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Preface

MCEER is a national center of excellence dedicated to the discovery and development
of new knowledge, tools and technologies that equip communities to become more
disaster resilient in the face of earthquakes and other extreme events. MCEER accom-
plishes this through a system of multidisciplinary, multi-hazard research, in tandem
with complimentary education and outreach initiatives.

Headquartered at the University at Buffalo, The State University of New York, MCEER
was originally established by the National Science Foundation in 1986, as the first Na-
tional Center for Earthquake Engineering Research (NCEER). In 1998, it became known
as the Multidisciplinary Center for Earthquake Engineering Research (MCEER), from
which the current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disci-
plines and institutions throughout the United States, MCEER’s mission has expanded
from its original focus on earthquake engineering to one which addresses the technical
and socio-economic impacts of a variety of hazards, both natural and man-made, on
critical infrastructure, facilities, and society.

The Center derives support from several Federal agencies, including the National Sci-
ence Foundation, Federal Highway Administration, National Institute of Standards
and Technology, Department of Homeland Security /Federal Emergency Management
Agency, and the State of New York, other state governments, academic institutions,
foreign governments and private industry.

The Federal Highway Administration (FHWA) is supporting a study entitled “Prin-
ciples of Multiple-Hazard Design for Highway Bridges.” The project objectives are to
establish a number of fundamental design principles and a framework to systematically
expand the current AASHTO Load and Resistance Factor Design (LRFD) bridge design
specification into a multi-hazard (MH)-LRFD. This is carried out by working closely
with Federal Highway Administration experts, the AASHTO Subcommittee on Bridges
and Structures (SCOBS) Technical Committee on Loads and Load Combinations (T-5),
and with selected individuals who were largely responsible for the development of the
current AASHTO LRFD. Several innovative technology developments for the mitiga-
tion of and response to extreme events are also part of this project. These include the
development of software for a bridge damage database, development of a comprehen-
sive framework for MH-LRFD, extreme hazard load effect calibration, multi-hazard
design examples and case studies, traffic optimization software for multiple hazards,
freight movement under multi-hazard conditions, development of a curvature sensor
for bridge health monitoring, and education materials related to multi-hazard resilient
bridges and highway infrastructure.

This report presents the findings of a survey whose purpose was to identify important extreme
load combinations resulting from multiple hazards for which practical design limit state equations
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for highway bridges can be established. The survey was conducted to obtain the opinions of State
Bridge Engineers on the importance of potential extreme hazard loads and their combinations.
A Multi-Hazard Design Workshop, held on April 26, 2010, was organized to review, interpret
and disseminate the survey results to the participants, and to further discuss potential issues in

the development of a MH-LRFD framework. The workshop participants identified five possible
load cases for further study, which are being pursued by the research team.
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Executive Summary

This report briefly describes the recent progress of the current research program at
MCEER sponsored by the Federal Highway Administration (FHWA) on the
establishment of multiple hazard design principles for highway bridges followed by a
more detailed discussion on one specific aspect of the study with respect to establishing a
limited number of extreme load combinations for detailed study. One of the primary
research tasks of the MCEER research program is to establish limit-state equations
involving multiple hazard load effects within the context of the Load and Resistance
Factor Design (LRFD) Specifications (AASHTO 2010), published by the American
Association of State Highway and Transportation Officials (AASHTO) (Lee et al, 2008).
This task compares the importance and design emphasis of the extreme loads as well as
extreme load combinations by investigating the current practice and issues in design. A
survey was conducted among the state bridge engineers that constitute AASHTO’s
Subcommittee on Bridges and Structures (SCOBS) to obtain their professional opinion
on design considerations that are appropriate for their region. The result is an important
reference for the establishment and simplification of extreme limit states.

The development of a framework for LRFD formulation requires three major research
steps: 1) load specifications/resistance modeling, 2) reliability evaluation, and 3)
establishment of limit state equations for design. The proposed Multi-Hazard LRFD
(MH-LRFD) framework share the same underlying philosophy with the non-extreme
LRFD bridge design specification, but the addition of extreme loads inflicts a number of
technical difficulties. Additional guiding principles are required to develop simple and
rational probability-based design specifications. The fundamental principles and
guidelines that are being developed for the establishment of MH-LRFD equations are:

1. Consistent (not necessarily uniform) reliability principle: The attained reliability
index from the MH-LRFD should reflect the bridge owners’ needs, general public
expectations about safety, and bridge life cycle cost. To this end, guidelines are
needed to address the issues below.

a. Temporal distribution of extreme loads
b. Non-Gaussian probability distribution

2. Limit state convention: The results of many probabilistic studies are represented
by a relatively small set of limit state equations (with factors) in design. This
avoids the need for designers/owners to go through the complex probability
computation in the design process. Thus, the following are necessary:

a. Practical set of limit state equations

b. Determination of factors



Creating a set of limit state equations for bridge design requires a delicate balance of
sound theoretical background, accurate risk assessment, and a simple and practical
format. In order to develop a mathematical basis for multi-hazard limit state equations in
the United States that is practical, the research study requires active participation of
AASHTO bridge engineers, design professionals, and researchers. A survey was
conducted and the results were analyzed then further discussed in a Multi-Hazard Design
Workshop.

The workshop discussions and survey will assist in establishment of limit state
equation sets, but they also indicate that there are a few critical load combinations for
which limit state equations should be a priority. This will be used as a reference for the
selection of demonstration cases for the framework. These limit states are under the load
combination of:

e Earthquake and live load

e Scour and earthquake

e Scour and vessel collision

e Earthquake and wind

e Vehicular collision followed by fire

Primary tasks that have been undertaken include:

1. Investigating various design guidelines to obtain potential useful information for
the establishment of limit state equations and practical range of load factors.

a. Existing limit states in practice.
b. Range of load factors in use.

2. Surveying for significant issues and needs in practice: important limit states were
sought to establish design equations and associated factors.

a. Urgent needs in practice related to bridge reliability against extreme loads.
b. Classification of bridge sites and simplification of design requirements.
c. Establishing limit state lists for various bridge sites.

d. Experience in extreme load intensity and load factors.
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Section 1
Description of MCEER Multiple Hazard Project

1.1 Background

In recent years, engineers throughout the world have witnessed many bridge failures due to
natural and manmade hazards. The most significant of these are the devastating collapses of
bridges due to hurricanes, floods (include hydrodynamic force, debris flows and scour effect)
and ocean waves. In addition, bridges fail due to vessel collision and vehicular impact. Many
regions of the world have also experienced serious damage to bridges due to rainfall-induced
landslides. Since September 11, 2001, terrorist attacks to critical infrastructure systems have
been a major concern within the context of “homeland security.” Statistics show that extreme
events (including flood, scour, collisions, overloads, corrosion, wind, earthquakes, etc.) are the
primary causes of bridge collapse and among the top reasons for bridge distress (Lwin, 2010).
This phenomenon suggests that the risk of failure due to the extreme events is not very well
controlled for the U.S. bridge population. While recent developments in bridge design
specifications help guard against various types of extreme events and have greatly increased
bridge resilience against individual hazard types, they have not been integrated under a
consistent set of principles. Consequently, they do not provide adequate support for project
evaluation and policy setting to bridge owners within the context of public safety and sensible
spending considerations. There is a strong motivation to develop a multi-hazard or all-hazard
approach to engineering design and construction, compatible to the AASHTO Load and
Resistance Factor Design (LRFD).

The approach and associated data used in the calibration of current AASHTO LRFD may not
be sufficient for the calibration of LRFD methods that include multiple extreme loads in addition
to dead load and live load. While much research has been carried out related to probability-based
bridge design against individual extreme loads, such as earthquake, hurricane/surge, vessel
collision, and scour, one of the most significant efforts to summarize the development of multi-
hazard design of bridges and to provide rational calibration of load factors is the NCHRP 12-48
project. The project report, NCHRP 489, recommends four additional scour-related Extreme
Limit States be added to the AASHTO LRFD, and provides load factors obtained from analytical
studies. The report also presents the first major attempt to systematically consider multiple
extreme load effects of an extremely complex research domain to establish multiple hazard
design principles and guidelines for bridges.

The establishment of Multi-Hazard Load and Resistance Factor Design (MH-LRFD) criteria
includes works that can be broken down into three important steps:

1. Developing/identifying load (demand) and resistance (capacity) specifications

2. Computation of reliability of structures under the load effects

3. Establishing design limit state equations and load and resistance factors




The workshop carried out on April 26, 2010 was to develop information for both steps 1 and
3. The experience and practice from the state bridge officials represent an overall acceptance
measure or public perception of acceptable risk. Such information is important in providing a
basis for understanding the rationale of load intensity specification and the establishment of
design equations.

1.1.1 Challenges and Needs

Limit states are the critical performance criteria used in LRFD. They are used to derive the
formulas for the failure probability of a bridge meeting specified performance criteria. Current
AASHTO LRFD (AASHTO, 2010) uses 13 limit states for three different performance criteria
and a number of load conditions for each criterion. Extreme Limit States are fundamentally
associated with strength performance requirements. An important goal of the MH-LRFD
development is to create a system that better characterizes the probabilistic nature of the extreme
and non-extreme loads without too much complexity in design procedures. It is conceivable that
with the addition of potential combined effect of loads, it is necessary to set aside an adequate
effort to study the best methods for simplifying the limit states to be checked in design.

The effort of completely calibrating the MH-LRFD will to be enormous. It is not the most
beneficial strategy to plan for all load conditions being calibrated before partial implementation.
Some results from the study can be provided to bridge engineers to help produce more rational
and economical designs immediately. Most urgently needed subjects should be selected and
guidelines provided for those.

Part of the reduction of complexity and the identification of significant urgent subjects can be
done by studying all involved factors analytically. However, a very important and reliable source
of such information is the experience of field engineers and bridge owners. Such data does not
only include a combined effect from known and unknown factors, but also includes certain
measures of consequence severity and public expectation of bridge performance, which may not
be very well identified in analytical studies.

Acceptance of new probability-based design criteria by the bridge engineering community is
expected to take time and effort. During the development, it is important to keep the
practitioners’ and bridge owners’ perspectives in consideration when directing the study and
shaping the product.

1.1.2 Objectives/Approach

The MCEER research project includes a task for reducing the complexity of design
procedures. By properly classifying the bridge site and function, increase in design effort for
including more extreme loads is minimized. The future specifications based on this framework
will be calibrated using current bridge design practice, which should make the cost comparable
with current design. In fact, since more extreme loads are included in the design procedure, it
potentially reduces the design effort for checking each extreme hazard with individual
guidelines. Having a better reliability measure also potentially reduces unnecessary
conservatism, and subsequently reduces waste in construction cost. The MCEER study is
expected to create a number of considerable benefits, including:



(a) Quantifiable bridge reliability/greater assurance for bridge safety

(b) No significant increase in cost (could reduce cost for specific subject areas, such as
scour)

(c) Providing a research landscape for studies related to various extreme hazard
combinations and cascading effects based on more consistent reliability principles and
approaches.

The framework established in the MCEER study is intended for formulation and calibration
of bridge LRFD guidelines in a general form that is capable of including all conceivable extreme
loads. It requires the computation of bridge reliability to be combined with formulation of
practical design equations (the limit state equations). The framework must be able to provide a
platform for developing criteria that maintain a specified level of bridge reliability under the
action of considered extreme and non-extreme loads. To establish limit state equations, both
mathematical derivation and practicality are simultaneously considerations. With the suggestion
of the Workshop Steering Committee, a survey was sent to the state bridge engineers throughout
the country to assess the significance of individual extreme hazards and their combinations. This
survey was followed by a workshop and webconferences to obtain further clarification and
supplement on the survey data. A literature survey on currently available probability-based
design criteria was also carried out. Results from this process are presented in Sections 2 — 6 of
this report and are used in the development of establishing the MH-LRFD framework.

1.2 Deterministic-Based and Reliability-Based Design

In allowable stress design (ASD), the principle is to make sure the capacity, denoted by C, is,
by an acceptable margin, greater than the load (demand), denoted by D. That is

To create an adequate margin of safety, a safety factor is used such that
C/FS 2 D .................................................................................. (12)

where FS is a factor of safety that makes only a part of the capacity, C, allowed to be utilized.
Intuitively, this makes it “unlikely” that the capacity would be exceeded. This does not quantify
the remaining probability of failure, however low it is. The bridge can easily be much over-
designed, i.e., too expensive, or much under-designed, i.e., unsafe, without the owners’
awareness.

The combination of different types of loads for ASD is mostly a simple addition of the
maximum values (see Table 1-1). For example, the Load Group I combination is:

LoadGroup I:D+(L+ 1 )n+CF+BEE+B+SF ................................................ ( 1. 3)

It is very difficult to justify why the maximum value of one load occurs simultaneously with
the maximum value of the other. Due to this lack of adequate consideration of uncertainties, a
very small portion of the strength of material is used for the design computation (normally in the
range of 40% to 50%).



Table 1-1 Load combinations for ASD and LFD

1 [ 2] 3 [ 30 [ 4] 56789 J1o] 11 [12]13]14
factors
Group y [ D@D, ] @+), [CF] E [ B]SF][ W [ WL[LF|[R+S+T | EQ [ICE| %
I 10 |1 1 0 1 [ g1 1] o0o]o0o]o 0 0 | 0 [100
A [ 10 [ 1 2 0 0l ofoJolofoTo 0 0 [ o [150
IB | 10 | 1 0 1 1 [ g1 1] o0o]o]o 0 0 | 0 | =
o |10 |1 0 0 o [ 1 [1 11 ToTo 0 0 [ 0o [125
Flm |10 [ 1 1 0 1T [ g [1 1031 |1 0 0 | 0 [125
ol IV [ 10 |1 1 0 1 [ .11 o0o]o0o]o 1 0 | 0 [125
§ v 10 [ 1 0 0 o |1 11 ] 1]ofo 1 0 | o [140
gl vl |10 |1 1 0 1T [ g [ 11031 |1 1 0 | 0 [140
VIL | 1.0 | 1 0 0 o |1 1 [1]o]ofo 0 1 [ o [133
VIL [ 1.0 [ 1 1 0 1 1L 11 ]o]oTJo 0 0 | 1 [140
X [ 10 [ 1 0 0 o 1 [1J1[1]of]o 0 0 | 1 [150
X [ 10 |1 1 0 0 [B]Oo]Jo] o] ofo 0 0 [ 0 [100
I 13 | By | 1.67 0 10 g |1 1] o0o]o]o 0 0| 0
1A | 13 [ By | 220 0 ol ofolo] o] olo 0 0| o
B | 13 [B,]| 0 1 10 g |1 1] o]o]o 0 0] o0
& 1 [ 13 [p,| © 0 0 [ Bl 1 1] 11070 0 0] o |2
glm | 13 [py| 1 0 U g [1 1031 |1 0 0o ]o|38
sl v [ 13 [y | 1 0 1 [ g1 10070 0 0] o0&
Sl Vv [125]g, [ 0 0 0 [ p. |1 [ 1] 1[0 o 1 0| 0] <
9| VI [ 125 [B,| 1 0 1T [ g [1 103 1 |1 1 0o |2
Sl vt | 13 [B| O 0 0 [ Bl 1]1]0]o0o]o 1 1 | o
VIH | 13 [Bp| | 0 1 [ |1 1] o0o]o]o 0 0 | 1
X | 12 [B| © 0 0 [ Bl 1111070 0 0 | 1
X [ 13 [ 1] 167 0 0 [BJOoJo] o] o]o 0 0| o

Load Factor Design (LFD) takes a step further and assigns various load factors to different
loads to address the different uncertainties associated with individual loads (see Table 1-1). The
Group I load combination becomes:

LoadGroup I:1 3 *(BDD+1 67(L+ 1 )H+CF+BEE+B+SF) ................................ ( 1 4)

While this equation gives more leverage in individually tuning the factors to better estimate
the safety margin, it still does not quantitatively provide a measurement of reliability; that is, the
probability of failure is unknown.

In order to provide better risk management to the highway transportation system, AASHTO
published the LRFD Specifications in 1994 and stopped maintaining the Standard Specifications
in 1999. The basic design equation is

Z”i}/iQi S¢Rn SR e (1.5)

Load factors are organized by strength, serviceability, extreme event, and fatigue limit states
(Table 1-2). Resistance factors vary with the concerned components. Although this formulation
has a fairly similar format as that used in LFD, the factors are calibrated with a quantifiable




probability and provide a more explicit measure of risk. Figure 1-1 shows the range of reliability
attained by LFD and LRFD. While ASD/LFD will become history in bridge engineering, its
remnants can easily be found in many parts of the practice. Current LRFD is calibrated to mimic
the level of reliability that was provided by using ASD/LFD, but with a narrower range of
variation in reliability. This is not expected to change any time soon. The calibration work
following the establishment of the MH-LRFD framework will provide bridge designs that have a
reliability similar to that obtained from AASHTO’s standard and LRFD specifications.

Table 1-2 Load factors from AASHTO LRFD

Load Combination DC .
Limit State pD Use One of These at a Time

Dw

EH

EV LL

ES M

EL CE

PS BR

CR PL

SH LS WA ws WL FR TU G SE | EQ Ic Ccr cv
Strength I P 1.75 1.00 — — 1.00 0.50/1.20 | yIG | vSE — — — —
(unless noted)
Strength 11 Yp 1.35 1.00 — — 1.00 0.50/1.20 | yTG | ySE — — — —
Strength IIT Yp — 1.00 1.40 — 1.00 0.50/1.20 | yIG | vSE — — — —
Strength IV vp — 1.00 — — 1.00 0.50/1.20 — — — — — —
Strength V Yp 1.35 1.00 | 0.40 1.0 1.00 0.50/1.20 | yTG | ySE — — — —
Extreme Event I P YEQ 1.00 — — 1.00 — — — 1.00 — — —
Extreme Event 11 P 0.50 1.00 — — 1.00 — — — — 1.00 1.00 1.00
Service | 1.00 1.00 1.00 | 0.30 1.0 1.00 1.00/1.20 | yTG | ySE — — — —
Service 11 1.00 1.30 1.00 — — 1.00 1.00/1.20 — — — — — —
Service 111 1.00 0.80 1.00 — — 1.00 1.00/1.20 | yTG | ySE — — — —
Service IV 1.00 — 1.00 | 0.70 — 1.00 1.00/1.20 — 1.0 — — — —
Fatigue I—LL, IM — 1.50 — — — — — — — — — — —
& CE only
Fatigue I 11— LL, — 0.75 — — — — — — — — — — —
IM & CE only
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Figure 1-1 Range of reliability from LFD and LRFD
1.3 General Concept of Reliability-Based Design

To represent the uncertainty of the loads and strength of materials, it is necessary to treat both
demand and capacity (load, Q, and resistance, R, in LRFD terminology) as random variables.
With the probability distribution function (PDF) shown in Figure 1-2, the probability of failure is
written as:

P(Q =R)= IfL(q)ij(V)drdq ............................................................. (1.6)

The nominal load, mean load, and the design load are only reference values representing
probability distribution of the load.

Mg :}‘RXRn
Mean resistance

MQz}\’QX(ln
Mean load

P robability Density Function

Intensity

QH
Nominal load

Design Nominal resistance
load and resistance

Figure 1-2 Probability distribution of load and resistance



Equation (1.6) does not always have a simple closed form expression. It is often assumed
(sometimes with the help of the Central Limit Theorem) that both R and Q are normally
distributed random variables in order to keep the computation relatively simple.

1.4 Limit State

A limit state is an important tool in relating the quantitative risk level to a “yes-or-no”
decision criterion. The accurate definition depends on the context. In this case, it separates
potential safety and failure events for a bridge. In the design specifications, it is used to separate
the acceptable and unacceptable strength or other relevant bridge properties. For a simple failure
controlled by ultimate strength, a limit state may be defined as

R>Q (safe) R=Q
R>Q (safe) or

/\\ R<Q (failure)

Figure 1-3 Limit state and reliability index

; Normalize
“R>‘ ,,,,,,,, —

R<Q (failure)

Mo

Figure 1-3 shows the probability distribution of resistance and load with respect to the limit
state. The resistance is intentionally positioned well above the limit state line with the given load
condition to avoid failure. While the area with high joint probability of R and Q (dark-red color)
is located on the upper-left (safe) side of the limit state, there is a slight possibility of failure,
defined as when the random combination of R and Q falls in the lower-right area in Figure 1-3.

1.5 Reliability and Limit State Equations

The limit state expressed in the form of random variables (i.e., Q and R) needs to be mapped
into one or more limit state equations expressed in terms of nominal loads and resistance to be
used for design (i.e., Q, and R;). This mapping does not always have a closed-form
representation. In current bridge design, this is done by introducing the Reliability Index, B (see
Figure 1-3 “Normalize”). When the limit state in the random variable domain is a linear
combination of one load and resistance, the limit state represented by nominal loads and
resistance is in a very simple form. For the specific case shown in Figure 1-3, the limit state
equation represented by nominal loads and resistance is given by



R - 1+\1-(1- B )1~ BV) 4
A (1= V) ’

or
¢Rn = }/Qn

where

y 1 1=0=BV)0-FV) ,
o AO-BVD) °

This leads to the basis for the choice of load and resistance factors.

For a number of reasons, this simple form does not extend to the limit state equations
involving multiple extreme loads. It may be required to use multiple limit state equations to
represent a single set of load combinations. The governing factors on this phenomenon include:

1. Number of loads
--earthquake, wind, flood, etc.
2. Coefficient of variation
--greater uncertainties than those from dead load (DL) and live load (LL)
3. Physical formulation of the limit state
--variation in properties of loads and bridge components
4. Likelihood of simultaneous occurrence
--some dominated by single event, others by joint events

Figure 1-4 shows an example of curved limit state surface in the nominal load/resistance
domain mapped from a linear limit state in random variable domain.
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Figure 1-4 Curved limit state in nominal load/resistance domain that may
require multiple limit state equations

While these factors are not critical concerns in the current AASHTO LRFD (in comparison
with the potential situations in MH-LRFD), the effect may have already become apparent with
the addition of the Strength Limit State IV. It is a modification from Strength Limit State I when
the dead load to live load ratio exceeds 7.0, a case that normally applies only to long-span
bridges. Figure 1-5 shows the usage of multiple limit states to better characterize the safety of
structures.
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Figure 1-5 Graphical depiction of limit state equation(s)
1.6 Design Against Extreme Loads

Much effort has been spent on bridge design against other environmental loads and accidental
(manmade) loads since the implementation of LRFD. The results are mostly brought back to the
general design with AASHTO LRFD specifications for combination and limit state verification.
This approach makes it very difficult to have a consistent measure of bridge reliability. For



example, the vessel collision load is governed by the AASHTO Guide Specification (AASHTO,
2009a) in a format consistent with the probability principles of AASHTO LRFD. It results in an
annual probability of failure of 1/10,000 for critical bridges, which may be translated to a
reliability index for bridge life span (75-year) of approximately 2.4. However, the result is
combined with dead load and live load in the same context of other extreme loads (Extreme
Limit State II). The final reliability of the combination may not be clear. The status of considered
extreme loads in current practice is listed in Table 1-3.

Table 1-3 Current (2010) status of the considered extreme loads in bridge design

Status in AASHTO LRFD
Dead Load Calibrated
Live Load Calibrated
Earthquake Included (Guide Specifications), but not completely
calibrated
Scour Not in LRFD framework
Wind Integrated in AASHTO LRFD strength limit state, not
completely calibrated
Fire New guidance information available from NCHRP
study
Vessel Structurally consistent with LRFD, but not calibrated
Collision consistently
Vehicular Rough estimate based on limited data
Collision
Storm Surge New Guide Specification provides design details
Debris Flow Provisions on debris raft (part of WA)

1.7 Load Combinations

Part of the primary advancements of the MH-LRFD framework is to provide a method to
calibrate AASHTO LRFD for (1) a large number of loads (more than two), and (2) loads with
various time-dependent characteristics so that it can handle the extreme loads. Current LRFD has
accomplished these to the extent that is necessary for calibrating with dead load and live load.
Four types of dead loads are considered and combined: weight of steel and precast concrete,
weight of cast-in-place concrete, weight of wearing surface, and weight of railing and luminaires.
Live load is from time-varying truck loads. It combines with dead loads and to other live loads,
such as simultaneous truck passage on two or more lanes, and one truck followed by another.
While earthquake and wind are included in the results of the current AASHTO LRFD calibration,
the discussion is kept to a minimal level.
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The formulation of combining time-varying load is a significant part of the development of a
MH-LRFD framework. It requires sophisticated and flexible mathematical procedures to
accommodate diverse forms of extreme events. Such development is ongoing and will be
reported in future MCEER documents. In this workshop report, a practical aspect is used to
investigate the load combination from the end-users’ point of view. The approaches used in
current bridge design and the urgent needs in the improvement of extreme event design methods
are studied. The result can potentially help in establishing the proper format of the final design
equations/procedures, and hopefully allow the research product to provide quick relief to the
relevant engineering issues.

1.8 Variation of Loads

Extreme loads can have very different properties in different regions of the country and its
effect can also vary on bridges of different functionality. This variation is currently handled very
inconsistently in the specification of all loads. The live load model used for calibration of
AASHTO LRFD assumes the fleet of traffic has similar physical properties and driving patterns
throughout the country. The primary variation comes from ADTT. The conversion of ADTT is
also based on the assumption of invariant statistical properties. The wind load model is pivoted at
one velocity measure: maximum fastest-mile wind velocity in 50 years. This value is available
on the wind design map. Statistical properties are invariant because the conversion for various
exposure periods (associated with design of highway facility with different levels of importance)
is uniform (see figure 1-6). Earthquake load specifications use two mapped intensity measures—
S and S;—and an independently mapped soil property to assemble the design spectrum
(AASHTO, 2009b). This practice produces a significant geographical variation in the
characteristics of the load. On the other hand, the return period for the design earthquake is
uniformly chosen at 1,000 years. To have a uniform reliability in combination with other loads,
an implicit assumption must have been embedded that the change in intensity with respect to
return period is the same throughout the country (it can also be interpreted as the probability
distributions having the same shape), which is quite far from the truth. The scour design
requirement uses two different return periods for design flood and check flood. This approach
would include the geographical variation of probability distribution in the design.

Adding all potential variations together, the number of limit state equations may drastically
increase from the current 13 limit states. It would be a great burden to bridge owners and may
become impractical for the design process. Reduction of limit states and simplification of the
design checking process is an important step before implementation.
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Figure 1-6 Exposure period conversion adopted by AASHTO Sign and Luminaire Design
(AASHTO 2009c; Peterka et al., 1998)

It is commonly understood that some extreme events or combinations of extreme events never
controls the design in certain area. It is also apparent that the rule of selection for controlling
limit state equations varies with a number of factors, including importance, functionality (e.g.,
water-crossing, traffic pattern, ...), structural system, bridge location (seismic zone, hurricane
zone, ...), seriousness of consequences, etc. Experienced bridge engineers know very well the
important ones among the current 13 limit states. Better organized rules of selection are needed
in this study to make the design procedure based on a sophisticated design philosophy that is
friendly to practitioners.

The final format of the simplification process can be in a form of tables or flow charts that
leads the user to a relatively short set of limit state equations. Computer software may also be
produced to accelerate the process. In the next chapter, a first attempt in classifying bridge sites
and functionalities is presented for this purpose.

1.9 Establishment of Limit State Equations for MH-LRFD

All theoretical studies and computations in the development of MH-LRFD are purported to
provide rational bases and adequate data for the establishment of design formulas. These
formulas take shape in the limit state equations in bridge design specifications. Three
fundamental approaches are considered in the MCEER study to accomplish this as follows.

1. Analytical approach: With known load and resistance models, computations can be made
to establish basic requirements on the limit state equations. This approach does not tend to
lead to unique solutions for the format or detailed factors for the formulas. However, it
provides the best physical or mathematical background for best practice. It is valuable in
making design formulas more generally applicable to various conditions and providing
guidance in proposals for improvement of practice.

2. Empirical approach: Current practice in the U.S. is an important indication of the demand
from engineering society and socio-economical/environment conditions of this country.

12



Opinions from the bridge owners represent a certain consensus of acceptable practice
from engineers, political entities, funding agencies, and general public. In this study, state
bridge engineers were surveyed to gather and analyze the experience throughout the
United States.

3. State-of-the-practice approach: Probability-based or non-probability based design
equations from bridge-related guidelines and specifications from different geographical
areas or countries may have different origins and may provide useful ideas and even
justification for a specific practice. Sifting through these provisions may help produce a
more complete pool of potential formulations for consideration. Design details and factors
in the equations should be properly modified as needed to be suitable for usage in the U.S.
or part of the U.S.

The first approach relies on the development of theoretical framework in other tasks of this
study. While the analytical results can provide critical information for the proper form of the
final design equations, it is understood that the findings from the state-of-the-practice and
feedback from stakeholders can also provide much needed guidance to the analytical work to
ensure that the product meets the expectations from the engineering profession as well as the
general public. The three parts of this work are therefore put into action in parallel. The
remainder of this report will present the findings from the study using the second approach.
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Section 2

Survey of State Bridge Engineers
2.1 Background

Several questions were raised among the research team and identified as key issues for the
development of a multi-hazard design framework (Project research team meeting, October 1,
2009). Some of these questions were found difficult to answer without extensive input from
stakeholders, such as bridge owners. The following points represent a brief summary of opinions
from the research team members:

a. LRFD is a rational and adaptable platform for the implementation of the multi-hazard
framework developed in this study.

b. Compared to the current LRFD, which is calibrated for dead load and live load, the
multi-hazard design procedure can potentially be complex and difficult to use.

c. Past performance data used in research represent various practices in different periods
in the history of bridge engineering. The benefit of using such data in the validation
and calibration of the developed framework may be limited.

d. The calibration of current LRFD assesses structural reliability from given load and
resistance factors. It does not provide sufficient equations to determine relative values
of all individual factors. Experiences in practice are needed to provide additional
guidance in determining these factors.

e. State bridge engineers from key AASHTO committees need to be involved as the
research moves forward with the new multi-year roadmap.

f. Practical questions need to be organized for use in discussion with selected AASHTO
members. This should be combined with phone calls and one or a number of
workshop(s) to discuss with the focus group and disseminate the results.

The LRFD relies on checking and ensuring design equations satisfied for all “limit states.”
The identification of significant limit states and establishment of proper limit state equations are
among a few major issues to be resolved before the accomplishment of a MH-LRFD
specification. To obtain a rational and practical set of limit state equations, the analytical
development work needs to be accompanied by engineering experience from field experts. This
chapter reports the research work on incorporating field experience and combining
environmental factors to establish limit state equations.

The initial idea of the MH-LRFD survey is a result of further contemplation on the
conclusions from this meeting. Further definition on the type of questions and focus group
composition were brainstormed in the subsequent discussions (Research team meeting, January
12, 2010). The potential members of the focus group are the stakeholders, which includes
primarily bridge owners. Leading experts in bridge design and extreme events should also be
considered.
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Input from stakeholders and/or experts was needed on:

a. Load combinations: The significant combinations with respect to regions and type of
bridges need to be identified. To begin with, a matrix of combinations needs to be
produced. Comparison of significance among loads may be used to reduce the number
of combinations to be used in the design of any individual bridge.

b. Load intensity assessment in practice: The load intensity is related to the type of
hazard, location of the bridge site, and exposure period. Although the scientific data
are available from specialized agencies or institutes, the perception from practicing
engineers is an important indication of the combined effect of these factors.

c. Acceptable risk: Required bridge reliability (acceptable failure probability) for
individual hazards, combinations of hazards and cascading load effects needs to be
identified. Criteria are needed to identify important combinations that need to be
included in design.

The complexity of the MH-LRFD is attributable to the potential large number of limit states
that needs to be considered in design. It is both an issue for a designer and for a developer of a
design procedure. For the designer, it would appear that much time is spent on checking the limit
states that may not be significant for a given bridge. For the developer, producing and calibrating
the load and resistance factors for all limit states is time consuming and would prevent MH-
LRFD from being implemented for a prolonged period. It is preferred that the most critical limit
states that affect the majority of bridges are identified and calibrated first. In this way, the new
design framework can be demonstrated and can start to benefit the industry in a relatively short
time.

2.2 Potential Limit States
The research team has identified eight specific extreme loads as relatively significant and

worth exploring for their impact on bridge design at present. These extreme loads include (in no
particular order):

1. Earthquake

2. Scour

3. Wind

4. Storm surge

5. Vessel collision

6. Vehicular collision

7. Fire

&. Landslide/debris flow
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Randomly combining amongst these extreme loads and their combinations with non-extreme
loads can give a very large list that includes both significant and insignificant combinations. In
order to produce a survey questionnaire that is reasonable in size and takes a manageable amount
of time from the participants, certain reduction on the size of the list is in order. For this purpose,
a review on limit states and load combinations in existing provisions was conducted (AASHTO,
2010, Highway Agency, 2001, BSI, 2006, Richardson and Davis, 2001, Transit New Zealand,
2003). Some research documents were also included in the review to incorporate the
combinations that have been identified as significant but have not been fully comprehended
(Ghosn et al, 2003, Buckle et al, 2006). The following list was created based on the results from
this review. A few load combinations beyond the results from the review were also deemed
beneficial to include and were therefore added after discussion within the research team. Such
load combinations are conceivably worth further study but are not yet well defined (e.g., fire,
wind + vehicular collision). The list of potential limit states is shown below. Note that load
factors are omitted in this list because only the format of the limit state equations is of interest.

Strength:
DL+WA+LL Non-extreme (AASHTO LRFD Strength I)
DL+WA+WS Wind (AASHTO LRFD Strength III)
DL+WA+LL+WS+WL Wind (AASHTO LRFD/NCHRP 489 Strength V)
Extreme/Ultimate
DL+WA~LL@SCesign Scour (NCHRP 489)
DL@2.0SClcsign Scour (NCHRP 489)
DL+WA@SCheck Scour (HEC-18 superflood overtopping)
DL+LL+0.5SCp (SC_p: Long-term degradation)
DL+WSg0 Wind (Aerodynamic evaluation)
DLAWS 0,000 Wind (flutter for cable-supported bridges)
DLALL+CT Vehicular collision (AASHTO LRFD Extreme II)
DL+WA+LL+EQj5¢0 Earthquake (corresponding to approx. mean truck

load)

DL+LL+EQ>500 Earthquake (NCHRP 489 Extreme I)
DL+LLACV Vessel collision (AASHTO LRFD Extreme II)
DLALL+DF Debris flow
DL+WA+WS@SCio Scour+Wind (NCHRP 489)
DLACV@SCesign Scour+Vessel collision (NCHRP 489)
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DLAEQ2500@SCioo
DL+LL+IC
DLA+LLATGyy@Fire
DLA+LL+TGg(@Fire
DL@Fire

DLAWA 400+ WS 000

Scour+Earthquake (NCHRP 489)

Ice (debris flow) (AASHTO LRFD Extreme II)

Fire (starting of fire, low temperature)

Fire (early stage, low temperature)
Fire (late stage, high temperature)

Extreme wind+Surge (Transit NZ)

DLALLACT+WSs, Wind+Vehicular collision

DL+WA+LL+CV+WSs, Wind+Vessel collision

DL+WA 4ot LL+WSs50 @SCiq Scour+Storm surge+Wind

DL+WA+LL+CV+WSs, @SCigo Scour+Vessel collision+Wind

DLALLAEQ, 9o Earthquake ( “expected earthquake™ approx. 0.25g

PGA at LA)
DL+WA+LL+BL Blast
Extreme/service

DL+WA+LL@SC, Scour (frequent flood)

DL+WA+WS Wind (AASHTO LRFD Service IV)

DL+LL+EQqq Earthquake (very frequent small earthquake, approx.

0.08g PGA at LA)

An ideal MH-LRFD framework would be capable of accommodating these limit states, and
potentially more identified during the study. It would be apparently impractical to simply check
all these conditions in design regardless of the individual bridge location and functionality.
Additional guidance is needed in identifying important limit states for a specific bridge. This is
an element that does not explicitly exist in current design provisions. The survey to the state
bridge engineers included two pieces of critical information to address the current needs of the
research project:

1.  Bridge classification and simplification of design procedure: The raw form of a
comprehensive multi-hazard design procedure is expected to be complex. Although it is
not a fundamental issue, the difficulty in practice will likely prevent its implementation.
Similarities in design considerations among certain bridges can be identified and
recommendations on significant limit states can be made accordingly.

2. Choice for case study: A few specific load combinations will be selected to showcase
the MH-LRFD framework. It is sensible to select the combinations that provide
immediate help to the current bridge engineering practice.
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2.3 Multi-Hazard Design Questionnaire

A questionnaire was designed to obtain opinions from the state bridge engineers regarding the
significance of certain loads and load combinations in bridge design based on their experience. A
distinction was made between standard bridges (say less than 500’ long) and special or long
span bridges. With the suggestions and advice from the workshop steering committee, the
survey was divided into three parts. The first part considers a single extreme event and
concurrence of two or more events. This includes:

1. Single events
1.1 Scour
1.2 Vessel Collision
1.3 Vehicular Collision
1.4 Fire
1.5 Earthquake
1.6 Storm Surge
1.7 Wind
1.8 Debris Flow
1.9 Other
2. Possibility of Two Concurrent Extreme Events
2.1 Scour + Vessel Collision
2.2 Scour + Earthquake
2.3 Scour + Storm Surge
2.4 Scour + Wind
2.5 Scour + Debris Flow
2.6 Vessel Collision + Storm Surge
2.7 Vessel Collision +Wind
2.8 Vessel Collision + Debris Flow

2.9 Vehicular Collision + Wind
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2.10 Fire + Wind
2.11 Earthquake + Wind
2.12 Storm Surge + Wind
2.13 Wind + Debris Flow
2.14 Other possible combinations
3. Three Concurrent Extreme Events
3.1 Scour +Vessel Collision + Storm Surge
3.2 Scour + Vessel Collision + Wind
3.3 Scour + Earthquake + Wind
3.4 Scour+ Storm Surge + Wind
3.5 Vessel Collision + Storm Surge + Wind
3.6 Vehicular Collision + Fire + Wind
3.7 Other

The second part deals with cascading events. Cascading events include two categories: (1)
one or more concurrent events leading to another, and (2) a sequence of events occurring before
the next bridge inspection or repair from a previous event. The first type may have a time gap of
minutes, hours or possibly days. The second type may have a time gap of weeks or months. From
the perspective of formulating MH-LRFD, they may be grouped together. Minor cascading
effects can last through the remaining service life. Major cascading effect can last through an
inspection or maintenance cycle. In all cases, the first occurrence will introduce damage or
produce inelastic responses to the bridge. This includes:

1. Single events leading to (or followed by) another
1.1 Vessel Collision Earthquake
1.2 Vessel Collision Storm Surge
1.3 Vessel Collision Vessel Collision
1.4 Vehicular Collision Fire
1.5 Vehicular Collision Earthquake

1.6 Vehicular Collision Vehicular Collision
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1.7 Earthquake Wind

1.8 Earthquake Fire

1.9 Earthquake Debris Flow
1.10 Earthquake Earthquake
1.11 Wind Vehicular Collision
1.12 Fire Wind

1.13 Storm Surge Storm Surge
1.14 Other

2. Cascading of Concurrent Events (due to the complexity of this group, only a few
examples were given to lead the participants to provide further possibilities.)

Initial event(s) Subsequent event(s)
Vehicular Collision + Wind —  Fire
Wind — Storm Surge + Vessel Collision
Earthquake + Vehicular Collision— Wind + Fire
Scour + Earthquake —  Vessel Collision + Wind + Debris Flow
Earthquake — Vehicular Collision + Fire

The third part asked the participants to provide additional comments regarding their answers
or any extreme conditions that need attention but were not in the questionnaire.

Responses from 35 states (including Puerto Rico) were received. The participants included:
AK, AR, AZ, CA, CO, DE, FL, GA, HI, IA, IL, IN, KS, LA, MD, MN, MO, MS, NC, ND, NH,
NJ, NY, OH, OR, PR, SC, SD, TN, TX, UT, VA, WA, WV, and WY (see Figure 2-1). The
results show fairly good coverage of the entire country. The results from standard bridges and
special bridges show the difference in load specifications for bridge projects of various scales.
Additional load effects expressed by the participating states and territory are also plotted on the
map.
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Figure 2-1 Responses received from states shown in blue
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Section 3

Survey Results and Analysis

In order to provide a clear statistical presentation to aid further analysis, a score is given to
each answer: 100 points are given to the answer “3” (always design for), 50 points are given to
the answer “2” (considered), and O points are given to the answer “not necessary.” This put all
the statistical parameters into a 0-to-100 scale for easy comparison. With a simple average, a
ranking on the significance of each extreme load or combinations is made. In Figure 3-1, the
average scores are shown in an order from high to low. Scour, wind, and collision loads are
consistently high in rank. Earthquake, debris flow, and storm surge are the runner-ups. For
concurrent extreme load effects or design conditions, the combination of scour with a few other
extreme loads, such as wind, vessel collision and debris flow, are among the most considered.
While fire is one of the major causes of bridge collapse, it is not common to design bridges to
resist this hazard.

Figure 3-2 shows the ranking using the same averaging technique for special bridges. The
overall trend remains similar, while minor changes in order can be observed. For example,
earthquake is considered to be a greater concern for standard bridges than it is for special bridges
in comparison to vessel collision.
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Figure 3-1 Rankings for extreme loads (standard bridges)
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Figure 3-2 Rankings for extreme loads (special bridges)

Additional comments from participants also provide significant guidance perception on what
may be missing in the original questionnaire or what may need further clarifications. A very brief
summary is shown below:

Extreme loads related to bridge type/function

e Logical relation among the concurrent or cascading events is important.
e Only long span bridges are subject to vessel collision.
e Assume greater wind load than normal design (extreme vs 1.4WS50).

e Typical 2-span bridges CANNOT be over navigable waterway. They are therefore in a
different group than longer bridges in vessel collision consideration.

Concerns of design complexity and cost

e Avoid designing for very rare concurrent events.

e Design guidance for scoured bridge is needed. Current design is not probabilistic and lack
of basis in combination with other loads.
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Normally, bridges only need to be designed for controlling event in the concurrent or
cascading sets. One load often dominates design for concurrent loads.

Complexity in design specifications is undesirable.
Current scour design is too conservative. NCHRP 489 is helpful in reducing this effect.
In practice, multi-hazard design is sometimes only used for special bridges.

Concurrent or cascading events should be considered for high-priced projects.

Classification/definition

Short-span and medium-span bridges may have different concerns. Using a single
category of short-medium span may not be sufficient.

Regional boundaries may be different from state boundaries.
Cascading is described as initial event(s) weakens the bridge.

Another potential definition for cascading is that the occurrence of one load increases the
likelihood of another.

Scour is considered both a part of concurrent events and a leading event of cascading
events in some responses. One may consider the initial weakening of a bridge foundation
due to storm surge or scour, which then makes the bridge more vulnerable to a vessel
collision happening some time later before repairs to the damage caused by storm surge
can be made.

Debris Flow is interpreted as (1) loads from debris raft or as (2) gravel/mud movement
that impacts bridge pier or abutment.

Structure type, ADT, detour length are factors in design against one or more extreme
loads.

Special bridges are those having expected life >75 yr.

Wind, surge, tsunami, hurricane may not be clearly distinguished in definition.

Mitigation methods that are not in design

Bridges are often closed, shored, or repaired between cascading events.
Some of the answers “2” mean the problem is eliminated by design or avoidance

CT+Fire is a likely case but design target and mitigation approaches against fire are
usually not addressed in design. Potential mitigation includes:
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o Providing adequate redundancy to the structural system to avoid collapse in case a
member is lost due to fire.

o Providing adequate standoff of traffic from vulnerable members.

o Considering bridge location and emergency crew response time vs. member
exposure time to fire.

o Fire resistant coatings.
o Fire suppression system.

Recommended actions

e A survey of actual multiple events should be undertaken.

e Redundancy is an important factor in LRFD calibration.

e Light rail on special bridges and train collision may be considered.

e Blast is an important concern for several states.

e More parameters need to be provided to vehicular collision.

e (Consider adjusting or reducing reliability index (beta) for concurrent/cascading events

Additional comments for scour design

e Case study based on results from investigation.

e Extreme scour (500-year event) is used with extreme limit state; design scour (100-year
event) is used with strength and serviceability limit states.

e Foundation geometry is checked by HEC-18 provisions.

e Effect of ice or debris raft on scour may need consideration. Example for combining with
CV:

a. 75 percent of the short-term scour computed for the 100-year event and 75 percent of
the long-term scour, using a fully loaded, 15-barge flotilla and tugboat.

b. 100 percent of the short-term scour computed for the 100-year event and 100 percent
of the long-term scour using a drifting, empty, single barge.

Example for combining with ice:
a. 75 percent of the short-term scour computed for the 100-year event

b. 100 percent of the long-term scour.
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e A scour critical elevation is shown on the plans for use by bridge maintenance and
inspection personnel in monitoring of the bridge foundation for possible future mitigation.

e The scour depth used for all cases is the sum of the channel scour plus the local
contraction scour.

e Scour is normally not required to be combined with earthquake load (Extreme Event I).
When it is considered, following methods have been used:

a. For the functional evaluation earthquake design event, the full scour from the design
flood (100-year event) is used. For the safety evaluation earthquake design event, half
of the scour obtained from the design flood (100-year event) is used.

b. When scour is considered with the Extreme Event I limit state, the soil resistance up
to a maximum of 25% of the scour depth for the design flood event (100 year) is
deducted from the lateral analysis of the pile or shaft. The loss of skin resistance for
the full scour depth for the design flood is considered when checking axial capacity of
the shaft for all strength and service limit states. The loss of skin resistance for the
full scour depth of the check flood (500 year event) is considered when checking the
axial capacity of the shaft for Extreme Event II limit states.

e Many practices are under the condition of “where economical.”
e Criteria for existing bridge may be lower than those for new bridges.
e Piles may be designed for scour condition if necessary.

e Abutment may be protected by countermeasures.

3.1 General Observations

In Figure 3-3, the answers for standard bridges are tallied and plotted in pie-chart format for
each extreme load. These charts display very similar information in a different format than that
shown in the first part of Figure 3-1. However, they show the differences in the composition of
the answers. For example, the Earthquake load and Vehicular Collision receive similar average
scores, but the Earthquake load receives more “Always” (3) and “Not Necessary” (1), which
evens out to make the average scores similar to that of Vehicular Collision with a majority of
answers being “Considered” (2). This specific difference may be a result of some extreme loads
being more localized than another, as suggested by some participants during the workshop after
the survey. In the discussion, Debris Flow was raised as an example for which the answer of
“Considered” (2) may represent some bridges within one state that definitely need to consider
Debris Flow in design while others in the same state do not need to consider it at all. This is
because the susceptibility to Debris Flow is strongly influenced by the bridge site condition and
is often either very important or very unlikely. This is different from the case for which one
extreme load is “somewhat important” to all bridges in one state.
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Figure 3-3 Ballot counting for standard bridges

The rankings shown in Figure 3-1 and Figure 3-2 provide a general sense of urgency relevant
to each individual or combination of extreme loads. A few phenomena are noticed:

1. Scour is persistently the top hazard for bridges.
2. Combination of scour and another extreme load is often important.
3. Fire has low scores although it can be a major cause of bridge collapse.

The rankings are compared with bridge failure data from two bridge failure databases in Table
3-1. These bridge failure databases are composed to cover nationwide events with emphases on
specific states. The database by Harik (Harik et al, 1990) focuses on Kentucky, while the NYS
database focuses on New York State. In this comparison, fire/tanker explosion stands out to have
the greatest difference between the design consideration and the level of threat. In the survey
results, fire is less a design consideration than any individual hazard. However, in both
databases, fire is one of the top causes of bridge failure by extreme events, next to scour and
collision. It can also be found that overload has an effect comparable to extreme events.
However, it is not even considered in this survey questionnaire, and no objection has been raised
because of that. In the statistical sense, extreme overweight truck events are just the rare events
in the high intensity tail of the probability distribution of trucks. It is a part of the regular live
load and therefore not considered part of the extreme load survey. It shows that the extreme
effect from all time-varying loads may need to be considered in the same context for MH-LRFD.
A relevant observation is that the live load is part of the significant load combinations that
require immediate attention as noted by the workshop participants. The combination of live load
with other extreme events requires the study of both regular intensity and extreme overweight
situations.

The workshop participants urged that care be taken on the time scale when a failure database
is used. The year the collapsed bridge was built and the specifications it used are factors that
contribute to the cause of collapse. Certain failure modes may not be applicable anymore after
specific revisions in the design specifications.
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Similar rankings are given for cascading events in Figures 3-4 and 3-5. There is some
difference in ranking between the standard bridges and special bridges. But the most significant
feature is that those cascading events with higher scores include leading event(s) and subsequent
event(s) that have clear correlation with each other. For example, vehicular collision often leads
to fire (Ranking#1), an earthquake is normally followed by aftershocks. While a vehicular
collision does not lead to another vehicular collision, the location where it occurs once is likely
to have certain roadway geometry or bridge clearance that is prone to attract traffic incidents.

There is currently no clear provision on how to manage cascading effect. The significance of
the cascading effect and a potential research approach need to be further studied. From one
perspective, scour combined with another hazard may be considered as cascading events.
However, they would be considered concurrent if the definition here is used. Figure 3-6 shows
two examples for the events that can be considered cascading under this definition.

Ranked by score:
25 Vehicular collis.—> Fire
Wind-> Vehicular collis.
Earthquake—> Earthquake
Vehicular collis.—> Vehicular collis.
Earthquake—>Fire
Earthquake—> Debris flow
Vessel collis.—> Storm surge
Earthquake—>Wind
WIND-> Storm surge+Vessel Collision
Earthquake—> Vehicular collision+Fire

20 7

15 7

10 7

Figure 3-4 Average scores for cascading events (standard bridge)
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Ranked by score:

” Vehicular collis.—> Fire
Wind—->Vehicular collis.
35 Earthquake—> Earthquake
| Earthquake>Wind
* Earthquake—> Debris flow

Vehicular collis.=> Vehicular collis.
Vessel collis.= Earthquake
Earthquake—>Fire

Fire=>Wind

25

20

15 7

10
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Figure 3-5 Average scores for cascading events (special bridge)

Bridge performance or environment during an
extreme event is affected by a previous event.

Changing stream condition Reduced column capacity
after earthquake that affect after debris flow
scour

Figure 3-6 Events meeting the definition of cascading events
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3.2 Correlation to Bridge Site Characteristics

Survey results are clearly linked to geographic features. Coastline and inland waterways are
related to storm surge and vessel collision. An exception is found for the two states enclosed in
the yellow dashed line (Figure 3-7), where there is no coastline or significant navigable
waterways. The authors followed up to verify the intent of this seemingly illogical response.
Based on the follow-up communication (Thompson, 2011), these states do indeed consider these
loads, though they are not expected to control the design. Article 3.4.1 of the LRFD bridge
specification states that all relevant load combinations shall be applied, so the states in question
were just stating that they routinely apply that provision of the specification. Engineers in all
states employ their best judgment in the application of the specification when considering
potential load cases.

The “Scour+Debris Flow” concurrent events are considered a significant design issue in the
Rocky Mountain and Great Plains states. They are roughly along the paths of the Kansas River
and Mississippi River (Figure 3-8). The occurrence of certain combinations is dominated by the
occurrence of a relatively rare event with the other frequent and/or long-duration event “waiting”
there. An example is scour and vessel collision. While nearly all states consider scour as an
important extreme load/condition, those who consider vessel collision as somewhat or very
important generally believe the combination of the two needs consideration (Figure 3-9). “Vessel
Collision+Storm Surge” is considered in coastal states and areas with considerable ship traffic
(Figure 3-10).

Some states with no clear geographical or environmental similarity gave similar answers. This
phenomenon can be found in the survey response for vehicular collision and earthquake (see
Figure 3-11a). Truck traffic goes through all states regardless of the seismic hazard intensity and
frequency. It is also not very likely that seismic activity would significantly increase the
frequency of vehicular collision. The pattern of significant seismic concern on the map shows
much resemblance with that of the significant vehicular collision consideration. Earthquake is of
no surprise critical to the west coast and New Madrid area. But the mid-Atlantic and northeast
states also treat it as a significant threat, although seismicity is very low in this area. It can be
found that these are the states with very high population density and traffic volume. The elevated
seismic consideration may be because the stakes are very high (due to the high
population/ADTT) in this area for any loss caused by earthquakes. The lower right figure shows
the average score on all single extreme events for typical bridges. Some states simply have
significant threats (e.g., CA, OR, SC, MS), while some are being more cautious due to low
tolerance (e.g., northeastern states). Figure 3-11b shows the truck traffic volume on interstate
highways. It can be compared with Figure 3-11a to show that the design consideration is a
combined decision of extreme hazard intensity/frequency and consequence measurement.
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U.S. Inland & Intracoastal Waterways
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191 Lock Sites /237 Chambers Active

1. Single Extreme Event Replacement Value $125+ Billion

1.2 Vessel Collision
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intracoastat Waterway

1. Single Extreme Event

1.6 Storm Surge
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- Possibly Consider
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(
1 Scour + Debris Flow
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Figure 3-8 Combination of scour and debris flow
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Figure 3-10 Maritime transportation volume and coastal storms

34



Population for States and Puerto Rico: July 1, 2009

Exceptions:
states with
significant
multiple
hazards—OR,
SC, MS)

Mean score
Single events

Standard -1

Fmighl Movement Corridor (AADTT)-1998

1smm

(b)
Figure 3-11 Non-natural environment factors (Mallett et al., 2006)

In order to provide more profound information to the development and simplification of the
MH-LRFD, additional statistical parameters were studied. The correlation between responses
from different states provides a basis that supports the classification of bridges. In Figure 3-12,
the values of the correlation are plotted in color code. It helps to illustrate the similarity among
different areas that may not be obvious from the raw data. The value of correlation can be from -
1, which means the serious concerns in one state is never a concern of the other, to 1, which
means the two states have exactly the same design considerations. In the figure, darker blue

35



indicates a value close to unity, while gray to black are lower values. Yellow to orange colors are
negative values as shown in the legend. In general, most areas of this plot exhibit positive values,
indicating a basic similarity in bridge design considerations in the entire country. The diagonal
line from the upper left corner to the lower right corner represents correlations of each state to
itself, which is always one. The plot is symmetrical on two sides of this line. The upper-right half
is a mirrored image of the lower-left half.

GA (m09-1
é AL 'mog.09
N |®0.7-0.8
1A 80,607
B05-0.6
VN |00.4-0.5
MS |003-04
00203
NI |@0.1-0.2
NY |@0.0.1

ND |-0.1-0

OH |3-02-0.1
B-03-0.2
D |B-04-03

ND>HI
)
)

Low correlationy]

Figure 3-12 Correlation between states (single events)

The order of states can be rearranged to group states with high correlation values. Figure 3-13
shows such a process for single events. The target is to move the high values (blue) to areas near
the diagonal line (axis of symmetry) and low values away from the line. In this illustration, this
was done manually and the result may not have been optimized. If further study along these lines
is deemed necessary, an automated process could be developed. The manual process resulted in a
grouping shown on the right of Figure 3-13. When it becomes difficult to further compact high-
correlation states, a few groups become visible in the graph. These groups are shown with color
code in Figure 3-14. The table in Figure 3-14 shows the average correlation among groups. The
diagonal cells from the upper left corner to the lower right corner presents the average value of
correlations among states in each group. The off-diagonal terms are correlations between
different groups. Good quality of the grouping can be seen from high values in diagonal cells and
low values in off-diagonal terms. The results may be different if concurrent events, cascading
events, or all events are used. Further study may be conducted if deemed desirable.
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Figure 3-14 Grouping of states by survey results
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The analysis of the survey response represents a combined effect from many factors. In
addition to the natural environment, geographic features, and geological conditions of each state,
it also involves experience in practice, engineering judgment, economical concern, past
catastrophe, local public opinion, and potentially other engineering/non-engineering issues. The
intention of developing any definitive conclusion for the complex results with such limited data
would prove futile. However, the results can be a significant aid in developing a practical
formulation of a probability-based design methodology from analytical development. It is
apparent that the statistics provided above are the results of interwoven site characters and do not
explicitly illustrate the rationale of a potential design strategy. They need to be combined with
knowledge of various technical and non-technical factors to extract consistent guiding principles
in comparison and mitigation of extreme loads in the scope of this study. The relevant
geographical, geological, and meteorological settings are discussed in the next section for cross-
referencing with survey results.
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Section 4

Interpretation with Respect to Physical Environment

The natural environment including terrain, waterway character, weather, and seismicity are
considered to cross-examine the results of the survey and to even out any potential bias from the
survey data. Economic characteristics, local policies, and human habitat styles can be significant
factors as well. For the purpose of establishing the design framework, a natural setting is first
considered. Non-natural factors are not less influential to highway bridge design. Traffic
specifications, socio-economical considerations, political environment, aesthetic requirements,
and historical conventions can be an important part of determining design requirements. While
these factors are embedded in the results of this survey, thorough discussion will not be included
to avoid distraction from potentially unresolvable issues.

4.1 Earthquake Load

In earlier seismic design (e.g., Division I-A), the seismic load is measured primarily on the
peak ground acceleration of a fixed (approximately 500-year) return period. Recent design and
retrofitting guidelines started using multiple return periods and short/long-period response
spectra values to better capture the seismic activities in different regions. Comparing the design
by AASHTO Seismic Guide Specifications (lower left map in Figure 4-1, 1000-year return
period) and that by the NCHRP 12-49 recommendation (lower right, 2500-year return period),
some inland areas of the western U.S., the New Madrid zone in the midwest, and South Carolina
are found to have high long-term seismic risk comparable to California, while short-term high
seismic activity is only found on the western seashore. With such variation in seismicity, the
bridge design strategy may be different. The classification shown in Figure 4-2 may be used as a
simple characterization of seismic load effect of the bridge site. The central and eastern U.S. has
a distinct seismic activity pattern when compared to the western U.S. Some areas in both regions
have very high long-term seismic risk (labeled “2” on the maps) and therefore stand out from the
rest of the areas.
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Guidespec Seismic Design Category: site class B

-120 -110 -100 -90 -80 -70

NCHRP 12-49 Seismic Hazard Lewel: site class B

-120 -110 -100 -90 -80 -70

Figure 4-1 Short-term and long-term seismicity
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Figure 4-2 Potential classification by seismicity
4.2 Wind Load

Bridge design against non-hurricane wind load is governed by the map adopted by ASCE 7-
88 (ASCE, 1988). Recent design procedures tend to use updated 3-sec gust map, but such
conversion has not been made in AASHTO formulas. Either map includes a lower wind velocity
zone in the Pacific seashore and a large uniform wind velocity area in the inland region. The east
coast has a variety of high wind velocity specified by the map (Figure 4-3).

* The west-coastal 85-mph wind area roughly coincides with the
seismicity area (1).

» East coast hurricane zone wind storms have different duration
and recurrence parameters than those of inland wind zone.

[l spectat wind Reglon
Location Vmph (mis)
Hawali 105

Puerto Rico 135
Guam 170 (18
Virgin Istands. 135 (60)
American Samoa 125 (6)

Figure 4-3 Wind load regions
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4.3 Scour and Vessel Collision

Ship and barge traffic is critical to the calculation of vessel collision loads. The effect is more
localized to the specific navigable waterways under a given bridge. Standard bridges with a
small number of relatively short spans do not normally need any consideration for vessel
collision. Only a limited number of bridges, mostly in the category of special bridges, would
need to be designed for vessel collision. The AASHTO vessel collision design considers the
number of vessel traffic, size/weight of vessels, channel geometry, vessel geometry, and current
of the water. Such data can vary significantly for different navigation channels, and even
different sections on the same water body. For research purposes, the part of the U.S. that utilizes
considerable aquatic transportation can be identified by the passage of major navigable inland
water bodies or adjacency to shorelines. Figure 4-4a shows the major navigable water in the U.S.
A clear distinction between the different terrain of Rocky Mountains and the Great Plains keeps
all major aquatic transportation in the Midwest area.

Bridge hydraulics is also specific to the site and does not fit any regional boundary. While
rivers in the mountain area have greater potential energy that speeds up erosion, the higher
precipitation in the eastern U.S. also contribute to significant scour potential (Figure 4-4b). This
is consistent with the survey finding that scour hazard is uniformly high across the country.

U.S. Inland & Intracoastal Waterways 2008

Nearly 12,000 Mile System
191 Lock Sites / 237 Chambers Active < .

:
Replacement Value $125+ Biilion vl 1
tal Waternay = » b _
Explanation -- Runoff in mm
(USACE, 2000) \ \ \
0-49 50-99 100-199 ‘ 200-299 ‘ 300-399 ‘ 500-749 750-999 >1000
(a) (b)

Figure 4-4 Inland waterway and hydraulics
4.4 Classification

Extreme and non-extreme loads are specified with various levels of variation for different
bridge sites. Current AASHTO LRFD uses the following variation:

e Traffic load: uniform geographically), only varies with structural system (HL-93).
e Wind load: one parameter mapped.

e Earthquake load: two mapped spectral values (Guide Specifications).
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e Vessel collision: customized for individual bridge site.
e Scour: governed by local hydrological study and 2 return period.
e Vehicular collision: a constant force for all conditions, based on very limited data.

Much of such variation is a result of experience and studies in recent years. Seismic load was
changed from basing on one mapped value (PGA) given by Division I-A to two mapped spectral
values given by the guide specification. The Guide Specification for Vessel Collision Design
(AASHTO 2009a) adopted a probabilistic approach since 1991 to select boat size and collision
force. Among these specifications, traffic load (HL-93) and vehicular collision (400 kip) are the
ones having least variation. This does not necessarily indicate that these loads do not vary as
much as others. An ongoing AASHTO survey from the Highways Subcommittee on Bridges and
Structures (SCOBS) (BR-10-01 2010) revealed that 38% of the states chose to require
compliance with the 400-kip vehicular collision load. The same survey also showed that 33% of
states required Strength II check for a live load based on the states’ own design permit truck. The
detailed discussion on the rationale of such variation is beyond the scope of this study. However,
it is clear that having one or more bridge site-specific parameters in the specification of extreme
loads is a clear trend in the future. For this study, the classification can provide significant help
in establishing a reasonably-sized set of limit states, which may greatly simplify the design
procedure of MH-LRFD.

Combining natural environment and survey results, a preliminary regional boundary is
presented. It can be used as a basis for establishing and simplifying limit state equations among
each group of states (Figure 4-5). The regional characteristics are described below:

I: High seismicity, non-hurricane coastal wind
II: Long-term high seismicity, inland wind
III: Inland wind

IV: Hurricane zone

V: Long-term high seismicity, hurricane zone

Two phenomena observed in the survey were that: (1) two states in the north central area
suggested ice load to be included, and (2) the northeastern states have similar answers with the
west-most states. A line separating cold and mild temperature in the winter may be a potential
addition. A special region may be needed to include highly populated states that treat all hazards
cautiously due to the seriousness of consequences (Figure 4-6).
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II

Figure 4-5 Tentative bridge site classification

Comparing the boundaries in Figure 4-5 with those in Figure 3-14(a), it can be observed that
some boundaries roughly agree. The most pronounced difference is the northeastern states being
in the same group with high-seismicity states. As explained earlier, this is very likely the result
of high traffic volume and greater consequence from bridge failure. A special group is defined as
shown in Figure 4-6 to include this phenomenon. This area not only has high traffic volume, but
also exhibits great economic and political influence in the country. Based on the survey results,
highway officials treat all potential hazard to bridges with extreme care and are willing to invest
more capital in preventing rare catastrophic events.

o

II

T —
Low temperature-related issues

o —

N -
w1 | -
Special Region Special Region-
(High volume) (High volume)

ii

o [ e

Figure 4-6 Additional boundaries from the survey results

In Figure 4-7, the average scores for single events of each region show different focus in each
region. Scour is uniformly high. Regions II and III are low on vessel collision (Region II is
somewhat higher for special bridges. Note that Region II includes a number of states along the
Mississippi River and the Great Lakes.). Regions II and III are very low in storm surge (inland
states), but high in wind. Region II is also fairly high in earthquake. Region I and the Special
Region are above national average in most categories. Fire for typical bridges has very low
scores. It may be caused by a lack of criteria for these apparently random occurrences and the
choice of dealing with fire events by emergency response and repair.
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Figure 4-7 Variation among groups of states

Figures 4-8a and 4-8b show the rankings of design considerations within each region. Among
the highest in all regions are SC, WS, CV, CT, EQ. Other events that stand out (reference to
Region I) in each region are underlined. Debris Flow is a greater concern in Regions II and III.
Wind is high wild earthquake is low in Region III. The combination of Scour+Debris Flow is the
top concern for concurrent events (Region III). The Special Region has relatively low threat from
natural hazards, but the result shows striking resemblance to Region I, which has many specific
threats.

Figure 4-9 shows sample comparisons between typical and special bridges. Vessel Collision
and its combination with others have higher scores for special bridges. As stated in comments,
only special bridges can be over a navigation channel. Rare and non-related combinations such
as Earthquake+Wind also move up in the special bridge category.
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Common for all regions: SC, WS, CV, CT, EQ
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Figure 4-8 Regional Rankings
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Figure 4-9 Comparison between standard and special bridges (Regions I and III)
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Section 5

The Multi-Hazard Design Workshop

A workshop was organized after most responses were received and the preliminary analysis
was finished. The results were presented to the invited group and further discussions were
conducted on specific issues of interest to both the participants and the research team (April 26,
2010). Some concepts in the questionnaire that may not be clear to the participants were pointed
out. While it was desirable to clarify some definitions, there may not always be a clear answer to
these questions at this point.

5.1 Summary of Comments from the Participants

a.

Some extreme loads in the survey were not very clearly or consistently defined.
Examples:

I- What is extreme wind? Is it referring to hurricane wind?

2- Debris flow is a local phenomenon. Its condition varies throughout one state. This
may impact the answers to survey.

In addition to design criteria, guidance on detailing against extreme loads is desirable.
The result of the study may be a guidance of mitigation strategy if not specifications.

Considering multiple extreme loads may not add to the cost because the design for
one extreme load often increase resilience to another (although it can be the opposite
sometimes).

ADTT is one of the factors that determines significant limit states.

Scour can have either no effect or full effect—scour line above or below bottom of
footing.

In current practice, owners have certain freedom of choice for extreme loads (e.g.,
choice of return period for extreme wind).

Societal acceptance is important in determining performance criteria. The bar keeps
rising.

An extreme load that can be predicted has different impact than that cannot be
predicted (wind vs. earthquake).

AASHTO committees that have adopted new design guidelines may not easily make
changes in a short time. The research team needs to move fast to catch the update
schedule on design of individual extreme loads.

A second (refined) survey might be carried out after a phase 1 report is completed.
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. Defining loads is not in the scope, but gaps will be pointed out.
5.2 Future Research Needs

At the workshop and follow-up conference-call discussions, as well as further
considerations by the Workshop Steering Committee, the following research activities are to be
carried out in the next two years:

a. A framework for implementing extreme event limit states will be established. A few
most needed and better understood limit states will be produced to demonstrate the
methodologies and principles developed in the framework.

b. Chosen limit states for demonstration of the framework:
- Earthquake and live load

- Scour and earthquake

Scour and vessel collision

Earthquake and Wind

One cascading: Vehicular collision followed by fire
More emphasis should be given to the first three combinations.

c. The first two combinations will be fully pursued by the research team for standard
bridges. The third and fourth combinations, more important for special bridges, will
be studied to the extent possible within the time and funding limit of the research
project. The literature and available information of the fifth combination will be
pursued. Important issues will be identified.
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Section 6

Summary

A survey on multi-hazard bridge design was sent to state bridge engineers to obtain their
opinions on the importance of potential extreme hazard loads and their combinations, including
cascading events. The objective of this survey was to receive AASHTO input for the
development of a method that can greatly reduce the complexity of future MH-LRFD procedures.
The results showed regional correlation for some extreme events. Additional similarities and
variations among different groups of bridges were also evident.

A Multi-Hazard Design Workshop was organized to review, interpret and disseminate the
survey results to the participants, and to further discuss potential issues in the development of a
MH-LRFD framework. Consensus was reached on some of the extreme events and combinations
for which more research and practical guidance were most needed. Such prioritization was
critical in guiding the long-term research planning as well as in accomplishing short-term
research goals, which would serve to demonstrate the MH-LRFD framework and provide
preliminary guidelines for the design against selected extreme events.

In accordance with the results from both the survey and the workshop, the goal of the
MCEER project is to establish a MH-LRFD framework, together with the development of
several selected design limit state equations to illustrate the principles and methodologies of the
framework. The workshop participants identified five possible load cases for further study.
These are: (1) earthquake and live load; (2) scour and earthquake; (3) scour and vessel collision;
(4) earthquake and wind; and (5) vehicular collision followed by fire. They will be pursued by
the research team, with more emphasis on the first three combinations. These cases are
considered to be the most important, based on the collective opinion of the state bridge engineers.
Results can be used by bridge designers until a comprehensive MH-LRFD is fully established in
the future.

In general, the findings support the assertion that certain variation of extreme load
specifications under different geographical, political, functional, or site-specific conditions may
be necessary. This has already been embedded at various levels in current practice, and is
identified as a potentially viable way to reduce the complexity of future MH-LRFD procedures.

51






Section 7

References
AASHTO, (2010), AASHTO LRFD Bridge Design Specifications, Fifth Edition.

AASHTO, (2009a), Guide Specification and Commentary for Vessel Collision Design of
Highway Bridges, Second Edition.

AASHTO, (2009b), AASHTO Guide Specifications for LRFD Seismic Bridge Design.

AASHTO (2009c) Standard Specifications for Structural Supports for Highway Signs,
Luminaires, and Traffic Signals, American Association of State Highway and
Transportation Officials, Washington, DC.

ASCE Minimum Design Loads for Building and Other Structures Standards Committee of the
Technical Council on Codes and Standards, Edward Cohen, chmn., (1988), Minimum
Design Loads for Buildings and Other Structures (ASCE 7-88), New York, NY: ASCE.

BR-10-01 SURVEY: Highways Subcommittee on Bridges and Structures (SCOBS), (2010).

BSI, (2006), Steel, Concrete and Composite Bridges—Part 2: Specification for loads, BS5400-2
2006, British Standard Institute.

Buckle, Ian G., Friedland, Ian, Mander, John, Martin, Geoffrey, Nutt, Richard and Power,
Maurice, (2006), Seismic Retrofitting Manual for Highway Structures, Part 1 Bridges,
MCEER-06-SP10, December 1 2006.

Frankel, Arthur D., Petersen, Mark D., Mueller, Charles S., Haller, Kathleen M., Wheeler,
Russell L. , Leyendecker, E.V., Wesson, Robert L., Harmsen, Stephen C., Cramer, Chris H.,
Perkins, David M. and Rukstales, Kenneth S., (2002), Documentation for the 2002 Update
of the National Seismic Hazard Maps, USGS Open File Report 02-420.

Ghosn, Michel, Moses, Fred and Wang, Jian, (2003), Design of Highway Bridges for Extreme
Events, NCHRP 489 Report, TRB, 2003.

Harik, I. E., Shaaban, A. M., Gesund, H., Valli, G. Y. S. and Wang, S. T., (1990), “United States
Bridge Failures, 1951-1988,” J. Perf. Constr. Fac. Vol 4, Issue 4, pp. 272-277, November.

Highway Agency, (2001), Design Manual for Roads and Bridges, Vol. 1, Highway Structures:
Approval Procedures and General Design, Section 3 General Design, Part 3 Design Rules
for Aerodynamic effects on Bridges.

Lee, G.C., Tong, M. and Yen, W.P., editors, (2008), Design of Highway Bridges Against
Extreme Hazard Events: Issues, Principles and Approaches, Special Report Number
MCEER-08-SP06, MCEER, University at Buffalo, 102 p.

53



Lwin, Myint, (2010), Designing and Maintaining Resilient Highway Bridges, Proceedings,
International Bridge Engineering Workshop, 2010.

Mallett, William, Battelle Crystal Jones, Sedor, Joanne and Short, Jeffrey, (2006), Freight
Performance Measurement: Travel Time in Freight-Significant Corridor, FHWA-HOP-07-
071.

Peterka, J. A., Shahid, S. (1998), “Design Gust Wind Speeds in the United States,” Journal of
Structural Engineering, Vol. 124, No. 2, February, 1998.

Petersen, Mark D., Frankel, Arthur D., Harmsen, Stephen C., Mueller, Charles S., Haller,
Kathleen M., Wheeler, Russell L., Wesson, Robert L., Zeng, Yuehua, Boyd, Oliver S.,
Perkins, David M., Luco, Nicolas, Field, Edward H., Wills, Chris J. and Rukstales; Kenneth
S., (2008), Documentation for the 2008 Update of the United States National Seismic
Hazard Maps, Open-File Report 2008—1128, U.S. Geological Survey, Reston, Virginia.

Richardson, E.V. and Davis, S.R., (2001), Evaluating Scour at Bridges, Fourth Edition,
Hydraulic Engineering Circular No. 18

Thompson, Kevin (2011), personal communication.

Transit New Zealand, (2003), Bridge Manual.

54



Appendix A
Multi-Hazard Questionnaire

MCEER

University at Buffalo Phone: 716-645-3391

The State University of New York Fax: 716-645-3399

Red Jacket Quadrangle Email: mceer@buffalo.edu

EARTHOUAKE ENGINEERING TO EXTREME EVENTS Buffalo, New York 14261-0052 Web: http://mceer.buffalo.edu

February 10, 2010
Dear Recipient:
This poll is being sent to you as part of a FHWA funded research project being conducted by MCEER.
A principal objective of this project is to develop multiple hazard design principles for bridges. In
support of this goal, a special workshop on extreme load effects is being organized and we are asking for
your input to the following questions to facilitate discussion. Please respond within by February 22 if
possible.

Thank you very much in advance.

The Workshop Steering Committee
Harry Capers, John Kulicki, George Lee, Tom Murphy and Phillip W. H. Yen

QUESTIONNAIRE

Name: State: Tel# E-mail

Note: The researchers who designed this survey are not interested in official state or AASHTO policy
or practice, but rather the professional opinion of experienced bridge engineers who can help shape
future guidance on the design of bridges for multiple hazards. Your response should be relevant to your
region of the country, rather than to the US as a whole.

The probability-based approach used in the LRFD Bridge Design Specification was developed to
provide a fairly consistent level of reliability. This approach is desirable for extreme load combinations
as well as for the conventional design loads found in AASHTO. As part of the project, we plan to
evaluate the level of acceptable failure probability when a bridge is subjected to a single or combination
of extreme loads, recognizing that each hazard may have a different return period.

Because a bridge’s exposure to hazards varies somewhat according to which part of the country it is in,
the researchers are seeking input from bridge owners (the stakeholders) on the relative importance of
different extreme loads and their possible combinations. This input may eventually lead to the
development of multi-hazard (MH) LRFD design guidelines. With this in mind, please mark the
following extreme load or load combination that, in your opinion, should be considered in your region.
Please assume that the intensity of the hazard is sufficiently large that the design of bridge with design
life of 75 — 100 years should consider it. Use the following scale:

1 to denote “I do not believe it is necessary to design for this,”
2 to denote “It should be investigated further and considered,”
3 to denote ““I believe that we should always design for this.”

tﬁ Headgquartered at the University at Buffalo, The State University of New York
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Part | Single and Concurrent Events
1. Single Extreme Event

Standard,
Short/Medium Span
Bridges Special or Long-
(Say <500°) Span Bridges
1.No 1.No
2.Consider 2.Consider
3.Always 3.Always

1.1 Scour

1.2 Vessel Collision

1.3 Vehicular Collision

14 Fire

1.5 Earthquake

1.6 Storm Surge

1.7 Wind

1.7 Debris Flow

1.9 | Other (specify)

2. Possibility of Two Concurrent Extreme Events

Standard,
Short/Medium Span
Bridges Special or Long-
(Say <500”) Span Bridges
1.No 1.No
2.Consider 2.Consider
3.Always 3.Always

2.1 Scour + Vessel Collision

2.2 Scour + Earthquake

2.3 Scour + Storm Surge

2.4 Scour + Wind

2.5 Scour + Debris Flow

2.6 | Vessel Collision + Storm Surge

2.7 Vessel Collision +Wind

2.8 Vessel Collision + Debris Flow

2.9 Vehicular Collision + Wind

2.10 | Fire + Wind

2.11 | Earthquake + Wind

2.12 | Storm Surge + Wind

2.13 | Wind + Debris Flow

2.14 | Other possible combinations (specify)
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3. Three Concurrent Extreme Events

Standard,
Short/Medium Span
Bridges Special or Long-
(Say <500”) Span Bridges
1.No 1.No
2.Consider 2.Consider
3.Always 3.Always
3.1 Scour +Vessel Collision + Storm Surge
3.2 Scour + Vessel Collision + Wind
3.3 Scour + Earthquake + Wind
3.4 Scour+ Storm Surge + Wind
3.5 Vessel Collision + Storm Surge + Wind
3.6 | Vehicular Collision + Fire + Wind
3.7 Other (specity)

4. More than Three Events
Do you think more than 3 concurrent extreme events may need considerations (for example,
scour+surget+vessel collision+high wind)? If so, please specify.

Part Il Cascading Events

Cascading events include two categories: (1) one or more than one concurrent events leading to another
and (2) a sequence of events occurring before the next bridge inspection or repair from previous event.
The first type may have a time gap of minutes, hours or possibly days. The second type may have a
time gap of weeks or months. From the perspective of formulating MH-LRFD, they may be grouped
together. In all cases, the first occurrence will introduce damage or inelastic responses to the bridge.

Current FHWA funded research to establish a framework for MH-LRFD will not attempt to cover all
possible combinations of cascading events. However, this study will attempt to address a few selected
cases that are considered to be important. This question is intended to identify the important cascading

events that need to be addressed.
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1. Single Events Leading to (or Followed by) Another

Please use the scale described above.

Standard,
Short/Medium Span
Bridges Special or Long-
(Say <500”) Span Bridges
Initial Event Subsequent Event 1.No 1.No
2.Consider 2.Consider
3.Always 3.Always
1.1 | Vessel Collision Earthquake
1.2 | Vessel Collision Storm Surge
1.3 | Vessel Collision Vessel Collision
1.4 Vehicular Collision | Fire
1.5 Vehicular Collision | Earthquake
1.6 | Vehicular Collision | Vehicular Collision
1.7 Earthquake Wind
1.8 | Earthquake Fire
1.9 | Earthquake Debris Flow
1.10 | Earthquake Earthquake
1.11 | Wind Vehicular Collision
1.12 | Fire Wind
1.13 | Storm Surge Storm Surge
1.14 | Other (specify)

2. Cascading of Concurrent Events

Do you think cascading of concurrent extreme events should be considered (see examples below)? If so,
please specity. This means one or both of the cascaded events involve multiple concurrent events.

Examples of cascading of concurrent events

Initial event(s) ; Subsequent event(s)

Vehicular Collision + Wind ! Fire

Wind | Storm Surge + Vessel Collision

Earthquake + Vehicular Collision | Wind + Fire

Scour + Earthquake | Vessel Collision+Wind+Debris Flow

Earthquake | Vehicular Collision + Fire
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Part lll Additional Comments

1. Please also provide information/explanation/qualifications on the answers you
provided, if any.

2. What other questions important to bridge design against extreme load and their
combinations should be asked that were not included?
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Appendix B
Questionnaire Responses

% University at Buffalo The State University of New York "Hm"“llMﬁ[[H

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

1. Single Extreme Event

1.1 Scour

Standard -1

-[é University at Buffalo The State University of New York |||mml“||M|:[[H

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

1. Single Extreme Event

1.1 Scour

Special - 2
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% University at Buffalo The State University of New York |||Hm"“||MEEEH

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

1.2 Vessel Collision
Standard -3

-[é University at Buffalo The State University of New York || m”n““M':EEH

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

" 1. Single Extreme Event

1.2 Vessel Collision
Special - 4
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% University at Buffalo The State University of New York "Hm""“MEEEH

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

1. Single Extreme Event
1.3 Vehicular Collision
Standard -5

-[é University at Buffalo The State University of New York || m”n“"Ml:[EH

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

1. Single Extreme Event

1.3 Vehicular Collision

Special - 6
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. Don’t Consider
. Possibly Consider
. Always Consider

\ 1. Single Extreme Event
1.4 Fire

Standard -7

-[é University at Buffalo The State University of New York |||m”'l“||M|:E[H

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

1. Single Extreme Event

1.4 Fire

Special - 8
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% University at Buffalo The State University of New York "Hm""“MEEEH

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

1. Single Extreme Event

1 1.5 Earthquake

Standard -9

[HUMMGEER

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

. Don’t Consider
. Possibly Consider
. Always Consider

\\\ 1. Single Extreme Event

1.5 Earthquake

Special - 10
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% University at Buffalo The State University of New York |||mml“||Ml:[EH

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

1. Single Extreme Event
1.6 Storm Surge
Standard - 11

-[é University at Buffalo The State University of New York || m”'lll“M':[[H

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

1. Single Extreme Event

1.6 Storm Surge

Special - 12
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. Don’t Consider
. Possibly Consider
. Always Consider

h 1. Single Extreme Event
1.7 Wind
E

Standard - 13

-[é University at Buffalo The State University of New York |||mml“||M|:EEH

zzzzz {QUAKE ENGINEERING TO EXTREME EVENTS.

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

1. Single Extreme Event

1.7 Wind

pecial - 14
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% University at Buffalo The State University of New York |||Hm"“||MEEEH

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

T Single Extreme Event

1.8 Debris Flow

Standard - 15

-[é University at Buffalo The State University of New York || m”n““M':EEH

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

" 1. Single Extreme Event

1.8 Debris Flow

Special - 16
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.[é University at Buffalo The State University of New York "lm l"llMl:E[H
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

»
-7 - _
Tsunami or **

Blast Load ' )
(Terrorist) S )
1. Single Extreme Event

1.9 Other

Standard - 17

-[é University at Buffalo The State University of New York || m l“llMﬁ[[H

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

L4
-1 'S

Tsunami or %
Blast Load '
(Terrorist) .

1. Single Extreme Event

1.9 Other

Special - 18
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

2. Possibility of Two Concurrent Extreme Events

2.1 Scour + Vessel Collision
Standard - 19
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

2. Possibility of Two Concurrent Extreme Events

2.1 Scour + Vessel Collision
Special - 20
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

2. Possibility of Two Concurrent Extreme Events

2.2 Scour + Earthquake

Standard - 21
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

2. Possibility of Two Concurrent Extreme Events

2.2 Scour + Earthquake

Special - 22
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

2. Possibility of Two Concurrent Extreme Events

2.3 Scour + Storm Surge
Standard - 23
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

2. Possibility of Two Concurrent Extreme Events

2.3 Scour + Storm Surge
Special - 24
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

S 2. Possibility of Two Concurrent Extreme Events

2.4 Scour + Wind

Standard - 25
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

2. Possibility of Two Concurrent Extreme Events

2.4 Scour + Wind

Special - 26
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

\

\ 2. Possibility of Two Concurrent Extreme Evenfs
2.5 Scour + Debris Flow
Standard - 27

-[é University at Buffalo The State University of New York || m”n““M':EEH

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

2. Possibility of Two Concurrent Extreme Even¥s
2.5 Scour + Debris Flow
Special - 28
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

2 Possibility of Two Concurrent Extreme Events

2.6 Vessel Collision +
Storm Surge Standard - 29
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

THE DEPAR'\I;VM.EIEOF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING
s 7 e

9

. Don’t Consider
. Possibly Consider
l:l Always Consider

2. Possibility of Two Concurrent Extreme Events

2.6 Vessel Collision +
Storm Surge Special - 30
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

Standard - 31
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

2. Possibilit;/ of Two Concurrent Extreme Eveng
2.7 Vessel Collision + Wind
Special - 32
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

2. Possibility of Two Concurrent Extreme Events

2.8 Vessel Collision +
Debris Flow Standard - 33
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

2. Possibility of Two Concurrent Extreme Events

2.8 Vessel Collision +
Debris Flow Special - 34

77



.[é University at Buffalo The State University of New York I"mml“llMl:[[H

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

2. Possibility of Two Concurrent Extreme Events

2.9 Vehicular Collision +
‘ e Wmd Standard - 35
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

. 2. Possibility of Two Concurrent Extreme Events

2.9 Vehicular Collision +
Wind Special - 36
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

2. Possibility of Two Concurrent Extreme Events

2.10 Fire + Wind

Standard - 37
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

2. Possibility of Two Concurrent Extreme Events

2.10 Fire + Wind

Special - 38
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

2 Possibility of Two Concurrent Extreme Events
2.11 Earthquake + Wind
TR

Standard - 39
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

2. Possibility of Two Concurrent Extreme Events

2.11 Earthquake + Wind
Special - 40
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

2. Possibility of Two Concurrent Extreme Events

2.12 Storm Surge + Wind

Standard - 41
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
. Always Consider

2. Possibility of Two Concurrent Extreme Events

2.12 Storm Surge + Wind

Special - 42
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

N2 Possibility of Two Concurrent Extreme Events
2.13 Wind+ Debris Flow
PR

Standard -43
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

2. Possibilit;/ of Two Concurrent Extreme Eveng
2.13 Wind+ Debris Flow

Special - 44
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

Blast-Fire,
Blast-Veh
Colllision
Blast Ves
Collision

. Don’t Consider
. Possibly Consider
D Always Consider

2 Possibility of Two Concurrent Extreme Events

'2.14 Other Possible
Combinations Standard - 45
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

AENT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

=
Blast&Fire
Blast&Veh
Collision
Blast&Ves
Collision

. Don’t Consider
. Possibly Consider

l:l Always Consider

2 Possibility of Two Concurrent Extreme Events

. 2.14 Other Possible
Combinations Special - 46
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

. 3.Three Concurrent Extreme Events

3.1 Scour+Vessel Collision+
Wmd Standard -47
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

S 3. Three Cbncurrent Extreme Events

3.1 Scour+Vessel Collision+
Special - 48
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

3. Three Concurrent Extreme Events

3.2 Scour+Vessel Collision+
Wind Standard - 49
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

3. Three Concurrent Extreme Events

3.2 Scour+Vessel Collision+
#= \\ind Special - 50
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

3. Three Concurrent Extreme Events
3.3 Scour+Earthquake+Wind
e

Standard - 51
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

3. Three Concurrent Extreme Events

3.3 Scour+Earthquake+Wind
Special - 52
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

3. Three Concurrent Extreme Events

3.4 Scour+Storm Surge+
Wind Standard - 53
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

3. Three Concurrent Extreme Events

3.4 Scour+Storm Surge+
Wind Special - 54
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

. 3.Three Concurrent Extreme Events

3.5 VVessel Collision+Storm
R Surge+Wind Standard - 55

-[é University at Buffalo The State University of New York " m l“llMﬁ[[“

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

3. Three Concurrent Extreme Events

3.5 Vessel Collision+Storm
#» Surge+Wind Special - 56
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

3. Three Concurrent Extreme Events

3.6 Vehicular Collision+Fire+
Wind Standard - 57
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

3. Three Concurrent Extreme Events

3.6 Vehicular Collision+Fire+
Wind Special - 58
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

Blast&Veh
Collision&
Fire

. Don’t Consider
. Possibly Consider
D Always Consider

3. Three Concurrent Extreme Events

3.7 Other

Standard - 59

HIMMCEER

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

. Don’t Consider
. Possibly Consider
l:l Always Consider

90



. Don’t Consider
. Possibly Consider
D Always Consider

4. More than Three Events

Standard - 61
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THOUAKE ENGINEERING TO EX1

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider

l:l Always Consider

4. More than Three Events
PR Special - 62

91



.[é University at Buffalo The State University of New York "lm l"llMl:E[H

EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

. Partll- Caécading Events
1. Single Event Leading to ( or Followed by ) Another

1.1 Vessel Collision - Earthquake
Standard - 63
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

Part Il — Cascading Events
1. Single Event Leading to ( or Followed by ) Another

1.1 Vessel Collision - Earthquake
Special - 64
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

- Partll - Caséading Events
1. Single Event Leading to ( or Followed by ) Another

1.2 Vessel Collision — Storm Surge
Standard - 65
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

o
. Don’t Consider
. Possibly Consider
l:l Always Consider

~ Partll— Caébading Events
1. Single Event Leading to ( or Followed by ) Another

1.2 Vessel Collision — Storm Surge
Special - 66
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

_ Partll - Cascading Events
1.1 Single Event Leading to ( or Followed by ) Another

1.3 Vessel Collision - Vessel
smp | Collision Standard - 67
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

~ Partll- Cascading Events
| 1.1 Single Event Leading to ( or Followed by ) Another

1.3 Vessel Collision - Vessel
Collision Special - 68
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

)

3

THE DEPA&EMEQOF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

Part Il — Cascading Events
1. Single Event Leading to ( or Followed by ) Another

1.4 Vehicular Collision-Fire
Standard - 69
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

THE DEPA&IT‘lEIEOF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING
L y s

. Don’t Consider
. Possibly Consider
l:l Always Consider

Part Il — Caséading Events
1. Single Event Leading to ( or Followed by ) Another

1.4 Vehicular Collision - Fire
Special - 70
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

Part Il — Caécading Events
1. Single Event Leading to ( or Followed by ) Another

1.5 Vehicular Collision - Earthquake
Standard - 71
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

Part Il — Cas&ading Events
1. Single Event Leading to ( or Followed by ) Another

1.5 Vehicular Collision - Earthquake
Special - 72
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

 Partll - Cascading Events
1. Single Event Leading to (or Followed by) Another

1.6 Vehicular Collision —
mse Vehicular Collision Standard - 73
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

_ Partll - CasCading Events '
1. Single Event Leading to (or Followed by) Another

1.6 Vehicular Collision —

: Vehicular Collision Special - 74
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

~ Partll - Céscading Events
1. Single Event Leading to (or Followed by) Another

- 1.7 Earthquake - Wind

Standard - 75
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EARTHQUAKE ENGINEERING TO EXTREME EVENTS

NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

~ Partll - Ca‘scading Events
1. Single Event Leading to (or Followed by) Another

1.7 Earthquake - Wind

Special - 76
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

~_ Partll — Cascading Events
1. Single Event Leading to ( or Followed by ) Another

1.8 Earthquake - Fire
|

Standard - 77
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

~_ Partll — Cascading Events
1. Single Event Leading to ( or Followed by ) Another

1.8 Earthquake - Fire
Special - 78
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

- Part Il - Cascading Events
1. Single Event Leading to ( or Followed by ) Another

1.9 Earthquake — Debris Flow
Standard - 79
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

~ Partll- Cascéding Events
1. Single Event Leading to ( or Followed by ) Another

1.9 Earthquake — Debris Flow
Special - 80
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

- Part Il - Cascading Events
1. Single Event Leading to ( or Followed by ) Another

1.10 Earthquake — Earthquake
Standard - 81
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

~_Partll — Cascading Events
1. Single Event Leading to ( or Followed by ) Another

1.10 Earthquake — Earthquake
Special - 82
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

Part Il — Cascading Events
1. Single Event Leading to ( or Followed by ) Another

1.11 Wind — Vehicular Collision
Standard - 83
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
l:l Always Consider

- Partll - Cascéding Events
1. Single Event Leading to ( or Followed by ) Another

1.11 Wind — Vehicular Collision
Special - 84
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NT OF CIVIL, STRUCTURAL AND ENVIRONMENTAL ENGINEERING

. Don’t Consider
. Possibly Consider
D Always Consider

 Part Il - Cascading Events
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Questionnaire Section III Free Form Comments

Extreme loads related to bridge type/function

e Logical relation among the concurrent or cascading events is important.
e Only long span bridges are subject to vessel collision.
e Assume greater wind load than normal design (extreme vs 1.4WS50).

e Typical 2-span bridges CANNOT be over navigable waterway. They are therefore in a
different group than longer bridges in vessel collision consideration.

Concerns of design complexity and cost

e Avoid designing for very rare concurrent events.

e Design guidance for scoured bridge is needed. Current design is not probabilistic and lack
of basis in combination with other loads.

e Normally, bridges only need to be designed for controlling event in the concurrent or
cascading sets. One load often dominates design for concurrent loads.

e Complexity in design specifications is undesirable.

e Current scour design is too conservative. NCHRP 489 is helpful in reducing this effect.
e In practice, multi-hazard design is sometimes only used for special bridges.

e Concurrent or cascading events should be considered for high-priced projects.

Classification/definition

e Short-span and medium-span bridges may have different concerns. Using a single
category of short-medium span may not be sufficient.

e Regional boundaries may be different from state boundaries.

e (Cascading is described as initial event(s) weakens the bridge.
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e Another potential definition for cascading is that the occurrence of one load increases the
likelihood of another.

e Scour is considered both a part of concurrent events and a leading event of cascading
events in some responses. One may consider the initial weakening of a bridge foundation
due to storm surge or scour, which then makes the bridge more vulnerable to a vessel
collision happening some time later before repairs to the damage caused by storm surge

can be made.

e Debris Flow is interpreted as (1) loads from debris raft or as (2) gravel/mud movement
that impacts bridge pier or abutment.

e Structure type, ADT, detour length are factors in design against one or more extreme
loads.

e Special bridges are those having expected life>75 yr.
e Wind, surge, tsunami, hurricane may not be clearly distinguished in definition.

Mitigation methods that are not in design

e Bridges are often closed, shored, or repaired between cascading events.
e Some of the answers “2” mean the problem is eliminated by design or avoidance

e CT+Fire is a likely case but design target and mitigation approaches against fire are
usually not addressed in design. Potential mitigation includes:

o Providing adequate redundancy to the structural system to avoid collapse in case a

member is lost due to fire.
o Providing adequate standoff of traffic from vulnerable members.

o Considering bridge location and emergency crew response time vs. member

exposure time to fire.
o Fire resistant coatings.
o Fire suppression system.

Recommended actions

108



A survey of actual multiple events should be undertaken.
Redundancy is an important factor in LRFD calibration.

Light rail on special bridges and train collision may be considered.
Blast is an important concern for several states.

More parameters need to be provided to vehicular collision.

Consider adjusting or reducing reliability index (beta) for concurrent/cascading events

Additional comments for scour design

Case study based on results from investigation.

Extreme scour (500-year event) is used with extreme limit state; design scour (100-year
event) is used with strength and serviceability limit states.

Foundation geometry is checked by HEC-18 provisions.

Effect of ice or debris raft on scour may need consideration. Example for combining with
CV:

c. 75 percent of the short-term scour computed for the 100-year event and 75 percent of the long-

term scour, using a fully loaded, 15-barge flotilla and tugboat.

d. 100 percent of the short-term scour computed for the 100-year event and 100 percent of the long-

term scour using a drifting, empty, single barge.
Example for combining with ice:
c. 75 percent of the short-term scour computed for the 100-year event
d. 100 percent of the long-term scour.

A scour critical elevation is shown on the plans for use by bridge maintenance and

inspection personnel in monitoring of the bridge foundation for possible future mitigation.

The scour depth used for all cases is the sum of the channel scour plus the local
contraction scour.
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e Scour is normally not required to be combined with earthquake load (Extreme Event I).
When it is considered, following methods have been used:

c. For the functional evaluation earthquake design event, the full scour from the design flood (100-year
event) is used. For the safety evaluation earthquake design event, half of the scour obtained from the

design flood (100-year event) is used.

d.  When scour is considered with the Extreme Event I limit state, the soil resistance up to a maximum of
25% of the scour depth for the design flood event (100 year) is deducted from the lateral analysis of
the pile or shaft. The loss of skin resistance for the full scour depth for the design flood is considered
when checking axial capacity of the shaft for all strength and service limit states. The loss of skin
resistance for the full scour depth of the check flood (500 year event) is considered when checking the

axial capacity of the shaft for Extreme Event II limit states.
e Many practices are under the condition of “where economical.”
e Criteria for existing bridge may be lower than those for new bridges.
e Piles may be designed for scour condition if necessary.

e Abutment may be protected by countermeasures.
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New York 14260. Reports can also be requested through NTIS, P.O. Box 1425, Springfield, Virginia 22151. NTIS accession
numbers are shown in parenthesis, if available.
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Soong and A.M. Reinhorn, 4/20/87, (PB88-134341, A04, MF-AO1).

"Experimentation Using the Earthquake Simulation Facilities at University at Buffalo," by A.M. Reinhorn
and R.L. Ketter, to be published.

"The System Characteristics and Performance of a Shaking Table," by J.S. Hwang, K.C. Chang and G.C.
Lee, 6/1/87, (PB88-134259, A03, MF-A01). This report is available only through NTIS (see address given
above).

"A Finite Element Formulation for Nonlinear Viscoplastic Material Using a Q Model," by O. Gyebi and G.
Dasgupta, 11/2/87, (PB88-213764, A08, MF-A01).

"Symbolic Manipulation Program (SMP) - Algebraic Codes for Two and Three Dimensional Finite Element
Formulations," by X. Lee and G. Dasgupta, 11/9/87, (PB88-218522, A05, MF-A01).

"Instantaneous Optimal Control Laws for Tall Buildings Under Seismic Excitations," by J.N. Yang, A.
Akbarpour and P. Ghaemmaghami, 6/10/87, (PB88-134333, A06, MF-AO01). This report is only available
through NTIS (see address given above).
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report is available only through NTIS (see address given above).

"Vertical and Torsional Vibration of Foundations in Inhomogeneous Media," by A.S. Veletsos and K.W.
Dotson, 6/1/87, (PB88-134291, A03, MF-AO01). This report is only available through NTIS (see address
given above).

"Seismic Probabilistic Risk Assessment and Seismic Margins Studies for Nuclear Power Plants," by Howard
H.M. Hwang, 6/15/87, (PB88-134267, A03, MF-AO01). This report is only available through NTIS (see
address given above).

"Parametric Studies of Frequency Response of Secondary Systems Under Ground-Acceleration Excitations,"
by Y. Yong and Y.K. Lin, 6/10/87, (PB88-134309, A03, MF-AO01). This report is only available through
NTIS (see address given above).

"Frequency Response of Secondary Systems Under Seismic Excitation," by J.A. HoLung, J. Cai and Y K.
Lin, 7/31/87, (PB88-134317, A05, MF-AO01). This report is only available through NTIS (see address given
above).

"Modelling Earthquake Ground Motions in Seismically Active Regions Using Parametric Time Series
Methods," by G.W. Ellis and A.S. Cakmak, 8/25/87, (PB88-134283, A08, MF-AO01). This report is only
available through NTIS (see address given above).

"Detection and Assessment of Seismic Structural Damage," by E. DiPasquale and A.S. Cakmak, 8/25/87,
(PB88-163712, A05, MF-A01). This report is only available through NTIS (see address given above).
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"Digital Simulation of Seismic Ground Motion," by M. Shinozuka, G. Deodatis and T. Harada, 8/31/87,
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"Practical Considerations for Structural Control: System Uncertainty, System Time Delay and Truncation of
Small Control Forces," J.N. Yang and A. Akbarpour, 8/10/87, (PB88-163738, A08, MF-AO01). This report is
only available through NTIS (see address given above).

"Modal Analysis of Nonclassically Damped Structural Systems Using Canonical Transformation," by J.N.
Yang, S. Sarkani and F.X. Long, 9/27/87, (PB88-187851, A04, MF-AO01).

"A Nonstationary Solution in Random Vibration Theory," by J.R. Red-Horse and P.D. Spanos, 11/3/87,
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"Horizontal Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by A.S. Veletsos and K.W.
Dotson, 10/15/87, (PB88-150859, A04, MF-A01).

"Seismic Damage Assessment of Reinforced Concrete Members," by Y.S. Chung, C. Meyer and M.
Shinozuka, 10/9/87, (PB88-150867, A0S, MF-AO01). This report is available only through NTIS (see address
given above).

"Active Structural Control in Civil Engineering," by T.T. Soong, 11/11/87, (PB88-187778, A03, MF-A01).

"Vertical and Torsional Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by K.W. Dotson
and A.S. Veletsos, 12/87, (PB88-187786, A03, MF-A01).

"Proceedings from the Symposium on Seismic Hazards, Ground Motions, Soil-Liquefaction and Engineering
Practice in Eastern North America," October 20-22, 1987, edited by K.H. Jacob, 12/87, (PB88-188115, A23,
MF-AO01). This report is available only through NTIS (see address given above).

"Report on the Whittier-Narrows, California, Earthquake of October 1, 1987, by J. Pantelic and A.
Reinhorn, 11/87, (PB88-187752, A03, MF-AOQ1). This report is available only through NTIS (see address
given above).

"Design of a Modular Program for Transient Nonlinear Analysis of Large 3-D Building Structures," by S.
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"Optimal Control of Nonlinear Flexible Structures," by J.N. Yang, F.X. Long and D. Wong, 1/22/88, (PB88-
213772, A06, MF-AO1).

"Substructuring Techniques in the Time Domain for Primary-Secondary Structural Systems," by G.D.
Manolis and G. Juhn, 2/10/88, (PB88-213780, A04, MF-A01).

"[terative Seismic Analysis of Primary-Secondary Systems," by A. Singhal, L.D. Lutes and P.D. Spanos,
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"Seismic Fragility Analysis of Shear Wall Structures," by J-W Jaw and H.H-M. Hwang, 4/30/88, (PB89-
102867, A04, MF-A01).

"Base Isolation of a Multi-Story Building Under a Harmonic Ground Motion - A Comparison of
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A06, MF-AO01). This report is only available through NTIS (see address given above).
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"A New Solution Technique for Randomly Excited Hysteretic Structures," by G.Q. Cai and Y.K. Lin,
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"A Study of Radiation Damping and Soil-Structure Interaction Effects in the Centrifuge," by K. Weissman,
supervised by J.H. Prevost, 5/24/88, (PB89-144703, A06, MF-AO01).

"Parameter Identification and Implementation of a Kinematic Plasticity Model for Frictional Soils," by J.H.
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DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188, A05, MF-A01). This report is available only through
NTIS (see address given above).
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R.L. Ketter, 8/1/88, (PB89-102917, A04, MF-AO1).

"Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes," by F. Kozin and
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