construction of drilled shaftsesteasing pipes were
first installed in the decomposed rock layer usigvibratory
hammer with concurrent excavation of the materiassde of the
casings. A rather strict control of the steel cgsimstallation was
adopted by using limits of 1% in verticality witls Thm of deviation
in the actual drawing. Toe locations of the drithaffs were
determined based on the rock quality inspectiorgutare set by the
owner. For a selected inspection pile for each, pier committee on
rock quality inspection directly inspected the raglality. A special
care was exercised for foundations with a pile-tsystem as they
require strict quality control. After excavatiogxcavated soils and
rock fragments were removed and a rebar cage veaalled after
which underwater concrete was poured using a trgoipe to
complete a shaft. A cross-hole sonic logging (CShpwonducted
seven days after the shaft completion to checkpilee integrity.
CSL was conducted for all shafts supporting the ¥psld pylon and
those with the pile-bent in the main navigationrofe of Incheon
Port. For those approach-bridge sections and thaduict section
with pile caps, the CSL was conducted on selectkss.pThe pile
caps were constructed after installing a PC howssegua floating
crane. In addition to the drilled shafts, a numbiesteel pipe piles
with 2.4 m and 1.8 m in diameter were installed tfoe overhead
crane and the large block erections for the side g cable stayed
bridge, jacket platforms, trestle, ship impact petion dolphins. For
the steel pipe piles, dynamic load tests were peed to estimate
the ultimate bearing capacity.

Table 6. Comparison of pile head connections

Connections . Rigid Hinge
(Fixed head) (Free head)
Max. bendlng moment Head of pile Middle of pile
location (ground)
) Small Large
Lateral displacement (relatively) (Reltively)
Degree of .
Indeterminacy High Low
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5. AUXILLARY WORKSFOR THE FOUNDATIONS
5.1 Scour Protection of the Foundations

A foundation of the bridge shall be embedded belovestimated
scour depth, or has an optimal countermeasure stgsiour. The
appropriate measures against the scour can béfieldgsto two
types. One is the increasing the resistance ofnba@rials. The
other is the method that weakens the factors winidhce scour.
The riprap is the most common countermeasure th@anksnple
method of constructions and low cost. Scour prasastwith the
ripraps were planned for piers of the cable stagpdn and
approach bridge span. All the relevant piers camerhave a
group of drilled shafts and the pile cap. Effeatsdolphins for
the ship impact protection were also considereda@ographic
investigations, numerical modeling, scour rate ,tgstysical
modeling with fixed bed and movable bed, and figlonitoring
were performed to design the scour protection atdine pier.
Design flow for the scour protection is shown iguie 15.

Empirical
cohesive sandy deposits was used. Physical modetsgbased
on the non-cohesive model sediments with distosiedlarity.
Numerical modeling was performed prior to the pbgki
experiments using FLOW 3D model which complies ith 3-
D Navier-Stokes equation. Distribution of the scdapth around
the pylon is depicted in Figure 16 with the physioadel.

As the riprap is embanked on the seabed, Isbashsufa
was used to calculate the stable weight of theapidor scour
protection under the flow. Proposed diameters efdfiable stone
for the piers around the SIP dolphins are 50-60) (amd the
gradation of stones in the riprap was suggestedséelnire the
stability of drilled shafts and dolphins, the lateextent and the
thickness of ripraps were decided by the numerizadeling and
the physical experiments. Because the calculatedrastone
sizes of all the piers were smaller than the rigigp, additional
execution of armor stone would not be necessary.

For inland sections of the Incheon Bridge, eithesttes or
cofferdams were used to block the water to the dation
working site. Geotextile tubes were one of alteéuest of the
cofferdam. Geotextile tube is a kind of geotextitmtainers and
it is filled with grain materials by hydraulic puing. Hydration
and cementation of the volume after the filling make tube
have the stability and help it resist external bbad a retaining
structure in and out of the water. Sand, dredgéldospsludge
has been commonly used as a filling material. Gavigineers
have used increasingly in recent years geotextbeg filled with
sand for the retention and erosion protection efiged material
in the sea and the river. Geotextile tube method waoduced
into Korea in the late 1990s. Submersed breakwatergotect
the waterfront against erosions were the first igppibns of this
method in 2001. Temporary road made of geotextibes was
used for bridge constructions on the river in thieusbs of Seoul
in 2003 (Cho et al., 2008). Major advantages of ghetextile
tube methods include its low cost, fast construcspeed, and
environmentally friendliness. For Incheon Bridge stomction
site, a water-sand mixture of 80:20 by weight wa®du for
backfill with sand forms installed between the tapd bottom
tubes to increase the frictional resistance (Fid8e Height of
the road ridge was determined to prevent the oppitg of the
wave according to the Korean design specificatmmtiie port.
And internal crest of the road embankment was desigto
exceed the highest water level. Tubes were stagged 4 layers.
Diameters of the tube were up to 5.0 m.

Sand was selected as filler materials. Table 7Figdre 19
show the preliminary test results to determinefilfey material.
Sand had the advantage of the reducing the filimg and the
stabilization of the shape. Figure 19 shows thee thigight

formula assuming unconsolidated and non-

variation according to the elapsed time and theeria$ after the
filling started (Univ. of Incheon, 2007).

Field instrumentation was conducted for earth pnesspore
pressure, and deformation to ensure the stabifitthe tubes during
construction (Figure 20). Figure 20 presented thethe pressure
changes of the tube during th® Ryer tube injection in the underwater
condition. Earth pressure in thé' layer tube (road-side) was 0.12
kg/cnt before the beginning of the injection into tHE Ryer tube and
it increased with elapsed time of the injectionrdater pressure was
excluded in this value. Earth pressure in tfdayer tube after 6 hours
inflations of the ® layer tube was 0.2 kg/énand it increased twofold
at the end of the filling (0.4 kg/én Earth pressure beneath the sea-
side tube of the 1st layer also changed from OgZéni to 0.51 kg/crh
0.78 kg/cm of the pressure was measured beneath théayer tube
after the injection into the tube and Figure 20idatkes that this
pressure was distributed to th®layer tubes.

6. FOUNDATION
COLLISION

PROTECTIONS AGAINST SHIP

A bridge across the waterway can be merely an olestaom the
viewpoint of ship navigations. So, in waterways vehghip collision is
anticipated, bridges shall be designed to resigh #hpact forces,
and/or, adequately protected by a kind of ship hpaotection (SIP)
systems including dolphins, berms, islands, fendarsther sacrificial
devices (AASHTO, 1997; 2007).

The curved shape of the Incheon Bridge route shawhigure 1
was inevitable to accept the government requekictate the bridge 3
km away to the south from the Incheon Port for shéety of vessels
passing under the bridge. The competent maritiménoaity also
demanded a protective facility around the piersrégist against
collision of very large vessel (up to 100,000 DWaijh the 10 knots
speed. For the SIP design, additional several Bpatidbns were
adopted. They were AASHTO’s Guide Specification &uwnmentary
for Vessel Collision Design of Highway Bridges, USn#yr Corps of
Engineers’ Manual: Design of Sheet Pile Cellulau&tires, British
Standard: 6349 Maritime Structures, and Korean dvesiriteria for
the Port and Fishery Harbor.

6.1 Typeof the Ship Impact Protection System

Dolphin type SIP which consists of steel sheetdoikall and infilling
aggregates were selected for this project. Largemelier circular
dolphins were made at 44 locations of the both efdhe main span
around the piers of the cable-stayed bridge partiigure 22 shows
the alignment of dolphins. Diameter of the dolpisitip to 25 m.

This dolphin is a kind of circular cell structurdlled with
aggregates. It has been used for harbor faciliied cofferdam
constructions. Cross-section and materials of the sBlucture for the
Incheon Bridge are described in Figure 22. The dolpk SIP for the
Incheon Bridge is the circular sheet pile structiiifed with crushed
rock and closed at the top with a robust concretp. Schematic
deformation characteristics of the dolphin strugtuwhich was
penetrated into the seabed ground are depictedyimé=23. SIPs are
sacrificial structures that will be partly or fuljestroyed in the event
of a severe impact. The stopping capability of dedphins involves
huge deformations, non-linear soil behavior andadyic soil-structure
interaction.

Considering failure mechanism, stability assessmesstperformed
for the strength limit state and service limit sta€ircular wall of the
dolphin cell was made of straight web type steelestpile (thickness
12.7 mm, length 500 mm). Gravels and crushed stames decided as
in-filling material. Diameter of the filling matexi was up to 200 mm.
Large scale tri-axial compression test for the lvegsstone was carried
out. The friction angle of the crushed stone adlliag material was
reduced to 38° considering the possibility of caating behavior as
the impact (Cho, 2009).

167



BOTTOM OF SLOPE
[ELEEE)

168

Geotechnical Engineering Journal of the SEAGS & AGSSEA Vol 41 No.4 December 2010 ISSN0046-5828

Physical Model

Test
Input

Input

Py Ci pt Design of
Oceanic | |  Wave Modeling | | Scour Scour Scour Protection &

Investigation Tidal Current Modeling| ~ | Modeling Evaluation Assessment of
Scour Protection Stability
Calibration Verificaton
Scour Rate Scour Long-term Contraction
Test Monitoring Bed Level Change Scour
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6.2 Geotechnical Modeling and Analysis

Numerical modeling by FEM scheme was used to fivel detailed
behavior of the dolphin structure. And geo-ceng#liexperiments
using reduced structure in the laboratory were akswied out to
verify the numerical model. The centrifugal testdhwsimplified

geometry conditions presented the insight in tHeveat failure
modes, the soil-structure-water interaction ingkient of a real time
modeled impact, and the necessary backbone datefrification of

the numerical 3D modeling with actual conditions.

Thanks to this centrifuge test, the global quesiistforce
response of the dolphins for direct comparison whtd response
predicted by 3D FEM analysis was obtained. The @lobsponse in
dynamic impact scenarios for comparison with theasipstatic
experimental results was also found. And it wassitnds to find the
local force-indentation relationship for deep impaausing local
indentation and even damage of the sheet piles @iml., 2007).
The physical model tests considered the behaviarsifigle circular
dolphin with very simplified albeit realistic sdtratification using
homogeneous layers. Thus, emphasis was placed lieving
reproducible testing conditions allowing high chelily of output
and well defined conditions for comparison with themerical 3D
calculations. A fine grained Baskarp sand (graie §iA5 mm) was
used in this centrifuge model. 7 quasi-static ahdljlnamic model
tests for 2 different prototype dolphins were edrout.

Designs were performed with numerical analyses bichv
constitutional model was verified by the physicaldal experiment
using the geo-centrifugal testing equipment. Ther@D-linear FE
models were used to analyze the structural respandeenergy-
dissipating capability of dolphins which were dgepmbedded in
the seabed. In order to be able to treat the latgeber of design
situations and soil profiles the bearing capacajcalations were
also checked using 2D FEA program. It was evaluadked this
would provide a conservative estimate compared whiéh much
more cumbersome and time consuming 3D analysis.edery for
the ship impact it was considered imperative tabke to quantify
and qualify the behavior by 3D dynamic analysesi@i8D FEA
program. As a result of comparison between numlesitalyses and
model tests, a very convincing correspondence Wasrged along
the entire displacement range and it seems thassisg dolphin
behavior by FEM model give more conservative restiian actual
dynamic behavior (Figure 25).
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Figure 25. Comparison of the FE analysis and é@mérifuge test

Dolphin structure itself was also evaluated durithg ship
impact according to the types of the vessel imgéigure 26 shows
the example of dolphin displacement at the impacthle ship bow
and ship side respectively.

6.3 Risk Analysis

Design process flow of the SIP structure is descrilm Figure
27. Total design was divided into 3 parts: traffinalysis, risk
analysis, and structural (geotechnical) analysessél collision risk
was assessed by probability based analysis withHNAS Method-
II. Annual frequency of bridge collapse (AF) wasmuuted for each

bridge component and vessel classification. ThecAf be taken as

multiplication value of the annual number of vesdiaé probability
170

of vessel aberrancy, the geometric probability obllision between
an aberrant vessel and a bridge pier, and the bpildpaof bridge
collapse due to a collision with an aberrant vedset the design of
the Incheon Bridge as a critical structure, the maxn AF shall be
less than 0.0001. The computed AF of the Incheoddgrithrough
the risk analysis for 71,370 cases of the impaehado was less
than 0.5%10* and satisfies design requirements (Lars Hauge. et a
2009; Figure 28).
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Figure 26. Displacement shape of the dolphin
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Figure 27. Design procedure of the SIP
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7. SUMMARY AND CONCLUSIONS

General process and major concerns of the substeuctesign
revolved around the foundations in the Incheon Briggpject were
introduced. Foundations of the bridge consist dfedr shafts, large
diameter bored pile foundations which were penetranto the
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bedrock under the seabed. A single pile-bent tgpadation system
was selected as well as the pile-cap type founasitio

New design scheme based on LRFD concept wasedpfui
the project. Limit states method provided a cossistdesign
manner between structural engineers and geotedlamgaeers and
it also contributed to establish a reasonable freonke for design.
Since it has not been easy to define the valueesiftance factor
which can be influenced by various factors, thdiaption of LRFD
into the foundation design was also a challengadotechnical
engineers. The estimation of bearing capacity atitesnent of rock
socketted drilled shafts was carried out basecherunhderstanding
of the site condition, the ground properties and |niad test results.
The results of the load tests were thoroughly amalyby a number
of experts to determine the resistance factor,ngiva unique
opportunity to improve the current LRFD concept iar&a. At the
beginning of the project, many kinds of the testl amvestigation
were carried out to find out the design parametecsunting for the
detail design. Especially, full-scale static pilead tests were
conducted for both the offshore sites and the aeshmeas not only
to determine site specific resistance factors fsd to remove any
excessive margin of the stability came from theveotional ASD
practices.

Overall behavior of the axially loaded pile whiclasvsocketted
to the bedrock layers was briefly summarized. Asialyf the pile
head connections with the pile cap was presented. dlateral
behavior, displacement characteristics and stracamalysis for the
pile were not dealt with in this article.

Geotextile tubes to block seawater were made tetoact the
foundation at the foreshore site whose tidal déffee between ebb
and flow was so large. Rip-raps which were desigmgghysical
modeling and analysis are spread around the pilpréeent the
scouring of the foundation.

Circular dolphin structures made of the flat sheletdpwall and
in-filled aggregates surround the piers near thegaéion channel to
protect the bridge against the collision with abetrvessels. The
structural design of the dolphin as a ship impaotgztion system
was performed with numerical analyses of which tarsnal
model was verified by the physical model experimesihg the geo-
centrifugal testing equipment. 3D non-linear finglement models
were used to analyze the structural response asd)\edissipating
capability of dolphins which were deeply embeddedhie seabed.
The dolphin structure secures external stability emternal stability
for ordinary loads such as wave and current pressur
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