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EARTHQUAKE ENGINEERING



PERFORMANCE BASED DESIGN FOR PORT STRUCTURES

by

Susumu [AI" and Koji ICHIT"

ABSTRACT

This paper presents a performance based des-
ign approach for port structures. The performance
based design is an emerging art, which was born
from the lessons learned from the recent earth-
quakes in 1990’s. This is to overcome the limita-
tion in the conventional seismic design, which was
based on the force balance against a design seis-
mic force. The performance based design is a user
friendly approach to take into account the re-
quirements of the seismic performance of a
structure against the probabilistic occurrence of
earthquake motions. This paper is an initial pro-
posal of the seismic performance based design for
port structures.

Kev Words : Performance, Design, Earthquake,

Quaywall

1. INTROUDUCTION

The performance based design is an emerging
art, which was born from the lessons learned from
the recent earthquakes in 1990’s. This is to over-
come the limitation in the conventional seismic
design. In the conventional seismic design, the
design is accomplished based on the force balance
against a design seismic force but the design does
not provide the information on the performance of
a structure when exceeding the limit of the force
balance. In the performance based design, design
earthquake motions are defined in two levels and
the required performance of a structure specified
in terms of displacements and stress levels is de-
fined for varying levels of the earthquake motions.
The performance based design, thus, should be the
key to accomplishing higher reliability of a struc-
ture against earthquake without appreciable in-
crease In construction cost.

2. Definition of Performance Grades

In the seismic design considering structural
performance, it is necessary to clearly define the
required performance of a structure against design
earthquake motions in terms of allowable dis-
placements and stress levels. The defined perfor-
mance is used as a criteria to evaluate an initial
structural design. If the initial design does not
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satisfy the required performance, then the design
should be modified until it meets the requirements.
The required performance thus defined is called
seismic performance criteria.

The seismic design considering structural per-
formance, called performance based seismic de-
sign, is accomplished according to the flowchart
shown in Fig. 1. Relevant issues in this flowchart
will be discussed below.

(1) Design Earthquake Motions
The levels of design earthquake motions for

port structures are specified, in the two level ap-
proach, as follows.

Level 1 : Earthquake motion having a return
period of 75 years
Level 2 : Earthquake motion having a return

period of 475 years.
Level 2 earth quake motion includes
a near field motion of a very rare
event from an active seismic fault, if
the fault is located nearby.
The earthquake motions having a return period
of 75 and 475 years have a probability of 50 and
10% occurrence, respectively.

(2) Damage Criteria

The seismic performance criteria are defined
by specifying acceptable extent of damage to a
structure against the two levels of design earth-
quake motions. The performance criteria are
specified as a function of earthquake motion levels
as shown in Fig. 2.

The extent of damage, defining the longitudi-
nal coordinate in Fig. 2, is determined by both
serviceability and structural damage. The service-
ability is defined in a broad sense. In addition to
the original definition for sea transport, the defini-
tion of serviceability includes such effects of
damage as threats to hu'man lives and properties,
loss of function as a emergency base for transpor-
tation, threats from hazardous materials, depend-

1) Port and Harbour Research Institute, Japan : Nagase 3-1-1,
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ing on the functions of port structures. The struc-
tural damage depends on a structural type; i.e. the
extent of structural damage to a gravity quaywall
is mainly specified by displacements and tilting
while that to a sheet pile quaywall is mainly speci-
fied by stress states in the structure. The ac-
ceptable extent of damage thus depends on both
function and type of a structure.

The extent of damage shown in Fig2 is
specified in the most general qualitative terms into
three degrees. More specific descriptions for the
extent of damage is defined in Table 1 with re-
spect to the serviceability and the structural dam-
age. The most specific and quantitative damage
criteria will be described in 3 and 4 for each type
of structures.

(3) Performance Grades

The damage criteria defined by three degrees
described above permits to define the performance
criteria as shown in Fig. 2. As shown in this figure,
the performance grades are specified in four
grades, XS, XA, XB and XC, as follows.

Grade XS : The extent of damage remains
degree I for Level 2 motion.
Grade XA : The extent of damage remains
degree I for Level | motion and
degree 11 for Level 2 motion.
Grade XB : The extent of damage remains
degree I for Level 1 motion and
degree 111 for Level 2 motion.
Grade XC : The extent of damage remains
degree 11 for Level | motion.
Collapse of structure, if occurs at
Level 2 motion, does not have
threats to the surrounding.

(4) Importance of Structure and Performance
Grades

The performance grades defined above closely
relate to the importance of structures. A structure
with higher importance requires a higher perfor-
mance grade. The importance of port structures is
generally measured by the seismic effects on
serviceability (in a broad sense) and structural
damage. For example, the importance of port
structures specified in the current Japanese design
code” are categorized into four classes as shown
in Table 2. These classes of importance approxi-
mately corresponds to the required performance
grades as shown in Table 3.

3. Damage Criteria for Gravity Quaywall

In the performance based design, the ac-
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ceptable extent of damage, i.e. the damage criteria,
should be clearly specified based on the function
and seismic response of a structure. The damage
criteria should be generally established by a group
of design engineers with assistance and advice
from the user and owner of the structure/facility.

The guidelines for establishing the damage
criteria for typical port structures will be shown in
3 and 4. These guidelines are for the most general
case, considering a general purpose quay wall
where the seismic damage poses no threats to
human lives, no hazardous material is handled,
without a movable crane, and the sea space in
front of the quay wall is unlimited. Additional
guidelines are offered in 5 for the quay walls
having container and other movable cranes.

(1) Seismic response of gravity quaywall

A gravity quaywall is made of a caisson or
other gravity wall put on seabed, and maintains its
stability by the friction at the bottom of the wall
against the earth pressures from the backfill soil
behind the wall. Typical failure modes during
earthquakes are seaward displacements and tilting
as shown in Fig. 3(a) for a firm foundation. For a
loosely deposited sandy foundation, the failure
modes involve overall deformation of the founda-
tion beneath the wall, resulting in large seaward
displacement, tilting and settlements. A wall with
a smaller width to height ratio exhibits tilting
mode rather than horizontal displacements. A wall
designed with a seismic coefficient of 0.15 in the
pseudo static approach is on the border line for
exhibiting tilting mode and horizontal displace-
ments.

Large horizontal displacements and settle-
ments of a gravity quaywall do not significantly
reduce the residual state of stability, and are con-
sidered generally acceptable for structural damage.
Tilting of the wall, however, significantly reduce
the residual stability, thus providing restrictive
conditions for structural damage criteria. The past
case histories” show overturning/collapse of cel-
lular block and cantilever types. These types of
gravity walls need a careful consideration in
specifying damage criteria regarding overturn-
ing/collapse.

(2) Ttems specifying damage criteria for gravity
quaywall ’

Seismic performance of a gravity quaywall is
specified based on the serviceability in safe
mooring, safe operation of wheeled vehicles and
cargo handling, flooding, and the structural dam-



age exhibiting displacements and tilting (including
relative displacements between the blocks of a
cellular block type quaywall.).

Items specifying damage criteria are the de-
formation of wall including displacements, set-
tlements, tilting, and differential displacements
(winding of a face line), and the deformation at
apron including settlement, differential settlement
at and behind apron, and tilting as shown in Fig. 4.

Damage criteria should be established by
choosing and specifying appropriate items from
the items mentioned above considering perfor-
mance requirements mentioned above. More
specifics are given in the next subsection.

(3) Damage criteria for gravity quaywall

The damage criteria are established, as men-
tioned earlier, considering both serviceability and
structural damage. The criteria for a gravity
quaywall regarding structural damage should be
established by referring to Table 4 with additions
and modification for the specific conditions of a
structure designed. The criteria shown in Table 4
show minimum requirements. Thus, in evaluating
seismic performance by referring to the damage
criteria, if different damage degree results from
different items evaluated, the highest damage de-
gree should be the final results of the evaluation.

The criteria for a gravity quaywall regarding
serviceability should be established by referring to
Table 5 with additions and modification for the
specific conditions of a structure designed. In
particular, Table 5 is a reference for upper limit of
damage degree 1.

As mentioned earlier, the overall damage crite-
ria should be established based on both service-
ability and structural damage criteria established
above.

4. Damage Criteria for Trestle Pier
(1) Seismic response of trestle pier

A trestle pier is composed of a pier and a re-
taining wall. The pier is a system composed of a
deck supported by pile, embankment below the
deck and a bridge between the pier and the re-
taining wall. Typical failure modes during earth-
quakes depends on the relative magnitude of iner-

tia force and ground displacements as shown in

Fig. 5.

Structural damage to a trestle pier is governed
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by stress states rather than displacements. It is
important to determine the sequence and degrees
of ultimate states to occur in the composite system
of a trestle pier. The 1995 Kobe earthquake caused
various modes of damage, including displace-
ments and tilting toward the sea or the land and
collapse at the most serious case”.

(2) Ttems specifying damage criteria for trestle

nior
k)l\,l

Seismic performance of a trestle pier is speci-
fied based on those of a retaining wall and a deck
supported by piles. The seismic performance of
the retaining wall is specified referring to those
for a gravity or sheet pile wall. The effects of
ground displacements, including the movement of
the retaining wall and the embankment below the
deck, should be carefully evaluated for the per-
formance of the deck supported by piles. The
seismic performance of the deck supported by
piles is specified based on the serviceability and
structural damage similar to those for a sheet pile
quaywall.

Items specifying damage criteria are as fol-
lows (refer to Fig. 6).
M Displacements
- deck and piles : settlement, tilting, differential
displacements
- apron : differential settlement between deck and
retaining wall, tilting, fall/fracture of
bridge
B Stresses
- piles (pile top and below mudline)
- deck (deck body, pile cap)
- bridge
Damage criteria should be established by
choosing and specifying appropriate items from
the items mentioned above considering perfor-
mance requirements mentioned above.

The sequence to reach the ultimate states with
increasing level of seismic load should be appro-
priately specified for a trestle pier as follows (refer
to Fig. 7).

1) Pile cap

2) Piletop

3) Deck or Pile below mudline
(within allowable ductility factor)

Structural details for a bridge such as fail-safe
device to prevent fall down or easily repairable
structure should be also important, and, if appli-
cable, a structure to absorb the displacements
from the retaining wall should be introduced. This
could lead to a further development of energy
absorption device for a trestle pier.



(3) Damage criteria for sheet pile quaywall

The criteria for the retaining wall of a trestle

pier should be established by referring to those for
a gravity or sheet pile quaywall.
The criteria for a trestle pier regarding structural
damage should be established by referring to Ta-
bles 4 and 6. The most restrictive conditions
among displacements and stresses should be the
damage criteria. The displacements in Table 4 is
applied for residual displaccments while the
stresses in Table 6 is for peak stresses during an
earthquake.

Structural damage to the embedded portion of
a pile is generally difficult to restore and has a
potential to trigger collapse of a trestle pier, and
thus needs more restrictive ductility factor used
for design. No case histories are reported on brit-
tle fracture of steel piles during earthquakes. The
case histories on brittle fracture of thick steel co-
lumns during the 1995 Kobe earthquake reminded,
however, that it is still necessary to study this as-
pect of the steel piles.

The criteria for a trestle pier regarding service-
ability should be similarly established as for the
gravity quaywall by referring to Table 5.

As mentioned earlier, the overall damage crite-
ria should be established based on both service-
ability and structural damage criteria established
above.

5. Damage Criteria for Quaywall having
Wheeled Cranes

In order to be serviceable after an earthquake,
the quaywalls equipped with such facilities as
wheeled cranes or ferry facilities need to maintain
the serviceability of these facilities in addition to
the basic serviceability required for the general
purpose quaywalls. Safety for human lives should
also be secured. Consequently, the damage criteria
for the quaywalls equipped with wheeled cranes,
etc. should be specified based on additional con-
sideration to those shown in 3. and 4. For example,
the serviceability of the quaywalls having a con-
veyor belt is strongly affected by differential dis-
placements and settlements. The effects of earth-
quakes on ferry wharves needs additional consid-
eration on displacements of quaywalls, fail safe
devices for passenger bridges, etc. to secure the
safety of passengers and the passenger transport
operation.

In this section, the additional criteria to those
discussed in 3. And 4. are discussed, which are
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needed for quaywalls having wheeled cranes such
as container cranes.

(1) Seismic response of wheeled cranes

A wheeled crane consists of an upper structure,
handling cargoes, and a foundation structure, sup-
porting and transporting the upper structure as
shown in Fig. 8. It is generally made of a steel
framework. The foundation structure is either a
rigid frame type (as shown in Fig. 8) or u hinged
leg type, which have one hinge at the level A in
Fig. 8). The foundation structure is supported by
rails through the wheeles. The rails are often di-
rectly supported by a portion of a retaining wall or
the deck of a trestle pier for a gravity quaywall or
a trestle pier. When the width of the gravity wall is
small, or the quaywall is a sheet pile or cellular
type, a separate set of foundations, often a pile
foundation, is provided to support the rails.

A wheeled crane at rest is fixed to rails or a
quaywall with clamps or anchors, whose strength
provides the upper limit for the resistance of the
crane against external forces. A wheeled crane in
operation, however, is not supported with clamps
or anchors, so that the resistance of the crane
against cxternal forces is only due to those from
the friction and the flanges of the wheels.

Typical failure modes during earthquakes are
derailment, detachment or pull-out of wheels,
rupture of clamps and anchors, buckling, and
overturning”. As shown in Fig. 9(a), widening of a
span between the legs due to the deformation of
the quaywall results in derailment or buckling of
legs. Conversely, as shown in Fig. 9(b), narrowing
of a leg span can also occur due to rocking re-
sponse of a crane. This is due to alternating action
of horizontal component of resisting forces from
the quaywall during rocking type response in-
volving uplifting of one side of legs. Derailment
and detachment of the wheel can also occur due to
the rocking. As shown in Fig. 9(c), when a dent or
differential settlement occur on a quaywall below
the crane, the derailed leg can put into it, resulting
in tilting and overturning of the crane. If the crane
has one hinge type legs, the derailment can result
in tilting and overturning of the crane as shown in
Fig. 9(d).

Though the clamp or anchor provides more re-
sistance for the motion against the external force,
the internal stresses induced in the framework of a
crane becomes larger with clamp or anchor than
allowing rocking response.

" The quaywall having wheeled cranes needs a



special consideration on the foundation of the
crane ‘such as for providing a monolithic upper
structure to support the rails.

(2) Ttems specifying damage criteria for the
quaywall having wheeled cranes

Seismic performance of the quaywall having
heeled cranes is specified based on the service-

£

ility of and the structural damage to the crane.
The serviceability of the crane is specified re-
garding the function of upper structure (i.e. cargo
handling) and that of foundation structure (i.e.
transportation and support for the upper structure).
The structural damage regarding the crane is
specified not only by displacements, derailment,
tilting, and stress of the crane but also the dis-
placements and stresses of the rails and the foun-
dation. With regard to the serviceability of the
crane, maintaining the power supply should also

be considered.

3
au

Items specifying damage criteria are as fol-
lows (refer to Fig. 10). For rails and foundation,
the items include rail span, rail winding (including
discontinuity), differential settlement (differential
levels between the rails, differential levels, inch-
nation and vertical discontinuity along a rail),
displacements and stresses of rail foundation. For
a wheeled crane, the items include wheels (de-
railment), vehicles (detachment), clamps and an-
chors (rupture), and displacements of the crane
(derailment, tilting, and overturning) and stresses
in the framework (stress levels, location of buck-
ling, possibility of collapse).

Damage criteria should be established by
choosing and specifying appropriate items from
the items mentioned above considering perfor-
mance requirements mentioned above. More
specifics are given in the next subsection.

(3) Damage criteria for the quaywall having
wheeled cranes

The damage criteria are established, as men-
tioned earlier, considering both serviceability and
structural damage to not only the quaywall but
also the crane and its foundation. The damage
criteria for the quaywall required with respect to
the crane are discussed below. The criteria for the
quaywall with respect to the crane foundation
should be separately established by referring to
the damage criteria for both the crane and the
quaywall.

a) Damage criteria regarding structural damage
The criteria for a wheeled crane regarding
structural damage should be established by refer-
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ring to Table 7. The most restrictive conditions
among displacements and stresses should be the
damage criteria. The displacements in Table 7 is
applied for residual value while the stresses is
defined for peak stresses during an earthquake.

The damage criteria for the quaywall having
wheeled cranes should be established by refer-
ring to the following discussions.

The damage degree I of the quaywall should be
the displacements less than that to keep the
foundation structure of the crane within a elastic
limit. For example, this limit corresponds to the
widening of the leg span of one meter for a rigid
frame crane having a rail span of 30 m. There is

xn Tt For tha damiogn o ;
no limit for the daulasc deéree I foraone h‘lﬂgﬁd
leg type.

The damage degree Il of the quaywall should
be the level difference between the rails within
overturning limit for the crane as well as the dif-
ferential settlements and tilting of the apron
within the same limit. In addition, a measure to
increase the surface friction of the apron can in-
crease the overturning limit of a derailed one
hinged leg crane or a crane having a plastic hinge
at a leg. The required friction coefficient is given
by

U= Oh/H (N

where i : coefficient of friction
oh : expansion of leg span (m)
H : height of the hinge from the apron (m)
(refer to Fig. 11)

b) Damage criteria regarding serviceability

The damage criteria for serviceability of a
wheeled crane should be specified by referring to
Table 8.

The upper limit for assuring the original service-
ability of a wheeled crane is given by Table 9,
which is used as guidelines for daily maintenance”.
This limit can be used as the criteria for a very
important quaywall or a quaywall having a mono-
lithic upper structure to support the crane rails. In
this case, this limit can be introduced as the dam-
age degree 0. The performance grades should be
newly classified in accordance with this new dam-
age degree.

As mentioned earlier, the overall damage criteria

should be established based on both serviceability
and structural damage criteria established above.

6. Evaluation of Seismic Performance



As mentioned earlier, the seismic design con-
sidering structural performance is acoomplished
following the flowchart shown in Fig. |. Thus,
after establishing the performance criteria refer-
ring to the previous sections, the seismic perfor-
mance of a designed cross section should be
evaluated and compared with the performance
criteria.

(1) Outline

Seismic performance is evaluated through
seismic analyses and/or model tests of a designed
structure for varying levels of earthquake motions.
The analyses and/or tests results in an extent of
damage defined as a function of an earthquake
motion level. This curve will be called a seismic
performance curve. Evaluation of seismic perfor-
mance is accomplished by determining whether
the seismic performance curve is included in the
area of the performance grade required in Fig. 2.

For example, if a designed structure has the
seismic performance curve “a” in Fig. 12, the
curve is included in the area of performance grade
XA through Levels 1 and 2 earthquake motions.
Thus, this structural design assures the perfor-
mance grade XA. If a designed structure has the
seismic performance curve “b” in Fig. 12, how-
ever, the curve includes the portion to go through
the area of performance grade XB. Thus this
structural design assures only the performance
grade XB.

(2) Initial design of a structure

The initial design of a structure to be evaluated
for its seismic performance can be accomplished
by any means, including the conventional pseudo
static approach and other innovative design ap-
proaches. An efficient procedure to arrive at the
final design to satisfy the required performance
criteria need the initial design which closely ap-
proximates the final design. The candidate for this
may be given by the conventional pseudo static
approach with appropriate measures against soil
liquefaction.

In the conventional pseudo static design, the
importance factor of a structure is used to scale
the design seismic force. In the performance based
design, the importance of a structure is not re-
flected in the levels of design earthquake motions
but is used in terms of a required performance
grade of the structure. A fundamental difference
seems to exist between the conventional and per-
formance based approaches. The apparent differ-
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ence in these approaches is resolved by referring
to Fig. 13. In this figure, the levels of earthquake
motions which corresponds to the same extent of
damage correspond to the required performance
grades, suggesting the two approaches are basi-
cally consistent with each other.

7. Introducing Performance Based Design

The performance based approach discussed in
the preceding sections specifies a comprehensive
seismic resistance against earthquakes. This ap-
proach will be very useful for establishing enough
seismic resistance with a minimum cost. This
approach, however, is an emerging art based on
the recent earthquakes in 1990’s. It 1s not practical
to introduce this approach to the seismic design of
all types of port structures. This approach should
be introduced step by step by beginning from the
structures of the highest importance such as those
with the special class in Table 2 This approach is
particularly useful for designing the structures
with the following conditions.

When a structure is located at the near field
of an active seismic fault

M When a standard remediation measures
against liquefaction is difficult to apply.

B When a structure is too complex to be des-
igned by the conventional design approach.

M When a structure is a new (i.e. unconven-

tional) type.

If the performance based approach can not be
applied to, it is yet desirable to evaluate the seis-
mic performance in an approximate way based on
the past case histories and the existing results of
the seismic response analysis. The following re-
marks can be useful.

B Structures with the importance factor higher
than the Class B

By referring to the past case histories, it is de-
sirable to avoid the types of structures which tend-
ed to collapse.

B Structures with the importance factor of the
Class C
Effects on the surrounding of the structure
should be evaluated in the event of the col-
lapse of the structure.

In evaluating the seismic performance curve of
a structure, appropriate methods or methodologies
whose applicability were confirmed with respect
to the past case histories and/or model test results.
These methods and methodologies will be de-
scribed in the next chapter. They include simpli-
fied and sophisticated methods. The structures
with higher importance should be evaluated with
sophisticated methods. For example, the structures



of the special class should be evaluated by effec-
tive stress analyses and/or model tests, and those
of the class A can be evaluated simplified methods
as well as effective stress analyses and model tests.
If the simplified methods are used, however, the
applicability of the methods should be confirmed
by using a representative design of structures
based on the results of the effective stress analyses
an model tests.

1)

2)

4)

n
—
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Table | Damage Criteria for Performance Based Design

Extent of Serviceability Structural Damage
Damage (Amount of work | (Amount of work
nceded for temporary | needed for full
restoration) restoration)
Degree | Full serviceability is | No damage,
maintained without | minor damage
temporary restorafion,
or with minor tempo-
rary restoration.
Degree Il Full or partial service- | Intermediate
ability is recoverable | agc
with temporary resto-
ration.
Degree 111 Service is difficult to | Extensive damage
recover until full resto- | without collapse
ration.

Table 2 Importance of structure defined in the current
Japanese design code

Definition
(Seismic effects on structures)

Impartance
of Structure

Special Class
(D ~@than Class A structures.

Structures having more serious effects for

Class A {1) Structures resulting in extensive loss
of human lives and properties upon
seismic damage

(2) Key structures designed scrviceable
for recovery {rom earthquake disaster

(3> Structures handling hazardous mater-

_ials
(@ Structures, if disrupted, devastating

the earthquake damage arca
® Structures, if damaged, being difficult
to restore.

the economic and social activities of

Class B
Class and Classes A & C.

Structures other than those of Special

Class C

than those of Special Class and Class A.

Small easily restorable structures other

Table 3 Importance of structures and Performance Grades

Importance of Structure | Performance Grade

defined in the current for the PIANC seismic design
Japanese design code guidelines

Special Class XA(or XS)

Class A XB

Class B XC




Table 4 Damage Criteria for Gravity Quaywall regarding

Structural Damage

Table 7 Damage Criteria for Movable Crane regarding

Structural Damage

Extent of Deformation Rate Tilting towards the Extent of | Displacement | Stresses in Crane
Damage (¥H) sea Damage gross dis- | upper supporting
& : Horizontal placement of | structure | structure
displacement crane
H . Height of Grav- Degree | without  de- | elastic elastic
ity Wall railment
Degree | less than 3 % less than 3 deg Degree Il | with  derail- | elastic Plastic
Degree 11 3~ 10% 3 ~ Sdeg ment (less than allow-
Degree Il | larger than 10 % 5 ~ 8deg able ductility
(or less than 90 % factor) for main
of critical angle) framework.
Damage to toe
(including pull-
Table 5 Damage Criteria for Upper Limit of Degree 1 out of wehicle,
regarding Quaywall Serviceability fracture of an-
chor/brakes)
Main Body Settlement 30 < 30cm Degree II1 | without ‘ plastic without collapse
of Quaywall il N overturning (less than
ilting towards the sea 2 3 deg allowable
Differential Horizontal | 20 ~ 30 cm ductility
Displacements factor)
Apron Differential Settlement | 3 ~ 10cm
on Apron Table 8 Damage criteria for crane regarding serviceability
Differential Settlement | 35 ~ 70 ¢m
behind Apron Extent of | Serviceability Level
Tilting towards the sea 2 ~ 3deg Damage
Degree I | Full serviceability is maintained with or
without minor temporary restoration.
Degree 1 | Limited serviceability is restored with tempo-

Table 6 Damage Criteria for Pile Supported Pier regarding

Structural Damage

(Criteria with respect to Stresses)
(When pile cap should be the first to yield.)

rary restoration.

ability to move.)

(Limited serviceability does not include the

Extent of | Stresses in pile supported pier
Damage Deck Piles
pile cap main pile top below
body mudline
Degree | elastic elastic elastic elastic
Degree I | Plastic elastic elastic elastic
(less than
allowable
ductility
factor) N ]
Degree 11l | Plastic Plastic plastic plastic
(less than | (less than | (less than | (less than
allowable | allowable | allowable | allowable
ductility | ductility | ductility | ductility
factor) factor) factor) factor)
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Table 9 Damage criteria for upper limit of degree 0 (no
restoration needed) for crane serviceability
(Allowable limit for ordinary maintenance)

Items to be evaluated

Allowable Limit

land side rails

Rail Span L (L <25m) +10 mm
(25m =L=40m) | £15mm
Level difference between sea and | L/1000

Curving in vertical direction
Curving in horizontal direction

Smmper10m
5 mmper 10m

(vertical and horizontal) Gap

Inclination 1/500
Rail joint I'mm
Differential Displacements Smm
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Fig. 3 Dcformation/Failure Mode of Gravity Quaywall

Fig. 1  Flowchart for Performance Based Seismic Design
Extent of Damage Importance' Higher
‘ Settlement of Apron
Differential Settlement at Apron
11 Tilting :
C

Hori .
orizontal Displacement Differential Settlement

Settlement t ] .
Differential Displacement benind Caisson

1

XS

Level 1 Level 2
Level of Earthquake Motion

Extent of Damage
I : No Damage or Minor Damage
I : Service Recoverable with Temporary Disruption
I : Extensive Damage without Collapse

Fig. 4 ltem to be evaluated for Gravity Quaywall

Fig.2  Schematic Figure of Performance Grades XS
through XC
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Differential Settlement
(between Deck and Retaining Wall)
Fall of Bridge

Horizonta! Displacement

Settlement Items to be evaluated for
Tilting Retaining Wall :
Differential Displacement Refer to those for Gravity/
N Sheet Pile Quaywalls
AN Tilting of Deck |
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(a) Deformation due to Inertia force at Deck ] E/
Pullout Displacement for
Battered Piles
(a) For displacement performance criteria
Stress in Bridge
Items to be evaluated for
Retaining Wali :
Stress at  Stress in Deck Refer to those for Gravity/
Pile Cap ! Sheet Pile Quaywalls
H : ‘
= L °
Stress at |]: iR
Pile Top |i: i -
. P
—4/
=
Pile Stress at
Embedded Portion ]
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(<) Deformation due to displacement of loose subsoil

Fig. 6

Fig. 5 Deformation/Failure Mode of Pile Supported Pier

(b) For stress performance criteria

tem to be evaluated for Pile Supported Pier



@Yielding at

Pile Top

@Yielding at Deck
PileCa[;O\:’:._.._\l T T

@Yielding at

P/’
=
@Yielding at
Embedded Portion L

Fig. 7

Acceptable Order of Yielding for Pile Supported Pier

girder _]E_upper structure

seaside landside

supporting structure

‘Fig. 8  Schematic figure of Movable Crane
(a) Widening of Span between the Legs (c) :(i)l:i:ja;foirane due to Differential Settlement of
Fig.9 Deformation Mode of Movable Crane - Fig.9 (Continued)
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(d) Overturning of One Hinged Leg Crane due to

Rocking/Sliding

Fig.9  (Continued)
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Overall Displacements of Crane
(Derailment, Tilting, Overturning, etc.)

Stresses in Framework
Buckling Location
Local buckling and
Gross Stability

Vehicle (Derailment)
Vehicular Mechanism
(Pull-out)

Anchor/Brakes(Fracture)

i i
Fqundation of Crane Rails E::: \?\zigin 9
Displacement and Stress Differential Settlement
Difference in Land/Sea side
rail levels
Up-down curvature of rails
inclination of rail

Fig. 10 Ttems to be evaluated for Crane

Fig. 11" Schematic figure for evaluating overturning of using
Eq. (1)



Structure b

Structure a
Extent of Damage

111

11

Level 1 Level 2
Level of Earthquake Motion

Examples of Seismic Performance

Structure a : Satisfy Performance Grade XA
Structure b : Satisfy Performance Grade XB

Fig. 12 Examples of Seismic Performance

Extent of Damage Importance. Higher
111
XC
m XB
XA
I XS
Leyel 1 Level 2

Level of Earthquake Motion

Levels of Earthquake Motion
depending on Performance Grades
for Equal Damage Extent

Fig. 13 Levels of Earthquake Motion depending on
Performance Grades
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