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ABSTRACT

The authors carried out a comparative analysis
of the regulations for bridge design codes in
various countries, as for required performance
and seismic performance etc. In Japan, the
revision of the Design Specifications of
Highway Bridges to performance based design
is now under study. This comparison analysis
will make a significant contribution to the
revision of the Specifications. The end of this
report concludes with a summary of principal
contents and an outline of future issues.
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1. INTRODUCTION

Around the world, the adoption of
performance based codes is being debated by
many organizations in architectural field and
has been partially completed. In Japan, new
Building Standard Law, that is performance
based standard, will be enforced the beginning
in 2000 and a trial of performance based
ordering of paving work is being carried out.
Performance based design clarifies the
performance that structures require, and a
number of suitable verification methods to be
used to verify their performance have been
proposed.
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In Japan, the revision of the Design
Specifications of Highway Bridges to
performance based code is now under study.
A comparative analysis of the performance
required by bridges under codes in various
countries will make a significant contribution
to this study.

To study the requirements for performance
based design in bridge design codes, the
authors performed a comparative analysis of
the regulations for general bridge design,
required performance and seismic
performance in present bridge design codes in
various countries. Excluding the articles
specifying seismic design in the codes of
various-countries, there are no complete codes
that can be defined as performance based
codes. Consequently, the authors focused and
arranged at terminology such as "philosophy”
and "requirements” in various countries’
codes.

The study dealt with the following codes.
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Regulations and required performance for
general bridge design compared were those
stipulated in the LRFD wversion of the
AASHTO, Eurocode, Caltrans and the revised
edition of the Design Specifications of
Highway Bridges (Japan, now under study).
And the seismic design in the LRFD version
of the AASHTO, Eurocode, Transit Bridge
Manual (New Zealand) and Design
Specifications of Highway Bridges were
compared.

(1) United States of America;

- AASHTO ILRFD Bridge Design
Specifications (1998, 2nd Edition)”
[AASHTO]

(2) European Union;

- Draft prEN1990: Basis of Design (1999)”

- Preliminary Draft EN1997-1: Geotechnical
Design, Part 1 General Rules (1999)”

[Draft EN}

- ENV1998: Design provisions for earthquake
resistance of structures (1994)” [ENV 1998}
(3) State of California, U.S.;

- Memo to Designers 20-1/Seismic Design
Methodology (1999)”

- Caltrans Bridge Design Specifications
(1990y"

- Seismic Design Criteria, version 1.1(1999)"
[Caltrans)

(4) New Zealand,;

- TNZ Brnidge Manual for Design and
Evaluation (1995)" [TNZ]

(5) Japan;

- Revised edition of the Design Specifications
of Highway Bridges (200X)™? [Draft JRA]

2. OVERVIEW OF PERFORMANCE
BASED DESIGN

The term of performance based design is

interpreted in various ways. A broad
categorization of codes that are called
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performance based design places the
following two classes.

In one case, following the arrival of the age
of mega-competition as a consequence of the
appearance of a single world market after the
collapse of the Soviet Union that ended the
cold war, the international community needed
common rules. And they adopted
"performance” as a key word accepted by all
nations. The architectural field has past
provided many performance elements
including seismic, safety, fire resistance and
human-friendly performance. And constraints
applied by regulations and laws by
governments on these various performance
elements are obstacles to international trade.
In the Nordic countries, a movement to
establish "performance” as a key word that
would destroy these obstacles began in the
early 1970s. This movement spread to
England in the 1980s, to Australia and New
Zealand in the 1990s, and in recent years has
been reflected in the revision of the Building
Standard Law of Japan. So based on the
hierarchical character of regulations (or
required performance), the degree to which
they are endowed with legally constraining is
debated. Figure 1 presents a hierarchy of
regulations based on the Nordic 5 level
system'”. The only legal objection is generally

~whether or not a building's performance is

guaranteed and designers are given greater
freedom to decide on the method to verify
their performance. In this case, performance
based design can be interpreted as
synonymous with free design method.

In the second case, the need for developed
seismic technology has been pointed out and
great progress has been achieved based on the
lessons learned from a series of earthquake
disasters beginning with the Loma Prieta
(1989), Northridge (1994) and Hyogo-ken



Nanbu Earthquake (1995). Because, partly as
a result of its technological difficulty, the
limits to the capacity of structures against a
large earthquake were not adequately
explained to owners (or users) who were not
professionals, they fell into the illusion that
most. buildings could withstand any
conditions. -Awareness of this problem
triggered a movement to clarify performance
as a design index that can gain the mutual
approval of owners and designers. Vision
2000'” -that the Structural Engineers
Association of California (SEAQC) rushed to
codify performance that structures require in
the form of a performance matrix. Figure 2
shows an example of a performance matrix.
The horizontal axis is called performance
level, that is corresponding to performance
(equal to limit states), and the vertical axis is
called hazard level.

These movements appeared first in the
architectural field, and it can be stated that at
this time, codes incorporating these
approaches have not been established in
bridge design field anywhere in the world.
Since the Northridge and Hyogo-ken Nanbu
Earthquake, performance requirements related
to seismic performance has been carried out
based on the results of technology
development, but nothing has been done
outside of the seismic design field. Therefore,
a comparison of required performance for
bridge design had been carried out by
focusing and arranging design philosophies or
requirements in various codes.

3. COMPARISON OF PERFORMANCE
REQUIRED AND OTHERS BY BRIDGES

Table 1 presents required performance,
foundation - design, etc. that are stipulated in
codes for four regions, countries, or states.
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The followings are special mentions.

- Because the characteristics of the codes
differ, required performance of bridges is
stipulated from their respective perspectives.
- Because the AASHTO and Draft JRA deal
directly with bridges, the required
performance is specific.

- Burocode is not classified by structural
form; rather by each material used in civil
engineering and architectural fields.
Consequently, the Draft EN does not directly
specify required performance for bridges.

- Caltrans stipulates the basis of seismic
design on the premise that it will be applied
to "normal or standard bridges." The
regulations excluding seismic provisions of
the Caltrans are fundamentally correspondent
to the AASHTO.

- Draft JRA is based on a proposed revision
that is now under study. Consequently, as in
the case of the Draft EN, finally its
configurations and contents may change.

(1} Required Performance

As for the Draft EN, the strict required
performance can not be described, because a
structure has not been specified on the
character of the code. Therefore, in the Draft
EN, the general limit states are stipulated,
substituting with the concrete reguired
performance. In the Draft EN, ultimate limit
state and service limit state has been set. The
former limit state also contains not only
structural safety but also human safety, and
appearance is also included in the latter limit
state.

The required performance of the Caltrans for
large earthquakes for bridges is simple and
concrete, and only collapse limit state of a
structure, this is a kind of ultimate limit state,
is included. In the AASHTO, economical
efficiency, beauty and landscape are



emphasized in addition to safety and
serviceability of structures. To ensure the
safety of bridges, ductility, redundancy and
importance are considered in the code. And,
the performance of serviceability is used for
the wide meaning, including durability,
inspectability, maintenanceability, amenity and
deformability, etc.

In the Draft JRA, it would be specified almost
equal required performance of the AASHTO.
As an examination of economical efficiency,
it would be epoch-making to recommend the
evaluation of life cycle cost of a bridge. Still,
in the design of substructures and seismic
design of the Draft JRA, performance I~III
and seismic performance I~ III would
concretely be set as required performance for
the safety of bridges.

The design of bridges which harmonize with’
beauty, landscape and environment would be
emphasized, as shown in Table 1.

{2) Basis of Design

Ductility, redundancy and importance have
been taken up as the basis of bridge design.
In all codes, ductility in seismic design has
been evaluated. In the AASHTO and Draft
EN, redundancy as a bridge structure has been
noticed, and in the Caltrans and Draft JRA,
redundancy as a road network after
earthquake has been noticed. Importance has
been applied to seismic design for all codes.

(3) Design Service Life

A life is distinguished by service life and
design life. Service life is correspondent to
what is called design service life. Design life
is correspondent to reference period of
18S02394(1998)”, and design life is a period
as a base for caleulating fluctuating loads.

In the Draft EN and Draft JRA, the design
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service life of bridges is shown as 100 years.
On the other hand, in the AASHTO, service
life has been not specified, generally it has
been understood with 100 years. Still, design
life has been specified as 75 years.

(4) Life Cycle Cost

In the AASHTO, life cycle cost has been not
described. In the U.S,, the Life Cycle Design
and Performance (1997)" that has been
prepared by the U.S. Army Corps of
Engineers is the regulation that stipulates the
basic framework for performance based
design applied to public works projects. It
stipulates that engineering decisions should
not do simply minimize initial costs or
maximize reliability that ignores costs, and
demands that designers perform evaluations
based on life cycle cost of an entire project.

The design of highway bridges in the UK. is
based on BS5400 (Code of Practice for
Bridges, BSI) and conforms with many
Government Departmental Standards in the
Design Manual for Roads and Bridges
(DMRB). The code BD36 in the DMRB
provides the method of comparing life cycle
cost (the design service life in the U.K. is 120
years premised on appropriate maintenance).

The Draft JRA is the first code to clearly
stipulate the concept of evaluating the
optimum proposal based on total cost during
service life.

(5) Limit States

Limit States are engineering indices for
checking whether structures satisfy their
required performance. In the AASHTO,
service limit state, fatigue limit state, strength
fimit state and extreme event limit state are
set. Each limit state means the following;

- Service limit state: under usunal service
conditions, stress, deformation and crack are



limited.

- Fatigue limit state: stress width by repetition
traffic loads is limited.

- Strength limit state: for load combinations
which encounter during design life, the
strength and stability of the local and whole
of a structure are compensated for. Though
damages are received, the whole structural
system is maintained.

- Extreme event limit state: for a large
earthquake, flood and the collision of a ship,
the residual capacity of a bridge is
guaranteed.

The basis of seismic design of the Caltrans is
based on the deformation. The purpose of
seismic design is to check the deformation
occurring by a large earthquake, and in the
Caltrans, only collapse limit state is specified.
Collapse limit state of a structure is defined as
a state not resisting to its dead weight, by
generating large deformation.

In the Draft JRA, limit states are not
stipulated, because of using an allowable
stress design (WSD) method.

(6) Basis of Verification Method
The verification equation of a limit state in
the AASHTO is basically provided as the
following.
ZniviQ = oR=Rs
Where:
n=noneni1=0950rn =1/ (nonznN=1.0
v i load factor
Qi: Joad effects
¢ : resistant factor (factor that is multiplied
by nominal resistant force)
Ra: nominal resistant force
Re resistant force multiplied by resistant
factor (design resistant force)

Here, the factor n o for ductility and the factor
7 = for redundancy are used to verify strength
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limit state, and the factor n: for importance is
used to verify extreme event limit state. As
the AASHTO, in future bridge design, the
effects of ductility and redundancy must be
represented by a factor in some way in codes.
The design method of the Caltrans converted
from conventional force based design method
to displacement based design method. In
seismic design, it seems to introduce by and
by this design method.

{7} Load

As shown in Table I, the classification of
loads is different by each code at present. The
classification of the Draft EN is
fundamentally similar to the regulations of
1SO2394. Hereafter, it is required to match
the ISO code.

In the Draft JRA, the effect of salt attack,
effect of corrosion, fatigue by the repetition of
live loads would be newly considered as other
actions and effects.

(8) Foundation Design

In the AASHTO, three limit states except for
fatigue limit state have been checked. In the
calculation of resistance force (design vertical
bearing capacity), resistant factor ¢ A vis
considered. Here, ¢ is the factor which
depends on the estimation method of bearing
capacity, and A v is the factor which depends
on construction management and estimating
system of bearing capacity. In the Eurocode,
such resistant factor is not given. The desired
value of the safety index B in calculating
this resistant factor is 2.0 ~ 3.0, according to
Appendix A'” of Barker et al (1991).

The foundation design of the Draft EN has
been specified at EN1997-1(Geotechnical
design). The MFA (Material Factor Approach)
and RFA (Resistance Factor Approach) have
been proposed as partial design formats of



ground resistant in Draft EN. The design
resistant force Ra based on each approach is
represented by the following equations.

Approach of MFA: Rs = R{X&/ v M, aner)

Approach of RFA: Ri = R(Xx, aw)/y= /&
Where:

Xx: characteristic value of ground materials

v »: material factor

v r: resistant factor

anr: nominal value of geometric quantity

£ : correlation ratio
In the MFA approach, the partial factor v m,
as shown in Table 1, is directly considered in
ground parameters. The RFA approach is used
for the design of piles, and it is similar to the
LRFD approach. The correlation ratioc & is a
factor considering the frequency of in-situ
loading tests.

In the Caltrans, both of SLD (Service Load
Design) and LFD (Load Factor Design)
method are ever used as design methods. The
resistant factor ¢ has been applied to the
latter method. Here, the ¢ is divided in
every Groups (combination of loads), and in
the Group VII (present SDC) including an
earthquake action, factor of 1.0 is applied, and
in other Groups, factor of 0.75 is applied.
There is no relation between ground
parameters and estimation methods of bearing
capacity.

In the present JRA, because the reliability of
bearing capacity of a pile by in-situ loading
tests is higher than that of empirical
estimation method, the correction factor y is
applied to estimate bearing capacity to reflect
the effect it. And, the introduction of the
factor which represents quality and quantity of
ground parameters has been also examining as
future problem. '

4. COMPARISON OF SEISMIC
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PERFORMANCE

Table 2 shows the comparison of seismic
regulations in various codes. Many studies
such as that by Backle (1996)” or NCEER
(1997)",  have compared and considered
regulations in seismic design codes in various
countries. This report adds considerations
from the perspective of international
harmonization and locality of codes. The New
Zealand's TNZ Bridge Manual (1994) instead
of the Caltrans is shown in Table 2.

(1) Basis of Seismic Design

The AASHTO clarifies seismic performance
for two levels: medium earthquakes and large
earthquakes. The ENV1998 and TNZ mention
to traffic functions after an earthquake. The
present JRA on the other hand treats
differences in seismic performance required
according to the importance of a bridge as
basis of seismic design.

(2) Seismic Performance

Because in the AASHTO, the effects of
earthquakes consider only extreme event limit
state as stated in Table 1, the seismic
performance required has been interpreted as
only this limit state. As shown in I) of Table
2, the AASHTO has adopted a two-level
design seismic force, but it is not clear to the
authors whether or not, in practice, this
extreme event limit state is verified for both
medium and large earthquakes. The limit
states in the Eurocode are basically service
limit state and ultimate limit state. In
conformity with this concept, the ENV1998
applies these two limit states to
post-earthquake service and post-earthquake
safety respectively, with the former verified
based on displacement and the latter verified
based on strength of a structure. In the TNZ,
it stipulates, not clarified in the Bridge
Manual, that an earthquake equivalent to an



ultimate limit state with return period of 450
years be considered'”. Based on the
earthquake ‘motion hypothesized by this level
of earthquake, the seismic performance is
specified for small and large cases. The
present JRA combines three Ilimit states,
post-earthquake service, post-earthquake
restoration and .post-earthquake safety with
bridge importance A and B. Judging from
bridge importance, two seismic performances,
post-earthquake service and post-earthquake
restoration (for a case of clags B bridges), and
post-earthquake service and post-earthquake
safety (for a case of class A bridges) are
combined with level 1 and level 2 earthquake
motion respectively.

(3) Importance

Although definitions of bridge importance
differ, they are categorized in two or three
classes in all codes. Categorizations based on
importance are, in the case of the AAHSTO,
reflected in the factor for importance 7 in
the calculation equation for the design load Q.
Importance in the ENV1998 and TNZ is
related to adjusting the return period of design
earthquake muotion for a normal bridge, but
for practical design procedures, the design
earthquake force of a normal bridge is
increased or lowered. In the case of the
present JRA on the other hand, it is reflected
in  differences in the required seismic
performance indicated in h) and in differences
in the safety factor used to decide an
allowable ductility factor. Considered from
this perspective, in contrast to the AASHTO,
ENV1998 and TNZ, the specifications of the
JRA are detailed.

(4) Zone Classification

The AASHTO has set the value A for a
construction site based on the hazard map of
return period of 475 years (10% probability of
exceedance during service life of 50 years).
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The seismic zone has been set as class 1 to
class 4 according to the value of A. This zone
factor has been used 1o establish differences
in required analysis methods, detailed of
bridge piers, and bridge abutments and
foundations design method. The ENV1998
has not set specific zone factors, but the
design ground acceleration ag reflects the
degree of earthquake risk in each nation. The
TNZ has provided the contour map from 0.4
to 0.8 as its zone factor Z. In New Zealand,
instead of the present deterministic hazard
map, the distribution map of maximum
ground acceleration based on a probabilistic
risk analysis would be used as the zone factor

(Figure 3).

{5) Design Earthquake Motion

The AASHTO has set two design earthquake
levels. For a medium earthquake, it is based
on the value of A for return period of 475
years (10% probability of exceedance during
design service life of 50 years). For a large
earthquake, the maximum credible earthquake
{MCE) is considered to be an earthquake with
return period longer than the design
earthquake: an earthquake with return period
of 2,500 years for example. The ENV1998
defines a large earthquake as an earthquake
with return period of 475 years, but regarding
a medivm earthquake, it simply stipulates:
"earthquake activity with an appropriate return
period shall be evaluated." In the provisions
of the TNZ, one level earthquake motion of
return period of 450 years is considered. The
present JRA defines a medium and large
design earthquake motion as earthquake
motion with a high probability of occurring
during the service life of a bridge and strong
one with a low probability of occurring
respectively, but does not stipulate specific
return periods.

(6) Elastic Response Spectrum



The part m) of Table 2 presents the basic
equation for the elastic response spectrum in
each code. Here, only the TNZ uses
non-linear spectrum (yield seismic intensity).
New railway seismic codes issued in 1999, in

Japan, use non-linear response spectrum™.

(7} Load Reduction Factor

The AAHSTO and ENV1998 establish
reduction factors R or q based on the
importance of a bridge and the type of a
substructure as ways to reduce the elastic
seismic force accounting for the non-linear
response of ductile members. The TNZ on the
other hand, has not set a load reduction factor
because it has used non-linear response
spectrum for aliowable ductility factor p (=
1 to 6). The present JRA differs from the
other codes in that it applies the law of
energy conservation to evaluate the load
reduction as the reduction of design lateral
force.

(8) Over strength Factor in Capacity Design

A designer must guarantee appropriate
differences in the safety (hierarchy of
strength) of non-linear members and ductile
members in order to count on non-linear
behavior of ductile members that the designer
intends. In the design of a foundation, the
design lateral force that a factor is multiplied
by the ultimate lateral capacity of the pier is
used. The factor is an over strength factor.
The over strength factor is quantitatively
related to the value of q in the ENV1998. The
TNZ only refers to the capacity design
principles in the NZS4203:1992; it does not
specify a specific factor value. Because the
present JRA provisions regarding the
evaluation of the design lateral force used for
the design of a foundation specifies that it
must be 1.1 times the ultimate lateral capacity
of the pier, it is generally understood that
capacity design is introduced under present
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conditions.

- 6. SUMMARY AND FUTURE ISSUES

The authors have been studying the
performance regulations to compare
specifications for general bridge design and
specifications for seismic design in codes in
various countries. This report concludes with
a summary of principal items and an outline
of future issues.

(1) The design methods adopted by the codes
surveyed include LRFD, LSD and WSD
method. They should be unified in order to
clarify the safety of a structure. The ISO code
concerning design methods for structures is
1802394, and the goal is the L.SD or LRFD
method of partial factors format that is
stipulated in IS02394.

(2) Under present conditions, stipulated
contents that define the required performance
for bridge design varies between the codes.
The stipulated contents and required
performance are hierarchical, and it is
necessary to accompany debates concerning
the extent to which they provide legal
constraining by unifying them based on the
triangle structure shown in Figure 1.

(3) As in the case of the AASHTO, it is
important that in codes the effects of ductility
and redundancy are represented by factors in
some way in future bridge design. '

(4) The code that refers to life cycle cost is
only the Draft JRA. This concept is
indispensable for codes that advocates
performance based design. Design service life
is clearly defined by the Draft EN. It is,
therefore, necessary to clarify the grounds for
setting the service life 100 years for bridges.



(5) The load categorization in the Draft EN
differs from that in the other codes. In the
Draft EN that is based on [S02394 (1998)
and is internationally unified. Future load
categorization and combinations applied in
bridge design should comply with the ISO
code,

(6) As for founuauun design, only the MFA
approach of the Draft EN has considered
partial factors for ground parameters. The
relation between the estimation method of
bearing capacity and resistant factor is
detailed in the AASHTO. In the Draft EN
(RFA approach) and present JRA, the bearing
capacity with in-situ loading tests has been
estimated, accounting for a resistant factor.

(7) The basis of seismic design is, in many
cases, focussed on serviceability, safety and
inspectability after earthquakes. As pointed
out by Buckle (1996)”, the future issues are
to quantitatively represent this using
engineering indices.

(8) Regarding importance categorization, the
JRA reflects importance in differences in
seismic performance, but in the other codes, it
is linked to differences in the value of design
seismic forces.

(9) Except for the TNZ, the other codes set
two levels of earthquake motion. The JRA
actually provides for the performance of two
design levels while the other codes stipulate
verifications against a large earthquake and
practically’ eliminate verifications against 2
middle earthquake. A two-level design
method is more rational than one-level. It is
necessary to study the matter to determine
whether it is necessary for practical designs
accounting for the importance of bridges.
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(10) Excluding the JRA, the others evaluate
earthquake motion probabilistically in the
sense that they all account for return period.
ISO/CD3010 (1999, going one step further,
the uncertainty of earthquake motion based on
probabilistic theory has been accounted as
load factors. Because internationally, research
has progressed from conventional MCE based
deterministic risk analysis to probability
analysis, the movement to introduce
probability theory to the evaluation of design
earthquake motion has gained momentum.

{11) At this time, only the TNZ has accounted
for non-linearity in response spectrum. This
method has been adopted in railway bridge
codes in Japan. After the earthquakes in
Turkey and Taiwan, the evaluation of active
faults has become an important research
theme. The Caltrans has stipulated that the
spectrum be increased by a maximum of 20
% depending on the distance from a fault.

(12) The AASHTO and Draft EN have used
load reduction factors (R value or q value) to
reduce an elastic response value. A particular
characteristics of the latter code is that an
over strength factor used for capacity design
has been represented as a function of the ¢
value. The introduction of LSD method to
seismic design is counted on to provide for
the evaluation of load factors and evaluation
method of rational over strength factors.

In conclusion, the authors wish to express '
their opinion regarding precautions that should
be considered during revision of the present
JRA. As stated at the beginning of this report,
performance based regulations in future codes
is essentially international trends. It is also
necessary to achieve harmonization with
international rules, and IS02394 and 1S03010
codes must be considered as closely as
possible. In this sense, an LSD method based



on partial factors format (or an LRFD
method) including seismic design
specifications should be introduced to the
future JRA. On the other hand, differences in
the safety level of structures and natural
environments, and regional and national
differences in the stock of design and
construction technology, and the level of
engineers are the matters that must be
recognized as localities, and which differ from
items that should be unified. The revision of
the present JRA must be carried out to
achieve performance based design and to
consider international harmony and locality.
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