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Chapter 1
Introduction to LRFD

Section 1.1 Introduction

Bridges have helped shape our nation and its people. Bridge design and
construction methods have advanced significantly in America and have helped
advance the nation’s transportation, commerce, and economy, as well as the well-
being of its people.

Bridges in the United States are designed in accordance with specifications
published by the American Association of State Highway and Transportation Officials
(AASHTO). These specifications are entitted AASHTO LRFD Bridge Design
Specifications (hereafter referred to as AASHTO LRFD), and they provide the
minimum standards for highway bridge design according to the Code of Federal
Regulations. By Federal Highway Administration (FHWA) policy, all bridges
designed after 2007 were required to be designed based on the Load and
Resistance Factor Design (LRFD) method.

This chapter describes the design philosophy of LRFD, including the evolution of
design specifications and LRFD calibration. It describes the primary design
philosophies and codes, including Allowable Stress Design (ASD), Load Factor
Design (LFD), and LRFD. A design example is included for each of these three
design philosophies. It also describes the original LRFD calibration work, more
recent calibration work, and the development of site-specific load factors.

This chapter also presents the general principles of limit states in bridge design, and
it describes the primary limit states used in LRFD — service, fatigue and fracture,
strength, and extreme event. For each limit state, the various load combinations,
load factors, and primary applications are presented. Finally, the load modifier, n,
used in LRFD is described, including its three components.

1.1
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Section 1.2 LRFD Design Philosophy
1.2.1 General

The LRFD design philosophy accounts for variability in both resistance and loads, it
achieves relatively uniform levels of safety within the superstructure and
substructure (excluding foundations) and their various members, and it is based on
risk assessment founded on reliability theory.

As an example, for the earlier design philosophies (ASD and LFD), the level of
safety varied as a function of the span length, span arrangement, and member type
(such as girder, floorbeam, pier cap, or column). This variability existed because, at
a given limit state, the design loads and their application were not calibrated to result
in a force effect with the same level of safety for all span and member types.
Similarly, the material and member resistances were not calibrated as well.

Simply stated, safety in any engineering design is assumed when the demands
placed on components and materials are less than what is supplied, so that the
following basic equation is satisfied:

Demand < Supply

Another way of stating this same principle with respect to structural engineering is
that the effect of the loads must be less than the resistance of the materials, so that
the following requirement is met:

Load < Resistance

When a particular loading or combination of loadings reaches the component or
material resistance, safety margins approach zero and the potential for failure exists.
The goal of the basic design equation is to limit the potential for failure to the lowest
probability practical for a given situation.

When applying this principle to design, it is essential that both sides of the inequality
be evaluated for the same conditions. For example, if the effect of applied loads
produces tension in a concrete member, the load should be compared to the tensile
resistance of the concrete and not some other aspect of the material such as the
compressive resistance.

For bridge design, the left side of the inequality representing the loads is constantly
changing due to live loads and other environmental loads. Under some
circumstances, due to deterioration of the structure over time, the right side of the
inequality representing the resistance might also change. These uncertainties
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throughout the life of the structure are very difficult to predict but must be accounted
for.

1.2.2 Evolution of Design Specifications
1.2.21 General

The manner in which the uncertainties of bridge design are considered is what
separates different design philosophies. In recent decades, three design
philosophies (or codes) for bridge design have been in general use in the United
States. In order of age, they are Allowable (or Working) Stress Design (ASD), Load
Factor Design (LFD), and Load and Resistance Factor Design (LRFD).

For ASD, a single factor of safety on the resistance side of the inequality accounts
for the uncertainty. The use of LFD, on the other hand, applies load factors to each
type of load depending on the combination, and the material resistance is also
modified by reduction factors. Hence, LFD accounts for uncertainty on both sides of
the inequality.

LRFD is similar to LFD in the fact that the uncertainty is accounted for on both sides
of the inequality. However, the major advantage of LRFD over LFD is that LRFD is
probability-based. LRFD was developed based on a specific reliability index that
targets a specific probability of failure. Each design philosophy is discussed in more
detail in the following sections.

1.2.2.2 Allowable Stress Design

Allowable Stress Design (ASD), also known as Working Stress Design (or WSD), is
the oldest of the three design codes commonly used for bridges in the United States
in recent decades. Of the three philosophies, ASD is the most simplistic.

The ASD method of design utilizes unfactored loads which are combined to produce
a maximum effect in a member. The maximum load or combination of loads cannot
exceed the allowable (or working) stress of the material. The allowable or working
stress is found by taking the strength of the material and applying an appropriate
factor of safety that is greater than unity.

The basic equation for Allowable Stress Design is the following:

2DL+XLL=R,/FS Equation 1.2.2.2-1
where:
DL = dead loads applied to the component under consideration
LL = live loads applied to the component under consideration
R, = ultimate capacity of the component under consideration
FS = factor of safety > 1.0
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Note that loads other than dead load and live load have been excluded from the
above equation for simplicity. However, they are also included in ASD, as
applicable.

A graphical representation of the ASD philosophy is presented in Figure 1.2.2.2-1.
As can be seen in the figure, the assumption of ASD is that loads and resistances
both have a probability of occurrence of 1.0. The load types include dead loads, live
loads, and environmental loads, all of which in reality have different occurrence
probabilities and different effects.

Therefore, it is evident that the factor of safety applied to the resistance side of the

inequality dictates the width of the safety margin in the graphical representation and
is the only aspect of ASD that accounts for uncertainty.

Safety margin, (R/FS) - P

Probability of occurance

Magnitude of loads (P) and
resistances (R)

Figure 1.2.2.2-1 Graphical Representation of Allowable Stress Design

The primary advantage of ASD is the following:

e ASD has an inherent simplicity. Because it does not involve the use of load
factors or resistance factors, the computations are relatively simple.

The primary limitations of ASD are the following:

¢ In ASD, no consideration is given to the fact that various types of loads have
different levels of uncertainty. For example, the dead load of a bridge can be
estimated with a high degree of accuracy. However, earthquake loads acting
on bridges cannot be estimated with the same degree of accuracy and
confidence. Nevertheless, dead loads, live loads, and environmental loads
are all treated equally in ASD.
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e Because the factor of safety applied to the resistance side of the inequality is
based on experience and judgment, consistent measures of risk cannot be
determined for ASD.

1.2.2.2.1 Allowable Stress Design Example

For this example, assume a dead load of 50 kips, a live load of 25 kips and an
ultimate capacity of 150 kips. Use a minimum factor of safety of 1.5 for this
example.

$DL + SLL = 50 kips + 25 kips = 75 kips
FS =R,/ (DL + SLL) = 150 kips / 75 kips = 2.0

Since the calculated factor of safety (2.0) is greater than the minimum factor of
safety (1.5), the fundamental equation for ASD is satisfied and the design is
acceptable for the given loadings.

1.2.2.3 Load Factor Design

Load Factor Design (LFD) was introduced several decades ago in an effort to refine
the ASD philosophy. LFD utilizes loads multiplied by load factors and load
combination coefficients, which are generally greater than unity. The factored loads
are combined to produce a maximum effect in a member. Load factors vary by type
of load and reflect the uncertainty in estimating magnitudes of different load types.

In LFD, uncertainty is also accounted for in the resistance side of the inequality. The
resistance side is multiplied by a reduction factor, phi (¢), which is generally less
than unity in order to account for variability of material properties, structural
dimensions, and workmanship. The combination of the factored loads cannot
exceed the strength of the material multiplied by a reduction factor less than unity.

The following relationship represents LFD design. Note that loads other than dead
load and live load have been excluded from the equation for simplicity, but they must
be included when designing with LFD, as applicable.

(X Bp DL+ 2B LL) = dR, Equation 1.2.2.3-1
where:
DL = dead loads applied to the component under consideration
LL = live loads applied to the component under consideration
R, = ultimate capacity of the component under consideration
y = load factor applied to all loads
po. = load combination coefficient for dead loads
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pi. = load combination coefficient for live loads
¢ = reduction factor

The primary advantages of LFD are the following:

e In LFD, a load factor is applied to each load combination to account for the
relative likelihood that a specific combination of loads would occur
simultaneously.

¢ In LFD, consideration is given to the fact that various types of loads have
different levels of uncertainty. For example, the dead load of a bridge can be
estimated with a higher degree of accuracy than the live loads. Therefore,
the load combination coefficient for live load is greater than that for dead load.

The primary limitations of LFD are the following:

e LFDis not as simple to use as ASD.
e LFD does not achieve relatively uniform levels of safety.

1.2.2.3.1 Load Factor Design Example
Using the same loads and ultimate structural resistance from the ASD example in

Section 1.2.2.2.1, the design inequality for LFD Strength Load Combination | is
presented below. Note that a reduction factor of 0.9 has been assumed.

y = 13
Por = 1.0
ﬂLL = 1.67
46 = 09

Y (X BpoL DL + X B LL) = 1.3 [(1.0 * 50 kips) + (1.67 * 25 kips)] = 119.3 kips
¢ R, =0.9 * 150 kips = 135 kips
Since the factored load (119.3 kips) is less than the factored capacity (135 kips), the

fundamental equation for LFD is satisfied and the design is acceptable for this
particular strength combination.
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1.2.2.4 Load and Resistance Factor Design

The Load and Resistance Factor Design (LRFD) method is the latest advancement
in transportation structures design practice. In the year 2000, AASHTO, in
concurrence with FHWA, set a transition date of October 1, 2007, after which all new
bridges on which states initiate preliminary engineering shall be designed in
accordance with the requirements of AASHTO LRFD.

The LRFD design methodology is similar to LFD design. On the load side of the
inequality, LRFD utilizes load factors but not load combination coefficients. The
combination of the factored loads, termed “limit states” in LRFD, cannot exceed the
resistance of the material multiplied by a resistance factor less than or equal to unity.
Several load combinations are included for service, fatigue and fracture, strength,
and extreme event considerations.

The resistance side of the LRFD inequality is similar to that of LFD, although
resistance factors differ from those used in LFD. The following relationship
represents LRFD design. Note that loads other than dead load and live load have
been excluded from the equation for simplicity, but they must be included when
designing with LRFD, as applicable.

(Zvyp DL+ Xy, LL)=¢R, Equation 1.2.2.4-1

where:

DL = dead loads applied to the component under consideration

LL = live loads applied to the component under consideration

R, = nominal resistance or strength of the component under consideration

mw. = load factor for dead loads

ne = load factor for live loads

) = resistance factor

The general LRFD design equation used by AASHTO is presented and described in
Section 1.3.1. The AASHTO LRFD design equation includes a load modifier, eta

(7)), which is applied to all loads equally.

A graphical representation of the LRFD philosophy is presented in Figure 1.2.2.4-1.
As can be seen in the figure, the factored safety margin is small, but when the
theoretical actual loads and nominal resistances are observed, the actual safety
margin is actually much wider. LRFD also takes into account the different
probabilities of occurrence for loads and resistances.
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Factored safety margin, ¢R — yP

Probability of occurance

Magnitude of loads (P) and
resistances (R)

Figure 1.2.2.4-1 Graphical Representation of Load and Resistance Factor
Design

The primary advantages of LRFD are the following:

e LRFD accounts for variability and uncertainty in both resistance and loads.

e LRFD achieves relatively uniform levels of safety for different limit states and
material types to the extent possible.

e LRFD provides more consistent levels of safety in the superstructure and
substructure (excluding foundations) as both are designed using the same
loads for predicted or target probabilities of failure.

The primary limitation of LRFD is the following:

e The most rigorous method for developing and adjusting resistance factors to
meet individual situations requires availability of statistical data and
probabilistic design algorithms.

Bridge designers who are accustomed to using the LFD design code generally
recognize many similarities when learning the LRFD design code. While load and
resistance factors differ for LRFD as compared to LFD, many procedures for
determining design loads and material strengths are the same.

1.2.2.4.1 Load and Resistance Factor Design Example
For LRFD, load factors are determined from AASHTO LRFD Article 3.4.1 and

resistance factors are determined from AASHTO LRFD Articles 5.5.4.2 and 6.5.4.2
for concrete and steel, respectively.
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Using the same loads and ultimate resistance from the ASD example in Section
1.2.2.2.1 and using the following factors corresponding to a strength limit state, the
design is as follows:

n = 1.05 (5 =1.00, 7g = 1.00, and 7, = 1.05)
WL = 1.25

nL = 1.75

46 = 09

Although there is only one load modifier, 7, for each bridge, 7 is applied to each load
individually in accordance with AASHTO LRFD Equation 1.3.2.1-1. This is illustrated
in the following equation:

(EnyoDL + Zny LL) = [(1.05%1.25*50 kips) + (1.05*1.75*25 kips)] = 111.6 kips
The factored resistance is computed as follows:
¢ R, =0.9 * 150 kips = 135 kips

Since the factored load (111.6 kips) is less than the factored resistance (135 kips),
the fundamental equation for LRFD is satisfied and the design is acceptable for this
particular load combination of the strength limit state.

1.2.3 LRFD Calibration

The differences in how load factors are applied in LFD and in LRFD are significant,
but perhaps the greatest difference between LFD and LRFD is that reliability theory
was used in LRFD to derive the load and resistance factors. The load and
resistance factors were statistically “calibrated” in an effort to obtain a more uniform
level of safety for different limit states and types of material.

Research into the safety of bridges generally includes calculations of a safety or
reliability index, often denoted as g (beta). The reliability index quantifies the
structural reliability or, conversely, the risk that a design component has insufficient
resistance and that a specific limit state will be reached. Higher betas denote higher
reliability.

The reliability index is illustrated by the bell curves presented in Figure 1.2.3-1 and
Figure 1.2.3-2. Figure 1.2.3-1 illustrates the normal distribution of loads and
resistances in the shape of bell curves. The application of load factors and
resistance factors is also illustrated in Figure 1.2.3-1. The overlap of the two bell
curves represents the region for which the limit state has been exceeded. Figure
1.2.3-2 provides a graphical representation of the reliability index, .
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Figure 1.2.3-1 Bell Curves lllustrating Distribution of Load and Resistance
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Figure 1.2.3-2 Graphical Definition of Reliability Index, g

The reliability index, g, is computed as follows:

_ Meanvalueof g
Standard deviationof g

Equation 1.2.3-1

g=R-DL-LL Equation 1.2.3-2

where:
g = safety margin

1.10



LRFD for Highway Bridge Superstructures Chapter 1

Reference Manual Introduction to LRFD
R = resistance
DL = dead load effect

LL

live load effect, including dynamic load allowance

Based on these calibrations and reliability indices, a higher load factor or lesser
resistance factor is applied to loads and materials whose behavior is less-well known
and cannot be as accurately predicted. In this manner, greater knowledge of some
resistances and loadings can be accounted for, allowing more efficient designs while
still applying appropriate levels of safety to those resistances and loads which are
more ambiguous. As research is conducted and the knowledge base increases,
load and resistance factors can be altered to account for the greater certainty, or in
some cases, greater uncertainty of loads or resistances.

1.2.31 Original Calibration Work

In 1999, the original calibration work by Dr. Andrzej S. Nowak was published in
NCHRP Report 368 (Nowak, 1999). Much of the work for this report was actually
completed prior to 1991, prior to the final selection of load and resistance factors
used in AASHTO LRFD. NCHRP Report 368 provides the background information
and the calibration procedure for AASHTO LRFD. The original calibration was for
the strength limit state, and calculations were carried out for beam- and slab-type
bridges. For the original calibration work, it was assumed that resistance would not
change over time (assuming that maintenance would be adequate to preserve the
original strength) and that the weight of legal loads would not increase over time.

For the original calibration work that served as the basis for the 1994 AASHTO
LRFD, the reliability index, g, was set at a target of 3.5. The inherent reliability
indices of previous specifications ranged from as low as 2.0 to as high as 4.5. A
target reliability index of 3.5 was considered appropriate, as it was slightly higher
than an average of previous specifications and design philosophies (Nowak, 1999;
Kulicki, et al., 2007).

1.2.3.2 Latest Calibration Work from SHRP 2

In December 2013, new calibration work specific to the service limit state was
completed as part of the second Strategic Highway Research Program (SHRP 2),
administered by the Transportation Research Board. A project team consisting of
Modjeski and Masters, University of Nebraska at Lincoln, University of Delaware,
and NCS Consultants documented their work in a final report entitled “Bridges for
Service Life Beyond 100 Years: Service Limit State Design” (Modjeski and Masters,
et al., 2013). The primary objectives of this project (SHRP 2 Project R-19B) were to
develop design and detailing guidance to provide 100-year bridge life, to develop
calibrated service limit states to provide 100-year bridge life, and to develop a
framework for further development of calibrated service limit states.
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1.2.3.3 Development of Site-specific Load Factors

In addition to the load factors specified by AASHTO, transportation agencies can
also calibrate site-specific load factors, which can be derived using local traffic
conditions. The generalized load factors presented in AASHTO are representative
of bridges throughout the nation with similar traffic volumes. However, site-specific
load factors can be computed using truck weight data collected from weigh-in-motion
(WIM) sites that follow the same procedures used to derive the LRFD live load
factors.

Based on structural reliability principles, uniform target safety levels can be attained
by reducing uncertainty. This is achieved by collecting site-specific information from
WIM sites to determine and quantify the local uncertainty in the live loads, rather
than relying on generalized information regarding uncertainty throughout the nation.
Site-specific load factors are more refined than the generalized AASHTO load
factors, because they are based on a specific bridge site, route, or region. They
reflect the actual truck traffic in that specific region, and they generally capture the
maximum loadings over the exposure period.

Such site-specific load factors are computed and used primarily for design of
signature bridges using LRFD and for evaluation of existing bridges using Load and
Resistance Factor Rating (LRFR) methodology. The requirements for computing
site-specific load factors generally preclude their use for common workhorse bridges,
but they can provide significant benefit for signature bridge design and for LRFR
load ratings.

Additional information about development of site-specific load factors is available in
NCHRP Report 683, Protocols for Collecting and Using Traffic Data in Bridge Design
(Sivakumar, et al., 2011).

Section 1.3 Limit States

Load and Resistance Factor Design utilizes load combinations called limit states. As
defined by AASHTO, a limit state is a condition beyond which the bridge or
component ceases to satisfy the provisions for which it was designed. LRFD limit
states are generally classified into four major categories — service, fatigue and
fracture, strength, and extreme event. Different load combinations are intended to
analyze a structure for certain responses, such as deflections, permanent
deformations, ultimate capacity, and inelastic responses without failure.

It should be noted that, in the context of LRFD design of bridges, the term “failure”
does not necessarily mean collapse of the bridge or catastrophic damage. Rather it
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means no longer satisfying the provisions for which it was designed. This is unique
for each limit state and is described further in the following sections.

Not all limit states need to be checked for all structures, and the design engineer
should determine the applicable limit states for a specific bridge. When all
applicable limit states and combinations are satisfied, a structure is deemed
acceptable under the LRFD design philosophy.

Each limit state contains several load combinations, numbered with Roman
numerals. These combinations reflect different load types and different load factors,
based on the intended loading condition and the probability of simultaneous
occurrence of loadings.

For reference, the load factors table presented in AASHTO LRFD Table 3.4.1-1 is
presented in Section 3.9.1.1. In addition, for strength and extreme event limit states,
permanent loads are factored individually as presented in AASHTO LRFD Table
3.4.1-2, which is also presented in Section 3.9.1.1.

1.3.1 General AASHTO LRFD Design Equation

In Section 1.2.2.4, a limited description of the LRFD design equation is presented for
the purpose of comparison with ASD and LFD. Only dead load and live load were
included in the example equation presented in Section 1.2.2.4.

However, this section describes the general AASHTO LRFD design equation, as
presented in AASHTO LRFD and as applicable for all limit states and all load
combinations. The general AASHTO LRFD design equation is expressed as follows:

> Q<R =R Equation 1.3.1-1
AASHTO LRFD Equation 1.3.2.1-1

where:

ni = load modifier, relating to ductility, redundancy, and operational
importance

% = load factor; a statistically based multiplier applied to force effects

Q; = force effect

¢ = resistance factor; a statistically based multiplier applied to nominal
resistance

R, = nominal resistance

R, = factored resistance

Load factors are statistically-based multipliers applied to the force effects, and they
are usually greater than 1.0. Load factors account primarily for the variability of
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loads, the lack of accuracy in analysis, and the probability of different loads occurring
simultaneously. However, they are also related to the statistics of the resistance
through the calibration process.

Resistance factors are also statistically-based multipliers, but they are applied to the
nominal resistance. Their values are less than or equal to 1.0. Resistance factors
account primarily for variability of material properties, structural dimensions, and
workmanship, as well as uncertainty in the prediction of resistance. However, they
are also related to the statistics of the loads through the calibration process.

Both load factors and resistance factors are selected to yield reliability factors close
to the target reliability index, fr. For each load component (such as dead load, live
load, and wind load), the load factor, j;, is computed as a function of the bias factor
(which is defined as the ratio of the mean value to the nominal value) and the
coefficient of variation (which is defined as the standard deviation divided by the
average value).

Some general principles in selecting load factors are presented in Table 1.3.1-1.

Table 1.3.1-1 Selection of Load Factors

General Principle Example
Lower load factors are assigned to loads The weight of water has very low variability
with a low degree of variability. (0.0624 kcf), and therefore the load factor

assigned to water load is 1.00 for all load
combinations.

Similarly, higher load factors are Live load weight and configuration has

assigned to loads with a high degree of relatively high variability, and therefore

variability. the load factor for live load is as high as
1.75 (for Strength ).

The likelihood of simultaneous loads For Extreme Event Il, the load factor for

affects the selected load factor. live load is 0.50, because it is likely that

reduced live load will be present on the
bridge during an extreme event.

The number of simultaneous loads For Strength | (without wind on structure
affects the selected load factor. or on live load), the load factor for live
load is 1.75. However, for Strength V
(with wind on structure and on live load),
the load factor for live load is 1.35.

It should be noted that the bridge engineer generally does not select load factors but
rather uses the load factors that have been selected by AASHTO, as presented in
AASHTO LRFD Tables 3.4.1-1 and 3.4.1-2. The AASHTO load factors were
selected based on extensive research and calibration.

1.14




LRFD for Highway Bridge Superstructures Chapter 1
Reference Manual Introduction to LRFD

The load modifier is computed as described in Section 1.3.6, and it applies to all
force effects acting on the entire bridge. However, different load factors are used for
different force effects, as presented in Section 3.9.1.1.

All limit states are considered to be of equal importance, and the general LRFD
design equation must be satisfied for all limit states that are applicable to the specific
bridge.

1.3.2 Service Limit State

The service limit state provides restrictions on stress, deformation, and crack width
under regular service conditions. It provides experience-related provisions that
cannot necessarily be derived solely from statistical or strength considerations.
Within the service limit state, there are four load combinations that are designed to
test various aspects of the structure being analyzed. These load combinations are
designated Service | through Service IV. These load combinations represent loading
conditions which could easily be expected during normal operation and will occur
many times during the design life of the structure. The service limit state is intended
to control deflections in superstructures and cracks in prestressed concrete
structures. For the service limit state, failure means that stresses, deformations, or
crack widths exceed the limitations established by AASHTO. However, it does not
necessarily mean collapse or inability of the component to resist the applied loads.

1.3.3 Fatigue and Fracture Limit State

The fatigue and fracture limit state provides restrictions on stress range as a result of
a single design truck occurring at the number of expected stress range cycles. It
also provides material toughness requirements as set forth in the AASHTO Material
Specifications. The fatigue and fracture limit state consists of two load combinations
intended to produce the greatest effect of a stress range on a structural component
which controls the possibility for cracking in steel members from a single truck
loading, as specified in AASHTO LRFD Article 3.6.1.4. These two load
combinations are designated Fatigue | and Fatigue Il, and they relate to infinite load-
induced fatigue life and finite load-induced fatigue life, respectively. This limit state
is not applicable to all bridge designs, and the design engineer must determine
whether the effects of fatigue and fracture could be a problem for each specific
bridge. For example, AASHTO does not require fatigue limit state checks for
concrete decks or wood decks, as specified in AASHTO LRFD Article 9.5.3. For the
fatigue and fracture limit state, failure means that crack growth under repetitive loads
exceeds the limitations established by AASHTO to prevent fracture during the design
life of the bridge.
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1.3.4 Strength Limit State

The strength limit state assures that strength and stability requirements, both local
and global, are satisfied to resist the specified statistically significant load
combinations that a bridge is expected to experience during its design life. All
members must satisfy ultimate capacity requirements under various live load and
wind load conditions. These load combinations would not generally occur during
normal daily operation of the structure, but they could occur during the design life of
the structure. There are five strength load combinations, designated Strength |
through Strength V. For the strength limit state, failure means that the bridge
resistance has been exceeded. Extensive distress and structural damage may
occur under the strength limit state, but overall structural integrity is expected to be
maintained.

1.3.5 Extreme Event Limit State

The extreme event limit state assures the structural survival of a bridge during a
major earthquake, flood, collision by a vessel, collision by a vehicle, or ice flow. The
extreme event limit state represents unique loadings whose return period may be
significantly greater than the design life of the bridge. Specific loads which apply
only to the extreme event limit state are earthquake load, blast loading, ice load,
vehicular collision force, and vessel collision force. Each of these five loadings is
analyzed separately and is not combined with any of the other four extreme event
loadings. The two load combinations for this limit state are designated Extreme
Event | and Extreme Event Il, each possessing different load factors for live load.
For the extreme event limit state, failure does not mean complete loss of structural
integrity or collapse under these extreme loading conditions. However, the effects of
an extreme event load combination are allowed to cause damage to a structure.
Stresses and deformations well into the inelastic range are permitted and, in some
cases, expected for the extreme event limit state.

1.3.6 Load Modifier, n

As described in Section 1.3.1, AASHTO LRFD introduces a new term in the design
equation. This new term is called a load modifier. AASHTO LRFD Article 1.3.2.1
defines the load modifier, n (eta), as a combination of factors due to the effects of
ductility, redundancy, and operational importance. These three terms are
designated as 7p, 77, and 7, respectively.

The original intent of the load modifier was to encourage enhanced ductility and

redundancy. Operational importance was included to provide additional reliability for
more important bridges.
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The placement of the load modifier on the load side of the basic LRFD equation may
seem counterintuitive since ductility and redundancy are generally considered to be
characteristics of resistance rather than load. However, the load modifier was
placed on the load side since the final combination of 7 factors depends on the
desired loading condition. For maximum values of

n; = NN = 0.95 Equation 1.3.6-1
AASHTO LRFD Equation 1.3.2.1-2

However, for minimum values of y;:

1
NpMRM

<1.0 Equation 1.3.6-2

AASHTO LRFD Equation 1.3.2.1-3

1.3.6.1 Ductility

The ductility factor, np, can be modified for the strength limit state to reflect a
bridge’s ductility characteristics. A higher value of 1.05 is used for nonductile
components and connections. A value of 1.00 is used for conventional designs and
details that comply with AASHTO LRFD. A lower value of 0.95 is used for
components and connections for which measures have been taken beyond those
required in AASHTO LRFD to enhance ductility in the bridge. For all non-strength
limit states, a factor of 1.00 is used.

1.3.6.2 Redundancy

The redundancy factor, 7z, as the name implies, accounts for the redundant nature
of the bridge or component. The preference is to design bridge members with a
suitable level of redundancy unless there is a specific reason not to do so. For the
strength limit state, a value of 1.05 is used for nonredundant members, and a value
of 0.95 is used for exceptional levels of redundancy beyond girder continuity and a
torsionally-closed cross section. For bridges with conventional levels of redundancy,
and for all limit states other than strength, a value of 1.00 should be used.

The value of 7 used for design is based largely on subjective judgment. However,
NCHRP Project No. 12-86 entitled "Bridge System Reliability for Redundancy"
quantifies the structural system redundancy (that is, the system factor). The current
AASHTO Manual for Bridge Evaluation has already adopted the system factor on the
resistance side of the basic equation. It is anticipated that future editions of
AASHTO LRFD will adopt the system factor to quantify the redundancy of the
structure.
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1.3.6.3 Operational Importance

The use of the operational importance factor, 7, is somewhat more subjective than
the ductility and redundancy factors. The operational importance of a bridge is the
decision of the Owner, although AASHTO LRFD Article C1.3.5 provides some
guidance. For the strength limit state, operational importance can range from 1.05
for critical or essential bridges to 0.95 for relatively less important bridges. For
typical bridges, and for all limit states other than strength, a factor of 1.00 should be
used.
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Chapter 2

General Design and
Location Features

Section 2.1 Introduction

During the preliminary phase of a bridge design, several critical decisions must be
made which set the course for the final design phase. These decisions relate to
general design requirements and location features, and they directly influence
whether the bridge design and construction will be successful or burdened with
problems.

lll-conceived preliminary designs cannot be made efficient during final design,
regardless of how well the individual bridge components are designed. Therefore,
general design considerations and location features must be carefully addressed
early in the design process.

This chapter describes several important location features. It also describes
fundamental design objectives, including safety, serviceability, constructibility,
economy, aesthetics, security, and roadway drainage. Finally, a section describing
Accelerated Bridge Construction (ABC) is provided in this chapter as well.

Section 2.2 Location Features

Location features that must be addressed during preliminary design include the route
location, the bridge site arrangement, and clearances and geometry considerations.

To assist in these design decisions, AASHTO publishes A Policy on Geometric
Design of Highways and Streets, commonly referred to as the “Green Book.” This
document contains the current design research and practices for highway and street
geometric design. It provides guidance to highway engineers and designers who
strive to make unique design solutions that meet the needs of highway users while
maintaining the integrity of the environment. It is intended to serve as a
comprehensive reference manual to assist in administrative, planning, and
educational efforts pertaining to design formulation. Design guidelines are included
for freeways, arterials, collectors, and local roads, in both urban and rural locations,
paralleling the functional classification used in highway planning.
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2.21 Route Location
2211 General

The location and alignment of the bridge must satisfy both the on-bridge and under-
bridge requirements. The bridge must be designed for the alignment of the roadway
or railway it is supporting. This can result in a tangent bridge if the alignment is
straight or slightly curved, a curved bridge if the alignment has a significant curve, or
a flared bridge to allow for a varying roadway width. A curved bridge, supporting a
roadway with an alignment of significant horizontal curvature, is shown in Figure
221.11.

Figure 2.2.1.1-1 Bridge with Curved Alignment

The preliminary design must also consider the need for skewed substructure units.
A skew may be necessary if the feature that is being crossed (such as a roadway,
railway, or waterway) is not oriented perpendicular to the bridge.

The route location for bridges must be established to facilitate a cost-effective
design, construction, operation, inspection, and maintenance. It must also provide
the desired level of traffic service and safety, and it must minimize adverse highway
impacts.

221.2 Waterway and Floodplain Crossings
For bridges over waterways or in floodplains, it is best to avoid hydraulic problems

by carefully selecting the bridge location rather than to minimize hydraulic problems
later in the design process caused by an unfavorable bridge location.
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Bridges over waterways must be aligned and located based on the following
considerations:

e Hydrologic and hydraulic characteristics of the waterway, including flood
history, channel stability, and any tidal ranges and cycles

o Effect of the proposed bridge on flood flow patterns

e Scour potential at the bridge foundations

e Potential for creating new flood hazards or worsening existing flood hazards,
both upstream and downstream

e Various environmental impacts on the waterway

In addition, bridges over floodplains must be aligned and located based on the
following considerations:

¢ Consistency with the standards and criteria of the National Flood Insurance
Program, where applicable

¢ Long-term aggradation or degradation

e Any environmental approval requirements, including environmental
restrictions during construction (which may affect construction methods and
therefore also affect bridge type and span arrangement)

222 Bridge Site Arrangement
2221 General

When defining the bridge site arrangement, any possible future variations in the
alignment or width of the bridge or of the waterway, highway, or railway spanned by
the bridge must be considered. For example, if the roadway being crossed may be
widened in the future, then consideration should be given to locating the bridge’s
substructure units to facilitate the future roadway width. In addition, the bridge width
should be determined with consideration to future widening of the roadway
supported by the bridge.

2222 Traffic Safety

When establishing the bridge site arrangement, careful attention must be given to
traffic safety. AASHTO LRFD Article 2.3.2.2 provides guidance for the protection of
portions of the bridge, protection of people or vehicles on the bridge, geometric
requirements, roadway surface requirements, and vessel collision protection
requirements.
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Some of these traffic safety requirements include the following:

e Unless a rigid barrier is provided, barriers protecting substructure units should
be located such that the roadway face of the barrier is at least 2 feet from the
face of the substructure unit (to prevent transmission of force effects from the
barrier to the substructure unit being protected).

e Similarly, the face of guardrails or other devices should be at least 2 feet
outside the normal shoulder line.

e Movable bridges must satisfy unique requirements in the Manual on Uniform
Traffic Control Devices.

e The width of shoulders and the geometry and crash test level of traffic
barriers must satisfy the requirements of AASHTO and of the Owner.

¢ Road surfaces must satisfy design requirements for anti-skid characteristics,
roadway crown, drainage, and superelevation.

e Bridge structures that may be subject to vessel collision must be protected
using fenders, dikes, or dolphins, or they must be designed to resist the
collision force effects specified in AASHTO LRFD.

223 Clearances and Geometry Considerations

In addition to route location and bridge site arrangement considerations, bridges
must also be designed to satisfy all clearance and geometry requirements. The two
basic types of clearance requirements are vertical clearance and horizontal
clearance. Clearances must be considered for navigational, highway, railroad, and
environmental requirements.

2.2.31 Navigational Clearances

For bridges over navigable waterways, required navigational clearances, both
vertical and horizontal, must be established and satisfied in cooperation with the
U.S. Coast Guard. In addition, permits for construction must be obtained from the
Coast Guard, as well as from any other agencies having jurisdiction over the
waterway.

2.2.3.2 Highway Vertical Clearances

Vertical clearance requirements are established to prevent collision damage to the
superstructure, such as that shown in Figure 2.2.3.2-1. Requirements for vertical
clearance are defined in AASHTO’s A Policy on Geometric Design of Highways and
Streets. Vertical clearance is measured from the top of the roadway surface to the
bottom of the lowest superstructure component. For complex structures, it may be
necessary to investigate the vertical clearance at several locations to ensure that the
controlling value has been determined.
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Figure 2.2.3.2-1 Violation of Vertical Clearance Requirement

Minimum vertical clearance is dependent on the roadway classification. For local
roads and collector roads (and for roads with AASHTO functional classifications of
local roads or collector roads), minimum vertical clearance is generally 14 feet.
However, for arterials and freeways, minimum vertical clearance is generally 16 feet.
In addition, for all four roadway classifications, an extra 6 inches of vertical clearance
should be provided as additional consideration for future resurfacing.

The vertical clearance requirement for sign supports and pedestrian overpasses is
generally 1 foot greater than for highway structures due to their reduced resistance
to traffic impact.

When evaluating whether or not to utilize wider girder spacings, a number of issues
should be considered. Girder depth limitations based on vertical clearance
requirements may limit how many girders can be removed from a cross section.
Maintaining the required vertical clearance by raising the bridge profile is generally
not economical.

2233 Highway Horizontal Clearances

No object on or under the bridge should be closer than 4 feet from the edge of a
traffic lane, with the exception of a barrier, whose inside face should not be closer
than 2 feet from the edge of the traffic lane or from any nearby object. The purpose
of this requirement is to prevent collisions from errant vehicles or from vehicles
carrying wide loads.
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The roadway width on the bridge should not be less than the width of the approach
roadways, including shoulders, curbs, gutters, and sidewalks.

Horizontal clearance requirements under the bridge are established to prevent
collision damage to the substructure. Horizontal clearance requirements can be
used to determine the type of abutment selected. For example, stub abutments are
often used when a wide opening is required under the superstructure, and they
provide a larger scope of view for the driver. Full-height abutments restrict the
opening under the superstructure, but they also facilitate shorter span lengths.

2234 Railroad Overpass Clearances

Railway bridges have clearance requirements that are set forth in American Railway
Engineering and Maintenance-of-Way Association (AREMA), Manual for Railway
Engineering. Clearances for railroad bridges must also satisfy design standards of
the Association of American Railroads, AASHTO, local laws, and any additional
requirements of the railroad owner.

2.2.3.5 Environmental Considerations

During the preliminary stages of a bridge design, any environmental considerations
unique to the bridge site and bridge type must also be addressed. For example, the
impact of the bridge and its approaches on local communities, historic sites,
wetlands, and any other aesthetically or environmentally sensitive regions must be
considered.

The Engineer must ensure that all laws and regulations are satisfied, including any
state water laws, provisions of the National Flood Insurance Program, and any
federal and state regulations concerning encroachment on floodplains and wetlands,
fish, and wildlife habitats.

For bridges crossing waterways, the stream forces, consequences of riverbed scour,

removal of embankment stabilizing vegetation, and impacts to tidal dynamics must
also be considered.

Section 2.3 Design Objectives
During the design of a bridge, there are many different objectives that must all be

satisfied and balanced by the Engineer. These design objectives include safety,
serviceability, constructibility, economy, aesthetics, security, and roadway drainage.
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2.31 Safety

The primary responsibility of a bridge engineer is to ensure the safety of the traveling
public. This objective is fulfilled primarily by designing the bridge such that it fully
satisfies the design requirements of AASHTO LRFD, as well as any other governing
design requirements.

To ensure that this responsibility is fulfilled, bridge design projects should include a
comprehensive check of all calculations and drawings, as well as an independent
Quality Control review after the work is completed by an Engineer not associated
with the specific work.

2.3.2 Serviceability

Another design objective is serviceability of the bridge, or its ability to provide service
to the traveling public as intended.

Serviceability includes many different criteria, such as durability, maintainability,
rideability, and deformations. These criteria are generally based on past practices,
but they are not necessarily based on scientific evidence or research. However, in
December 2013, new calibration work specific to serviceability was completed as
part of the second Strategic Highway Research Program (SHRP 2), administered by
the Transportation Research Board. Serviceability criteria are intended to ensure
that the bridge can provide 75 years of service life.

2.3.21 Durability

The single most significant design decision that can enhance bridge durability is the
elimination or reduction of the number of deck joints. When road de-icing agents are
used on bridges with deck joints, deterioration is common for the structural
components immediately below and in the vicinity of the joint. Experience has
shown that the best way to prevent this deterioration is to eliminate deck joints as
much as possible.

Where deck joints cannot be eliminated, careful attention should be given to making
the joint as leak-proof as possible, as well as providing for the protection of bridge
components beneath the joint. As shown in Figure 2.3.2.1-1, damage from snow
plows, traffic, and debris can cause joint seals to be torn, pulled out of the
anchorage, or removed altogether.
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Figure 2.3.2.1-1 Damaged Compression Seal Resulting in Leakage

Another way to enhance bridge durability is to protect the post-tensioning system
tendons. Grouted Post-Tensioning Specifications, a document developed by the
Post-Tensioning Institute (PTI) and the American Segmental Bridge Institute (ASBI),
provides Protection Levels (PL) for post-tensioning system tendons. PL1 is defined
as a duct with grout providing durable corrosion protection, and PL2 is defined as
PL1 plus a watertight, impermeable envelope providing a leak tight barrier. PL2 is
generally accepted as the appropriate protection level for a bridge structure.

There are several other steps that can be taken to enhance durability for various
bridge materials, as presented in Table 2.3.2.1-1:
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Table 2.3.2.1-1 Durability of Bridge Materials
Material Practices to Enhance Durability
Structural steel o Self-protecting, long-life coating system, or cathodic
protection
Reinforcing bars e Epoxy or galvanized coating
e Proper concrete cover
Concrete e Proper density and chemical composition of concrete
¢ Air-entrainment
e Non-porous painting of concrete surface or cathodic
protection
Prestressing strands ¢ Practices similar to those for reinforcing bars
e Grout or other protection for strands in cable ducts
Attachments and fasteners e Stainless steel, malleable iron, aluminum, or steel
used in wood construction that is galvanized, cadmium-coated, or otherwise
coated
Wood components e Treated with preservatives
Aluminum components ¢ Electrically insulated from steel and concrete
components

In addition, AASHTO LRFD Article 2.5.2.1.2 specifies the following measures to

enhance bridge durability:

e Provide continuous drip grooves along the underside of the concrete deck

near the fascia edge

e Provide slope on bearing seats to enable rain to wash away debris and salt
e Protect bearings against contact with salt and debris near open deck joints
¢ Interrupt wearing surfaces at deck joints and provide a smooth transition to

the joint

e Protect steel formwork against corrosion

23.2.2 Inspectibility

Another serviceability consideration is to facilitate future inspection of the bridge.
Such features as catwalks, walkways, inspection ladders, covered access holes,
lighting provisions, and permanent hand rails for lanyard hooks should be
considered, depending on the bridge type and size. Catwalks are frequently
provided on large bridges to facilitate inspection of the superstructure from beneath
the deck, as shown in Figure 2.3.2.2-1.
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Figure 2.3.2.2-1 Catwalk to Facilitate Bridge Inspection

Fracture critical bridges often have features to facilitate future inspection as well.
Fracture critical members should be sized and detailed to facilitate hands-on
inspection. For example, fracture critical box members should be sized to facilitate
interior inspection of the box, when feasible.

The Guide Specifications for Design and Construction of Segmental Concrete
Bridges (AASHTO, 2003) provides requirements for external access hatches,
openings at interior diaphragms, and venting intervals. These requirements also
apply to similar bridges designed based on AASHTO LRFD.

23.23 Maintainability
Bridges must also be designed to facilitate preventive maintenance during the
service life of the bridge. According to the AASHTO Subcommittee on Maintenance,

preventive maintenance is defined as a planned strategy of cost-effective treatments
to an existing roadway system and its appurtenances that preserves the system,
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retards future deterioration, and maintains or improves the functional condition of the
system without substantially increasing structural capacity (FHWA, 2011).

Since maintenance often requires jacking the bridge, jacking points should be clearly
identified on the bridge drawings. The bridge should be designed for the anticipated
jacking forces, and jacking stiffeners adjacent to the bearing stiffeners are often
provided with steel girders.

Bridge Owners generally apply preventive maintenance to bridges that are in fair to
good condition and to components that still have a significant remaining service life.
Preventive maintenance applied in a cost-effective manner can keep bridges in good
condition throughout their service life, reduce significant deterioration, and prevent
large expenditures for bridge repair or replacement.

Preventive maintenance can be either cyclical or condition-based. Cyclical
preventive maintenance includes activities that are performed at a pre-determined
interval to preserve existing conditions. Cyclical maintenance does not necessarily
improve bridge conditions, but it generally delays the onset of deterioration. Some
examples of cyclical maintenance activities include the following:

e Wash and clean bridge decks or entire bridge

e Install deck overlay on concrete decks

e Seal concrete decks with waterproofing penetrating sealant
e Zone coat the ends of steel beam and girders

e Lubricate bearing devices

¢ Clean deck joints and troughs

On the other hand, condition-based preventive maintenance includes activities that
are performed as-needed based on bridge inspection findings. Some examples of
condition-based maintenance activities include the following:

e Sealing or replacement of leaking joints

¢ Installation of deck overlays

¢ Installation of cathodic protection systems

e Spot painting or coating of steel structural elements
¢ Installation of scour countermeasures

2.3.2.3.1 Design Considerations for Future Redecking
Since bridge decks frequently have a shorter service life than other bridge

components, redecking is a fairly common maintenance activity. Therefore, it is
important that bridges are designed to facilitate future redecking.
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Half-width construction is often used for redecking. In half-width construction, one
half of the bridge width is redecked while all traffic is diverted to the other half, and
then the other half of the bridge width is redecked while all traffic is diverted to the
new portion. Redecking using half-width construction is illustrated in Figure
2.3.2.3.1-1.

Figure 2.3.2.3.1-1 Redecking Using Half-Width Construction

A primary design consideration for future redecking is ensuring both strength and
stability of the bridge during all anticipated conditions of redecking. Changes in live
load distribution must be considered to account for the reduction in the number of
girders carrying load. Some Owners require the use of five girder lines for new
bridge designs since it enables future redecking using half-width construction, with
each half of the bridge supported by three girder lines. An example of such a girder
configuration is shown in Figure 2.3.2.3.1-2. The use of four girder lines, although it
might be satisfactory for the final condition, might preclude the use of half-width
construction for future redecking.
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Figure 2.3.2.3.1-2 Half-Width Redecking with Each Half on Three Girder Lines

An alternative to half-width construction is the use of an adjacent parallel structure.
The method of future redecking should be considered during the initial design
process, and design provisions should be made to facilitate future redecking.

23.24 Rideability
Another serviceability consideration is rideability for the travelling public. The deck
must be designed to allow the smooth movement of traffic over the bridge. There

are several steps that can be taken to improve rideability, as presented in Table
2.3.2.4-1:

Table 2.3.2.4-1 Improving Rideability

Feature Practices to Improve Rideability
Approaches to bridge e Use approach slabs between the approach roadway
and the bridge abutments
Construction tolerances e Specify on the plans, in the specifications, or in the

special provisions the required construction
tolerances for the profile of the finished deck

Deck joints e Minimize the number of deck joints

¢ Protect edges of joints in concrete decks from
spalling and abrasion

e Specify on the plans that prefabricated joint
assemblies must be erected as a single unit

Deck overlay e Provide an additional thickness of %z inch to permit
corrections of the deck profile by grinding and to
compensate for abrasion of the concrete deck
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2.3.25 Utilities

Another serviceability consideration during design is to support and maintain the
conveyance of utilities. Ultilities crossing a bridge are often supported underneath
the bridge deck in one of the girder bays. Supports are provided that span between
adjacent girders at regular intervals to support the utilities. The design of such
supports must account for the weight of the utility itself (such as a pipe), any
additional weight (such as the weight of the water within the pipe), and the weight of
the support itself.

Ducts are sometimes provided within concrete parapets to facilitate the passage of
utilities.

Even if no utilities are required on the bridge at the time of the initial bridge design,
consideration should be given to designing provisions for potential future utilities.

2.3.2.6 Deformations
2.3.2.6.1 General

Deformations on a bridge must also be considered during the design process.
Deformation criteria are presented in AASHTO LRFD Article 2.5.2.6, and they are
sometimes linked more with human psychological response than with bridge
structural response.

Many deflection limitations and girder depth limitations are optional in AASHTO
LRFD, although these limitations have a long history dating back to the first half of
the 1900’s. They are intended to restrict excessive deformations, excessive bridge
vibrations or motion, and the appearance of sagging in the girders.

For horizontally curved and/or skewed bridges, additional deformation investigations
are required since they are subjected to torsion, which results in larger deflections
and twisting than in tangent bridges. These additional investigations include the
following:

e Check of bearings, joints, integral abutments, and piers under elastic
deformations

e Check of the end girder rotation and bearing rotation, accounting for the
assumed construction sequence

e Computation of camber, accounting for the assumed construction sequence
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2.3.2.6.2 Deflection Criteria

AASHTO LRFD Article 2.5.2.6.2 provides both optional and required deflection

criteria.

Optional deflection criteria are summarized in Table 2.3.2.6.2-1, and

required deflection criteria are summarized in Table 2.3.2.6.2-2.

Table 2.3.2.6.2-1 Optional Deflection Criteria

edges)

Loading Optional Deflection Limit
Steel, aluminum, or concrete bridges: Vehicular load, Span/800
general
Steel, a'lumlnum, or concrete bridges: Vehicular and Span/1000
pedestrian loads
Steel, allumlnum, or concrete bridges: Vehicular load Span/300
on cantilever arms
Steel, allumlnum, or conc.rete bridges: Vehicular and Span/375
pedestrian loads on cantilever arms
Timber bridges: Vehicular and pedestrian loads Span/425
Timber bridges: Vehicular load on wood planks and
panels (extreme relative deflection between adjacent 0.10 Inch

Table 2.3.2.6.2-2 Required Deflection Criteria

between adjacent ribs)

Loading Required Deflection Limit
Orthotropic plate decks: Vehicular load on plate deck Span/300
Orthotroplc plate decks: Vehicular load on ribs of Span/1000
orthotropic metal decks
Orthotropic plate decks: Vehicular load on ribs of
orthotropic metal decks (extreme relative deflection 0.10 Inch

Precast reinforced concrete three-sided structures

Note: Deflection criteria for
concrete structures are
required for this structure type

Metal grid decks and other lightweight metal and

concrete bridge decks: Significant pedestrian traffic

concrete bridge decks: No pedestrian traffic Span/800
Metal grid decks and other lightweight metal and

concrete bridge decks: Limited pedestrian traffic Span/1000
Metal grid decks and other lightweight metal and Span/1200
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When checking the deflection limit, live load should be applied as follows:

e The larger of design truck alone or 25 percent of the design truck taken
together with the design lane load (see AASHTO LRFD Article 3.6.1.3.2)

e All design lanes loaded

¢ Include dynamic load allowance

¢ Include multiple presence factor

e Use Service | load combination

e The number and position of loaded lanes should be selected to produce the
maximum effect

For composite design, the deflections should be computed using a stiffness which
includes the entire roadway width as well as any structurally continuous portions of
the sidewalks, median barriers, and railings.

For straight, non-skewed girder systems, all supporting components are assumed to
deflect equally. The composite bending stiffness for each girder may be taken as
the total stiffness for all girders divided by the number of girders.

However, for curved girder systems, the deflection of each girder should be
computed individually based on an analysis of the entire girder system. The entire
girder system is generally considered for sharply skewed bridges as well.

2.3.2.6.3 Optional Criteria for Span-to-Depth Ratio

AASHTO LRFD Table 2.5.2.6.3-1 provides optional criteria for span-to-depth ratios
for a variety of structural materials, types, and span configurations. Ratios are
provided for various types of reinforced concrete, prestressed concrete, and steel
bridges, and they are provided for both simple spans and continuous spans. Since
deflections are generally less in continuous spans than in simple spans, the
recommended depth for continuous spans is less than or equal to the recommended
depth for simple spans. The ratio is based on the minimum depth of the entire
section, including both the girder and the deck.

For curved steel girder systems, AASHTO LRFD Article 2.5.2.6.3 specifies a
preferred minimum depth, D, as follows:

D> ;—ag =0.04L Equation 2.3.2.6.3-1

where L is the arc girder length defined as follows:
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e Arc span for simple spans
e 0.9 times the arc span for continuous end spans
¢ 0.8 times the arc span for continuous interior spans

The recommended limit is to be applied to the |-beam portion only of curved steel
girders when F, in regions of positive flexure is less than or equal to 50 ksi, and
when one of the following two conditions applies:

e F,inregions of negative flexure is less than or equal to 70 ksi
e A hybrid section is used in regions of negative flexure

This preferred minimum depth is larger than the traditional values. This reflects the
fact that the outermost steel girder receives a disproportionate share of the load and
should be stiffer. D is defined in AASHTO LRFD as the overall depth of the steel
girder, but it is recommended that D instead be taken as the web depth for simplicity.

In curved skewed bridges in particular, cross-frame forces are directly related to the
relative girder deflections. Therefore, increasing the depth and stiffness of all the
girders in a curved skewed bridge leads to smaller relative differences in the
deflections and smaller cross-frame forces. Deeper girders also result in reduced
out-of-plane rotations, which tend to make the bridge easier to erect. Sections
deeper than the suggested minimum depth may be desired to provide greater
stiffness during erection.

Whenever steels having yield stresses greater than 50 ksi are used for curved

girders in regions of positive flexure, an increased minimum girder depth is
recommended using the following equation:

L. |Fyu Ft _
D>—-2 [-X =0.04L,,/=% Equation 2.3.2.6.3-2
25 V50 50

F: = specified minimum yield strength of the bottom (tension) flange

where:

Deeper girders with higher yield steel may be somewhat counterintuitive since
stronger steels lead to smaller flanges and stockier webs. The use of higher
strength steels results in the tendency to use shallower girders with larger flanges
than would be required with a deeper web. The recommended relationship for this
case is intended to ensure approximately the same dead and live load deflection as
would be obtained at an L,¢/D ratio of 25 when 50 ksi steel is used. In some cases,
a hybrid girder using a 50 ksi top flange and web with a 70 ksi bottom flange is more
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efficient in positive flexure. For this reason, the specified minimum yield strength of
the bottom (tension) flange, F, is used in Equation 2.3.2.6.3-2.
2.3.2.7 Future Widening

Since traffic volumes generally increase during the service life of a bridge, the need
for additional lanes of traffic often requires a widening of the bridge at some point in
the future. If there is any possibility that the bridge might be widened in the future, it
should be designed to easily accommodate such a future widening.

Specifically, the exterior girders should be designed such that their load-carrying
capacity is at least equal to that of an interior girder. In addition, consideration
should be given to designing the piers and abutments for both the original condition
and the widened condition.

233 Constructibility

Another essential design objective is to design the bridge such that it can be
constructed. Constructibility requires consideration of such issues as site access,
bearing installation, girder lifting and placing, deck forming systems, reinforcement
bar placement, construction of the deck, and deck curing.

To assist the bridge engineer, FHWA has developed several design and analysis
tools, including the Manual on Engineering Stability in Construction of Bridge
Superstructures.

2.3.3.1 Site Access

The means of access to the site will determine the method of delivering the girders
and other bridge components, whether by road, rail, or water. It will also influence
the type, size, and capacity of cranes for lifting and placing girders. Accessibility for
delivery and crane capacity will influence the choice of girders and other bridge
components.

If a site is remote, such as in rugged terrain where access is difficult, it would be
appropriate to adopt the lightest possible section size for the necessary span. For
small span structures, small steel sections or precast concrete planks can be
sufficiently light-weight for lifting and placing by a single crane suitably located on a
stable platform.

Occasionally a crane may rest upon parts of the structure already completed, and
components may be delivered along a portion already built. This can be useful for
building long, simple trestles across low lying wetlands or similar areas where
delivery and erection cannot be made over the ground.
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The use of a crane located at each pier or abutment to pick up a girder at each end
helps minimize crane size but requires two cranes. Larger sized, heavier girders
typically require two medium to heavy-duty cranes. On land, cranes require firm
temporary surfaces, support platforms, or access (see Figure 2.3.3.1-1). Also, at
land sites, it may be necessary to construct special accesses or roads for delivery.
All of these access requirements rapidly drive up construction costs. In such cases,
it may be cheaper to use shorter spans and smaller girders, even if it requires
additional piers.

Figure 2.3.3.1-1 Erection using Two Cranes

Large girders are often more suited to marine sites where water delivery is possible
and heavier cranes can be conveniently placed on barges (see Figure 2.3.3.1-2).
Not only are costs of marine construction generally greater than on land, but
environmental controls must be considered if temporary channels must be dredged.
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Figure 2.3.3.1-2 Crane on Barge

2.3.3.2 Bearing Installation

For many bridge construction projects, simple elastomeric pads can be used for the
bearings. For short span bridges in which the deck effectively acts as a solid slab, a
continuous elastomeric strip may be placed under the ends of the slab. For larger
girders and spans, laminated elastomeric bearings are often required.

For stability and prevention of walking or rolling, elastomeric bearings are often set
horizontal regardless of longitudinal grade. In turn, this requires the top of bearing
seats to be constructed horizontally.

When there is little or no longitudinal gradient, girders can usually be placed directly
on the elastomeric pad or bearing. The bearing design (that is, the plan dimensions,
thickness, durometer hardness, laminations, and elastic properties) should take into
account the need to accommodate longitudinal gradient, initial camber, and changes
in rotation as the deck slab is cast.

For prestressed concrete girders, when there is a significant longitudinal gradient, it
may be accommodated by a suitable varying thickness of a durable mortar, cement-
based or sand-filled epoxy grout placed atop the bearings (see Figure 2.3.3.2-1). In
some cases, it may be convenient and expedient to carefully place the girder while
the mortar or grout is still wet but stiff, using the weight of the girder to automatically
form the required variable thickness. In other cases, the mortar or grout may be dry-
packed or injected under pressure while the girder is held on temporary blocks. In
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all cases, the initial camber and subsequent change in end rotation as the deck is
constructed should be taken into account in the design of the bearings.

Figure 2.3.3.2-1 Elastomeric Bearing Detail for Longitudinal Gradient

Care is required with skewed structures (see Figure 2.3.3.2-2). Bearing pads should
be oriented perpendicular to the in-plan axis of the girder and not parallel with the
pier cap or abutment face (except perhaps for relatively low skews). For higher
skews, if the pad is not perpendicular to the girder, the combination of camber,
skewed-bearing, and longitudinal gradient will cause uneven load distribution which
is concentrated more to one corner of the bearing than to the others. This may lead
to undesirable consequences, such as local overstress of the bearing and temporary
instability of the girder during erection. If this condition is unavoidable, then a
suitable allowance should be made in the design, fabrication, and installation of the

bearings, and measures should be taken to temporarily brace girders during
erection.
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(Care — with gradient may cause
uneven bearing and instability)

(Preferred)

Figure 2.3.3.2-2 Bearing Orientation for High Skew

2333 Girder Lifting and Placing

Short span components and girders may be sufficiently light to be transported using
a single crane. Long girders usually require simultaneous lifting by a crane at each
end.

For prestressed concrete girders, lifting attachments, such as loops of strand or
other devices, are usually cast into the component at the precasting yard.
Structurally, lateral stability of most precast concrete sections is assured by the width
of the compression flange. However, during lifting and placing, care must be
exercised to keep the girder vertical to ensure that it will set evenly on bearings or
temporary supports. Tilt, along with excessive sweep, can lead to instability,
especially with some long “top-heavy” sections. Temporary lateral bracing may be
necessary when erecting some sections, particularly long girders, until permanent
diaphragms have been installed. Temporary steel diaphragms have been used in
some concrete girder structures to provide construction stability until the deck slab
has been cast (see Figure 2.3.3.3-1). The cost of temporary intermediate steel
diaphragm frames, including their installation and removal, should be considered in
relation to the cost and benefits of alternative, permanent intermediate reinforced
concrete diaphragms.
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Long span beam, Bracing by temporary steel frames.
unstable. Alternative = concrete diaphragms

Figure 2.3.3.3-1 Temporary Bracing for Construction Stability

2334 Deck Forming Systems

For many years, formwork for bridge deck slabs traditionally consisted of transverse
timber joists supporting plywood soffit forms. Joists are suspended by hangers from
the edges of the top flange of the girders. The lumber is temporary and is removed
upon completion of the deck slab construction (see Figure 2.3.3.4-1). Temporary
lumber formwork remains an economical and preferred choice in some regions and
may be necessary in some cases for technical or environmental considerations.

Figure 2.3.3.4-1 Lumber Joists to Support Plywood Formwork
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Many bridge construction projects use permanent, “stay-in-place,” metal forms.
These are generally made of galvanized steel folded to a section of multiple
trapezoidal-shaped flutes (see Figure 2.3.3.4-2). The minimum required slab depth
is typically measured to the top of the metal flutes, so that the weight of the metal
form and concrete filling the flutes must be added to the dead load of the slab. A
disadvantage of this system is that the support angles might eventually corrode or
come loose, creating a risk to anything beneath the structure. Even though such
instances are rare, the use of removable formwork may be preferred for certain
spans.

A
Required min slab

'F" Add weight of
Steel form and
Concrete flutes

Support angles
may corrode loose

Figure 2.3.3.4-2 Stay-in-Place Metal Forms

Another alternative is to use permanent precast concrete panels as formwork.
These are usually designed to be about half the depth of the slab. They must be
securely set on a stiff mortar bed or other firm material on the top edge of the girder
flange. Care must be taken in the design, fabrication, and construction to ensure
that there is sufficient width of edge support and that the top flange does not crack or
spall.  Also, to ensure composite action between the girder and deck slab,
reinforcement bars project from the top of girders and a designed width of cast-in-
place slab must be in direct contact with the top of the girder. Therefore, panels
cannot extend more than a few inches onto the flange (see Figure 2.3.3.4-3).
Sometimes precast concrete deck panels may comprise the full slab thickness,
leaving a gap along the top of each girder for a cast-in-place joint to develop
composite action.

Because concrete shrinks and because different concretes of different maturity

shrink by differing amounts, there is a tendency for shrinkage cracks to develop
around the edges of precast deck panels. These cracks are aggravated by impact

2.24



LRFD for Highway Bridge Superstructures Chapter 2
Reference Manual General Design and Location Features

and stress from local wheel loads and so, as a deck ages, shrinkage and reflective
stress cracks tend to propagate. Great care must be taken with design, detailing,
fabrication, installation, and casting of the deck slab and any concrete joints in order
to minimize or eliminate such disadvantages.

A
Required slab depth
B 2
Can develop
reflective

Half or full depth
precast panel Needs firm edge
support

— ﬁ/ B  shrinkage and
\working cracks

Figure 2.3.3.4-3 Precast Concrete Deck Slab Panels

In terms of on-site construction activity, the use of precast panels and stay-in-place
metal forms is typically faster than the use of lumber formwork, but time is not the
only factor. Consideration should be given to the particular needs of the project, the
site, environment, advantages, disadvantages, maintenance, and relative costs of
one system versus another. Figure 2.3.3.4-4 shows a lumber form system for widely
spaced U-beams.

Figure 2.3.3.4-4 Lumber Form System for Widely Spaced U-Beams
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2.3.3.5 Reinforcement Bar Placement

Once the formwork is in place, reinforcing steel for the deck slab may be prepared.
However, prior to installing rebar, it is usually practical to first install any scuppers,
hardware for expansion joint devices, and anchor devices for lights, signs, barriers,
and similar embedded items. Reinforcing steel is usually assembled and placed on
the forms using chairs of an approved (non-corrosive) material to provide the correct
cover to the soffit. Chairs may be of different heights in order to support the top and
bottom mat at the correct elevation (see Figure 2.3.3.5-1).

Prefabricated
expansion joint

Rebar
(epoxy coated)

Girder

Rebar chairs

Formwork

Figure 2.3.3.5-1 Installation of Deck Slab Reinforcing Steel

2.3.3.6 Construction of Deck

When the position and cleanliness of formwork, reinforcing steel, and embedded
items have been checked, concrete placement may begin. Concrete is placed by
different techniques, such as direct discharge from a truck mixer where access is
feasible, or by chute, conveyor belt, or pump (see Figure 2.3.3.6-1).

Concrete is consolidated by vibrators and struck off to level by hand or by a
mechanical screed. The mechanical screed rides on rails on each side of the deck.
The rails are adjusted to line and level to provide the correct surface geometry. After
screeding, the surface is usually worked a little more by hand floats or by additional
passes of the screed to attain the desired accuracy and finish. Hand screeding and
float finishing is rarely used for bridge construction today; rather, most decks are
finished by machine.
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Pump discharge Vibration and Screeding

Figure 2.3.3.6-1 Placing, Consolidating, and Screeding a Concrete Slab

2.3.3.7 Deck Curing

To attain the required concrete strength, the heat of hydration must be slowly
dissipated. To prevent undesirable effects of excessive shrinkage due to rapid water
loss, deck slabs must be properly cured.

In most cases, a curing membrane is required for all exposed surfaces that have not
been formed. Curing membranes are spray-applied compounds that form surface
films to help minimize moisture loss.

Once the concrete has taken an initial set, curing blankets are placed to cover
exposed surfaces. Curing blankets are usually a composite burlap-polyethylene
sheet and may be quilted for added thermal protection. An alternative, often used in
the past, is simply wet burlap. Polyethylene sheet is also sometimes used. Curing
blankets are normally kept wet during the curing period, which may range from three
days to over a week. In cold regions, it may be necessary to use steam or fog curing
applied under covers or enclosures to help maintain air temperature at an
acceptable level.

When the deck slab concrete has attained a certain required minimum strength,
formwork may be released and removed. This is not normally done until the end of
the curing period.

Project specifications should include a requirement that decks not be used for traffic
or storage of construction material for a minimum period, usually 14 days, after
placing concrete. Likewise, a deck is not normally opened to traffic until the curing is
complete and the concrete attains its specified 28-day strength.
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If access from the deck is necessary for continued construction activity, then special
procedures may be considered, such as a higher strength concrete, a mix designed
for rapid hardening, or special curing techniques such as steam or controlled heat
and insulation, as appropriate or as necessary for the site.

234 Economy

Another objective for bridge design is economy. Cost comparisons are often an
important element in preliminary design, facilitating selection between various
alternative types of bridge structures. Although cost can be the most obvious
comparison method, many other factors go into the selection of the appropriate
bridge type, span length and arrangement, superstructure type, substructure type,
and all other design elements of a bridge. For example, aesthetics, local
environmental concerns, and Owner preferences can also factor into the final bridge
selection. Public involvement can also help to determine the outcome, which may or
may not be the least cost alternative under consideration.

2341 Alternative Bridge Types

When performing a cost comparison, several alternative bridge types are usually
considered. Each bridge type has a typical associated cost, which is based on
previous design experience and is usually expressed in dollars per square foot.

These costs can be used for preliminary cost estimates, although they represent a
cost only at a single point in time, at a specific location, and under specific economic
conditions. These costs can vary greatly depending on the cost of materials at the
time of construction, local labor rates in the vicinity of the construction site, proximity
to access routes, fabricators, and raw materials. Before using these costs as a
guide for selecting a low-cost alternative, local conditions should be analyzed and
the costs per square foot adjusted to reflect the local conditions at the time of the
construction of the bridge.

2.3.4.2 Span Length

One of the primary drivers of cost and a valuable comparison method for alternative
bridge types is the consideration of the effects of span length on the cost of a
structure. This comparison involves the cost of both the superstructure and
substructure, as varying span length affects the cost of both components. As can be
seen in Figure 2.3.4.2-1, an increased span length will cost more in superstructure
but less in substructure, and the opposite is true of short span lengths over the same
length of bridge.

For example, a single-span 800-foot steel superstructure will require massive beams
with very high superstructure costs but with minimal substructure costs. On the
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other hand, 40 20-foot spans over the same length of structure will require a much
smaller superstructure, significantly decreasing the superstructure costs. However,
it will also require 39 piers, greatly increasing the substructure costs.

To select the most appropriate span arrangement to achieve a low-cost alternative,
plotting number of spans versus cost will generally produce a parabolic curve, with
the low point being the optimum span configuration. As with other cost comparison
methods, using the least-cost span arrangement may not be the most appropriate
method due to aesthetic, environmental, and Owner considerations.

Low cost
alternative

Cost, in dollars

C—
—_— -
- —_—

Number of Spans

Figure 2.3.4.2-1 Number of Spans versus Cost

A curve similar to Figure 2.3.4.2-1 can be generated for each material type. If the
axes are lined up, cost comparisons considering not only span arrangement but also
structural material and any other differences in alternatives can also be considered.
Again with an overlapping comparison, selection of the lowest point of the total cost
parabolic curves will be the most -cost-effective span arrangement and
superstructure type. An example of this type of comparison is shown in Figure
2.3.4.2-2.
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Figure 2.3.4.2-2 Spans and Materials versus Cost
2343 Alternative Superstructure Materials

While Owner preference, aesthetics, and environmental concerns may govern the
selection of superstructure materials, cost comparison is often a primary deciding
factor. Prestressed concrete beam costs typically include all of the materials that go
into the girders. Reinforcing steel, prestressing steel, and concrete all contribute to
the cost of prestressed concrete beams, which are usually expressed in a unit cost
of dollars per beam. Steel girder costs include the manufacturing and fabrication of
plate, rolled, and box girders and are typically expressed in a unit cost of dollars per
pound of steel.

When selecting alternatives, the best options can be selected before any design is
performed based on typical costs of superstructure materials and the expected span
length. In shorter span bridges, prestressed concrete girders often provide the least
cost option, while in longer span bridges, steel beams are typically the less costly
option. Prestressed concrete girders generally have a maximum permissible span
length, which can limit their use in longer span bridges. Other considerations for
alternative superstructure materials should include long-term effects of maintenance
costs and other complete life-cycle costs.

2344 Preliminary Cost Estimates

Cost comparison of bridge alternatives in the preliminary design stage typically
involves the creation of an itemized cost estimate for each different superstructure
type, span arrangement, and any other major differentiating factors between
alternatives. These cost estimates are variable based on the final construction
location of the bridge structure; therefore, using previous cost estimates for future
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jobs should be done with caution to ensure that the proper material categories, unit
costs, and contingencies are included.

Itemized cost estimates involve the creation of a material take-off. The material
take-off is created using the preliminary bridge structure plans by estimating the
amount of various construction materials for the bridge. Typical categories include
girders, deck concrete, pier concrete, abutment concrete, guiderails, lighting
structures, concrete coatings and sealers, and structural paint. However, these
categories can vary from state to state. Once the material take-off has been
tabulated, each category of construction material has an associated cost per unit.
These unit costs are also tied to local conditions and will vary greatly from state to
state, even within states. The measurement units can also vary, and designers need
to be sure that the right amounts of material are being associated with the proper
unit cost. The unit cost includes provisions for material and labor. Unit costs can be
obtained from many sources, including previous jobs in similar areas, ASCE,
AASHTO, and state DOTs. The application of the correct unit cost is imperative to
providing a quality cost comparison and should be as exact as possible in the
preliminary stages.

Finally, itemized cost estimates are summed and a contingency factor is applied.
This contingency factor can range from 10 percent to 35 percent, depending on the
design engineer’s confidence in the bridge design, the variability of unit costs, and
local typical practices. The contingency is intended to account for changes in the
bridge design which may occur between preliminary and final design, changes in unit
costs between preliminary and final design, and the cost of minor items that may not
have been included in the preliminary cost estimate.

Another method of generating the preliminary cost estimate for comparison purposes
is to apply a typical cost per square foot for that bridge type based on the area of the
deck surface. The actual cost per square foot for a bridge structure will vary greatly
depending on location, time of construction, distance from fabrication facilities,
access to main roads, span length, substructure height, and many other factors.
Because of all of the variables in a cost estimate, the cost per square foot, which is
typically based solely on previous construction projects which may or may not match
the conditions of the project being evaluated, will give a less accurate estimate than
an itemized material take-off.

In conclusion, preliminary cost comparisons can provide a useful tool in the selection
of the optimum bridge alternative for a specific location, but the design engineer
should work with the Owner to consider other factors, such as aesthetics,
environmental concerns, and Owner preferences. There should also be a distinction
made between the initial cost of a bridge project and the life-cycle cost. In some
cases, due to maintenance, expected rehabilitation, and other long-term factors, life-
cycle costs of a bridge alternative could be higher for a structure with a lower initial
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cost. Selection based on initial cost alone could prove to be more costly in long-term
maintenance of the structure. Therefore, life-cycle cost analysis and comparison
should be carried out before making a final decision of the most favorable bridge
alternative.

2.3.5 Aesthetics

Every bridge makes a visual impact within its unique setting, some favorable and
others unfavorable. Although beauty can sometimes be in the eyes of the beholder,
there are several qualities of beauty to which most people can attest. Just as people
can generally agree on what makes a painting or a symphony a work of beauty, so it
is with bridges. There are several guiding principles that generally lead to the design
of an aesthetically pleasing bridge.

Some of the most basic characteristics of aesthetically pleasing bridges include the
following:

e They are generally simple — that is, they have few individual elements, and
their elements are similar in function, size, and shape.

e They have relatively slender girders.

e The lines of the bridge are continuous, or they appear to be continuous.

e The shapes of the bridge’s members reflect the forces acting on them — that
is, they are largest where the forces are greatest and smallest where the
forces are least.

Since bridge engineering is a profession that serves the general public, Engineers
must take responsibility for the aesthetic impact of their bridges. Bridges generally
last for a very long time, some for several centuries. The bridge engineer’s
responsibility to the public is not limited to designing safe, serviceable, and
economical bridges. They are also obligated to design bridges that are pleasing for
people to look at on a daily basis for many decades to come. The ability to design
aesthetically pleasing bridges is a skill that can be developed by Engineers by
following a series of aesthetic principles. It is the Engineer's responsibility to the
traveling public to learn and master these skills.

Some of the most important determinants of a bridge’s appearance are described
below (Gottemoeller, 2004). These ten determinants are listed in order of
importance to the aesthetic quality of the bridge.
2.3.51 Vertical and Horizontal Geometry
This first and most important determinant involves the basic geometry of the bridge

relative to its surrounding topography and other nearby structures. While the bridge
engineer usually is not able to define the vertical or horizontal geometry of the
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bridge, small adjustments in the bridge’s alignment can lead to significant
improvements to its appearance. Some of these adjustments include the following:

e Locate the bridge along an alignment that appears to be the shortest distance
between points.

e Provide a vertical and horizontal alignment that consists of long and
continuous curves and tangents rather than a series of short and dissimilar

segments.

e Whenever possible, provide curve lengths that are longer than the minimums
set by AASHTO.

e Curve lengths should be as long as possible, preferably longer than the
bridge itself.

o Whenever possible, provide a crest vertical curve on overpasses.
¢ Adjust the horizontal alignment if needed to simplify column placement and to
provide consistent pier types.

2.3.5.2 Superstructure Type

The superstructure type is the second most important determinant of bridge
appearance. Superstructure type is generally a function of structural requirements
and economic considerations. It is often governed by the unique bridge site and the
corresponding span lengths. Some of the primary factors influencing the choice of
superstructure type are the following:

o If the bridge is curved or tapered, then the girders must be well suited to the
required curve or taper.

e The span requirements and the required vertical clearances will affect the
superstructure type and proportions.

e The nature of the bridge site and its surrounding topography may limit the
choice of superstructure type (such as the unique bridge site requirements for
arches, rigid frames, and cable-supported bridges).

e The superstructure type plays a major role in the establishment of a signature
bridge.

¢ Relative slenderness is desirable in the selection of the superstructure type.
An example of this is given in Figure 2.3.5.2-1.

e Continuity of structural form, material, and depth should be maintained as
much as possible, as well as continuity between adjoining bridge types.

For girder bridges, several considerations can enhance the aesthetic quality of the
bridge. Curved girders should be used for roadways with a significant horizontal
curve. If the underside view of the bridge is especially important, box girders can
provide an attractive solution. Integrally framed cross frames emphasize the visual
continuity of the superstructure and can minimize the pier size. If girders must be
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added to accommodate a flared bridge width, the girders should be added in a
systematic and logical manner.

For arches and frames, the aesthetic quality of the bridge is enhanced by providing a
visual thrust for the arch, either by the surrounding topography or by visual thrust
blocks. For rigid frames, the legs should be approximately one-quarter to one-half of
the span length.

For trusses, the design should incorporate a graceful and simple shape, a minimum
number of members, a consistency of the angles, and small connection details.

Figure 2.3.5.2-1 Slenderness Improves the Aesthetic Quality of a Bridge

2.3.5.3 Pier Placement

The next most important determinant of a bridge’s appearance is the pier placement.
The placement of the piers is affected by several factors, including the under-bridge
clearance requirements, hydraulic requirements, navigational channels, foundation
conditions, and span length requirements. In addition to satisfying each of these pier
placement criteria, there are also several aesthetic principles for pier placement:

e For most bridges, there should be an odd number of spans. An example of
this is given in Figure 2.3.5.3-2.

e Piers should not be placed in the deepest part of a valley or cut.

e Whenever possible, piers should be placed on natural points of high ground.
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e Piers should be placed as symmetrically as possible relative to shorelines.

e The span length should generally exceed the pier height.

e The ratio of the pier height to the span length should be similar from span to
span.

Figure 2.3.5.3-1 Providing an Odd Number of Spans Enhances Bridge
Aesthetics

23.54 Abutment Placement and Height

The visual function of an abutment is to get the bridge started and to connect the
bridge with the earth. The placement, height, and appearance of the abutment can
play a significant role in improving or detracting from the beauty of a bridge. As a
general rule of thumb, the abutments should be placed to open up the view to the
people traveling under the bridge. An example of this is given in Figure 2.3.5.4-1.
The following are some general guidelines for abutment placement and height:

e The abutment height should not be less than one-half of the girder depth.

e For three- or four-span bridges, use minimum height pedestal abutments.

o If both abutments are visible at the same time, provide the same height-to-
clearance ratio at both ends of the bridge.

e Use abutment wingwalls that are parallel to the roadway crossing the bridge
(U-wings).

For skewed bridges, it can be beneficial to place the abutment near the top of the
embankment and to place it at right angles to the roadway crossing the bridge. This
improves the aesthetics of the bridge, reduces the amount of required fill, and
simplifies analysis and construction. While it may increase span lengths, it also
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reduces the required length and height of the abutments, which may provide a
compensating savings.

Figure 2.3.5.4-1 Abutment Placement Providing an Open View

2355 Superstructure Shape, Including Parapet and Railing Details

After the superstructure type has been selected and the abutments and piers have
been located, there are additional choices that can be made to enhance the
superstructure shape and the parapet and railing details. As previously described, it
is desirable to design the superstructure such that it appears to be slender, light, and
continuous. In addition, the superstructure shape should accentuate the function of
the superstructure and the flow of forces through the superstructure to the
substructure. Slenderness, lightness, and continuity can be achieved using some of
the following techniques:

e Maximize the girder spacing, and maximize the girder overhang.

e Make the overhang no less than the girder depth.

e Provide a structural depth that is either constant or that varies smoothly over
the length of the bridge.

e Consider haunched girders where feasible. An example of this is given in
Figure 2.3.5.5-1.

e Make haunches long enough to be in proportion to the span length.

e Use pointed haunches at the piers to accentuate the flow of forces.

e Provide a haunched girder depth that is approximately 1.3 to 2.0 times the
shallowest girder depth.
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Figure 2.3.5.5-1 Haunched Girders Can Improve the Aesthetics of the Bridge

Railings and parapets also affect the aesthetic statement of a bridge. The height of
the parapets should be between one-quarter and one-half of the exposed girder
depth. In addition, it should also be no less than 1/80th of the span length.
Incisions, recesses, and sloped planes can break up the face of the parapet
horizontally, enhancing the aesthetics of the superstructure.

2.3.5.6 Pier Shape

Pier shape can play an important role in the visual impact of a bridge, especially for
girder bridges. There is no single correct pier shape for all bridges, but it is
important that a clear visual relationship is maintained for all substructure units.

For short piers, it is desirable to use piers which eliminate or minimize the pier cap.
The taper of V-shaped and A-shaped piers should be limited, and hammerhead piers
should have logical shapes. The pier width should be proportional to the
superstructure depth, the span lengths, and the visible pier heights.

For tall piers, no more than two columns should be used at each pier line, if possible.

The vertical members should be tapered or flared such that they are wider at the
base of the pier. In addition, the pier shaft and cap should be integrated as much as
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possible, rather than giving the appearance of two distinct elements. An example of
this is given in Figure 2.3.5.6-1.

For groups of piers, each pier should have the same basic shape, and the shapes
and curves of adjoining piers should be consistent.

Figure 2.3.5.6-1 Aesthetically-pleasing Tall Piers

2.3.5.7 Abutment Shape

The abutment shape can also play a significant role in the aesthetic quality of a
bridge, especially for bridges of four spans or less. The shapes and details of the
abutments should be selected to complement and enhance the shapes and details
of other bridge components.

To frame the opening and to create a sense of transition between the abutment and
the superstructure, the face of the abutment can be sloped inward. However, to
make the superstructure appear longer or to emphasize the separation between the
abutment and the girders, the face of the abutment can also be sloped outward.
Abutments should be designed such that the adjoining retaining walls blend into the
abutment without an abrupt change in appearance.

2.3.5.8 Colors

Although the shapes and patterns of the superstructure and substructure play the
most significant role in creating the visual statement of a bridge, the surfaces of
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those shapes can also add to that visual statement. The two most prominent
qualities of the surface are its color and its textures and ornamentation.

The application of a specific color to a bridge is not necessary for the creation of an
aesthetically-pleasing bridge. At the same time, however, the application of color
cannot compensate for poor decisions elsewhere in the aesthetics of the bridge.

2.3.5.9 Surface Textures and Ornamentation

Similar to color, surface textures and ornamentation can also enhance the shapes
and patterns for the bridge, but they cannot undo the visual impact of poor decisions
concerning those shapes and patterns.

Concrete provides many opportunities for surface textures through the use of form
liners and custom formwork. However, it is important to ensure that the pattern
contributes to the overall design features and patterns of the structure itself. In
addition, the pattern should be large enough to be recognizable to travelers on or
beneath the bridge.

2.3.5.10 Signing, Lighting, and Landscaping

Finally, signing, lighting, and landscaping also influence the aesthetics of the bridge.
Bridge-mounted signs should fit into the overall design of the bridge, and overhead
sign structures on bridges should be kept as simple as possible.

Light should be avoided on short bridges, if possible. However, if they are
necessary on the bridge, they should be placed in some consistent relationship to
the geometry of the bridge, and their poles should be mounted on a widened area in
the parapet.

Landscaping can be used to emphasize continuity of the space throughout the
bridge and to soften the hard edges of the bridge. The colors and shapes of the
landscaping should complement those of the bridge itself.

After studying these ten determinants of the bridge’s appearance, it is important to
note that the most important determinants are those which affect the geometry and
appearance of the entire bridge, and the least important determinants are those
which affect smaller details of the bridge. It is also important to note that many of
these ten determinants can be fully implemented at no additional cost to the Owner.
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2.3.6 Security

Assessing the need for bridge security measures has become increasingly important
in recent years for both Engineers and Owners alike. Such a security assessment
should include the following considerations:

e Social and economic impact of the loss of the bridge

e Availability of alternate routes

o Effect of closing the bridge on the security, defense, and emergency
response of the region

For bridges that are considered critical or essential, a formal vulnerability study
should be conducted and bridge security measures to mitigate against vulnerabilities
should be considered and included during the design of the bridge.

Progress continues to be made in establishing procedures for vulnerability studies
and effective bridge security measures. Recent developments and additional
information can be found in the following references (see Section 2.5):

e Science Applications International Corporation, 2002

¢ The Blue Ribbon Panel on Bridge and Tunnel Security, 2003
e Winget, 2003

e Jenkins, 2001

e Abramson, 1999

e Williamson, 2006

2.3.7 Roadway Drainage

A final design objective for bridges is the effective drainage of water from the bridge
roadway. Both the bridge and its approaches must be designed to provide
conveyance of surface water such that the safety of the travelling public using the
bridge is maximized. Roadway drainage can be facilitated in several ways.

First, drainage in the transverse direction on a bridge is provided through the use of
a transverse cross slope or superelevation. This prevents water from ponding and
ensures that it will flow away from the travel lanes towards the fascias. For bridges
with more than three lanes in each direction, special rough surfaces or other special
drainage measures should be considered to help prevent hydroplaning.

Second, drainage in the longitudinal direction is provided by using a longitudinal

gradient on the bridge. Zero gradients and sag vertical curves should be avoided on
bridges.
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Third, deck drains should be provided on the bridge to satisfy the hydraulic
requirements for bridges (AASHTO, 2005). In addition, water flowing downgrade
towards the bridge should be intercepted into drains before reaching the bridge.
Deck drains on the bridge are generally designed based on the design storm used
for the pavement drainage system design of the adjacent roadway. If the design
speed is less than 45 mph, then the deck drain design should ensure that the spread
does not encroach on more than half of any traffic lane. If the design speed is
greater than or equal to 45 mph, then the deck drain design should ensure that the
spread does not encroach on any portion of the traffic lanes. Deck drains must be
designed for hydraulic efficiency and accessibility for cleaning.

Finally, other bridge features that may be prone to water build-up should be
designed for proper drainage. For example, sufficient deck drains should be
provided to prevent water ponding at or near deck joints. In addition, weep holes in
concrete decks and drain holes in stay-in-place forms can be used to prevent
accumulation of water at the interface of decks with non-integral wearing surfaces or
stay-in-place forms.

Roadway drainage must be provided in a manner that is consistent with other design
objectives, including safety and aesthetics.

Section 2.4 Accelerated Bridge Construction
241 General

Accelerated Bridge Construction (ABC) provides a faster way than conventional
construction to build new bridges or replace existing bridges through a variety of
innovative methodologies. Using ABC technologies, State DOTs can replace
bridges within as little as 24 to 72 hours, which results in significantly reduced traffic
delays and road closures, as well as the potential for reduced project costs.

With conventional construction, the bridge is constructed in its final location using
conventional construction methods, thereby interrupting traffic for an extended
period of time. With ABC, however, the bridge is often assembled at a different
location, usually immediately adjacent to the bridge site, and is then moved into its
final location, interrupting traffic for a very limited period of time. Another ABC
method involves assembly with prefabricated elements and systems, which also
reduces interruption to traffic. With ABC, the need to minimize construction impacts
and interruption time to the travelling public is given a significantly higher priority
than with conventional construction. At a time when approximately 25 percent of our
Nation’s aging bridges need repair or replacement and when our highways are
already congested, ABC significantly reduces the strain on the public due to road
closures or extended traffic control.
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Three particular ABC technologies are being promoted through FHWA'’s Every Day
Counts initiative:

e Prefabricated bridge elements and systems (PBES)
e Slide-In Bridge Construction
e Geosynthetic Reinforced Soil — Integrated Bridge System (GRS-IBS)

PBES are structural components of a bridge that are built either offsite or adjacent to
the alignment. PBES is best suited to features that reduce the onsite construction
time and mobility impact time that occurs if conventional construction methods were
used. Additional information about PBES is provided in Section 2.4.3 of this chapter.

Slide-In Bridge Construction is a cost-effective technique for deploying PBES or
quickly replacing an existing bridge. Slide-In Bridge Construction involves building a
new bridge on temporary supports parallel to an existing bridge. After construction
of the new bridge is completed, the road is temporarily closed and the existing bridge
structure is demolished or slid out of the way. The new bridge is then slid into place,
tied into the approaches, and paved, usually all within about 24 to 72 hours. A Slide-
In Bridge Construction project in Mesquite, Nevada is shown in Figure 2.4.1-1.

Figure 2.4.1-1 Overhead View of a Slide-In Bridge Construction Project
(Source: Nevada DOT)
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FHWA and Utah DOT published a Slide-In Bridge Construction Implementation
Guide in December 2013. This guide includes information from the perspective of
bridge ownership, design, and construction, and it includes case studies, sample
plans, and sample special provisions. The Slide-In Bridge Construction
Implementation Guide can be found at the following:
http://www.fhwa.dot.gov/construction/sibc/pubs/sibc _guide.pdf

GRS-IBS is a construction method that combines closely spaced geosynthetic
reinforcement and granular soils into a composite material. The primary benefit of
GRS-IBS is that it is easier and faster to construct, as well as easier to maintain,
than conventional reinforced concrete abutment construction. Conventional
construction requires forming, rebar installation, concrete placement, and concrete
curing. These conventional steps require additional time, heavier equipment, and
larger costs than GRS-IBS abutment construction. GRS-IBS has been found to be
25 to 60 percent more cost effective than conventional construction methods. GRS-
IBS is a suitable application to construct abutments and approach embankments
where settlement problems that could create a bump at the end of the bridge are not
anticipated. Two reports are available from FHWA related to GRS-IBS design and
implementation. The first, “Geosynthetic Reinforced Soil Integrated Bridge System
Interim Implementation Guide” (FHWA-HRT-11-026), can be found at the following:
http://www.fhwa.dot.gov/publications/research/infrastructure/structures/11026/

In addition, “Geosynthetic Reinforced Soil Integrated Bridge System, Synthesis
Report” (FHWA-HRT-11-027) can be found at the following:
http://www.fhwa.dot.gov/publications/research/infrastructure/structures/11027/11027.

pdf

ABC methodologies currently used in the United States are based, at least in part,
on an international scanning study conducted in Belgium, France, Germany, Japan,
and the Netherlands during April 2004. The scanning study was sponsored by
FHWA and AASHTO, and the 11-member team included three representatives from
FHWA, four representatives from State DOTSs, one representative from the National
Association of County Engineers, one university representative, and two industry
representatives. The countries were selected based of their known use of
prefabricated systems. The objectives of the scanning study were to identify
international uses of prefabricated bridge elements and systems, and to identify
decision processes, design methodologies, construction techniques, costs, and
maintenance and inspection issues related to the use of this technology. The study
focused on prefabricated bridge systems that provide the following benefits:

e Minimize traffic disruption

e Improve work zone safety

¢ Minimize environmental impact
¢ Improve constructibility
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¢ Increase quality
o Lower life-cycle costs

The report from the 2004 scanning study, entitled “Prefabricated Bridge Elements
and Systems in Japan and Europe,” can be found at the following:
http://international.fhwa.dot.gov/prefab_bridges/pl05003.pdf

Since that study, ABC methodologies have taken root in many parts of the United
States. To evaluate the effectiveness of ABC, two time metrics are often used —
onsite construction time and mobility impact time.

Onsite construction time is the time period beginning when a contractor first alters
the project site location and ending when all construction-related activity is removed.
This includes the maintenance of traffic, materials, equipment, and personnel.

Mobility impact time is any period of time in which the traffic flow of the transportation
network is reduced due to onsite construction activities. Traffic impacts on ABC
projects are often categorized in the following five tiers:

e Tier 1 — traffic impacts within 1 to 24 hours

e Tier 2 — traffic impacts within 3 days

e Tier 3 — traffic impacts within 2 weeks

e Tier 4 — traffic impacts within 3 months

e Tier 5 — overall project schedule is significantly reduced by months to years

There are many ongoing NCHRP projects related to ABC, including development of
design specifications, tolerances, and quality assurance and quality control
guidelines. In addition, FHWA provides a wealth of references and documents
related to ABC at the following:
http://www.fhwa.dot.gov/construction/sibc/resources.cfm

242 Benefits and Applicability

ABC provides several benefits during construction, and it can be used for a broad
range of applications. Some of the primary benefits of ABC include improvements in
the following areas:

o Safety

e Quality

e Social costs

e Environmental impacts
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ABC improves safety for both construction workers and the traveling public, since
bridge construction generally does not take place in the vicinity of traffic.

ABC improves site constructibility, total project delivery time, and work-zone safety
for the traveling public. At the same time, it reduces traffic impacts, onsite
construction time, and weather-related time delays.

A common application for ABC is projects on which traffic impacts must be
minimized to safeguard the traveling public and to maintain the flow of the
transportation network during onsite construction-related activities. Other common
applications for ABC relate to site constructibility issues. For example, where
conventional construction methods would require long detours or costly temporary
structures, ABC can provide a more practical and economic solution. ABC also
provides benefits where the construction site is remote or where construction periods
are limited.

With approximately one-fourth of the Nation's bridges requiring rehabilitation, repair,
or total replacement, ABC will likely become increasingly important with each
passing year. Using conventional construction, the work that occurs from on-site
construction can have significant social impacts to mobility and safety and, in some
cases, the direct and indirect costs of traffic detours resulting from bridge closure
during construction can exceed the actual cost of the bridge itself. For example, full-
lane closures in large urban centers or on highways with heavy traffic volumes can
have a significant economic impact on commercial and industrial activities in the
immediate region. In addition, partial lane closures and other bridge activities that
occur alongside adjacent traffic can result in safety concerns.

ABC elevates minimizing traffic disruptions during bridge construction to a higher
priority, and it provides a construction methodology that significantly reduces these
undesirable economic and safety impacts.

243 Prefabricated Bridge Elements and Systems

The use of prefabricated bridge elements and systems (PBES) is a common ABC
methodology. PBES are structural components of a bridge that are built offsite or
near the site. They reduce the onsite construction time and mobility impact time, as
compared with conventional construction methods, and they can also include
innovations in design and high-performance materials. Because PBES are built
offsite and under controlled environmental conditions, improvements in safety,
quality, and long-term durability can be achieved. Some examples of PBES are
presented in Table 2.4.3-1.
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Table 2.4.3-1 Examples of Prefabricated Bridge Elements and Systems

Element Examples

Deck elements o Partial-depth precast deck panels

e Full-depth precast deck panels with and without
longitudinal post-tensioning

e Lightweight precast deck panels

e FRP deck panels

e Steel grid (open or filled with concrete)

¢ Orthotropic deck

e Other prefabricated deck panels made with different
materials or processes

Deck beam e Adjacent deck bulb tee beams

elements ¢ Adjacent double tee beams

e Adjacent inverted tee beams

e Adjacent box beams

¢ Modular beams with decks

e Post-tensioned concrete thru beams

e Other prefabricated adjacent beam elements

Full-width beam e Truss span without deck
elements e Arch span without deck
e Other prefabricated full-width beam element without deck
Miscellaneous e Precast approach slabs
elements e Prefabricated parapets
e Deck closure joints
e Overlays

e Other prefabricated miscellaneous elements

Connection details for PBES components must be carefully considered. Extensive
information about PBES connection details can be found at the following:
http://www.fhwa.dot.gov/bridge/prefab/if09010/

244 Structural Placement Methods
Some common structural placement methods used in ABC include the following:

o Self-Propelled Modular Transporters (SPMTSs)

e Slide-in Bridge Construction

e Longitudinal launching

¢ Conventional and heavy-lifting equipment and methods
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The first method, Self-Propelled Modular Transporters (SPMTs), involves a
motorized vehicle that moves at walking speed and is capable of carrying a bridge
from offsite locations and positioning it precisely into its final position. SPMTs are a
combination of multi-axle platforms, they are operated by computer, and they are
able to pivot 360 degrees to lift, carry, and set the bridge load as required. After the
bridge has been positioned precisely in its final position, the SPMT is removed from
the site, opening the bridge to traffic within a matter of a few minutes to a few hours.
The use of SPMT technology provides Owners and contractors with considerable
flexibility and speed in removing and installing bridges. An SPMT is shown in Figure
2.4.4-1.

Figure 2.4.4-1 Self-Propelled Modular Transporters

In addition, a report by the FHWA, entitled “Manual on Use of Self-Propelled Modular
Transporters to Move Bridges,” can be found at the following:
http://www.fhwa.dot.gov/bridge/pubs/07022/hif07022.pdf

Slide-In Bridge Construction is often referred to as a lateral slide. For a Slide-In
Bridge Construction project, the new bridge is built on temporary supports parallel to
the existing bridge while traffic continues uninterrupted on the existing bridge. When
construction of the new bridge is completed, the road is temporarily closed and the
existing structure is demolished or removed. The new bridge is then slid into place
and attached to the approaches, usually within about one to three days. An
alternative is to slide the existing bridge to a location immediately parallel to its
original alignment and use it as a temporary detour bridge while the new bridge is
constructed on the original alignment.

Longitudinal launching can be used for bridge construction over deep valleys, water
crossings with steep slopes, or environmentally protected regions. It can also be
used for bridge construction over roadways to minimize impacts to the roadway
below. Longitudinal launching is similar to lateral slides, except that the slide is in
the longitudinal direction rather than the lateral direction. It involves assembling the
bridge superstructure on one side of an obstacle to be crossed and then moving, or
launching, the superstructure longitudinally into its final position. Some advantages
of this method include creating minimal disturbance to the surroundings, providing a
concentrated work area for superstructure assembly, and possibly increased worker
safety due to the improved erection environment.
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Conventional and heavy-lifting equipment and methods can be used to move large
prefabricated bridge elements and systems into place. When PBESs are being used
on ABC projects, conventional cranes are often required to lift the prefabricated
elements, move them to their required location, and facilitate their proper integration
into the bridge. Such equipment and methods are similar to those used for
conventional construction.
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Chapter 3
Loads and Load Factors

Section 3.1 Introduction

The limit state design which characterizes the AASHTO LRFD specifications utilizes
specific load types. These load types include dead loads, live loads, accumulated
locked-in force effects, construction loads, wind loads, force effects due to
superimposed deformations, friction forces, and blast loading. Each of these loads
is described in this chapter.

The load types presented in this chapter apply primarily to the design of bridge
superstructures, and additional loads must be considered in the design of bridge
substructures. In addition, the load types presented in this chapter do not include
those associated with extreme events, nor do they include those which apply
exclusively to less common signature bridges.

Section 3.2 Permanent Loads

Permanent loads acting on a bridge superstructure include dead loads, as well as
accumulated locked-in force effects. Each of these two load types is described in
the following sections.

3.21 Dead Loads
3.21.1 General

Dead loads include all loads that are relatively constant over time, including the
weight of the bridge itself. In LRFD bridge design, there are two primary types of
dead load:

e Dead load of structural components and nonstructural attachments,
designated as DC
e Dead load of wearing surfaces and utilities, designated as DW

For strength and extreme event limit states, the maximum load factors for DW dead

loads are generally greater than the maximum load factors for DC dead loads due to
the greater uncertainty of the presence and the exact value of DW dead loads.
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Other dead loads are specified by the AASHTO LRFD specifications and are
included specifically in some load combinations. These loads are due to the effects
of earth pressure (both vertical and horizontal), earth pressure surcharge, and other
geotechnical effects. These loads are not discussed in this section, as they
influence the design of substructures and rarely, if ever, influence the design of a
bridge superstructure.

3.21.2 Component Dead Loads, DC

AASHTO LRFD defines DC loads as “dead load of structural components and
nonstructural attachments.” Most dead loads that consist of the self-weight of the
superstructure are considered to be DC loads, with the exception of wearing
surfaces and utilities, which are DW loads.

DC dead loads are typically divided into two categories, frequently designated as
DC1 and DC2. DC1 loads are DC dead loads that are resisted by the non-
composite section, and they typically include the self-weight of girders, deck
sections, and cross-frames. DC?2 loads are DC dead loads that are resisted by the
composite section. DC2 loads are typically placed later in the erection procedure,
and they include raised sidewalks, roadway barriers, lighting structures, and other
attachments to the structure. Although DC1 loads and DCZ2 loads are applied to
different section properties, both DC7 and DC2 loads are considered one load type,
DC, for purposes of determining a load factor for load combinations.

In the service limit state, DC loads are assigned a load factor of 1.00 to reflect
normal operating conditions for the service limit state. In the strength limit state, the
DC load factor has a minimum value and a maximum value. The maximum value is
used in most cases. However, the minimum value is used when a minimum value of
dead load is being computed, such as in computations for uplift at a support. Dead
loads for the extreme event limit state are evaluated similar to dead loads for the
strength limit state to account for possible variability of these permanent loads under
abnormal, and possibly extreme, loading conditions. Fatigue limit state evaluation
does not account for the effects of dead loads.

When computing component dead loads, the geometric properties of the various
bridge components are used to calculate the expected gravitational effects. The
design engineer is encouraged to investigate local conditions, specific bridge
construction specifications or methods, and advances in materials technology to
obtain the most appropriate unit weights for determination of dead loads. In the
absence of more specific information, AASHTO LRFD provides guidance for typical
unit weights in Table 3.5.1-1. An excerpt of that table for some of the most common
structural materials is presented in Table 3.2.1.2-1.
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Table 3.2.1.2-1 Unit Weights

Material Unlt(:zglght
Concrete, Lightweight 0.110
Concrete, Sand-lightweight 0.120
Concrete, Normal weight with f; < 5.0 ksi 0.145
Concrete, Normal weight with 5.0 ksi < f; < 15.0 ksi 0.140 + 0.0017%
Steel 0.490
Wood, Hard 0.060
Wood, Soft 0.050

(excerpt from AASHTO LRFD Table 3.5.1-1)
3.21.2.1 Component Dead Loads Design Example

Both prestressed concrete girders and steel girders are commonly used in bridge
design. For prestressed concrete girders, common shapes are available, and a
weight per linear foot is generally provided for each shape. Therefore, prestressed
girder weight computations are generally not required. However, for steel plate
girders, the weight of the steel girder must be computed. Therefore, for illustrative
purposes, a steel girder is used in the following design example.

Calculate the component dead load that is applied to the steel-only section for the

steel girder and tributary area of normal weight concrete (f; = 4.0 ksi) as shown in
Figure 3.2.1.2.1-1.
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Figure 3.2.1.2.1-1 Steel Girder and Tributary Area

First, the area of concrete contributing to the DC17 load must be computed. Since
sidewalks and barriers are placed after the deck and girders and act on the
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composite section, they are considered DC2 loads and are not applied to the steel-
only section. Therefore, sidewalk and barrier dead load is not included in this
calculation.

Deck width = 9-0" = 108”

Deck thickness = 9”

Haunch width = 18”

Haunch thickness = 2”

Deck and haunch area (concrete) = (108” x 9”) + (18” x 2”) = 1008 in?

The area of the girder is calculated as follows:

Flange width = 18”

Top flange thickness = 1.5”

Bottom flange thickness = 2.5”

Web thickness = 0.5”

Web depth = 48"

Girder area (steel) = (18” x 1.5”) + (18” x 2.5”) + (48” x 0.5”) = 96 in?

The unit weight of normal weight concrete (f; = 4.0 ksi) from Table 3.2.1.2-1 is 0.145
kips per cubic foot. The unit weight of steel from Table 3.2.1.2-1 is 0.490 Kips per
cubic foot. Applying these unit weights to the areas already calculated gives the
following linear weights:

(1008 in? / 144 in%/ft?) x 0.145 kcf = 1.015 kips/ft
(96 in? / 144 in?/ft?) x 0.490 kcf = 0.327 kips/ft

These two loads are then added together to compute the total DC17 load per foot
acting on the girder, as follows:

1.015 kips/ft + 0.327 kips/ft = 1.342 kips/ft
3.21.3 Wearing Surface and Utility Loads, DW

Dead loads due to wearing surfaces and utilities are grouped together within the DW
load type. Wearing surfaces can be those applied at initial construction or
anticipated future wearing surfaces for maintenance of the bridge. Ultility loads
include the weight of conduits and attachments for not only bridge components but
also those using the bridge as a method of crossing. Similar to wearing surfaces,
utility loads can also be those applied at initial construction or anticipated future
utilities.

DW dead loads are slightly more variable than DC dead loads described in the
previous section. The wearing surface that is used in the future may have a different
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thickness than what is anticipated during design. Similarly, utilities may be added or
removed, and the weight of conduits and connectors in the future may change. To
reflect this variability, in strength and extreme event limit states, the load factors for
wearing surface and utility dead loads are 0.65 for minimum effects and 1.50 for
maximum effects.

3.2.2 Accumulated Locked-In Force Effects, EL

Another loading condition that must be considered in bridge design is accumulated
locked-in force effects. Similar to dead loads, these are considered to be permanent
loads, and they are designated as EL in AASHTO LRFD. These force effects can
result from the construction process, and they include such effects as secondary
forces from post-tensioning and jacking apart of cantilevers in segmental
construction. Accumulated locked-in force effects vary both in magnitude and in
nature, depending on the bridge type and the erection method. EL loading is the
only permanent load for which AASHTO assigns a maximum load factor of 1.00 and
a minimum load factor of 1.00.

Section 3.3 Construction Loads

Construction loads are those loads which are applied to the structure during the
erection process, including casting of deck sections and other sequential activities,
and which introduce additional forces outside the normal range of service forces
applied to the bridge during its design life. Some construction loads remain a
consideration for the structure after construction is completed, such as in cable-
stayed bridges. Other construction loads represent equipment and pedestrian loads
which will not be present after the structure opens for service.

It is recommended that design engineers consult with contractors experienced in the
erection procedure that is being recommended to obtain the most accurate
construction loading information. Bridges should be checked for construction loads
to ensure that structural damage will not occur during the construction process.

The construction loads considered during design should be noted on the contract
drawings and documents to inform the Owner and bidding contractors of the
maximum construction loads for which the structure has been evaluated.
Construction loads for bridges can include the following:

e Erection loads

e Temporary supports and restraints

e Closure forces due to misalignment

e Residual forces and deformations from removal of temporary loads and
supports
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¢ Residual strain-induced effects from removal of temporary loads and supports

When constructing a reinforced concrete deck, either temporary formwork or stay-in-
place formwork can be used. For bridges utilizing stay-in-place formwork, the
formwork should be designed as specified in AASHTO LRFD Article 9.7.4, and its
weight should be included as a DC dead load.

Section 3.10.2 of this chapter provides information about load factors for
construction loads, including both strength limit state and service limit state.

Section 3.4 Live Loads
3.4.1 General

In addition to dead loads, which are continually acting on a bridge, and construction
loads, which generally act on a bridge only during its construction, a bridge must
also be designed to resist live loads. The primary difference between dead loads
and live loads is that dead loads are permanent but live loads are transient. That is,
dead loads act on the bridge at all times, but live loads are not necessarily present at
all times. In addition, dead loads are stationary loads, but live loads are moving
loads. Two common forms of live loads are vehicular loads and pedestrian loads.

3411 Number of Design Lanes

When designing a bridge for live load, the bridge engineer must determine the
number of design lanes acting on the bridge. The number of design lanes is directly
related to the roadway width.

There are two terms used when considering the placement of live load across the
width of the bridge:

e Design lane
e Loaded width within the design lane

A design lane generally has a width of 12 feet. The number of design lanes is simply
computed as the roadway width divided by the 12-foot design lane width, rounded
down to the nearest integer. For example, if the distance between the curbs is 70
feet, then the number of design lanes is five. When computing the number of design
lanes, possible future adjustments to the roadway should be considered. For
example, if a median is currently present on the bridge but may be removed in the
future, then the number of design lanes should be computed assuming that the
median is not present.
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There are a few exceptions to the 12-foot design lane width. First, if the actual traffic
lanes on a bridge have a width of less than 12 feet, then the design lane width
should equal the actual traffic lane width. Second, for a roadway width between 20
and 24 feet, the bridge should be designed for two lanes, with the design lane width
equal to one-half the roadway width.

The design lanes can be positioned anywhere across the width of the roadway, but
they cannot overlap one another. In designing a bridge, the design lanes should be
positioned such that the effect being considered is maximized. For example, when
computing the maximum moment in an exterior girder, the lanes should be
positioned as close as possible to that exterior girder. This is illustrated in Figure
3.4.1.1-1.
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Figure 3.4.1.1-1 Position of Design Lanes

While the design lane generally has a width of 12 feet, the loaded width within the
design lane is only 10 feet. The design truck, the design tandem, and the design
lane load must be located entirely within the 10-foot loaded width. The 10-foot
loaded width can be located anywhere within the 12-foot design lane, as long as the
entire 10-foot loaded width is entirely within the 12-foot design lane. Similar to the
placement of the design lane, the loaded width within the design lane is positioned
such that the effect being considered is maximized. For example, for the exterior
girder from the previous example, the loaded widths would be positioned as
illustrated in Figure 3.4.1.1-2.
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Figure 3.4.1.1-2 Position of Loaded Width within Design Lanes

As another example, if the maximum moment in the second girder from the left were
being computed, then the 10-foot loaded width within the leftmost design lane should
be shifted to the right side of that design lane.

3.41.2 Multiple Presence Factors

As previously described, a bridge must be designed for the number of design lanes
that can be placed on the roadway. In addition, it must be designed for the HL-93
live load (described in Section 3.4.2.1), which conservatively represents the
maximum load effects of vehicles that may legally act on the bridge. For a bridge
design with more than one design lane, the controlling HL-93 live load configuration
must be placed in each design lane simultaneously.

However, for a bridge with several design lanes, it is unlikely that each lane will be
fully loaded with trucks simultaneously. To account for this improbability, AASHTO
applies multiple presence factors. The bridge engineer must consider each possible
combination of number of loaded lanes. For each number of loaded lanes, the
Engineer must compute the force effect, then multiply that force effect by the
corresponding multiple presence factor, and then use the loading condition for which
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the effect being considered is maximized. Multiple presence factors are presented in
Table 3.4.1.2-1.

Table 3.4.1.2-1 Multiple Presence Factors
(Based on AASHTO LRFD Table 3.6.1.1.2-1)

Number of Loaded Lanes Multiple Presence Factor, m
1 1.20
2 1.00
3 0.85
>3 0.65

As presented in Table 3.4.1.2-1, the multiple presence factor, m, for one loaded lane
is 1.20 rather than 1.00. This is because LRFD was calibrated based on the
presence of two loaded lanes. Since the probability that all lanes will be fully loaded
decreases as the number of loaded lanes increases, the multiple presence factor
also decreases as the number of loaded lanes increases. Therefore, if the number
of loaded lanes is greater than two, the multiple presence factor is less than 1.00.
Similarly, if the number of loaded lanes is less than two, the multiple presence factor
must be greater than 1.00.

For the purposes of determining the number of loaded lanes, pedestrian loads may
be taken to be one loaded lane. It is important to note the applications for which
multiple presence factors should and should not be used. Multiple presence factors
should be applied in the following cases:

e For use with refined analysis methods

e For use with the lever rule

o For use whenever a sketch is required to compute the live load distribution
e For use with braking forces

However, multiple presence factors should not be applied in the following cases:

o For the approximate live load distribution factors computed as specified in
AASHTO LRFD Article 4.6.2

e For the fatigue limit state in which one design truck is used

The multiple presence factors have already been included in the approximate live
load distribution factor equations presented in AASHTO LRFD Article 4.6.2.
Therefore, for the fatigue limit state, the force effects must be divided by the multiple
presence factor for a single lane, which is 1.20.
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3.4.2 Design Vehicular Live Load, LL

Vehicles crossing a bridge come in various shapes, sizes, and weights, such as
cars, motorcycles, tractors, buses, and trucks. A bridge must be designed to resist
all of the live loads that may legally pass across the bridge. However, the vehicles
that most significantly affect a bridge are trucks. When compared with the effects of
trucks on a bridge, the effects of cars and other vehicles are negligible. Therefore,
the live loads used to design a bridge are based on truck loads.

There are many different types of trucks acting on our bridges today. Trucks come
in many different configurations, varying in the following ways:

e Number of axles

e Spacing of axles

e Weight on each axle
e Total truck length

e Total truck weight

Since today’s bridges must be able to resist a wide variety of trucks, bridges must be
designed to resist all of those trucks. However, for the bridge engineer to consider
every possible truck configuration that may act on a bridge would be excessively
time consuming and unfeasible. Therefore, bridge engineers have developed what
is called a notional vehicular load. A notional vehicular load is a theoretical or
imaginary load that does not actually exist but that conservatively represents the
load effects of vehicles that may legally act on the bridge. The design vehicular
loads currently used by AASHTO are notional vehicular loads.

3.4.21 General

The design vehicular load currently used by AASHTO is designated as HL-93, in
which “HL” is an abbreviation for highway loading and “93” represents the year of
1993 in which the loading was adopted by AASHTO. The HL-93 live load is based
on a 1990 study by the Transportation Research Board (Cohen, 1990), and it
consists of three different load types:

e Design truck
e Design tandem
e Design lane load

The following sections describe how these three different load types are configured

in the longitudinal direction, how they are configured in the transverse direction, and
how they are combined to form the HL-93 loading.
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3.4.2.2 Design Truck

In the longitudinal direction, the design truck has three axles. The first axle has a
loading of 8 kips, and the second and third axles have loadings of 32 kips each. The
spacing between the first and second axles is 14 feet, but the spacing between the
second and third axles varies between 14 and 30 feet. The axle spacing is selected
such that the maximum effect is achieved. The minimum axle spacing of 14 feet
usually controls. However, a situation in which an axle spacing greater than 14 feet
may control is for a continuous short-span bridge in which the maximum negative
moment at the pier is being computed and the second and third axles are positioned
in different spans. The design truck is illustrated in Figure 3.4.2.2-1.

-

l 8 Kips l 32 Kips l 32 Kips

Varies (14'-0" to 30'-0")

Figure 3.4.2.2-1 Design Truck

3.4.23 Design Tandem

The design tandem has two axles, each with a loading of 25 kips. The axle spacing
for the design tandem is 4 feet. The design tandem is illustrated in Figure 3.4.2.3-1.

Figure 3.4.2.3-1 Design Tandem
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3424 Design Lane Load

The design lane load has a uniform load of 0.64 kips per linear foot, distributed in the
longitudinal direction. The design lane load is applied only to that portion of the
bridge that adds to the force effect being investigated. For example, if maximum
positive moment is being computed in the center span of a three-span bridge, then
the design lane load would be applied to the center span since that loading would
result in positive moment in the center span. However, the design lane load would
not be applied to the two end spans since that loading would reduce the maximum
positive moment in the center span.

The design lane load is illustrated in Figure 3.4.2.4-1.

0.64 Kips/foot

\ 4 A 4 A 4 \ 4 A 4 A 4 Y A 4 A 4 A 4 A 4 A 4

Figure 3.4.2.4-1 Design Lane Load

3.4.2.5 Tire Contact Area

While the above live load types were described in terms of axles and uniform load,
the actual point of contact between vehicular traffic and bridges is the tire. The tire
contract area of a wheel consisting of one or two tires is assumed to be a single
rectangle measuring 20 inches wide and 10 inches long. The tire pressure is
assumed to act uniformly within the tire contact area. For the design of orthotropic
decks and wearing surfaces on orthotropic decks, the tire contact area for the front
wheels is assumed to be a single rectangle measuring 10 inches wide and 10 inches
long.

Tire contact area applies only to the design truck and tandem. In addition, its use is
limited only to specific bridge elements, such as some decks and other members on
which the vehicular tire directly bears. For the design of other superstructure
members, such as girders and beams, wheel loads are considered to be
concentrated point loads.

3.4.3 Application of Design Vehicular Live Loads
The design truck, design tandem, and design lane load are the building blocks for
the design vehicular live load. They must be applied and combined in accordance

with AASHTO LRFD and in such a way that results in the maximum value of the
force effect being considered.
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3.4.31 Longitudinal Application
The HL-93 loading consists of various combinations of the design truck, design
tandem, and design lane load. Specifically, the HL-93 loading is taken as the
maximum of the following two conditions:

e The effect of the design tandem plus the design lane load (see Figure

3.4.3.1-1)
e The effect of the design truck plus the design lane load (see Figure 3.4.3.1-2)

25 Kips 25 Kips

4!_0"

A
A 4

Plus
0.64 Kips/foot

LY v vy vy v vy oy

Figure 3.4.3.1-1 Effect of Design Tandem Plus Design Lane Load
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Figure 3.4.3.1-2 Effect of Design Truck Plus Design Lane Load

In addition, for negative moment between points of contraflexure based on a uniform
load on all spans and for reaction at interior piers, a third condition is also
considered. A second truck is added with a minimum headway between the front
and rear axles of the two trucks equal to 50 feet. In addition, the distance between
the two 32.0-kip axles of each truck is taken as 14 feet, and all loads are reduced by
10 percent. The two trucks are placed in adjacent spans to produce the maximum
force effect being considered.

The design truck and the design lane load are similar to those used in the AASHTO
Standard Specifications for Highway Bridges (AASHTO, 2002), which preceded the
AASHTO LRFD Bridge Design Specifications. However, in the AASHTO Standard
Specifications for Highway Bridges (AASHTO, 2002), the design truck and design
lane load are considered separately and are not combined, whereas they are
combined for the HL-93 live load in the AASHTO LRFD Bridge Design
Specifications.

For design trucks and design tandems, axles that do not contribute to the force effect
being considered are ignored. Similarly, for design lane load, longitudinal portions of
the bridge that do not contribute to the force effect being considered are not loaded
with design lane load.
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The HL-93 loading was developed as a “notional” loading. That is, it does not
represent a loading that is actually applied to bridges, but rather it was developed as
a representation of the shears and moments produced by a group of vehicles
routinely permitted on highways of various states under “grandfather” exclusions to
weight laws. The vehicles considered to be representative of these exclusions
(known as exclusion vehicles) were based on a study conducted by the
Transportation Research Board (Cohen, 1990). The HL-93 load model is “notional’
because it is not intended to represent any particular truck.

3.4.3.2 Transverse Application

In the transverse direction, the design truck and design tandem should be located in
such a way that the effect being considered is maximized. However, the center of
any wheel load must not be closer than 2 feet from the edge of the design lane. The
single exception is for the design of a deck overhang, in which case the center of the
wheel load can be as close as 1 foot from the face of the curb or railing.

The transverse live load configuration for a design truck or design tandem is
illustrated in Figure 3.4.3.2-1.
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Note A: Position wheel loads within the design lane such that the effect being
considered is maximized; minimum = 2'-0".

Note B: Position design lanes across the roadway such that the effect being
considered is maximized.

Figure 3.4.3.2-1 Transverse Configuration for a Design Truck or Design
Tandem

Similarly, the design lane load is distributed uniformly over the 10-foot loaded width.
Since the design lane load is 0.64 kips per linear foot in the longitudinal direction and
it acts over a 10-foot width, the design lane load is equivalent to 64 pounds per
square foot. The transverse live load configuration for a design lane load is
illustrated in Figure 3.4.3.2-2.
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Note A: Position loaded lane within the design lane such that the effect being
considered is maximized.

Note B: Position design lanes across the roadway such that the effect being
considered is maximized.

Figure 3.4.3.2-2 Transverse Configuration for a Design Lane Load

3.43.3 Loading for Optional Live Load Deflection Evaluation

In AASHTO LRFD Article 2.5.2.6.2, optional criteria for deflection control are
provided. If an Owner chooses to invoke these optional criteria for deflection control,
then the live load used for this evaluation should be the larger of the following:

e Design truck only
e Design lane load applied with 25 percent of the design truck

The optional criteria for deflection control are based on requirements from the
AASHTO Standard Specifications for Highway Bridges (AASHTO, 2002), which
preceded AASHTO LRFD. These live load deflection control criteria were developed
based on the HS20 live loading specified in the AASHTO Standard Specifications for
Highway Bridges (AASHTO, 2002), and they are now optional in AASHTO LRFD.
The loading for the optional live load deflection evaluation described above is
intended to approximate the HS20 loading upon which these criteria were originally
based.
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3434 Design Loads for Decks and Deck Systems

For the design of bridge decks and slab bridges using the approximate strip method,
the design load is an axle load rather than a single wheel load. For slabs that span
primarily in the transverse direction, only the axles of the design truck or design
tandem should be applied to the deck slab. Similarly, for slabs that span primarily in
the longitudinal direction with a span length not exceeding 15 feet, only the axles of
the design truck or design tandem should be applied. However, for slabs that span
primarily in the longitudinal direction with a span length exceeding 15 feet, the live
load requirements normally used for bridge elements (as previously described in
Section 3.4.3.1) should be applied.

When refined methods are used to analyze the bridge deck, the live load
requirements normally used for bridge elements (as previously described in Section
3.4.3.1) should be applied to slabs that span primarily in the longitudinal direction,
regardless of the span length.

Each wheel load is assumed to equal one-half of the axle load. Centrifugal forces
and braking forces need not be considered in the design of bridge decks. According
to AASHTO LRFD Article C3.6.1.3.3, Owners may choose to develop other axle
weights and configurations to capture the load effects of the actual loads within their
jurisdiction for decks and deck systems.

3.4.3.5 Design Loads for Deck Overhangs

For the design of deck overhangs, the outside row of wheel loads may be replaced
with a uniform load of 1.0 kip per linear foot, applied 1 foot from the face of the
railing. This provision applies if the deck overhang cantilever is less than or equal to
6 feet from the centerline of the exterior girder to the face of a structurally continuous
concrete railing. This provision does not apply if the concrete railing is not
structurally continuous.

The loading of 1.0 kip per linear foot is based on the assumption that the 25-kip half-
weight of a design tandem is uniformly distributed over a longitudinal length of 25
feet. Structurally continuous concrete railings have been found to be effective in
distributing the 25-kip load in the overhang over a 25-foot length.

344 Fatigue Load

In addition to the live loading described above, fatigue live load must also be
considered. Fatigue is a phenomenon of material failure caused by repeated
applications of a load. When applied infrequently, these loads would cause no
undesirable effects, but when applied repeatedly, they can lead to failure. When the
load is cyclic, the stress level that leads to failure can be significantly less than the
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material vyield stress. The effects of fatigue are based on the following
considerations:

e The type and quality of the structural detail
e The magnitude of the stress range
e The number of applications (or cycles) of this stress range

3.4.41 Magnitude and Configuration

Since most trucks have a weight less than the design vehicular load, it would be
excessively conservative to use the HL-93 loading previously described for fatigue
load. Therefore for fatigue load, AASHTO uses the design truck with the following

adjustments:

e The axle spacing between the two 32-kip axles is a constant 30 feet.
e The fatigue truck is placed in only one lane.

The fatigue load is illustrated in Figure 3.4.4.1-1.

-
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Figure 3.4.4.1-1 Fatigue Load

3.4.4.2 Frequency
In addition to the actual loading, the number of cycles also influences the fatigue

design of a bridge. In the absence of more accurate traffic data, the average daily
truck traffic (ADTT) for a single lane may be computed as follows:
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ADTT,, =p(ADTT)

Equation 3.4.4.2-1

AASHTO LRFD Equation 3.6.1.4.2-1

where:
ADTTs, = number of trucks per day in a single lane averaged over the design
life
p = fraction of traffic in a single lane (see Table 3.4.4.2-1)
ADTT = number of trucks per day in one direction averaged over the design

life

Table 3.4.4.2-1 Fraction of Truck Traffic in a Single Lane, p
(Based on AASHTO LRFD Table 3.6.1.4.2-1)

Number of Lanes Available to Trucks P
1 1.00
2 0.85
3 or more 0.80

In the above equation, the ADTT can usually be obtained from the Owner. However,
if ADTT data is not available, then the ADTT can be estimated based on the average
daily traffic (ADT) and the fraction of truck traffic to total traffic. This fraction can vary
widely, depending on the type of roadway crossing the bridge and the location of the
bridge. If more accurate data is not available, the fractions presented in Table
3.4.4.2-2 can be used. The ADTT can be estimated by multiplying the ADT by the
fraction presented in Table 3.4.4.2-2. It should be noted that the number of stress
cycles does not affect the fatigue load but rather the fatigue resistance.

Table 3.4.4.2-2 Fraction of Trucks in Traffic

(Based on AASHTO LRFD Table C3.6.1.4.2-1)

Class of Highway Fraction of Trucks in Traffic
Rural Interstate 0.20
Urban Interstate 0.15
Other Rural 0.15
Other Urban 0.10

3443 Load Distribution for Fatigue

For bridges analyzed by any refined method, a single fatigue truck is placed on the
bridge deck, both longitudinally and transversely, without regard to the location of the
striped lanes or design lanes on the deck, such that the maximum fatigue stress

range or deflection is obtained.
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For bridges analyzed by approximate methods, the distribution factor for one traffic
lane should be used.

3444 Refined Design Truck for Fatigue Design of Orthotropic Decks

For orthotropic decks and wearing surfaces on orthotropic decks, the 16-kip wheel
loads are modeled as two 8-kip loads spaced 4 feet apart. This more accurately
models a modern tractor-trailer with tandem rear axles. In addition, the wheel loads
are distributed over a specified contact area of 20 inches wide by 10 inches long for
the rear wheels and 10 inches wide by 10 inches long for the front wheels. This
model better approximates the actual pressures applied from a dual tire unit. This
loading is positioned on the bridge to create the worst effect, ignoring the striped
lanes on the bridge. The design load for orthotropic decks and wearing surfaces on
orthotropic decks is presented in Figure 3.4.4.4-1.
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Figure 3.4.4.4-1 Refined Design Truck Footprint for Fatigue Design of
Orthotropic Decks

3.4.5 Design Permit Loads

In addition to the HL-93 design vehicular live load described in Section 3.4.2.1, some
bridges are also designed for permit loads. Permit loads are generally based on
oversize or overweight vehicular loads which may be applied to the bridge at some
time during the design life of the bridge. Permit loads generally result in greater
force effects than the HL-93 live load.

The federal government does not issue permits for oversize or overweight vehicles.
Instead, issuing permits is a state option. Most states require load ratings based on
permit loads to ensure that the bridge can resist the permit loads. In addition, some
states require that permit loads be considered during the design of the bridge to
ensure that the load ratings for permit loads will be sufficient.
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Each state generally has its own permit loads and permit policies. More detailed
information can be found at each state’s permitting web site or by contacting the
state permitting office by telephone.

3.4.6 Rail Transit Loads

For bridges carrying rail transit loads, or which may carry rail transit loads at some
time during its design life, the Owner must specify the characteristics of the transit
load, as well as the anticipated interaction between highway traffic and rail transit
traffic. Transit load characteristics that must be specified include the following:

e Loads

e Load distribution

e Load frequency

¢ Dynamic allowance

¢ Dimensional requirements

Regardless of the rail transit characteristics, the bridge should also be designed as a
highway bridge of the same bridge width, anticipating the potential for the exclusive
presence of highway traffic on the bridge at some time during its design life.

Railroad bridges are designed to meet the requirements of the Manual for Railway
Engineering, published by the American Railway Engineering and Maintenance-of-
Way Association (AREMA). Similarly, light rail systems are designed per other
specifications.

3.4.7 Pedestrian Loads, PL

For bridges designed for both vehicular and pedestrian load and with a sidewalk
width exceeding 2 feet, a pedestrian load, PL, of 75 pounds per square foot should
be applied to the sidewalk during design. If vehicles can mount the sidewalk, or if
the sidewalk may be removed during the design life of the bridge, then vehicular live
load should be considered on that portion of the bridge. However, vehicular live load
should not be considered concurrently with pedestrian loads on that portion of the
bridge.

If a sidewalk may be removed during the design life of the bridge, then the vehicular
live load should be applied at 1 foot from the edge of the deck for the design of the
overhang and at 2 feet from the edge of the deck for the design of all other bridge
elements, as described in Section 3.4.3.2. For such vehicular live load, dynamic
load allowance need not be considered.
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Bridges intended exclusively for pedestrian, equestrian, light maintenance vehicle,
and/or bicycle traffic should be designed in accordance with AASHTO’s LRFD Guide
Specifications for Design of Pedestrian Bridges (AASHTO, 2009). A pedestrian
loading, PL, of 90 pounds per square foot is specified. However, pedestrian loading
is not applied to portions of the bridge that do not contribute to the force effect being
considered. In addition, dynamic load allowance should not be considered with
pedestrian loading.

3.4.8 Dynamic Load Allowance, IM

The HL-93 loading is based on a static live load applied to the bridge. However, in
reality, the live load is not static but is moving across the bridge. Since the roadway
surface on a bridge is usually not perfectly smooth and the suspension systems of
most trucks react to roadway roughness with oscillations, a dynamic load is applied
to the bridge and must also be considered with the live load. AASHTO refers to this
dynamic effect as dynamic load allowance (although it was previously referred to as
impact).

Dynamic load allowance is defined in AASHTO LRFD Article 3.2 as “an increase in
the applied static force effects to account for the dynamic interaction between the
bridge and moving vehicles.” This additional dynamic force effect is illustrated in the
generic live load response curve presented in Figure 3.4.8-1.
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Figure 3.4.8-1 Static and Dynamic Live Load Response

Referring to Figure 3.4.8-1, the dynamic load allowance is equal to:

denamic .
IM= B Equation 3.4.8-1

static

To compute the total live load effect, including both static and dynamic effects, the
following equation is used:

P, =P, (1+IM) Equation 3.4.8-2
where:
P+ = force effect due to both live load and dynamic load allowance
P, = force effect due to live load only (without dynamic load allowance)
IM =

dynamic load allowance (previously referred to as impact)
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In previous specifications, AASHTO defined impact such that its value increased to a
maximum value of 30% as the span length decreased. However, in the AASHTO
LRFD Bridge Design Specifications, dynamic load allowance is not a function of
span length, and its value depends only on the component and the limit state.
AASHTO currently assigns values to dynamic load allowance as presented in Table
3.4.8-1.

Table 3.4.8-1 Dynamic Load Allowance, IM
(Based on AASHTO LRFD Table 3.6.2.1-1)

Dynamic Load
Allowance, IM
Deck Joints: All Limit States 75%

All Other Components: Fatigue and 15%
Fracture Limit State

All Other Components: All Other Limit
States

Limit State

33%

Deck joints have a greater dynamic load allowance because the hammering effect of
the passing vehicles is more significant for deck joints than for other components,
such as girders, beams, bearings, and columns.

Dynamic load allowance should not be applied to the following loads:

e Centrifugal force

e Braking force

e Pedestrian load

¢ Design lane load (dynamic load allowance is applied to the design truck and
design tandem but not to the design lane load)

In addition, there are several bridge components for which dynamic load allowance
should not be applied, including the following:

¢ Retaining walls not subject to vertical reactions from the superstructure

¢ Foundation components that are entirely below ground level

¢ Wood components

¢ Any other components identified by the specific agency governing the bridge
design
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3.4.9 Centrifugal Force, CE
3.49.1 General

Vehicular centrifugal force is defined as a lateral force resulting from a change in the
direction of a vehicle’s movement (AASHTO LRFD Article 3.6.3). Centrifugal forces
are to be applied horizontally at a distance 6.0 feet above the roadway surface. A
load path to carry the radial forces to the substructure must be provided.

Centrifugal force is applied to the design truck or tandem and to the fatigue live load.
However, centrifugal force is not required to be applied to the design lane load, since
the spacing of the vehicles in the design lane load at high speed is assumed to be
large, resulting in a low density of vehicles preceding and/or following the design
truck or tandem. At the strength and service limit states, the design lane load is still
considered even though centrifugal force effects are not applied. Permit loads may
also not be expected to reach design speeds, so centrifugal force effects may not
need to be considered for these loads, at the Owner’s discretion.

Force effects with centrifugal force included should be compared to force effects
without centrifugal force included, and the worst case should be selected.

Vehicular centrifugal force is computed using the following equation:

V2

C=f— Equation 3.4.9.1-1
R quation
AASHTO LRFD Equation 3.6.3-1
where:
f = 4/3 for load combinations other than fatigue, and 1.0 for fatigue

% highway design speed in ft/sec (1.0 ft/sec = 0.682 mph)
g = gravitational acceleration (= 32.2 ft/sec?)
R = radius of curvature of traffic lane in feet

The factor, C, is multiplied by the total of the axle weights of the design truck, design
tandem, or fatigue live load, as applicable.

The HL-93 design vehicular live load specified as a combination of the design truck
and design lane load represents a group of exclusion vehicles that produce force
effects of at least 4/3 of those caused by the design truck alone on short-span or
medium-span bridges. Therefore, this ratio is introduced in AASHTO LRFD at the
strength and service limit states through the use of the factor, f, in the equation for C.
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The factor, f, is set to 1.0 at the fatigue limit state, consistent with cumulative
damage analysis.

The highway design speed, v, is to be taken not less than the value specified in the
most current edition of the AASHTO publication, A Policy on Geometric Design of
Highways and Streets (AASHTO, 2011).

Centrifugal force causes an overturning effect on the wheel loads because the radial
force is applied 6.0 feet above the top of the deck. Therefore, the centrifugal force
tends to increase the vertical wheel loads toward the outside of the bridge and
decrease the wheel loads toward the inside of the bridge. The net result is that the
outermost girder will receive slightly greater load and the innermost girder will
receive slightly less load. This effect is illustrated in Figure 3.4.9.1-1.

S COS
Reu o Rer

Superelevation = 5%

Figure 3.4.9.1-1 Vehicular Centrifugal Force Wheel-Load Reactions

The wheel-load reactions, R¢; and Rcg, due to centrifugal force are computed by
summing moments about Point A, as follows:

h cos0

2[8 coS 9}
2

Re = -Rer = (C*W) Equation 3.4.9.1-2
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where W is equal to the axle weight. Whenever the wheel spacing, s, is equal to the
height at which the radial force is applied above the deck, h (which is typically the
case), the equal and opposite wheel-load reactions, R¢; and —Rcg, are simply equal
to C multiplied by W. That is, the superelevation has no effect.

However, superelevation helps to balance the effects of the overturning moment due
to the centrifugal force. AASHTO LRFD Article 3.6.3 permits this beneficial effect to
be considered in the computation of the wheel-load reactions due to centrifugal
force, as shown in Figure 3.4.9.1-2.

S)
Ry SC0S Rsx A\ o

Superelevation = 5%

Figure 3.4.9.1-2 Effects of Superelevation on Wheel-Load Reactions

The wheel-load reactions, Rs; and Rsg, due to superelevation are computed by
summing moments about the left wheel, as follows:

B cosO+h sine}*w

Rer = Equation 3.4.9.1-3
SR s cos0 d

Rg. =1.0W —Rgs Equation 3.4.9.1-4

If the superelevation is significant, the design engineer may wish to consider its
effect for the case with no centrifugal force effects included (that is, a stationary
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vehicle), since the superelevation will cause an increase in the vertical wheel loads
toward the inside of the bridge and an unloading of the vertical wheel loads toward
the outside of the bridge, which may potentially be a more critical case for the interior
girders. However, since the vehicle is assumed to be stationary, the dynamic load
allowance should not be included in this case.

3.49.2 Unit Wheel-Load Factors

For refined analyses, unit wheel-load factors can be computed based on the sum of
the wheel-load reactions due to the centrifugal force and superelevation effects, as
shown in Figure 3.4.9.2-1.

A

Unit Wheel T T

Load Factors: F, Fr

Figure 3.4.9.2-1 Unit Wheel-Load Factors due to the Combined Effects of
Centrifugal Force and Superelevation

The left and right unit wheel-load factors, F, and Fg, are computed as follows:

F = 2.0% Equation 3.4.9.2-1
F, = 2.0% Equation 3.4.9.2-2

The sum of F, and Fr must equal 2.0. The factors can be used to increase and
decrease accordingly the wheel loads that are applied in the analysis.
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For approximate analyses in which a line girder methodology is used, it is
recommended that a “pile-group analogy” be used to determine the vertical loads
acting on each girder resulting from the overturning moment due to centrifugal force
effects. The moment that can be balanced by any superelevation may be
considered in this approach. This methodology is illustrated in Section 3.4.9.4.

The entire horizontal centrifugal force, C*W, is assumed to be carried to the bridge
bearings though transverse bending of the deck slab and transverse shear in the
support cross-frames. No particular account need be taken of the horizontal effect of
centrifugal force on the bridge superstructure, except that the support cross-frame
diagonals should be adequately proportioned to deliver the load to the bearings.

Dynamic load allowance is not to be applied to the force effects due to vehicular
centrifugal force. The load factor to be applied to the force effects due to centrifugal
force in the various strength, service, and fatigue load combinations is the same as
for the design vehicular live load.

3.49.3 Centrifugal Force Design Example

A curved I-girder bridge has a horizontal curve with a radius of 700 feet along the
centerline of the bridge. The highway design speed, v, is 35 mph, and the deck
cross slope (superelevation) is 5%. Compute the unit wheel-load factors for the
combined effects of centrifugal force and superelevation to apply in a refined
analysis to determine the vehicular live load force effects at the strength and service
limit states.

The first step in this design example is to compute the value of C, as follows:

_ . V2 (4)(35/0.682) _
o= 1ar~[3 sz 0%

Note that to compute the unit wheel-load factors for the fatigue limit state, the 4/3
factor should be changed to 1.0 in the preceding equation. This results in a C value
of 0.117.

The next step is to compute the wheel-load reactions, Rc. and Rcr, due to
centrifugal force effects. Since the wheel spacing, s, and the height at which the
radial force is applied above the deck, h, are both equal to 6.0 feet, the equal and
opposite wheel-load reactions, R¢; and —Rc¢g, are simply equal to C multiplied by W,
as illustrated below.
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Ry, = -Re = (C*W)—90 __ vy —0.156w

2[3 cos O}
2
This is an upward reaction for the left wheel and an equal and opposite downward

reaction for the right wheel.

Next, the effect of superelevation on the individual wheel-load reactions is computed
as follows:

0 = tan™(0.05) = 2.86°

B cos6+hsin 6}* W Kzﬂj cos(2.86°)+ (6 ft) sin(2.86°)} *W

Ran = = =0.550W
SR s cos 0 (6 ft) cos(2.86°)

Rg =1.0W —Rgg =1.0W —0.550 W = 0.450 W

Unit wheel-load factors due to the combined effects of centrifugal force and
superelevation are then computed as follows:

Re +Rg 0.156 W +0.450 W

F. =2.0-C =20 =1.212
w w
F, - 20@ _ 2.0—0.156WV\-/4— 0.550W _ 0788

F. and Fg represent the factors that must be multiplied by the left wheel load and the
right wheel load, respectively, in the analysis to take into account the combined
effects of both centrifugal force and superelevation. F, and Fg are unitless, and their
sum is always equal to 2.0.

If no centrifugal force and no superelevation are present, then both F, and Fr equal
1.0. That is, both the left wheel load and the right wheel load are simply 1.0 times
the weight of the wheel. The sum of F; and Fgis again 2.0.

Force effects from the analysis due to cases with centrifugal force effects included
(i.e., utilizing unit wheel-load factors F, equal to 1.212 and Fr equal to 0.788) are
compared to force effects due to cases with no centrifugal force included (i.e.,
utilizing unit wheel-load factors F, and Fgr equal to 1.0), and the worst case is
selected.
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From separate computations similar to the above, the unit wheel-load factors, F, and
Fg, for the example bridge at the fatigue limit state are 1.134 and 0.866, respectively.

3.49.4 Pile-group Analogy Design Example

For the same example I-girder bridge, compute the vertical loads on the girders due
to the overturning moment caused by centrifugal force and superelevation utilizing a
pile-group analogy. The computation will be done for the determination of the live
load force effects at the strength and service limit states. The bridge cross section is
shown in Figure 3.4.9.4-1.

40!_6"
e Roadway = 37'-6" 16
3 Lanes @ 12'-0"
tstructural = 9
l FSingIe Angles— Slope = 5% [
JAR
9 i
TG4 G3 e i
Intermediate At Interior At Simple
(Radial) (Skewed) (Radial)

Cross-Frame Supports Supports

43'-9““ 3 Girder Spaces @ 11'-0" = 33'-0" J3-9")

Figure 3.4.9.4-1 Example I-Girder Bridge Cross Section

As previously computed, the value of C at the strength and service limit states is
15.6% (0.156*100). However, the value of C is balanced by the superelevation, as
illustrated in Figure 3.4.9.4-2. If Kis defined as the fraction of W that is balanced by
superelevation (that is, producing equal wheel reactions), then K can be computed
by summing moments about Point A, as follows. (By inspection, the moments at
Point A due to the reactions at the two wheels cancel one another.)

W (h sin8)-K*W (h cos6) = Moment ;4= 0
W (h sin8) = K*W (h cos0)

K = Whsin6 sin6

= = = tan 6 = Superelevation
Whcos6 cos6
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Therefore, it can be seen that the fraction of W that can be balanced by
superelevation is equal numerically to the superelevation rate.

Superelevation = 5%

Figure 3.4.9.4-2 Centrifugal Force Balanced by Superelevation

Therefore, for this design example, the value of centrifugal force (15.6%) is balanced
by the superelevation (5.0%), as follows:
Cc=C

C =15.6%-5.0%=10.6%

centrifugal force ~ “superelevation
Thus, 10.6 percent of the centrifugal force remains to produce an overturning
moment about the mid-depth of the slab. With three design lanes of live load

permissible on the bridge, the centrifugal force in terms of lanes is computed as:
CF =(0.106)(3 lanes)= 0.318 lanes

A “pile-group analogy” can then be used to determine the vertical loads acting on
each girder resulting from the overturning moment due to centrifugal force and
superelevation effects. The “moment of inertia” of the four girders treated as piles is
computed as follows:

lotegroup = 2 1(0.5)(11.0 feet)F +[(1.5)(11.0 feet)F |= 605 feet?
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The moment arm for the centrifugal force is computed from the location of the
centrifugal force, 6.0 feet above the top of the deck, to the deck mid-depth, as
follows:

6.0 feet 0.75 feet

+ =6.38 feet
cos (2.86°) 2

Moment arm =

The computation of the moment arm is illustrated in Figure 3.4.9.4-3.

Moment arm

Superelevation = 5%

Figure 3.4.9.4-3 Computation of Moment Arm

The vertical load on the left exterior girder, G4, is then computed as follows, similar
to the computation of a pile load in a pile group:

(0.318lanes)(6.38 feet)(1.5)(11.0 feet)
605 feet?

=0.055lanes

CI:Load onG4 =

Similarly, the vertical load on the left interior girder, G3, is computed as follows:

(0.318 lanes)(6.38 feet)(0.5)(11.0 feet)

> =0.018lanes
605 feet

CI:Load onG3 —

The CF vertical loads on the two right girders, G1 and G2, can conservatively be
assumed to be zero since the CF vertical loads would be upward and would be
subtracted from all other vertical loads. This is equivalent to the case in which live
load is present on the bridge but is not moving.
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3.4.10 Braking Force, BR
When a truck decelerates or stops on a bridge, a longitudinal force is transmitted to
the bridge deck, which is also transmitted to the substructure units with fixed
bearings. This longitudinal force is known as the braking force.
The braking force is specified by AASHTO as the greater of either:

e 25 percent of the axle weights of the design truck or design tandem

e 5 percent of the design truck plus lane load, or 5 percent of the design

tandem plus lane load

The 25% factor is derived using the following kinetic energy formula:

2
F, = (V—)W — bW Equation 3.4.10-1
2ga
where:
Fs = braking force
v initial truck velocity (assumed to be 55 mph)
g gravitational acceleration (= 32.2 ft/sec?)
a length of uniform deceleration (assumed to be 400 feet)
w truck weight
b = braking value

Substituting the assumed values into the above equation leads to a value for b of
approximately 25%.

AASHTO specifies that the braking force is to be based on all lanes which are
considered to be loaded and which are carrying traffic in the same direction. For
bridges which may become one-directional in the future, all lanes should be loaded.
In addition, the appropriate multiple presence factor should be applied in the braking
force computations.

The braking force is applied 6.0 feet above the roadway surface, and it acts
longitudinally in whichever direction causes the maximum force effects.

3.4.11 Vehicular Collision Force, CT
In the design of decks and overhangs, a vehicular collision force must be

considered. Vehicular collision force is described in AASHTO LRFD Article 3.6.5,
and deck and overhang design is described in Chapter 7 of this Reference Manual.
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For crash tests on barriers, AASHTO specifies six different test levels. These six
test levels are based on NCHRP Report 350, “Recommended Procedures for the
Safety Performance Evaluation of Highway Features” (Ross, 1993). They are
summarized in Table 3.4.11-1.

Table 3.4.11-1 Bridge Railing Test Levels
(Adapted from AASHTO LRFD Article 13.7.2)

Name Abbreviation Description
Test Level One TL-1 Generally acceptable for work zones with low
posted speeds and very low volume, low speed
local streets
Test Level Two TL-2 Generally acceptable for work zones and most
local and collector roads with favorable site
conditions as well as where a small number of
heavy vehicles is expected and posted speeds are
reduced
Test Level Three | TL-3 Generally acceptable for a wide range of high-
speed arterial highways with very low mixtures of
heavy vehicles and with favorable site conditions
Test Level Four TL-4 Generally acceptable for the majority of
applications on high speed highways, freeways,
expressways, and interstate highways with a
mixture of trucks and heavy vehicles
Test Level Five TL-5 Generally acceptable for the same applications as
TL-4 and where large trucks make up a significant
portion of the average daily traffic or when
unfavorable site conditions justify a higher level of
rail resistance
Test Level Six TL-6 Generally acceptable for applications where
tanker-type trucks or similar high center-of-gravity
vehicles are anticipated, particularly along with
unfavorable site conditions

For each test level, barriers are available that have been tested to verify their
conformance with specific performance requirements. Additional information about
vehicular collision forces and bridge railings is presented in AASHTO LRFD Section
13. The crash test criteria for the various bridge railing test levels are presented in
AASHTO LRFD Article 13.7.2.

The user agency is responsible to determine which of the above test levels is most

appropriate for the bridge site. For most interstates, TL-4 generally satisfies the
design requirements. For each test level, AASHTO specifies vehicular collision force
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requirements that the bridge railing must satisfy. These vehicular collision force
requirements include the following:

¢ Weight of vehicle, W

¢ Out-to-out wheel spacing on an axle, B

¢ Height of vehicle center of gravity above the bridge deck, G

e Angle of vehicular impact (as measured from the face of the railing), &

The first three variables are illustrated in Figure 3.4.11-1.

B2 . — Center of
1 Gravity
o A
:I _‘ r G

Figure 3.4.11-1 Vehicular Collision Force

The AASHTO Manual for Assessing Safety Hardware (MASH) is the new state of the
practice for the crash testing of safety hardware devices for use on the National
Highway System (NHS). MASH updates and replaces NCHRP Report 350. All new
testing will be done following MASH evaluation techniques. However, hardware
accepted under NCHRP Report 350 is appropriate for replacement and new
installation, and retesting is not required. Effective January 1, 2011, all new
products must be tested using MASH crash test criteria for use on the NHS. The
need for updated crash test criteria was based primarily on changes in the vehicle
fleet. Vehicles have increased in size and light truck bumper heights have risen
since the NCHRP Report 350 criteria were adopted in 1993.

Section 3.5 Wind Loads

Wind loads represent the typical wind conditions of the local area where the bridge is
being constructed. Only exposed surfaces are subject to direct application of wind
loads, and different wind load cases exist for wind on structure, wind on live load,
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wind on construction equipment, and wind in the vertical direction. Load
combinations vary in their load factors for application of wind loads, the desired wind
speed, and its effects on live load. In general, smaller structures are not controlled
by wind effects, but larger structures with more exposed surfaces can be controlled
by wind load.

3.5.1 Horizontal Wind Pressure
3.5.1.1 General

The base design wind velocity, Vg, as specified by AASHTO is 100 miles per hour.
This represents a conservative estimate of the highest wind speeds that a structure
will experience over the design life of the structure. The wind pressure load from this
horizontal wind is applied to all exposed surfaces when the structure is viewed in
elevation, perpendicular to the direction of the wind. All girders, decks, attachments,
and other structural components which are exposed in elevation are subject to the
same uniform wind pressure. Any analysis of wind loads should include multiple
attack angles to determine from which direction wind causes the greatest force
effect.

For bridges or parts of bridges more than 30.0 feet above low ground or water level,
the base wind velocity is modified using the following equation from AASHTO LRFD
Article 3.8.1.1.

Vo, = 2.5V0(%jln[zij Equation 3.5.1.1-1

B 0

AASHTO LRFD Equation 3.8.1.1-1

where:

Vpz = design wind velocity at design elevation, Z (mph)

V, = friction velocity, see Table 3.5.1.1-1

V3 = wind velocity at 30.0 feet above low ground or design water level (mph)

Vs = base wind velocity, 100 mph

Z = height of structure above low ground or water level at which wind loads
are being calculated, > 30.0 (feet)

Zy = friction length, see Table 3.5.1.1-1

The values of V, and Z, are determined based on meteorological effects
corresponding with the surrounding land conditions of the bridge. The descriptions
of these land features are paraphrased from ASCE 7-93 in AASHTO LRFD and are
as follows:
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e Open country — Open terrain with scattered obstructions with heights
generally less than 30.0 feet. This category includes flat, open plains and
grasslands.

e Suburban — Urban and suburban areas, wooded areas, or other terrain with
many closely spaced obstructions with the size of a single-family dwelling or
larger dwellings. The suburban category is used only if the terrain type
extends for 1,500 feet or greater in the prevailing upwind direction from the
bridge structure.

o City — Large city centers with at least half the buildings having a height in
excess of 70.0 feet. The city category is used only if the terrain type extends
for one-half mile or greater in the prevailing upwind direction from the bridge
structure. In addition to typical wind loads, possible channeling effects and
increased wind velocities due to the bridge being located in the wake of larger
structures should be considered in the analysis of wind loads.

Once the terrain type is determined, V, and Z, are selected from AASHTO LRFD
Table 3.8.1.1-1, shown here as Table 3.5.1.1-1.

Table 3.5.1.1-1 Values of V, and Z, for Various Upstream Surface Conditions

Condition | OP®" | Suburban |  City
Country

Vo (mph) | 8.20 10.90 12.00

Z (feet) | 023 3.28 8.20

The value of V3 may be established by the following criteria, as presented in
AASHTO LRFD Article 3.8.1.1:

e Fastest-mile-of-wind charts available in ASCE 7-88 (ASCE, 1988) for various
recurrence intervals

e Site-specific wind surveys

¢ In the absence of better criterion, the assumption that V3, = Vg = 100 mph

3.5.1.1.1 Calculation of Design Wind Velocity Design Example
For this example, assume a bridge structure 40.0 feet in height above the design
water level. The structure is located in an area where wooded terrain prevails for at

least two miles in all directions. From ASCE 7-88 (ASCE, 1988), the fastest-mile-of-
wind is 115 mph for the area in which the bridge is located.
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Based on the definitions and principles presented in Section 3.5.1.1, the bridge is
located in a suburban environment, and the design wind velocity is computed as
follows:

Vp; = 2.5(10.90 1150 2001 _7g 4 mph
100, | 3.28

3.5.1.2 Wind Pressure on Structures, WS

The load case for horizontal wind on structures, WS, is based on the design wind
speed and given base wind pressures, in the absence of more precise local
information. The information shown in Table 3.5.1.2-1 is taken from AASHTO LRFD
Table 3.8.1.2.1-1 and is used to determine the horizontal wind pressure force.

Table 3.5.1.2-1 Base Pressures, Pg, Corresponding to Vg = 100 mph

Superstructure Windward Leeward
Component Load, ksf Load, ksf
Trusses, Columns, 0.050 0.025
and Arches
Beams 0.050 N/A
Large Flat Surfaces 0.040 N/A

The wind pressure can then be calculated using the following equation:

2 2
P, =P, Voz | _ P, Voz Equation 3.5.1.2-1
A 10,000

AASHTO LRFD Equation 3.8.1.2.1-1

As a limit, the total wind load on windward chords of trusses and arches, and on
beams and girders, cannot be less than 0.30 kIf. The total wind load on leeward
chords of trusses and arches cannot be less than 0.15 KIf.

Various angles of attack for wind direction should be investigated to determine which
produces the worst case response in the bridge structure. The angle of attack
should be determined as the skew angle from a perpendicular to the longitudinal axis
of the member in question. For various standard angles of attack, the value of base
pressure, Pg, will vary as shown in Table 3.5.1.2-2, taken from AASHTO LRFD Table
3.8.1.2.21.
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Table 3.5.1.2-2 Base Wind Pressures, Pg, for Various Angles of Attack and Vg

=100 mph
Trusses, Columns, and ,
Girders
Arches
Skew Angle Lateral Longitudinal Lateral Longitudinal

of Wind Load Load Load Load
(Degrees) (ksf) (ksf) (ksf) (ksf)
0 0.075 0.000 0.050 0.000

15 0.070 0.012 0.044 0.006

30 0.065 0.028 0.041 0.012

45 0.047 0.041 0.033 0.016

60 0.024 0.050 0.017 0.019

For both lateral loads and longitudinal loads, the wind pressure should be applied to
the centroid of a single plane of exposed area (generally based on the elevation view
of the bridge). As shown in Table 3.5.1.2-2, the lateral load has a maximum value
and the longitudinal load is zero for a skew angle of 0 degrees (perpendicular to the
longitudinal axis of the bridge). As the skew angle increases, the longitudinal load
increases and the lateral load decreases. The pressures for lateral loads and
longitudinal loads are to be applied simultaneously.

For girder and slab bridges with an individual span length of 125 feet or less and a
maximum height of 30.0 feet above low ground or water level, a wind loading of
0.050 ksf in the transverse direction and 0.012 ksf in the longitudinal direction can be
applied simultaneously.

3.51.3 Wind Pressure on Vehicles, WL

In addition to the wind loads that are applied to all exposed surfaces of bridge
superstructures, wind also affects the exposed surfaces of live load traffic passing
over the bridge. Wind pressure on vehicles is designated as WL. The pressure
exerted on a superstructure due to the wind on live load is consistent with the
assumptions made in the determination of limit states and load combinations.
Specifically, at wind speeds in excess of 55 miles per hour, the amount of traffic that
would be present on the structure at one time is significantly reduced.

The WL load consists of an uninterruptible, moving force of 0.10 klIf acting normal to
the roadway, located 6.0 feet above the roadway. For any situation in which an
attack angle other than normal to the lane has been found to be the controlling wind
direction, WL should be taken as shown in Table 3.5.1.3-1, which is taken from
AASHTO LRFD Table 3.8.1.3-1.
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Table 3.5.1.3-1 Wind Components on Live Load

Skew Normal Parallel
Angle Component | Component
(Degrees) (kIf) (kIf)
0 0.100 0.000
15 0.088 0.012
30 0.082 0.024
45 0.066 0.032
60 0.034 0.038

For girder and slab bridges with an individual span length of 125 feet or less and a
maximum height of 30.0 feet above low ground or water level, a wind on live load of
0.10 kIf in the transverse direction and 0.04 kif in the longitudinal direction can be
applied simultaneously.

3.5.2 Vertical Wind Pressure

For load combinations in which wind on live load is not considered, and uplift of the
structure is potentially a problem, vertical wind pressure may generate loads that
need to be considered. This load type is considered to be a 0.020 ksf upward force
for all wind speeds, but only when the wind direction is taken to be perpendicular to
the bridge structure. The area of effect for vertical wind pressure includes the width
of all deck surfaces, parapets, and sidewalks. Vertical wind pressure is considered
to be a longitudinal line load, and it is applied at the windward quarterpoint of the
deck width in conjunction with the horizontal wind loads specified in Section 3.5.1.

Section 3.6 Seismic Loads

Bridges are designed for seismic loads such that they have a low probability of
collapse or total failure due to a seismic event. However, they may suffer significant
damage or disruption due to earthquake ground motions. Partial or complete
replacement may be required following a seismic event.

AASHTO LRFD Article 3.10 specifies the design requirements for seismic loads.
The design earthquake motions and forces are based on a low probability of being
exceeded during the normal design life of a bridge. The AASHTO LRFD
requirements for seismic design specify seismic resistance within the elastic range of
the structural components without significant damage from small to moderate
earthquakes. In addition, large earthquakes should not cause collapse of all or part
of the bridge, and damage should be easily detectable and accessible for inspection
and repair.
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The general procedure for seismic design uses the peak ground acceleration
coefficient (PGA) and the short-period and long-period spectral acceleration
coefficients (Ss and Sy, respectively). These values can be obtained using a series
of maps with contour lines presented in AASHTO LRFD Figures 3.10.2.1-1 through
3.10.2.1-21.

The calculation of seismic design forces is dependent on the seismic zone in which
the bridge is located. Seismic Zone 1 represents the zone with the least potential for
significant seismic loads, and seismic analysis for bridges in Zone 1 is generally not
required. Default values for minimum design forces are specified in AASHTO LRFD
Article 3.10.9 in lieu of rigorous analysis. At the other extreme, Seismic Zone 4
represents the zone with the greatest potential for significant seismic loads. Bridges
located in Zone 4 require seismic analysis.

More detailed information about seismic loads is presented in AASHTO LRFD Article
3.10.

In addition to AASHTO LRFD, AASHTO Guide Specifications for LRFD Seismic
Bridge Design covers seismic design for typical bridge types. It applies to non-
critical and non-essential bridges. It is approved as an alternate to the seismic
provisions in AASHTO LRFD, and it differs from the current procedures in AASHTO
LRFD in the use of displacement-based design procedures instead of the traditional
force-based R-Factor method. It includes detailed guidance and commentary on
earthquake-resisting elements and systems, global design strategies, demand
modeling, resistance calculation, and liquefaction effects. It also includes
prescriptive detailing for plastic hinging regions and design requirements for
protection of those elements that should not experience damage.

Section 3.7 Force Effects Due to Superimposed Deformations
3.71 General

In addition to forces caused by applied loads, bridges must also be designed to
resist forces due to superimposed deformations. The following force effects must be
considered during bridge design where appropriate:

e Uniform temperature, TU

e Temperature gradient, TG

e Creep, CR

e Differential shrinkage, SH

e Settlement, SE

e Secondary forces from post-tensioning, PS
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3.7.2 Uniform Temperature, TU

The first force effect due to superimposed deformations that must be considered in
bridge design is uniform temperature change, in which the entire superstructure
changes temperature by a constant amount. Uniform temperature change causes
the entire superstructure to lengthen due to temperature rise or shorten due to
temperature fall. In addition, if the supports are constrained, uniform temperature
change induces reactions at the bearings and forces in the corresponding
substructure units. Uniform temperature change is illustrated in Figure 3.7.2-1.
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Figure 3.7.2-1 Uniform Temperature Change

As depicted in Figure 3.7.2-1, the entire superstructure changes in length when
subjected to a uniform temperature change. The magnitude of the change in length,
Az, is a function of:

e Material properties
e Temperature change

e Expansion length

This relationship is expressed mathematically as follows:

AT = a L (TMaxDesign _TMinDesign) Equation 3.7.2'1
AASHTO LRFD Equation 3.12.2.3-1
where:
Ar = design thermal movement range
o = coefficient of thermal expansion
L = expansion length
Thmaxpesign = maximum design temperature
Twminpesign = Mminimum design temperature

It is important to note that the expansion length is measured to a point of fixity. The
coefficient of thermal expansion is approximately 0.0000065/°F for steel,
0.0000060/°F for normal weight concrete, and 0.0000050/°F for lightweight concrete.
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AASHTO provides two methods for determining the minimum and maximum design
temperatures. These two methods are called Procedure A and Procedure B. Either
Procedure A or Procedure B may be used for concrete deck bridges having concrete
or steel girders. Procedure A must be used for all other bridge types.

Procedure A, which has traditionally been used by AASHTO, is based on the
temperature ranges presented in Table 3.7.2-1.

Table 3.7.2-1 Temperature Ranges
(Based on AASHTO LRFD Table 3.12.2.1-1)

Climate Steel or Aluminum Concrete Wood
Moderate 0O°F to 120°F 10°F to 80°F 10°F to 75°F
Cold -30°F to 120°F O°F to 80°F O°Fto 75°F

As used in Table 3.7.2-1, moderate climate is defined as climate in which less than
14 days have an average temperature of less than 32°F, and cold climate is defined
as climate in which 14 or more days have an average temperature of less than 32°F.
The temperature range for concrete is less than that for steel or aluminum, because
concrete generally has more thermal inertia than does steel or aluminum, which
makes concrete more resistant to changes in temperature.

To illustrate the application of the above table, for a steel girder in cold climate which
was constructed at 68°F, the total design temperature range is 120°F — (-30°F) =
150°F, the design temperature rise is 120°F — 68°F = 52°F, and the design
temperature fall is 68°F — (-30°F) = 98°F.

Procedure B was developed in 2002 and is based on contour maps which present
contour lines for the maximum and minimum design temperatures for both concrete
girder bridges and steel girder bridges. The bridge engineer can locate the bridge
site on the contour maps and determine the maximum and minimum design
temperatures to within about 10°F, either by interpolating between contour lines or
by using the most conservative adjacent contour line.

Uniform temperature change must be considered in the design of many bridge
components, including the following:

e Deck joints
e Bearings

e Piers at which the bearings are constrained against thermal movement

For curved or skewed bridges, the bridge engineer must carefully consider the
orientation of the bearing guides and the freedom of bearing movement. Sharp
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curvature and sharply skewed supports can cause significant lateral thermal forces
at supports if only tangential movement is permitted. In addition, for wide bridges,
lateral thermal forces must be considered in addition to longitudinal thermal forces.

3.7.3 Temperature Gradient, TG

Another type of thermal load that may need to be considered in bridge design is
temperature gradient. Past experience, Owner input, and bridge type are all factors
that should be used in determining whether temperature gradient should be
considered. When subjected to heat from the sun, the bridge deck usually heats
more than the underlying girders. Since heat causes expansion, this causes the
deck to expand more than the girders, which results in upward bending.
Temperature gradient is illustrated in Figure 3.7.3-1.
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Figure 3.7.3-1 Temperature Gradient

Bridge location plays a more significant role in temperature gradient than in uniform
temperature change. Bridges located in western states are generally more sensitive
to temperature gradient than bridges located in eastern states. To assist the bridge
engineer in computing temperature gradient, AASHTO has divided the nation into
four solar radiation zones, identified as Zones 1, 2, 3, and 4. Zone 1 has the highest
gradient temperatures.

The variation in temperature throughout the depth of the superstructure is illustrated
in Figure 3.7.3-2.
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Figure 3.7.3-2 Positive Vertical Temperature Gradient

The value for A, as shown in Figure 3.7.3-2, depends on the superstructure material
and depth. The values for the temperatures (T4, T,, and T3) are a function of the
solar radiation zone in which the bridge is located.

When analyzing a bridge for temperature gradient, internal stresses and structure
deformations due to both positive and negative temperature gradients must be
considered.

3.74 Creep, CR, and Differential Shrinkage, SH
The force effects due to superimposed deformations are creep and shrinkage.
Creep is a material property in which the member continues to deform with time

under sustained loads at unit stresses within the elastic range. Shrinkage is a
material property in which the volume changes independently of the loads it
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sustains. Both creep and shrinkage are time-dependent deformations. They may
occur concurrently, and they generally cannot be separated from each other.

Creep is generally considered only for concrete, but it can also apply to prestressed
wood decks. For shrinkage, the Engineer may specify construction requirements to
minimize stresses due to differential shrinkage between components. For both
creep and shrinkage, the load factor may be reduced to 1.0 if physical testing is
performed to establish material properties and if upper bound values are used in the
analysis.

For concrete bridges, some of the parameters that most significantly influence creep
and shrinkage are the following:

e Water-cement ratio

e Curing method

e Ambient humidity

e Aggregates

o Air content

e Age at load application

Creep and shrinkage influences both the internal stresses and the deformations of a
bridge.

3.74.1 Stresses

In segmental bridges, the creep and shrinkage effects on the internal stresses can
be significant, and their contribution to the final stresses must be included in the
design process. As an illustration, consider a three-span segmental bridge
constructed by the cantilever method. Moment diagrams for various conditions are
presented in Figure 3.7.4.1-1.
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Span 1 Span 2 Span 3

Moment Diagram

~~~~~~~~~~~~~~~~~~~~~~~~~~ Moment diagram as constructed by the cantilever method (without creep and shrinkage effects)
Moment diagram at time infinity (with creep and shrinkage effects)
———————— Moment diagram as constructed on falsework (without creep and shrinkage effects)

— ———— Approximate representation of creep and shrinkage effects

Figure 3.7.4.1-1 Moment Diagrams for Three-span Segmental Bridge

It can be seen from Figure 3.7.4.1-1 that the forces induced by applied loads are
affected not only by the construction method but also by creep and shrinkage. The
moment diagram with forces at time infinity (with creep and shrinkage effects) is
somewhere between the moment diagrams as constructed by the cantilever method
(without creep and shrinkage effects) and as constructed on falsework (also without
creep and shrinkage effects). In other words, the final forces in the structure are
somewhere between the “cantilever-method” constructed forces and the “falsework”
constructed forces.

3.74.2 Deflections

In segmental bridges, the creep and shrinkage effects on the deflections can also be
significant. Their contribution to deformations must be considered when computing:

e Deformations

e (Casting curves

e Camber data

¢ Internal stresses due to deformations
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Creep and shrinkage effects induce both stresses and deformations that affect the
internal forces on the structural system. For prestressed concrete bridges, cable-
stayed bridges, composite structures, and many other indeterminate structures,
creep and shrinkage effects can govern the design of the structural members.

3.7.5 Settlement, SE

Another force effect due to superimposed deformations is settlement. Extreme
values of differential settlements among substructure units throughout the bridge, as
well as within individual substructure units, must be considered where appropriate.

Force effects due to settlement may be reduced by considering creep. The Engineer
should consider various combinations of differential settlement, and the bridge
should be designed for the combination creating the critical force effects in the
structure.

3.7.6 Secondary Forces from Post-Tensioning, PS

Secondary forces from post-tensioning must also be considered during the design of
continuous post-tensioned bridges. For such bridges, post-tensioned forces produce
reactions at the supports and internal forces that are collectively called secondary
forces. In frame analysis software, the secondary forces are often computed by
subtracting the primary prestress forces from the total prestressing.

Section 3.8 Friction Forces, FR

Another load that must be considered in bridge design is friction forces. Friction
forces result when two elements move in relation to one another. Friction forces are
most significant in the design of bearings.

Friction forces are included in all strength, service, and extreme event load
combinations, and they are assigned a load factor of 1.00 for all load combinations.

The value of friction forces, FR, is directly related to the coefficient of friction
between the sliding surfaces and the applied force normal to the sliding surface. In
computing FR, extreme values of the coefficient of friction should be used. High and
low values of the coefficient of friction can generally be obtained from standard
textbooks. In addition, values can be determined by physical tests, especially if the
surfaces are expected to be roughened during the service life of the bridge.

The effect of moisture, possible degradation of sliding or rotating surfaces, or

possible contamination of sliding or rotating surfaces upon the coefficient of friction
should be considered where appropriate.
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Section 3.9 Blast Loading, BL

Although most bridges are not designed for blast loading, some bridges may be
vulnerable to either intentional or unintentional blast force and must be designed to
resist such a force. The value of the blast force, BL, is a function of the following
considerations:

e Size of explosive charge

e Shape of explosive charge

e Type of explosive charge

¢ Location of explosive charge

e Stand-off distance

e Capacities of potential modes of delivery

e Fragmentation associated with explosives delivered by vehicle

The first four considerations listed above determine the intensity of the blast force
produced by the explosive charge. Explosive charges are generally expressed in
units of equivalent TNT charge weights.

The stand-off distance is the distance from the center of the explosive charge to the
bridge element being considered. The peak pressure on the bridge element due to
an explosive charge is inversely proportional to the cube of the stand-off distance.
For example, if Location A has half the stand-off distance of Location B, then the
peak pressure at Location A from a given explosive charge will be 8 times greater
than the peak pressure at Location B.

The specific location of the explosive charge determines the amplifying effects of the
blast wave. For example, a blast wave reflecting from the ground surface may have
a different effect than a blast wave reflecting from the surfaces of surrounding
structural elements. In addition, the specific location of the charge also determines
the severity of damage caused by fragments from other components near the blast
traveling away from the blast center.

For bridges which must be designed for blast loading, the specific design
requirements are generally defined by the Owner or the contracting agency.

Section 3.10 Load Factors and Load Combinations
Load and Resistance Factor Design utilizes limit states which represent the various

loading conditions which structural elements must be able to resist. The following
four limit states are considered in LRFD bridge design:
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Strength — design to ensure that strength and stability are provided to resist
increased load combinations that a bridge may experience during its design

Service — design to restrict stresses, deformations, and cracks under regular
service conditions

Extreme event — design to ensure structural survival of a bridge during events
of large loading which have a recurrence period longer than the design life of
the bridge

Fatigue and fracture — design to limit crack growth under repetitive loads to
prevent fracture during the design life of the bridge

These limit states involve a number of load factors and resistance factors which are
applied to the basic LRFD equation:

where:

ni

Yi
Qi
¢

Ro
R

> M1 Q<¢R, =R, Equation 3.10-1
AASHTO LRFD Equation 1.3.2.1-1

load modifier, relating to ductility, redundancy, and operational
importance

load factor; a statistically based multiplier applied to force effects

force effect

resistance factor; a statistically based multiplier applied to nominal
resistance

nominal resistance

factored resistance

For the case in which only dead loads and live loads are applied, the basic LRFD
equation takes the following form:

where:

DL
LL

n
oL
L

N(ZypDL+2y, LL)<¢R, =R, Equation 3.10-2

dead load force effects applied to the element under consideration
live load force effects applied to the element under consideration
load modifier applied to all loads

load factor for dead loads

load factor for live loads

Each limit state contains several load combinations, numbered with Roman
numerals. Some load combinations reflect instances of normal operating conditions.
Some reflect instances of high wind, in which live load would not typically be present
on a bridge but wind loads are very high. Still others represent earthquake
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conditions or vehicular collisions with bridge structures. Resistance factors affecting
the resistance of structural materials also vary based on the limit state being
investigated.

Not all limit states or load combinations need to be checked for all structures, and
the design engineer should determine which are applicable for a specific bridge.
When all applicable limit states and load combinations are satisfied, a structure is
deemed acceptable under the LRFD design philosophy.

3.10.1 Base Load Factors and Combinations
3.10.1.1 General

AASHTO LRFD Article 3.4.1 defines the base load factors and load combinations
used in LRFD bridge design. For each of the four limit states introduced in Section
3.10, there are several load combinations. In addition, for each load combination, a
unique set of load factors is assigned based on the intended loading condition, the
probability of simultaneous loadings, the uncertainty of the value of the associated
loads, and the purpose of the limit state.

Load factors for each load combination are defined in AASHTO LRFD Tables 3.4.1-

1, 3.4.1-2, and 3.4.1-3. For reference, the load factors table presented in AASHTO
LRFD Table 3.4.1-1 is presented below in Table 3.10.1.1-1.
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Table 3.10.1.1-1 AASHTO LRFD Load Combinations and Load Factors

Load DC | LL | WA | WS | WL | FR TU TG | SE | EQ* | BL* | IC* | CT* | CV*
Combination DD | IM

DW | CE

EH | BR

EV | PL

ES | LS

EL

PS

CR
Limit State SH
Strength | % 1.75] 1.00 - - [1.00| 0.50/1.20 v | rse - - - - -
(unless noted)
Strength Il % 1.35] 1.00 - - [1.00| 0.50/1.20 v | Ise - - - - -
Strength Il A -- |1.00( 140 | - |1.00| 0.50/1.20 rr6 | JsE -- -- -- -- --
Strength IV A -- 11.00 - -- 11.00| 0.50/1.20 - - -- -- -- -- --
Strength V % 1.35{1.00 | 0.40 {1.00|1.00| 0.50/1.20 v | rse - - - - --
Extreme Event % | 7 1.00 - -- 11.00 - - -— | 100 - -- - --
|
Extreme Event A 0.501] 1.00 - -- 11.00 - - - - 1.00 | 1.00 | 1.00 | 1.00
Il
Service | 1.00 {1.00| 1.00 | 0.30 {1.00|1.00| 1.00/1.20 rr6 | JsE -- -- -- -- --
Service Il 1.00 | 1.30| 1.00 - -- [1.00| 1.00/1.20 - - -- -- -- -- --
Service llI 1.00 | 0.80| 1.00 - - [1.00| 1.00/1.20 v | rse - - - - --
Service IV 1.00| -- |1.00| 0.70 | -- [1.00| 1.00/1.20 - | 1.00]| -- -- -- -- --
Fatigue | - [150| -- - - - - — — - — — - -
LL, IM, CE only
Fatigue Il - |0.75| -- - - - - — — - — — - -
LL, IM, CE only

Legend:

* Use one of these at a time
As presented in Table 3.10.1.1-1, for strength and extreme event limit states,

permanent loads are factored individually as presented in AASHTO LRFD Table
3.4.1-2, and as shown in Table 3.10.1.1-2.
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Table 3.10.1.1-2 Load Factors for Permanent Loads, y,

Type of Load, Foundation Type, and Maximum Minimum
Method Used to Calculate Downdrag Load Load
Factor Factor

DC: Component and Attachments 1.25 0.90
DC: Strength IV only 1.50 0.90
DD: Downdrag, Piles, o Tomlinson Method 1.40 0.25
DD: Downdrag, Piles, . Method 1.05 0.30
DD: Downdrag, Drilled shafts, O’Neill and Reese
(1999) Method 1.25 0.35
DW: Wearing Surfaces and Utilities 1.50 0.65
EH: Horizontal Earth Pressure, Active 1.50 0.90
EH: Horizontal Earth Pressure, At-Rest 1.35 0.90
EH: Horizontal Earth Pressure, AEP for 1.35 N/A
anchored walls
EL: Locked-in Construction Stresses 1.00 1.00
EV: Vertical Earth Pressure, Overall Stability 1.00 N/A
EV: Vertical Earth Pressure, Retaining Walls 135 1.00
and Abutments
EV: Vertical Earth Pressure, Rigid Buried 1.30 0.90
Structure
EV: Vertical Earth Pressure, Rigid Frames 1.35 0.90
EV: Vertical Earth Pressure, Flexible Buried
Structures, Metal Box Culverts and Structural 1.50 0.90
Plate Culverts with Deep Corrugations
EV: Vertical Earth Pressure, Flexible Buried 130 0.90
Structures, Thermoplastic culverts ' '
EV: Vertical Earth Pressure, Flexible Buried
Structures, All others 1.95 0.90
ES: Earth Surcharge 1.50 0.75

As shown in Table 3.10.1.1-2, several loads have a minimum value and a maximum
value for the strength and extreme event limit states. The maximum value is used in
most cases. However, the minimum value is used when a minimum value of that
particular loading is being computed. For example, the minimum load factor for DC
and DW dead loads would be used for computations of uplift at a support.

AASHTO LRFD Table 3.4.1-3 provides load factors for permanent loads due to
superimposed deflections, j,. Load factors are provided for secondary forces from
post-tensioning, as well as for force effects due to creep and shrinkage.
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3.10.1.2 Strength Limit State Load Combinations
3.10.1.2.1 General

Strength limit state combinations are intended to create conditions of maximum
loading on a bridge structure. These combinations bring the structure under
considerable loading which may cause overstresses and structural deformations, but
the structural integrity of the bridge must be maintained.

The strength limit state ensures that strength and stability requirements, both local
and global, are satisfied to resist the load combinations that a bridge is expected to
experience during its design life. These load combinations would not generally
occur during normal operation of the structure, but they could occur during the
design life of the structure. Overall structural integrity is ensured for the strength
load combinations. Not all strength load combinations apply to all bridge structures,
and the designer must use engineering judgment to decide which load combinations
must be included for their specific design.

3.10.1.2.2 Strength |

The Strength | load combination is the primary load combination for evaluating the
resistance of structural members under full live load conditions without wind effects.
A load factor of 1.75 is applied to live load for this load combination, and neither wind
load on the structure nor wind on live load is applied. Most checks against failure
will occur with this load combination. The Strength | load combination applies to
almost all bridge designs.

3.10.1.2.3 Strength I

This load combination can be tailored to each specific bridge project to allow Owners
to specify special design vehicles, evaluation permit vehicles, or both. Permit
vehicles are oversize or overweight vehicles that are allowed on the bridge only
under specific circumstances. Wind loads are not included in this load combination,
similar to the Strength | load combination.

3.10.1.2.4 Strength 1lI

This load combination reflects a high wind condition, with a wind velocity exceeding
55 miles per hour. This would normally prevent the presence of significant live load
on the bridge. While some live load may be present, it would be considered
statistically insignificant, and therefore the load factor for live load is zero for this load
combination. The wind loads on the structure are increased through higher load
factors to account for the focus of this load combination.
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3.10.1.2.5 Strength IV

The Strength IV load combination emphasizes dead load force effects in bridge
superstructures. It also produces a more uniform reliability across the full range of
spans and dead load to live load ratios. The level of reliability produced by this load
combination is similar to that produced by other strength load combinations. The
maximum load factor for DC dead load for Strength IV is greater than the maximum
load factor for DC dead load for the other strength load combinations.

3.10.1.2.6 Strength V

The Strength V load combination is a blending of the Strength | and Strength Il
conditions, in which high winds and significant live load both affect the bridge. Live
loads are reduced somewhat from the Strength | load combination to reflect the fact
that high winds will discourage some live load, and wind loads are not increased as
much as in the Strength Ill load combination. For the strength limit state, wind on
live load is applied only to this load combination.

3.10.1.2.7 Design Applications

The specific design applications of the various strength load combinations are
summarized in Table 3.10.1.2.7-1.
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Table 3.10.1.2.7-1 Design Applications of Strength Load Combinations

Strength Load
Combination

Strength | ¢ Basic load combination

¢ Normal vehicular use of the bridge

¢ No wind load

Strength 11 ¢ Related to Owner-specified special design vehicles, permit

vehicles, or both
¢ No wind load

Design Applications

Strength Il ¢ Bridge is exposed to wind velocity exceeding 55 mph
¢ No live load or wind on live load
Strength IV e Emphasizes dead load force effects in bridge
superstructures

¢ Increased maximum load factor for DC dead loads

e No wind load

o Generally applies to long span bridges

¢ Not applicable to the investigation of construction stages
Strength V e Normal vehicular use of bridge

¢ Includes wind load

¢ Only strength load combination with wind on live load

For a typical multi-girder highway overpass, the Strength | load combination will
usually control the design of the superstructure.

3.10.1.3 Service Limit State Load Combinations
3.10.1.3.1 General

The service limit state contains load combinations which reflect loadings intended to
control stresses, deformations, and crack widths in structural elements. Loads in
service limit states are taken at regular service conditions, and most of the service
load factors are equal to or close to 1.00.

Within the service limit state, there are four load combinations that are designed to
test various aspects of the structure being analyzed. Unlike the strength load
combinations, the service load combinations are generally material specific. They
are intended to control deflections in superstructures and cracks in prestressed
concrete structures, and they represent nominal loading conditions which could
easily be expected during normal operation of the structure. The basic function of
each service load combination is described in the following sections.
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3.10.1.3.2 Service |

This load combination includes loads that could be expected under normal operating
conditions with a 55 mile-per-hour wind. Most loads are assigned a load factor of
1.00, although some wind loads and temperature loads are factored by other values.
The results of this load combination can be used to control deflections in a
superstructure and to control crack widths in reinforced concrete members. For
prestressed concrete, the Service | load combination should be used to investigate
compression, while tension should be investigated with the Service Il load
combination.

3.10.1.3.3 Service ll

The Service Il load combination applies only to steel structures, and it contains load
factors combined to produce maximum effects for yielding of steel structures, as well
as slip of slip-critical connections within the structure. Vehicular live load is the focus
of this service load combination, as the load factor for live load is 1.30 rather than
1.00. The Service Il load combination corresponds to the overload provisions for
steel structures that appeared in past AASHTO specifications for ASD and LFD
designs.

3.10.1.3.4 Service Il

Within the Service Ill load combination, loads are factored and combined to produce
the greatest effect on prestressed concrete superstructure elements. Investigating
tensile stresses and crack control are primary objectives of this load combination,
and it uses a load factor for live load of 0.80 rather than 1.00. This load combination
also applies to principal tension in the webs of segmental concrete girders.

3.10.1.3.5 Service IV

The Service IV load combination is intended to control cracking due to tension in
prestressed concrete columns. For this load combination, a load factor of 0.70 is
applied to wind load, and no live load is applied. This load combination is based on
a wind speed of 84 miles per hour. This load combination is generally applicable for
substructures only.

3.10.1.3.6 Design Applications

The specific design applications of the various service load combinations are
summarized in Table 3.10.1.3.6-1.
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Table 3.10.1.3.6-1 Design Applications of Service Load Combinations

Service Load
Combination
Service | ¢ Control deflections in a superstructure
e Control crack widths in reinforced concrete members
¢ Investigate compression in prestressed concrete
Service |l e Applies only to steel structures
e Control yielding of steel structures
e Control slip of slip-critical connections
Service lll ¢ Investigate tension and crack control in prestressed
concrete
¢ Investigate principal tension in webs of segmental
concrete girders
Service IV e Does not apply to superstructures

Design Applications

3.10.1.4 Extreme Event Limit State Load Combinations
3.10.1.4.1 General

The extreme event limit state analyzes the ability of the bridge to withstand an event
of extreme loading with a recurrence period that is greater than the design life of the
structure. Such events include earthquakes, blast loading, ice flow impact, vehicular
collisions, or vessel collisions. Not all extreme event load combinations apply to all
areas of the country or to all types of bridge construction. Therefore, it is the design
engineer’s responsibility to choose which extreme event load combinations apply to
a specific bridge. All five load types that are included as extreme events are
analyzed separately.

The effects of an extreme event load combination are allowed to cause damage to a
structure. Stresses and deformations well into the inelastic range are permitted and,
in some cases, expected. However, full loss of structural integrity or collapse must
be prevented for the extreme event limit state.

Two extreme event load combinations are presented in AASHTO LRFD. These load
combinations differentiate between the live loads that would most likely be present
during the different extreme events, as well as the extreme event which is being
considered in each load combination.

3.10.1.4.2 Extreme Event |

The Extreme Event | load combination is used to analyze a bridge for earthquake
loading. For this load combination, the load factor value for live load is not yet fully
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resolved. Previous AASHTO specifications have set this value, yzq, equal to zero.
However, according to AASHTO LRFD Article C3.4.1, current research shows that
setting this value to y=q < 1.0, or more specifically to 0.50, may be applicable for
most average daily truck traffic (ADTT) conditions.

3.10.1.4.3 Extreme Event Il

This load combination includes the effects of blast loading, ice flow impact, vehicular
collisions, and vessel collisions. The effects of these four loadings are not to be
combined such that they are assumed to act simultaneously. Instead, each of the
applicable loadings is to be checked individually without the presence of the other
extreme event loads. The load factor for live load for this load combination is 0.50,
reflecting the fact that if one of the extreme events occurs, the likelihood of full live
load being present on the bridge is small.

3.10.1.4.4 Design Applications

The specific design applications of the two extreme event load combinations are
summarized in Table 3.10.1.4.4-1.

Table 3.10.1.4.4-1 Design Applications of Extreme Event Load Combinations

Extreme Event Load Design Applications

Combination
Extreme Event | e Earthquake
Extreme Event I e Blast loading

¢ Ice flow impact
e Vehicular collisions
e Vessel collisions

3.10.1.5 Fatigue and Fracture Limit State Load Combinations
3.10.1.5.1 General

The fatigue and fracture limit state is intended to control the stress range of a
structural element to limit the possibility of cracking. The loading conditions
represent a single fatigue truck, occurring over a specific number of cycles. The
material toughness requirements are based on the AASHTO Material Specifications.
This limit state is not applicable to all bridge design checks, such as concrete decks
and wood decks, and the design engineer must determine whether the effects of
fatigue and fracture could be a problem for each specific bridge. The basic function
of each fatigue load combination is described in the following sections.
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3.10.1.5.2 Fatigue |

The Fatigue | load combination relates to infinite load-induced fatigue life. For this
load combination, a load factor of 1.50 is applied to live load effects, and no other
loads are applied. The load factor for this load combination reflects load levels that
represent the maximum stress range of trucks for infinite fatigue life design. The
load factor was selected assuming that the maximum stress range is twice the
effective stress range caused by the Fatigue Il load combination.

It should be noted that for orthotropic decks, when evaluating fatigue at the welded
rib-to-floorbeam cut-out detail or at the rib-to-deck weld, the live load factor, ,, for
the Fatigue | load combination should be increased from 1.5 to 2.25. This increase
is based on studies indicating that the ratio of maximum stress range to effective
stress range is greater in orthotropic decks by a factor of approximately 1.5 as
compared to standard bridge girders. This increase is due to several factors,
including the occasional presence of heavy wheels and a reduction in local load
distribution in orthotropic decks as compared with standard bridge decks.

3.10.1.5.3 Fatigue Il

The Fatigue Il load combination relates to finite load-induced fatigue life. For this
load combination, a load factor of 0.75 is applied to live load effects, and no other
loads are applied. The load factor for this load combination reflects load levels that
represent the effective stress range of trucks with respect to a small number of
stress range cycles and to their effects in steel elements, components, and
connections for finite fatigue life design.

3.10.1.5.4 Design Applications

The specific design applications of the two fatigue load combinations are
summarized in Table 3.10.1.5.4-1.

Table 3.10.1.5.4-1 Design Applications of Fatigue Load Combinations

Fatigue Load
Combination
Fatigue | ¢ Related to infinite load-induced fatigue life
¢ Only controls the design of steel elements, components, and
connections for a limited number of steel superstructures
Fatigue Il ¢ Related to finite load-induced fatigue life
¢ Only controls the design of steel elements, components, and
connections for a limited number of steel superstructures

Design Applications
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3.10.2 Load Factors for Construction Loads
3.10.2.1 General

In addition to the base load factors and combinations described in Section 3.10.1,
bridges should also be checked for construction loads to ensure that structural
damage will not occur throughout the entire construction process. Load factors for
construction loads are described in AASHTO LRFD Article 3.4.2.

3.10.2.2 Strength Limit State

Construction loads should be checked for the strength limit state using the same
load combinations as presented in AASHTO LRFD Table 3.4.1-1.

However, for Strength | and Ill load combinations, the weight of the structure and
appurtenances, including both DC and DW dead loads, should be assigned a load
factor of 1.25 or greater.

For the Strength | load combination, unless otherwise specified by the Owner, the
load factor for the construction loads and for any associated dynamic effects should
be 1.50 or greater. Since the actual construction loads can vary from contractor to
contractor, state to state, and even with the time of year and location of construction,
the estimation of the loads due to mounted equipment, mobile equipment, and
construction workers is less certain than the load due to the gravitational self-weight
of bridge structural components.

Wind forces can greatly affect a bridge under construction, as the surfaces on which
wind acts can be greater and more random than those for a completed bridge
structure. Therefore, for the Strength Il load combination, a factor of 1.25 or greater
should be applied to all wind loads in combination with construction loads.

In addition to the strength load combinations described above, an additional strength
load combination should be considered when accounting for construction conditions,
unless otherwise specified by the Owner. This additional load combination should
include maximum force effects of primary steel superstructure components during
construction, including the applicable DC loads and any construction loads that are
applied to the fully erected steelwork. For this additional load combination, the load
factor for DC and construction loads, including dynamic effects (if applicable), should
not be less than 1.4.

3.10.2.3 Service Limit State

In the absence of other directives in the project special provisions, any deflection
requirements should be checked using the Service | load combination for the various
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construction stages. Any deflection requirements during construction should be
defined in the contract documents. Construction dead loads should be included with
the permanent loads, and construction transient loads should be included with the
live loads.

3.10.3 Load Factors for Jacking and Post-Tensioning Forces
3.10.3.1 Jacking Forces

The design forces for jacking in the service limit state should be at least 1.3 times
the permanent load reaction at the bearings adjacent to the point of jacking, or as
directed by the Owner.

If the bridge will be open to traffic during the jacking operation, the jacking load
should also include a live load reaction based on the maintenance of traffic plan.
The load factor for live load should be applied to that jacking load.

3.10.3.2 Post-Tensioning Anchorage Zones

For post-tensioning anchorage zones, the design force should be 1.2 times the
maximum jacking force.
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Chapter 4
Structural Analysis

Section 4.1 Introduction

Structural theories that have evolved from statics and strength of materials have
been used in the analysis of girder bridges and have been taught in structural
analysis courses for decades. These concepts, melded with bridge design codes,
are used in the design of girder bridges today. Powerful digital computers and
modern software have enabled the Design Engineer to better apply these concepts
to anticipate the behavior of bridges during design. When properly employed, this
technology leads to bolder, better and more efficient bridges that are safe during
construction and will dependably serve the public for decades to come.

This chapter first describes general LRFD requirements for structural analysis, the
effective width of the concrete deck, uplift, requirements that allow for the neglect of
curvature effects in the determination of major-axis bending moments and shears,
the effective length factor for compression-member design, and moment
redistribution.

The chapter next discusses structural analysis for dead load and structural analysis
for live load, including the computation of approximate live load distribution factors.
The use of influence lines and influence surfaces for live load analysis is also
discussed.

The chapter concludes with a general discussion on the various methods of analysis,
including approximate 1D methods of analysis, and more refined 2D and 3D
methods of analysis.

Section 4.2 General
421 General LRFD Analysis Requirements

This section reviews some of the general AASHTO LRFD specification requirements
for structural analysis. Methods of structural analysis are discussed in Section 4.5.

As specified in AASHTO LRFD Article 4.5, mathematical models are to include

loads, geometry and material behavior of the structure, and where appropriate, the
response characteristics of the foundation. The choice of the model is to be based
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on the limit states investigated, the force effect being quantified, the complexity of
the structure and the accuracy required of the analysis.

Linear elastic behavior of materials is assumed so specification of material
properties is rather straightforward. An elastic modulus (Young’s Modulus) and a
Poisson’s Ratio is specified for each material. From these properties the shear
modulus can be computed. The density of the material is required to address the
weight or mass of each element. This property may be specified as the mass
density with a gravitational constant or as a gravitational density with a gravitational
constant of 1.0 if no dynamic analyses are to be performed. If dynamic analyses are
employed, the mass density is appropriate. In these cases, a gravitational constant
other than unity is required. Specification of a weight density is generally preferred
since it is more common. In these cases, a gravitational constant of 1.0 is specified.
A fourth optional property is the thermal coefficient of expansion, which is necessary
if a thermal analysis is required.

A second basic assumption made is that deflections are small. This means that it is
assumed that the structure does not deflect enough to cause the point of application
of the loads to be displaced enough to affect the analysis results. For example, a
catenary cable changes shape under load and generally would not satisfy this
assumption.

By assuming first-order small deflection theory and elastic behavior, influence lines
and influence surfaces can be employed for live load analysis (Section 4.4.3).

Another requirement related to linear behavior is that changes in structure stiffness
during loading are not permitted. For example, lift-off at a bearing as load is applied
would change the structure stiffness and cause the model to behave in a non-linear
fashion. Such behavior is not considered in the analyses discussed in this manual.
Inelastic analysis is also not covered herein, although it can be used to better
evaluate moment redistribution and seismic behavior.

According to AASHTO LRFD Article 4.6.1.2.1, for structures curved in plan, the
moments, shears and other force effects required to proportion the superstructure
components are to be based on a rational analysis of the entire superstructure.
Equilibrium of curved girder bridges is developed by transfer of load between the
girders (more so in curved I-girder bridges than in curved box-girder bridges). Thus,
the analysis must recognize the integrated behavior of all the structural components.
Bracing members are considered to be primary members in these bridges since their
action is necessary to provide equilibrium. The concrete deck acts in transverse
flexure, longitudinal flexure, vertical and horizontal shear. Torsion increases the
horizontal deck shear in curved and/or skewed box-girder bridges.
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In such cases, the entire superstructure, including bearings (Figure 4.2.1-1), is to be
considered as integral with the structural unit. An analysis should consider the
bearing orientation and the restraint of the bearings afforded by the substructure,
including the stiffness of the substructure. The resulting lateral reactions are
considered in designing the bearings, cross-frames/diaphragms, lateral bracing,
deck and substructure. The lateral restraint offered by integral abutments or piers
can be recognized in a proper analysis.

Figure 4.2.1-1 Bearings

When girder sections are subjected to significant torsion, as they are in curved
bridges and in bridges with skewed supports, the girder sections do not remain
plane. Experience has shown that distortion of I-shaped cross-sections need not be
considered in the structural analysis of a properly braced bridge. Cross-section
distortion can have a significant effect on the torsional behavior of steel box girders
and its effect is typically attenuated by the provision of sufficient internal cross
bracing. Although the section is allowed to distort, the position of the loads is
assumed not to change in linear elastic analyses. Classical methods of analysis are
usually based on strength of materials assumptions that do not recognize the effects
of cross-section distortion. Refined analyses (e.g. 3D finite element analyses) in
which the actual cross-section shape of the |- or box girder is rigorously modeled can
recognize cross-section distortion and its effect on structural behavior (Section
4.5.3).

Centrifugal force effects are considered in the analysis of horizontally curved
bridges, as discussed further in Section 3.4.9.
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4.2.2 Effective Width of Deck

4.2.21 General

The concrete deck of concrete and steel composite girders subject to vertical
bending is loaded through horizontal shear via the shear connectors. When the
shear first is introduced, the effective width of concrete is very small. However, the
shear stiffness of the deck soon distributes the force from the shear connectors to
the rest of the deck. It takes some length of girder before the force in the concrete
reaches equilibrium. At this point, the force in the deck near the shear connectors is
somewhat higher than at the extreme edges. This shear-lag phenomenon is evident
in Part A of Figure 4.2.2.1-1. Since the concrete deck is wider and less efficient than
the girder in distributing the shear, there can be significant distortion of the concrete
deck; that is, plane sections do not remain plane as illustrated in Part A of Figure
4.2.21-1. Of course with this distortion there is a non-uniform longitudinal stress
distribution across the concrete slab, as shown in Part B of Figure 4.2.2.1-1.

Theoretical solutions for the true longitudinal stress distribution across the section
can be determined from the theory of elasticity as applied to plates, but the solutions
are not amenable for design use as they are complex and depend on the relative
dimensions and stiffness of the system, as well as on the applied loading.
Concentrated loads and reactions introduce a sharp discontinuity in shear, which
creates a most significant shear lag effect. For example, the effective width of the
composite deck near a reaction is less than in the center of a long span with a
uniform load applied. It is rather intuitive that the full width of the deck would not be
effective at an interior support of a continuous span. It becomes effective over some
distance away from the reaction.
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Figure 4.2.2.1-1 Shear Lag in a Composite Girder

The question arises as to how much of the deck can be safely assumed in the
design of composite girders. To address this question in a simple manner the
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concept of an effective width was introduced. The effective width (bes in Part B of
Figure 4.2.2.1-1) is the width of concrete deck which can be assumed to be
uniformly stressed. This width is the width of deck over which the assumed
uniformly distributed longitudinal stresses result in approximately the same deck
force and member moments calculated from elementary beam theory (i.e. assuming
plane sections remain plane) as would be produced by the actual non-uniform stress
distribution. The effective width of the deck used in the computation of the
composite section properties accounts for the shear-lag effect. The thickness of the
deck is tacitly assumed constant and equal to the full structural deck thickness.

The effective width for conventional composite-girder bridges (i.e. beam-slab
bridges) is specified in AASHTO LRFD Article 4.6.2.6.1. In general, unless noted
otherwise in AASHTO LRFD Article 4.6.2.6.1, the effective width of the concrete
deck slab for determining cross-section stiffnesses for analysis and for determining
flexural resistances may be taken as the tributary width perpendicular to the axis of
the member. That is, referring to Figure 4.2.2.1-2:

e For interior girders (or interior webs of box sections), the effective width may
be taken as the sum of one-half the distances to the adjacent girders (or
webs) on each side of the girder (or web) under consideration; and

e For exterior girders (or exterior webs of box sections), the effective width may
be taken as one-half the distance to the adjacent interior girder (or web) plus
the full deck overhang width.

For box sections, the total effective width of the deck would then be taken as the
sum of the effective widths over the interior and exterior webs of the box.

The article lists cases where the slab effective width should instead be determined
by a refined analysis, including when the largest skew angle in the bridge system is
greater than 75°, where the skew angle is measured relative to a normal to the
longitudinal centerline of the bridge system. The reader is referred to AASHTO
LRFD Article C4.6.2.6.1 for a more detailed discussion of the effective width
provisions, and the research that justified the removal of the previous provisions for
effective width, in which the effective width was dependent on the slab thickness,
span length or girder spacing (Chen et al., 2005). Previous theoretical solutions
proposed for the effective concrete width, which ignored the effect of any transverse
deck cracking and inelastic behavior, generally tended to give a smaller effective
width than experimentally determined values (Chapman and Teraskiewicz, 1968).
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Figure 4.2.2.1-2 Effective Deck Width Based on Tributary Width of Deck over
Each Girder

The effective flange width, determined as specified above, is generally to be used to
determine the resistance of the composite section at all limit states. AASHTO LRFD
Article 4.6.2.6.1 further recommends that for the calculation of live load deflections,
the provisions of AASHTO LRFD Article 2.5.2.6.2 are to apply, where it is stated that
the entire roadway width be included in determining the composite stiffness of the
design cross-section for the computation of live load deflections at the service limit
state.

AASHTO LRFD Article 2.5.2.6.2 also recommends that the structurally continuous
portion of barriers, sidewalks and railings be included in determining the composite
stiffness when a structurally continuous concrete barrier is present and included in
the models used for the analysis as permitted. Although there is currently no
specific requirement given in the specification for attachment of the barrier or its
reinforcement to the deck, such attachment is understood to satisfy barrier crash
testing requirements and may be satisfactory to ensure composite behavior with the
deck. Further discussion of this requirement may be found in Section 2.3.2.6.2.
AASHTO LRFD Article 4.6.2.6.1 permits the width of the deck overhang for this
analysis, and for checking the composite girder resistance, to be extended by the
following amount:
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Ap .
AW = —— Equation 4.2.2.1-1
AASHTO LRFD Equation 4.6.2.6.1-1
where:
A, = cross-sectional area of the barrier (in.?)
ts = structural thickness of the concrete deck (in.)

For straight girder systems in which a line-girder analysis is employed, the
composite bending stiffness of an individual girder for the calculation of live-load
deflections may be taken as the total composite stiffness, determined as outlined
above, divided by the number of girders.

4.2.2.2 Orthotropic Steel Decks

Tests have shown that for most practical cases, shear lag may be ignored in
calculating the ultimate compressive strength of stiffened or unstiffened girder
flanges (Dowling et al., 1977). As a result, an orthotropic deck plate acting as the
top flange of a longitudinal superstructure component or a transverse beam may
normally be considered to be loaded uniformly across its width. According to
AASHTO LRFD Article 4.6.2.6.4, consideration of the effective width of an
orthotropic steel deck plate can be avoided by the application of refined analysis
methods, as specified in AASHTO LRFD Article 4.6.3.2.4.

For simplified analysis, the width of the deck, including the deck plate and ribs, may
be considered fully effective at the strength limit state for both positive and negative
flexure when L/B is greater than or equal to 5 (AASHTO LRFD Article 4.6.2.6.4). Lis
the span length of the orthotropic girder or transverse beam, and B is the spacing
between orthotropic girder web plates or transverse beams. The procedures given
in AISC (1963) are considered an acceptable means of simplified analysis for
orthotropic decks; however, it has been demonstrated that the simplified analysis
procedures given in AISC (1963) may result in rib effective widths exceeding the rib
spacing, which may be unconservative.

For the case of L/B less than 5, the effective width of the deck is to be taken as L/5
according to AASHTO LRFD Article 4.6.2.6.4. The flange effectiveness should be
considered in greater detail for cases with particularly slender edge panels or
stiffeners (Burgan and Dowling, 1985; Hindi, 1991). The effective width is increased
as compared to elastic analysis when inelastic behavior of the deck panel is
considered. At ultimate loading, the region of the flange plate above the web yields
and distributes the stress outward if local stability of the plate is maintained (Lamas
and Dowling, 1980). Similar behavior was observed in studies by Chen et al. (2005)
on composite steel girders when inelastic behavior was considered; as a result, the
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full deck slab width may be considered effective in both positive and negative
moment regions in the majority of cases (Section 4.2.2.1).

For service and fatigue limit states in regions of high shear, a special investigation
into shear lag should be done to determine the effective width using a refined
analysis or other accepted approximate methods. Further information on orthotropic
decks may be found in FHWA (2012).

4223 Transverse Floorbeams and Integral Bent Caps

The effective width overhanging each side of a transverse floorbeam web or the web
of an integral bent cap designed with a composite concrete deck slab is not to
exceed six times the least slab thickness or one-tenth of the span length (AASHTO
LRFD Article 4.6.2.6.5). The span length is to be taken as two times the length of
the cantilever span for cantilevered transverse floorbeams or integral bent caps.
These provisions are based on past successful practice.

423 Uplift

Uplift is an important consideration in the safe design and proper performance of
girder bridges. Uplift is assumed to occur any time the factored reactions causing
uplift exceed the factored permanent load reactions available to resist uplift. Uplift
can occur due to gravity loads in the completed bridge or at any stage of
construction of the bridge. Uplift may also occur due to thermal forces. An example
of uplift on a bearing is shown in Figure 4.2.3-1.

Uplift is a non-linear phenomenon that may require changing the boundary
conditions and cannot be treated properly with software that uses influence surfaces.
Typically, the analysis reflects the assumption that the bearing is tied down, which is
incorrect.
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Figure 4.2.3-1 Uplift on a Bearing

Redecking of bridges under traffic can lead to uplift that does not occur under normal
operating conditions. In checking for uplift during redecking with part of the deck
intact for traffic, relocated barriers and removed deck loads are considered. The
presence or absence of any future wearing surface should also be recognized in
these investigations.

Thermal effects should be considered when checking uplift, particularly for skewed
and curved structures, because these bridges can experience significant vertical
reactions due to thermal forces. These reactions are properly computed by
recognizing the bearing vertical offsets from the neutral axis of the superstructure
girders. Both uniform temperature and thermal gradient conditions need to be
considered. It should be noted that a 2D grid analysis will not recognize thermally
induced uplift or any other vertical reaction since all forces are in-plane.

Potential uplift at bearings must be investigated at each critical construction stage, in
particular during erection and deck casting.

Although it is desirable to avoid uplift, there are cases where reverse reactions are
identified and countermeasures must be taken. Uplift can sometimes be addressed
by modification of the framing to alter the transverse stiffness of the bridge, though
the provision of tie-down devices or counterweight(s), or by removal of the bearing.
Where a decision is made to permit uplift, the analysis should be modified to
recognize the absence of vertical restraint at the support experiencing lift-off, which
may result in uplift at other locations.

When checking for uplift at the strength limit state, the appropriate minimum load
factor, v,, specified in AASHTO LRFD Table 3.4.1-2 (Section 3.9.1.6) should be
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applied to any upward permanent load reactions resisting uplift. Potential uplift of
the superstructure at any support under the combination of permanent load and
other specified load types (including uniform temperature change, thermal gradient
and/or wind load) may be investigated according to the following suggested load
combinations, as applicable, subject to the approval of the Owner.

Uplift may simply lead to in-service or maintenance problems, such as reduced
bearing life or unanticipated bending in the deck. In such cases, potential instability
of the bridge due to uplift is typically not a concern and the inequality given by
Equation 4.2.3-3 may be applied. However, narrow bridges (e.g. single box girders)
can become unstable under certain conditions due to uplift. When uplift occurs in
such bridges, it can lead to unloading of supports that in some cases can cause
instability leading to structural failure. Where potential instability due to uplift is
deemed to be of concern, the inequalities given by Equation 4.2.3-1 and Equation
4.2.3-2 may be employed instead.

On the left-hand side of the inequalities given by Equation 4.2.3-1 through Equation
4.2.3-3, the appropriate minimum load factors specified in AASHTO LRFD Table
3.4.1-2 are applied to the vertical reactions due to dead loads resisting uplift,
including any wearing surface and/or utility loads. Reactions due to a future wearing
surface load resisting uplift should conservatively be ignored. On the right-hand side
of the inequalities are any uplift reactions that may be caused by various loads;
reactions due to loads not causing uplift or not considered are ignored in checking
the inequality.

e Where potential uplift may cause instability of the bridge:

0.9Rpc + 0.65Rpw > 1-25R(DC)U + 1-50R(DW)U +1.75R L+ + 0.5R1g + 0.5Ry +
0.5Rws + 0.5RwL
Equation 4.2.3-1
and:
0.9Rpc + 0.65Rpw > 1-25R(DC)u + 1-50R(DW)u + 1.75R L+m+ 1.0R1g + 1.0Ry
Equation 4.2.3-2

e Where potential uplift does not cause instability of the bridge:
0.9Rpc + 0.65Rpy > 1-OR(DC)u + 1-OR(DW)u + 1.0R L+ + 0.5R1c + 1.0R1y
Equation 4.2.3-3

where:
Rpc = vertical reaction due to component dead loads resisting uplift (kips)
Rpw = vertical reaction due to wearing surface and/or utility loads resisting
uplift (kips)
Rpcu =  uplift reaction due to component dead loads; zero if no uplift or not

considered (kips)
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Rpowu=  uplift reaction due to wearing surface and/or utility loads; zero if no
uplift or not considered (kips)

Rui+«m= uplift reaction due to the design vehicular live load specified in
AASHTO LRFD Article 3.6.1.2 (Section 3.4.2) plus the
corresponding dynamic load allowance specified in AASHTO
LRFD Article 3.6.2.1 (Section 3.4.8); zero if no uplift or not
considered (kips)

Rre = uplift reaction due to the temperature gradient specified in
AASHTO LRFD Article 3.12.3 (Section 3.6.3); zero if no uplift or
not considered (kips)

Rry = uplift reaction due to the uniform temperature change specified in
AASHTO LRFD Article 3.12.2 (Section 3.6.2); zero if no uplift or
not considered (kips)

Rws = uplift reaction due to the wind pressure on the structure specified in
AASHTO LRFD Article 3.8.1.2 (Section 3.5.1.2); zero if no uplift or
not considered (kips)

Rw. = uplift reaction due to the wind pressure on vehicles specified in
AASHTO LRFD Article 3.8.1.3 (Section 3.5.1.3); zero if no uplift or
not considered (kips)

Where the applicable inequality is not satisfied, uplift is assumed to occur at the
support under consideration. Where uplift occurs and is to be countered with a tie-
down device or counterweight, the suggested factored design uplift reaction, R,, for
the design of any countermeasure may be computed as follows subject to the
approval of the Owner:

Ry = 0.9Rpc+ 0.65Rpy + 1-25R(DC)U + 1-50R(DW)U + 1.75R .+m + 0.5R1g + 0.5Ry
Equation 4.2.3-4

The signs of the various reactions must be considered in applying Equation 4.2.3-4.
Reactions due to loads not causing uplift or not considered should be ignored. The
effects of thermal movements of the superstructure should be considered when
designing tie-down devices or counterweights.

Design checks for potential uplift under any extreme event limit state force effects
should be handled separately according to the appropriate design provisions for
those situations.  Potential uplift due to water loads, WA, acting on the
superstructure in an extreme event may also need to be considered at the discretion
of the Owner.
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4.2.4 Neglect of Curvature Effects

4.2.4.1 General

This section reviews the AASHTO LRFD specification requirements and conditions
as to when certain effects of horizontal curvature may be neglected in the analysis of
horizontally curved steel |-girder bridges and horizontally curved closed steel box or
tub girder bridges. For curved I-girder bridges, these conditions are listed in
AASHTO LRFD Article 4.6.1.2.4b. For curved closed box or tub girder bridges,
these conditions are listed in AASHTO LRFD Article 4.6.1.2.4c.

The conditions under which the effects of horizontal curvature may be ignored in the
analysis for determining the vertical bending moments and bending shears are
reviewed. When the bridge under consideration satisfies all the applicable listed
conditions, an individual I-girder or an individual closed box or tub girder in a steel or
concrete bridge may be analyzed as an isolated straight girder with a span length(s)
equal to the girder arc length(s) for the determination of the vertical bending
moments and bending shears. The effect of curvature on the torsional behavior of
the girder must still be considered regardless of the amount of curvature since
strength and stability of curved girders is different from that of straight girders (Hall
and Yoo, 1996).

4.2.4.2 I-Girders

AASHTO LRFD Article 4.6.1.2.4b specifies that I-girder bridges satisfying the
following four conditions may be analyzed neglecting the effects of curvature in
determining the vertical bending moments and bending shears:

e All girders must be concentric;

e Bearing lines must not be skewed more than 10° from radial;

e The stiffnesses of the girders must be similar. Similar girder stiffnesses are
required to avoid large and irregular changes in stiffness that could alter the
transverse distribution of load; under such conditions, a refined analysis is
more appropriate;

e For all spans, the arc span, L,s, divided by the girder radius, R, in feet must
be less than 0.06 radians, where L, is to be taken as follows:

For simple spans:
L,s = arc length of the girder
For end spans of continuous members:
L,s = 0.9 times the arc length of the span
For interior spans of continuous members:
L,s = 0.8 times the arc length of the span
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Lateral flange bending effects due to torsion in steel girders should still be
determined from an appropriate approximation and considered in the design (refer to
AASHTO LRFD Eq. C4.6.1.2.4b-1). The derivation of AASHTO LRFD Eaqg.
C4.6.1.2.4b-1 is discussed further in NHI (2011). Cross-frame spacing should be set
to limit lateral flange bending in the girders. Cross-frames should be designed for
forces computed by a rational means.

4.2.4.3 Closed Box and Tub Girders

AASHTO LRFD Article 4.6.1.2.4c specifies that closed box or tub girder bridges
satisfying the following four conditions may be analyzed neglecting the effects of
curvature in determining the vertical bending moments and bending shears:

e All girders must be concentric;

e Bearing lines must not be skewed;

e For all spans, the arc span, L., divided by the girder radius, R, in feet must
be less than 0.3 radians, where L, is to be taken as follows:

For simple spans:
L,s = arc length of the girder
For end spans of continuous members:
L,s = 0.9 times the arc length of the span
For interior spans of continuous members:
L,s = 0.8 times the arc length of the span

e The girder depth must be less than the width of the box at mid-depth of the
box. If the box is haunched or tapered, the shallowest girder depth is to be
used on conjunction with the narrowest width of the box at mid-depth.

Where the bridge satisfies the preceding conditions and the approximate live load
distribution factor for box sections specified in AASHTO LRFD Article 4.6.2.2.2b is
used to determine the live load vertical bending moments and bending shears, the
bridge should also satisfy the special geometric restrictions for the use of the
distribution factor given in AASHTO LRFD Article 6.11.2.3.

Torsion is often more significant in box sections than in open I-sections. Torsional
shears are typically large and the box web shears are particularly affected by the
torsional shears. Double bearings also resist significant torque compared to a box-
centered single bearing. Thus, the torsional effects should be evaluated by a
rational means that recognizes the specific location of loads, as well as the torsional
stiffness of the entire cross-section. The approximate M/R Method (Tung and
Fountain, 1970) addresses the torsional effect of the geometry of the section and the
application of loads to a degree.
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Closed concrete curved girder bridges resolve torsional stresses into diaphragms at
the supports. Typically, strut-and-tie models are developed for diaphragms at these
supports.

4.2.5 Effective Length Factor, K

Equations for the compressive resistance of columns and moment magnification
factors for beam-columns include an effective length factor, K, which is used to
modify the physical length of the column according to the restraint at the ends of the
column against translation and rotation. K is applied to the actual member unbraced
length, ¢, to compensate for translational and rotational boundary conditions other
than pinned ends. K represents the ratio of the idealized pinned-end compression
member length to the actual length of a member with other than pinned ends.

In many cases, some degree of end restraint exists causing an effective length factor
other than 1.0. AASHTO LRFD Table C4.6.2.5-1 provides a table of theoretical K
values taken from SSRC (1998) for idealized end conditions in which translational
and/or rotational end conditions are either fully restrained or free. Because actual
member end conditions are seldom perfectly fixed or perfectly unrestrained as
represented by the ideal conditions, AASHTO LRFD Table C4.6.2.5-1 also provides
recommended design values as suggested by the Structural Stability Research
Council (SSRC). These simple modifications of the ideal values lead to either equal
or somewhat higher K values.

In the absence of refined inelastic analysis, AASHTO LRFD Article 4.6.2.5 provides
recommended K values in the braced plane of triangulated trusses, trusses and
frames where lateral stability is provided by diagonal bracing or other suitable
means. The recommended values are as follows:

e For bolted or welded end connections at both ends: K= 0.750
e For pinned connections at both ends: K= 0.875
¢ For single angles, regardless of end connection: K= 1.0

The recommended values for K do not account for any relative translation or rotation
of the ends of the member. These relative motions are not usually present in
building columns. They more closely resemble the actions found in transmission
towers. Caution should be exercised in applying these recommended values to
cases with larger unbraced lengths where elastic buckling may control.

A conservative K value of 1.0 is suggested for single angles since these members
are often loaded through only one leg and are subject to eccentric loading as well as
twist. These effects may not be properly recognized in design. The recommended
value of K = 1.0 for single angles also closely matches that provided in ASCE (2000)
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(the design of single-angle compression members is discussed in more detail in
Section 6.6.3.4.5).

SSRC (1998) gives more specific recommendations of K values to use for in-plane
buckling of various truss members. In some cases, the K values are higher than the
recommended values given above. This reference also gives recommendations for
buckling of truss members in the out-of-plane direction. Suggested K values for in-
plane buckling of arch members are provided in AASHTO LRFD Article 4.5.3.2.2c.
The reader is referred to White (2012) for additional discussion of K values.

Where non-rigid rotational restraint exists, K may be determined from traditional
alignment charts for sidesway-inhibited or sidesway-uninhibited cases that are
provided in AASHTO LRFD Article C4.6.2.5. Closed-form equations are also
provided. The assumptions made in the alignment charts and equations are
discussed in detail in the commentary to Chapter C of AISC (2005). Modifications
are also presented there that extend the range of applicability of the alignment
charts. The reader is urged to review these assumptions and modifications prior to
using the alignment charts and/or equations.

4.2.6 Moment Redistribution

AASHTO LRFD Article 4.6.4 discusses the redistribution of negative moments in
continuous beam bridges. Redistribution of force effects in multi-span, multi-beam
girder superstructures may be permitted at the discretion of the Owner. Inelastic
behavior is to be restricted to the flexure of the beams or girders; inelastic behavior
due to shear and/or uncontrolled buckling is not permitted. Redistribution of force
effects is only to be considered in the longitudinal direction, and is not to be
considered in the transverse direction. The reduction of the negative moments over
interior supports is to be accompanied by a commensurate increase in the positive
moments in the spans (Figure 4.2.6-1).

The negative moments over the supports, determined from a linear elastic analysis,
may be decreased by more refined methods, such as a redistribution process
considering the moment-rotation characteristics of the cross-section, or by a
recognized mechanism method. Or in lieu of a more refined analysis, simplified
approximate redistribution procedures may be employed.
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s A A

Elastic Moment

Figure 4.2.6-1 Redistribution of Bending Moment in a Multi-Span Girder
Superstructure

AASHTO LRFD Appendix B6 to Section 6 of the AASHTO LRFD Specifications
provides optional provisions for the calculation of redistribution moments from the
interior-pier sections of straight continuous-span steel I-girder bridges at the service
and/or strength limit states (Section 6.5.6.6). Several restrictions are specified on
the use of these approaches in order to ensure adequate ductility and robustness at
interior-pier sections (Section 6.5.6.6.3). According to the provisions, the
redistribution moments may be calculated using either a simplified effective plastic
moment method that intrinsically accounts for the interior-pier section moment-
rotation characteristics (Section 6.5.6.3.3), or a more refined method in which a
direct shakedown analysis is conducted to ensure the simultaneous satisfaction of
continuity and moment-rotation relationships at all interior-pier sections from which
moments are redistributed (Section 6.5.6.6.4).

AASHTO LRFD Article 5.7.3.5 discussed a simplified approach that may be
employed to redistribute negative moments over the interior supports of continuous
reinforced concrete beams with bonded reinforcement that may be used in lieu of a
refined analysis.

Section 4.3 Dead Load

4.3.1 Self-Weight of Superstructure Members

Self-weight of superstructure members is easily modeled in the analysis using the
body weight of the modeled members based on the input density of the material. In

line-girder analyses, typically only the weight of the main longitudinal superstructure
members is considered in this fashion. The self-weight of transverse members, such
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as cross-frames or diaphragms, is usually input separately. The weight of details,
such as stiffeners, splices, shear connectors, etc., is not typically included unless
specifically included in the analysis model. It can be easily accounted for by
increasing the density of the material, or by including the detail weight as a separate
input load. If structural steel is to be painted, an additional three percent can be
added to the steel density to account for the weight of the paint.

4.3.2 Concrete Deck

Weight of the concrete deck may be applied as a uniform load that will typically be
converted in the analysis to a series of concentrated loads applied at the nodes and
perhaps with some nominal end moments. Alternatively, the deck weight may be
applied to the model with concentrated loads at the nodes representing the tops of
the girders. Wet concrete is usually assumed to have no stiffness. The deck may
be modeled using the self-weight of the deck in this case, but that has the
disadvantage of dealing with some assigned stiffness. It would be incorrect to use
the concrete stiffness, which would distribute the weight differently than if it were wet
with no stiffness. The weight of any concrete deck haunches over the girders may
also be considered in the analysis in a similar fashion. The weight of the concrete
deck and deck haunches is applied to the non-composite section in the analysis of
steel bridges.

The concentrated load applied to each girder top node is determined by the tributary
area of deck associated with the distance between girder nodes and the girder
spacings. Where concentrated loads are used to apply the deck weight, the
discretization of the model must be sufficient to ensure that the series of
concentrated loads applied to the girder nodes will be refined enough to represent
the uniform load. This issue can be seen in the following example shown in Figure
4.3.2-1. The maximum moment due to a uniform load on a simple beam is 1/8w/¢?;

the maximum shear is w¢/2.

Representing a span with two beam elements with half of the load applied in the
center and a quarter of the load applied at each end gives a maximum moment of

2
M. . = (W—E*ﬁj — [W_f*ﬁj = Wé Equation 4.3.2-1

4.18



LRFD for Highway Bridge Superstructures Chapter 4
Reference Manual Structural Analysis

Figure 4.3.2-1 Discretization of Model for Deck Weight Using Two Elements —
Bending Moment

However, the moment diagram is parabolic for the uniform load and triangular for the
single concentrated load, as is evident in Figure 4.3.2-1. The moment along the
span at locations other than at the center of the span can be significantly in error
depending on the length of the two elements.

As illustrated in Figure 4.3.2-2, the maximum shear is in error by 50 percent in this
case since the loads at the ends of the span are applied to the nodes and not to the
beam. Obviously, a more refined model is required.

We
2
We
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2
We
iy
_We
PART B 4

Figure 4.3.2-2 Shear Diagram for Deck Weight

A) Uniform Load; B) Concentrated Loads Using Two Elements
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In steel bridges, the action of the cross-frames tends to distribute the weight of the
wet concrete deck so that the girders deflect nearly equally on a straight bridge with
right supports (Section 6.3.2.5.5.1). If all the girders are of equal or nearly equal
stiffness in these bridges, the deck weight will be carried nearly equally by all the
girders via the restoring forces in the cross-frames. AASHTO LRFD Article 4.6.2.2.1
recognizes this fact by stating that for multi-girder bridges satisfying certain
conditions (e.g. width of the deck is constant, girders are parallel and have
approximately the same stiffness, number of girders is not less than four, conditions
for neglect of curvature discussed in Section 4.2.4 are met, etc.), the permanent load
of the wet concrete deck may be distributed equally to each of the girders in the
cross-section for approximate line-girder analyses (in lieu of the traditional tributary
area assumption). In the case of most skewed and/or curved steel-girder bridges,
however, the distribution of the deck weight is rather complex and must be
ascertained by analysis. However, it is always distributed in a manner consistent
with the restoring forces in the cross-frames. This is one of the important functions
of the cross-frames.

Deck placement or phased construction situations, in which the deck is placed in
sequential stages longitudinally along the girder, and/or the deck weight is placed on
only one side of a girder creating significant torsion on the girder, should be
recognized not only in deflection calculations, but also stress determinations.

4.3.3 Other Component Dead Loads

The weight of permanent deck forms should be considered in the analysis if the
forms are to be permanent. This weight can be applied directly to the girders as a
uniform load or as concentrated loads as done for the deck. Alternatively, the load
may be considered by specifying an increase in the non-structural deck thickness to
be used to compute the deck loads. Recall that these forms typically exist only
between flange edges in the interior bays. Like the deck, the weight of deck forms is
applied to the non-composite section in the analysis of steel bridges.

If temporary forms are planned and it is desired to consider their weight in the
analysis, their weight can be introduced in a similar manner as for the permanent
type. However, in this case, it is necessary to apply a reverse load to the composite
section to represent removal of the forms. This consideration is usually not made
except in extreme cases.

AASHTO LRFD Article 4.6.2.2.1 also indicates that for bridges satisfying the
previously stated conditions (Section 4.3.2), permanent loads applied to the deck
after the deck is made composite may also be distributed equally to each girder.
Heavier superimposed dead loads such as parapets, barriers, sidewalks or sound
walls should not be distributed equally to all the girders for the analysis. The
traditional approach has been to distribute these loads uniformly to all the girders.
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However, previous specifications never condoned this practice. The provisions
called only for curb and railing loads to be uniformly distributed. They did not permit
barriers or sound walls, which are much heavier than curbs, to be uniformly
distributed. Proper consideration of the location of these loads usually results in the
loads causing larger moments in the exterior girders and smaller moments in the
interior girders.

Whenever refined methods of analysis are employed, these loads may be applied at
their true location. However, engineering judgment should be applied in distributing
these loads for approximate line-girder analyses. Usually the largest portion of the
parapet load on an overhang is assigned to the fascia girder, or to the fascia girder
and the first interior girder. In fact, in some cases, the exterior girder may receive
more than the weight of a heavy parapet, sound wall, etc. on the extreme deck
overhang due to the cantilever effect, with resulting uplift of one or more interior
girders.

Estimating the distribution of these superimposed dead loads to the individual
girders for line-girder analyses is particularly difficult in skewed bridges because the
loads (e.g. parapets) may only be on one side of the bridge over significant portions
of the span. Skew produces torsion in girders, which should be dealt with by other
analytical means that generally involve a more refined analysis. In steel bridges,
these superimposed dead loads are applied to the long-term composite section for
the analysis to account in an approximate fashion for long-term creep effects.

4.3.4 Wearing Surface and Utilities

For wearing surface loads and deck overlays, the assumption of an equal distribution
of the load to each girder for approximate line-girder analyses is reasonable and has
been the customary practice. Engineering judgment may be employed for the
distribution of utility loads to the individual girders. These loads are typically applied
to the composite section, with the loads applied to the long-term composite section
in steel bridges to account for long-term creep effects.

For refined analysis, wearing surfaces and deck overlays may be applied to the
analysis model as uniform loads acting over the roadway deck area, as a series of
concentrated loads, or by inputting an artificial density of the hardened concrete
deck. Utility loads may be applied at their proper locations in the model.
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Section 4.4 Live Load
4.41 General

This section discusses structural analysis considerations for live load. Approximate
assignment of live-load effects to the individual girders in beam-slab bridges caused
by one or more lanes of load is typically accomplished through the use of the live
load distribution factors specified in AASHTO LRFD Article 4.6.2.2, and described
further in Section 4.4.2. The determination of the base moving live load force effects
(e.g. moments, shears, and reactions) is accomplished through the use of either
influence lines or influence surfaces, as described further in Sections 4.4.3.1 and
4.4.3.2, respectively.

4.4.2 Live Load Distribution Factors
4.4.21 General

AASHTO specifications have favored the use of live load distribution factors (LLDFs)
for decades over other methods commonly used in Europe and elsewhere. LLDFs
were originally developed assuming non-composite girders with nominal cross-
frames. The original factors assumed two lanes loaded. They were developed for
narrowly-spaced straight girders with no skew, which were commonly used in the
1930s and 1940s. Typical in those days were very small overhangs so the exterior
girders were less critical than the interior girders. Because the factors were simple,
the accuracy varied quite a bit between bridges.

Investigations in the 1980s and 1990s resulted in the development of more complex
LLDFs found in the AASHTO LRFD specifications at present (Zokaie et al., 1991).
These factors addressed more parameters than girder spacing in the computation of
the LLDFs. Of particular importance in this development was the recognition that the
exterior girder in modern bridges is often the critical girder. Shear and moment were
separated with their own sets of factors. A set of correction factors to be applied to
the LLDFs was also created to account in an approximate fashion for the effects of
skew.

The LLDFs found in the AASHTO LRFD specifications are modified from those in
Zokaie et al. (1991) to account for the different multiple presence factors that are
used in the AASHTO LRFD specifications, and are expressed in units of lanes rather
than wheels.

These advances provided an improvement in the accuracy of LLDFs. However, they

were not able to address curved-girder bridges at all; other methods are typically
required. The digital computer with appropriate software rescued the Design
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Engineer in such cases by providing the ability to analyze the superstructure and, in
some cases, the entire bridge as a system (Section 4.5.3).

The LLDFs in the AASHTO LRFD Specification were determined by randomly
compiling more than 800 actual bridges from various states to achieve a national
representation. For each beam-slab bridge category within this larger data set,
average bridges were obtained, and then refined analyses were conducted on
selected bridges from each group (Zokaie et al., 1991).

Approximate formulas were then developed to capture the variation in the LLDFs
with each of the critical geometric and material parameters. The effect of each
parameter was assumed modeled by an exponential function, with the final LLDFs
determined based on a multiple regression analyses. Cross-frames/diaphragms
were disregarded in the analyses of multi-girder bridges, effectively increasing the
moments in the interior girders and decreasing the moments in the exterior girders.
The width of the concrete parapets was also often neglected increasing the load in
the outer two girders. The effect of bottom lateral bracing in steel I-girder bridges
was not considered, and is not comprehended by the LLDF equations. To assure
conservative results, the constants in the LLDF formulas were adjusted so that the
ratio of the value computed using the approximate LLDF to the more accurate
distribution factor would in most cases be greater than 1.0.

As specified in AASHTO LRFD Article 4.6.2.2.1, the LLDF equations may be used
for girders, beams, and stringers (other than multiple steel box girders — see instead
AASHTO LRFD Article 6.11.2.3) with concrete decks that satisfy the following
conditions (and the ranges of applicability that are identified in the tables of LLDFs
that are provided):

e Width of the deck is constant;

e Unless otherwise specified, the number of girders/beams/stringers is not less
than four;

e The girders/beams/stringers are parallel and have approximately the same
stiffness;

e Unless otherwise specified, roadway part of the deck overhang, d,, does not
exceed 3.0 ft;

e Curvature in plan is less than the limit specified in AASHTO LRFD Article
4.6.1.2.4 (Section 4.2.4), or where distribution factors are required in order to
implement an acceptable approximate or refined method of analysis for
bridges of any degree of curvature in plan; and

e The cross-section is consistent with one of the representative cross-sections
shown in AASHTO LRFD Table 4.6.2.2.1-1.
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For bridges that satisfy the preceding conditions, the self-weight of the deck and any
permanent loads on the deck may be distributed uniformly to the girders/beams/
stringers.

Where moderate deviations from a constant deck width or parallel beams exist, the
distribution factor may either be varied at selected locations along the span, or else a
single distribution factor may be used in conjunction with a suitable value for the
girder/beam/stringer spacing. AASHTO LRFD Article C4.6.2.2.1 contains suggested
rational approaches that may be used to extend the use of LLDFs to bridges with
splayed girders.

AASHTO LRFD Table 4.6.2.2.1-1 contains 12 different representative bridge types,
eight of which utilize precast concrete. Longitudinal joints connecting adjacent
members are shown for five of the structure types in the table (Types “f", “g”, “h”, “7",
and “"). If the adjacent beams for these types are sufficiently interconnected by
transverse post-tensioning of at least 0.25 ksi, or by a reinforced structural overlay,
or both (see also AASHTO LRFD Article 5.14.4.3.3f), they may be considered to act
monolithically. For concrete beams, other than box beams, used in multi-beam
decks with shear keys, deep rigid end diaphragms are required. If the stem spacing
of stemmed beams is less than 4.0 ft or more than 10 ft, a refined analysis method
must be used.

Where the girder/beam/stringer spacing exceeds the range of applicability for the
LLDF equations specified in AASHTO LRFD Articles 4.6.2.2.2 and 4.6.2.2.3, the live
load on each girder/beam/stringer is to be determined as the reaction of the loaded
lanes based on the lever rule, unless otherwise specified. The lever rule involves
summing moments about one support (girder) to find the reaction at another support
(girder) assuming that the supported component (deck) is hinged at interior supports.
In applying the level rule, the AASHTO rules for live-load placement must be
followed (Section 4.4.3.2.2). When other ranges of applicability in the table are
exceeded, or one or more of the above conditions is not satisfied, engineering
judgment should be employed in extending the application of the LLDF equations to
cases slightly beyond the limits, or else the bridge is to be analyzed using a refined
method of analysis (Section 4.5.3).

Multiple presence factors specified in AASHTO LRFD Article 3.6.1.1.2 (Section
3.4.1.2) are not to be used with any of the LLDF equations specified in AASHTO
LRFD Articles 4.6.2.2.2 and 4.6.2.2.3 because these factors are already
incorporated in the equations. However, multiple presence factors are to be applied
whenever the lever rule or statical method (Sections 4.4.2.2.2.2 and 4.4.2.3.2.2) is
employed, or whenever refined analysis methods are used in lieu of LLDFs.

As specified in AASHTO LRFD Article 3.6.1.1.2, multiple presence factors are not to
be applied at the fatigue limit state for which one design truck is used. For
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determining the force effects due to the single fatigue design truck, LLDFs for one-
lane loaded must be used. Therefore, whenever the single-lane LLDF equations
specified in AASHTO LRFD Articles 4.6.2.2.2 and 4.6.2.2.3 are used, the force
effects are to be divided by 1.2 (or the multiple presence factor for one-lane loaded).
Whenever the lever rule, or statical method (Section 4.4.2.2.2), or a refined analysis
method is employed, the force effects due to the single fatigue design truck should
not be multiplied by 1.2.

The LLDFs may also be used for permit and rating vehicles whose overall width is
comparable to the width of the design truck. If one lane is loaded with a special
vehicle or evaluation permit vehicle in combination with routine traffic, the design
force effect per girder resulting from the mixed traffic may be approximately
determined as specified in AASHTO LRFD Article 4.6.2.2.5 (Section 4.4.2.5), or else
determined from a refined analysis.

The value of L (length) to be used in the LLDF equations specified in AASHTO
LRFD Articles 4.6.2.2.2 and 4.6.2.2.3 for positive and negative moment LLDFs will
differ within spans of continuous girder bridges, as will the LLDFs for positive and
negative flexure. The value of L to be used in the LLDF equations is given in
AASHTO LRFD Table 4.6.2.2.1-2 (Table 4.4.2.1-1) as follows:

Table 4.4.2.1-1 L for Use in LLDF Equations

Force Effect L (ft)

Positive Moment Length of the span for
which moment is being
calculated

Negative Moment — near interior supports of Average length of the two

continuous spans between points of contraflexure adjacent spans

under a uniform load on all spans

Negative Moment — other than near interior supports of Length of the span for

continuous spans which moment is being
calculated

Shear Length of the span for
which shear is being
calculated

Exterior Reaction Length of the exterior span

Interior Reaction of Continuous Span Average length of the two
adjacent spans

In the rare case where a continuous-span arrangement is such that an interior span
does not have any positive uniform load moment (i.e. no uniform load points of
contraflexure), AASHTO LRFD Article C4.6.2.2.1 indicates that the region of
negative moment near the interior supports is to be increased to the centerline of the
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span, and the L to be used in determining the LLDFs is to be taken as the average
length of the two adjacent spans.

The longitudinal stiffness parameter, K, given in the LLDF equations is to be taken
as:

Kg =nl+AeZ) Equation 4.4.2.1-1
AASHTO LRFD Equation 4.6.2.2.1-1
where:
A = area of the girder/beam/stringer (in.?)
e, = distance between the centers of gravity of the girder/beam/stringer and
deck (in.)

/ = moment of inertia of the girder/beam/stringer (in.*)

n = EglEp Equation 4.4.2.1-2
AASHTO LRFD Equation 4.6.2.2.1-2

Eg = modulus of elasticity of the girder/beam/stringer material (ksi)

Ep = modulus of elasticity of the deck material (ksi)

For steel girders/beams/stringers, the parameters, A and /, in Equation 4.4.2.1-1 are
to be taken as those of the non-composite girder/beam/stringer. For
girders/beams/stringers with variable moments of inertia, K; may be based on
average properties. Simplifications of the terms in the LLDF equations involving the
longitudinal stiffness parameter, K, along with the term, //J, are given in AASHTO
LRFD Table 4.6.2.2.1-3, but may only be used with the concurrence of the Owner.

Unless future widening of the bridge is virtually inconceivable, regardless of the
method of analysis that is used, exterior girders/beam/stringers of multi-beam
bridges are not to have less resistance than interior girders/beams/stringers.

The following discussion of the LLDF equations for beam-slab bridges is for bridges
with concrete decks only. For bridges with other types of decks (e.g. timber, open
grids, etc.), the reader is referred to AASHTO LRFD Atrticles 4.6.2.2.2 and 4.6.2.2.3.
The results from all the equations are given in terms of lanes rather than wheels.

The notation below is used in the LLDF equations summarized in the following
sections:

width of beam (in.)
stiffness parameter = K(W/L) £ K
depth of beam (in.)

b
C
d
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T

4422

44221

horizontal distance between the centerline of the exterior web of the
exterior girder/beam/stringer at the deck level and the interior edge of
the curb or traffic barrier (ft)

width of distribution per lane (ft)

correction factor for exterior girder LLDFs

live load distribution factor (lanes)

moment of inertia of girder/beam/stringer (in.*)

St. Venant torsional constant (in.*)

a non-dimensional constant = 2.5(Np) %2 1.5

a non-dimensional constant = [(1 + p)(1/J)]>°

longitudinal stiffness parameter given by Equation 4.4.2.1-1 (in.*)

length of girder/beam/stringer (Table 4.4.2.1-1) (ft)

number of girders/beams/stringers

number of cells in a concrete box girder

number of design lanes

spacing of girders/beams/stringers or webs (ft)

depth of concrete slab (in.)

edge-to-edge width of bridge (ft)

half the web spacing, plus the total overhang (ft)

skew angle measured with respect to a normal to the girder tangent
(degrees)

Poisson’s ratio for concrete, usually taken equal to 0.2

Girder Distribution Factors for Moment

Interior Girders

4.4.2.2.1.1 General

The equations giving the LLDF, g, for bending moment in interior
girders/beams/stringers with concrete decks are given in AASHTO LRFD Table
4.6.2.2.2b-1 (subject to the ranges of applicability listed for each bridge type), and
are summarized as follows:

44.2.2.1.2 Steel I-Girders (Type “a”

One Design Lane Loaded

0.1

04,0703 K

g=0.06+ (ij (§J 9 Equation 4.4.2.2.1.2-1
14 L 12.0Lt3
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Two or More Design Lanes Loaded

0.1

S 0.6 S 0.2 Kg .

g=0.075+| — — Equation 4.4.2.2.1.2-2
95) (L) [12.0ut3

When N, is equal to 3, use the lesser of the values obtained from the equations
above with N, equal to 3, or the lever rule, for both of the preceding cases.

EXAMPLE

For a steel I-girder bridge cross-section shown in Figure 4.4.2.2.2.2-1 for a three-
span continuous bridge, calculate the LLDFs for bending moment in the interior
girders in regions of positive flexure in the end spans for the case of one design lane
loaded, and for the case of two or more design lanes loaded. The 40'-0" roadway
width can accommodate up to three 12'-0"-wide design lanes (AASHTO LRFD
Article 3.6.1.1.1 — Section 3.4.1.1). The supports are not skewed.

According to Table 4.4.2.2.2.2-1, in regions of positive flexure, the length of the span
for which the moment is being calculated is to be used for L in the above equations.
The end span is 140-0" in length. The moment of inertia of the non-composite steel
girder at the point of maximum positive moment is 62,658 in.* The cross-sectional
area of the steel girder at that point is 75.25 in.2 The structural deck thickness is 9.0
in. The distance from the center of gravity of the non-composite steel girder to the
center of gravity of the structural concrete deck, ey, is 46.63 in. The modular ratio, n,
is equal to 8. Therefore, the longitudinal stiffness parameter, K;, is computed as
(Equation 4.4.2.1-1):

Kg =nl+Ae2 )= 8(62,658 + 75.25(46.63)2 | 1.81x 10 in 4

Although the Kg term varies slightly along the span, the value at the maximum

positive moment section in the end spans is used in this example to compute the
distribution factor to be used in all regions of positive flexure in the end spans. Other
options are to compute a separate Kg based on the average or a weighted average
of the properties along the span in the positive-flexure region, or to compute Kg

based on the actual values of the section properties at each change of section
resulting in a variable distribution factor along the span within the positive-flexure
region. However, the distribution factor is typically not overly sensitive to the value
of Kg that is assumed.
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One Design Lane Loaded (Equation 4.4.2.2.1.2-1):

0.4 0.3 0.1
o=000+(3a) 2] 0t
14) (L) (12.0Lt

12.0)0'4(12.0]0'3 1.81x10°
14 140 12.0(140)(9.0)3

0.
g =0.06+( J =0.528 lanes

Two or More Design Lanes Loaded (Equation 4.4.2.2.1.2-2):

0.6 0.2 0.1
g=0.075+(ij (ﬁj (—Kg Sj
9.5 L 12.0Lt.

12.0}“712.0}0'2 1.81x10°
95) (140) |12.0(140)(9.0)3

g=0.075 +( ] =0.807 lanes (governs)

The LLDF for the interior girder in regions of positive flexure in the end spans for the
case of one design lane loaded for strength and service limit state investigations is
0.528 lanes. For fatigue investigations, this factor must be divided by the multiple
presence factor of 1.20 for one design lane loaded, or 0.528/1.2 = 0.440 lanes. The
LLDF for the interior girder in regions of positive flexure in the end spans for the case
of two or more design lanes loaded for strength and service limit state investigations
is 0.807 lanes (which controls over the case of one design lane loaded).

4.4.2.2.1.3 Concrete I-Beams, Bulb-Tees, or Single or Double Tee Beams with
Transverse Post-Tensioning (Types “i”, “j”, and “k”)

One Design Lane Loaded

0.1

S 0.4 S 0.3 Kg .

g=0.06+| — — Equation 4.4.2.2.1.3-1
14 L 12.0Lt3

Two or More Design Lanes Loaded

0.1

s \%8/5\02( Kq '

g=0.075+| — — Equation 4.4.2.2.1.3-2
95) \L) [12.00t3
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When N, is equal to 3, use the lesser of the values obtained from the equations
above with N, equal to 3, or the lever rule, for both of the preceding cases. Example
calculations of the above LLDFs are given in PCI (2011) Design Examples 9.1a, 9.2,
9.7, and 9.8.

4.4.2.2.1.4 Open or Closed Precast Concrete Spread Box Beams (Types “b”
and “cH)

One Design Lane Loaded

0.35 0.25
o= (ij [ Sd 2) Equation 4.4.2.2.1.4-1
3.0 12.0L
Two or More Design Lanes Loaded
0.6 0.125
9 =( S j ( Sd 2J Equation 4.4.2.2.1.4-2
6.3 12.0L

If S exceeds 18.0 ft, the lever rule is to be used for both of the preceding cases.
Example calculations of the above LLDFs are given in PCI (2011) Design Example
9.6.

44.2.2.1.5 Adjacent Concrete Box Beams Used in Multibeam Decks with Cast-
in-Place Overlay or Transverse Post-Tensioning (Types “f’ and

“9”)

One Design Lane Loaded

b 0.5 | 0.25
g:k(mj [jj Equation 4.4.2.2.1.5-1

Two or More Design Lanes Loaded

b 0.6 b 0.2 | 0.06
g:k(305J (120LJ (jj Equation 4.4.2.2.1.5-2
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In a preliminary design situation, (//J)*% may be assumed equal to 1.0 (PCI, 2011).
Example calculations of the above LLDFs are given in PCI (2011) Design Examples
9.4 and 9.5.

4.4.2.2.1.6 Concrete Channel Sections, or Box, or Tee Sections Connected by
“Hinges” at the Interface (Types “g”, “h”, “i”, and “j”)

Regardless of Number of Loaded Lanes

g= % Equation 4.4.2.2.1.6-1
where:
e IfC<5, then
D=11.5-N, +1.4N (1-0.2C)? Equation 4.4.2.2.1.6-2
e IfC>5,then
D=11.5-N_ Equation 4.4.2.2.1.6-3

Values of K for use in preliminary design are suggested in AASHTO LRFD Table
4.6.2.2.2b-1. Example calculations of the above LLDFs are given in PCl (2011)
Design Example 9.3.

4.4.2.2.1.7 Cast-in-Place Concrete Multicell Box Girders (Type “d”)

One Design Lane Loaded

s y 0.35 1 0.45
g= (1 I5+ ﬁj{fj (N_j Equation 4.4.2.2.1.7-1
- c

Two or More Design Lanes Loaded

0.3 0.25
g= 3 (EI% Equation 4.4.2.2.1.7-2
N 58 \L

Cast-in-place concrete multicell box girders may be designed as whole-width
structures, which is appropriate for torsionally stiff cross-sections where load-sharing
between girders is extremely high. Such cross-sections are to be conservatively
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designed for the LLDFs given for interior girders multiplied by the number of girders
(i.e. webs). The prestressing force should be evenly distributed between girders.
Cell width-to-height ratios should be approximately 2:1.

4.4.2.2.1.8 Multiple Steel Box Girders (Types “b” and “c”)

Regardless of Number of Loaded Lanes

g=0.05+ 0.850L | 0425
Np  N_

Equation 4.4.2.2.1.8-1

As discussed further in Section 6.3.2.5.6, the preceding live load distribution factor is
only applicable for multiple steel box-girder bridges satisfying the special restrictions
specified in AASHTO LRFD Article 6.11.2.3. For bridges not satisfying one or more
of the specified restrictions, a refined analysis is required to determine the live load
effects. Section 6.3.2.5.6 also discusses the application of the preceding equation to
cases where the spacing of the box girders varies along the length of the bridge. An
example calculation of the above LLDF is given in Chavel and Carnahan (2012).

As discussed in Section 4.4.2.1, multiple presence factors specified in AASHTO
LRFD Article 3.6.1.1.2 (Section 3.4.1.2) are not to be used with the preceding
equation because these factors are already incorporated in the equation. However,
for the case of N, = 1.0, a multiple presence factor of 1.0 (rather than the specified
value of 1.2) was incorporated in Equation 4.4.2.2.1.8-1 in the original development.
Thus, for fatigue limit state investigations, for which N, is to be taken as 1.0 in
computing the LLDF from Equation 4.4.2.2.1.8-1, the resulting LLDF should not be
divided by the multiple presence factor of 1.2.

4.4.2.2.2 Exterior Girders
4.4.2.2.2.1 General

The equations giving the LLDF, g, for bending moment in exterior
girders/beams/stringers with concrete decks are given in AASHTO LRFD Table
4.6.2.2.2d-1 (subject to the ranges of applicability listed for each bridge type), and
are summarized in the following. If the girders are not equally spaced, and g for the
exterior girder is a function of Ginterior, Ginterior Should be based on the spacing between
the exterior girder and the first interior girder.

In the following, the distance, d., is to be taken as positive if the exterior web is

inboard of the interior face of the parapet, and negative if it is outboard of the
parapet. However, if a negative value of d, falls outside its range of applicability as
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shown in AASHTO LRFD Table 4.6.2.2.2d-1, d. should be limited to -1.0 ft as
specified in AASHTO LRFD Article 4.6.2.2.2d.

4.4.2.2.2.2 Steel I-Girders (Type “a”)
One Design Lane Loaded
Use the Lever Rule

Two or More Design Lanes Loaded

d = €Ginterior Equation 4.4.2.2.2.2-1

where:

e = 0.77 +% Equation 4.4.2.2.2.2-2

When N, is equal to 3, use the lesser of the values obtained from the equation above
with N, equal to 3, or the lever rule, for the case of two or more design lanes loaded.

In addition, as specified in AASHTO LRFD Article 4.6.2.2.2d, in steel beam-slab
bridge cross-sections with cross-frames/diaphragms, the LLDF for the exterior
girder/beam/stringer is not to be taken to be less than that which would be obtained
by assuming the cross-section deflects and rotates as a rigid cross-section. This
additional investigation is required because the LLDF equations for multi-girder
bridges were developed without consideration of the effect of cross-
frames/diaphragms and their effect on the distribution of load to the exterior girders
of steel I-girder bridges. These members cause a larger portion of the load to be
transferred to the exterior girders than if they were not present. A statical approach
to determine the reaction, R, on an exterior girder/beam/stringer (in terms of lanes)
under one or more lanes of loading based on the above assumption is provided in
AASHTO LRFD Article C4.6.2.2.2d; the procedure is equivalent to the conventional
procedure used to approximate loads on pile groups. The equation is given as
follows:

Regardless of Number of Loaded Lanes

L
N Xext 2€
R=-—L4_ Equation 4.4.2.2.2.2-3
> X
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AASHTO LRFD Equation C4.6.2.2.2d-1

where:
e = eccentricity of a design truck or a design lane load from the center of
gravity of the pattern of girder (ft)
X = horizontal distance from the center of gravity of the pattern of girders to
each girder (ft)
Xext = horizontal distance from the center of gravity of the pattern of girders to
the exterior girder (ft)
EXAMPLE

For a steel I-girder bridge cross-section shown in Figure 4.4.2.2.2.2-1, calculate the
LLDFs for bending moment in the exterior girders for the case of one design lane
loaded, and for the case of two or more design lanes loaded. The 40'-0" roadway
width can accommodate up to three 12'-0"-wide design lanes (AASHTO LRFD
Article 3.6.1.1.1 — Section 3.4.1.1). The supports are not skewed.

One Design Lane Loaded: Use the Lever Rule

The lever rule involves the use of statics to determine the lateral distribution to the
exterior girder by summing moments about the adjacent interior girder to find the
wheel-load reaction at the exterior girder assuming the concrete deck is hinged at
the interior girder (Figure 4.4.2.2.2.2-2). A wheel cannot be closer than 2'-0" to the
base of the curb (AASHTO LRFD Article 3.6.1.3.1). For the specified transverse
wheel spacing of 6'-0", the wheel-load distribution to the exterior girder is computed
as:

43-0"
40'-0" Roadway |
1!_6!! 2‘-0"
9 1/2" Slab
w/ 1/2" Integral ;5\/\(’)5 ?t
_\ Wearing Surface Ups /:
| 7 f
I '-:.__ : PR
9‘ &
®
36" 3 Spa at 120" = 360" 36"

Figure 4.4.2.2.2.2-1 Example Steel I-Girder Bridge Cross-Section
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29 _ 750
12.0

Multiple presence factor m=1.2 (AASHTO LRFD Table 3.6.1.1.2-1)
1.2(0.750) = 0.900 lanes

R
| 90"
16" 2-0" 6'-0"
1‘ v 4
e T
g ! 120" !

Figure 4.4.2.2.2.2-2 Exterior Girder LLDF — Lever Rule

Two or More Design Lanes Loaded:

Modify Interior-Girder LLDF (Equation 4.4.2.2.2.2-1)

The factor, e, in Equation 4.4.2.2.2.2-1 is computed from Equation 4.4.2.2.2.2-2
using the distance, dg, where dg is the distance from the exterior girder to the edge

of the curb or traffic barrier (must be less than or equal to 5.5 ft). dg is negative if the

girder web is outboard of the curb or traffic barrier (must be greater than or equal to
-1.0 ft). The multiple presence factor is not applied.

e:077+99
9.1

e= 0.77+£ =0.990
9.1

0.990(0.807)=0.799 lanes

Special Rigid Cross-Section Analysis (Equation 4.4.2.2.2.2-3)

Assuming the entire cross-section rotates as a rigid body about the longitudinal
centerline of the bridge, LLDFs for the exterior girder are also computed for one, two
and three lanes loaded using the following equation (Equation 4.4.2.2.2.2-3):
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N_L n Kext sMe

R=

where the terms in the equation are as defined above.

The lanes are positioned on the bridge according to the AASHTO rules for live load
placement (Section 4.4.3.2.2), as shown in Figure 4.4.2.2.2.2-3.

12-0" ! 9'-0"

2'-0"

36" 120" 60"

Figure 4.4.2.2.2.2-3 Exterior Girder LLDF — Special Rigid Cross-Section
Analysis

The multiple presence factors are given in AASHTO LRFD Table 3.6.1.1.2-1 (Table
4.4.2.2.2.2-1) as follows (Section 3.4.1.2):

Table 4.4.2.2.2.2-1 Multiple Presence Factors, m

Number of Lane m
1 lane my=1.2
2 lanes my,=1.0
3 lanes ms =0.85

Referring to Figure 4.4.2.2.2.2-3:
e For one design lane loaded:

1 (12.0+6.0)12.0+3.0)
4 218.0% +6.0%)
m4R =1.2(0.625) = 0.750 lanes

R= =0.625
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° For two design lanes loaded:

(12.0 + 6.0)12.0 + 3.0 + 3.0)
2[18.02 +6.02
moR =1.0(0.950) = 0.950 lanes (governs)

=0.950

R=E+
4

. For three design lanes loaded:

_3, (120+ 6.0)(12.0 +3.0 + 3.0-9.0)
4 2l18.02 + 6.02
m3R = 0.85(0.975) = 0.829 lanes

R =0.975

The governing LLDF for the exterior girder for the case of one design lane loaded for
strength and service limit state investigations is given by the lever rule as 0.900
lanes. For fatigue investigations, this factor must be divided by the multiple
presence factor of 1.20 for one design lane loaded, or 0.900/1.2 = 0.750 lanes. The
governing LLDF for the exterior girder for the case of two or more design lanes
loaded is given by the special rigid cross-section analysis as 0.950 lanes (as
controlled in this instance by the specific case of two design lanes loaded). The
LLDF of 0.950 lanes controls over the case of one design lane loaded (i.e. 0.900
lanes) for strength and service limit state investigations.

4.4.2.2.2.3 Concrete I-Beams, Bulb-Tees, or Single or Double Tee Beams with
Transverse Post-Tensioning (Types “i”, “j”, and “k”)

One Design Lane Loaded
Use the Lever Rule

Two or More Design Lanes Loaded

g = €Jinterior Equation 4.4.2.2.2.3-1

where:
e = 077+—= Equation 4.4.2.2.2.3-2

When N, is equal to 3, use the lesser of the values obtained from the equation above
with N, equal to 3, or the lever rule, for the case of two or more design lanes loaded.
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4.4.2.2.2.4 Open or Closed Precast Concrete Spread Box Beams (Types “b”
and “c”

One Design Lane Loaded

Use the Lever Rule

Two or More Design Lanes Loaded

d = €Jinterior Equation 4.4.2.2.2.4-1
where:

d
e = 0.97+Ke5 Equation 4.4.2.2.2.4-2

If S exceeds 18.0 ft, the lever rule is to be used for the case of two or more design
lanes loaded.

44.2.2.2.5 Adjacent Concrete Box Beams Used in Multibeam Decks with Cast-
in-Place Overlay or Transverse Post-Tensioning (Types “f’ and

“g”)

One Design Lane Loaded

g = €Jinterior Equation 4.4.2.2.2.5-1
where:
de .
e = 1.125+%21.0 Equation 4.4.2.2.2.5-2
Two or More Design Lanes Loaded
d = €Jinterior Equation 4.4.2.2.2.5-3
where:
de .
e = 104+ 25 >1.0 Equation 4.4.2.2.2.5-4
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44.2.2.2.6 Concrete Channel Sections or Tee Sections Connected by
“Hinges” at the Interface (Types “h”, “i”’, and “j”)

One Design Lane Loaded

Use the Lever Rule
Two or More Design Lanes Loaded

Use the Lever Rule
Application of the lever rule to this case presents some interpretation problems
regarding how many lanes should be loaded (e.g. 2, 3, or 4 lanes if the roadway
width is 48 ft or more). Until this question is resolved, PCI (2011) recommends using
the same LLDF for exterior beams as for interior beams.

4.4.2.2.2.7 Cast-in-Place Concrete Multicell Box Girders (Type “d”)

Regardless of Number of Loaded Lanes

_We
14

Alternatively, the provisions for a whole-width design described previously in Section
4.4.2.2.1.7 may be used.

g Equation 4.4.2.2.2.7-1

4.4.2.2.2.8 Multiple Steel Box Girders (Types “b” and “c”

Regardless of Number of Loaded Lanes

g=005+085L , 0425

b NL

Equation 4.4.2.2.2.8-1

Refer to Section 4.4.2.2.1.8 for further discussion regarding the preceding equation.
4.4.2.2.3 Skewed Bridges
4.4.2.2.3.1 General

Correction factors to some of the individual LLDFs for bending moment are provided
in AASHTO LRFD Table 4.6.2.2.2e-1 to account in a limited fashion for the effects of
skewed supports on the live-load effects (not all the bridge types are currently
covered). The correction factor for bending moment is optional, and reduces the
bending moment LLDF for larger skew angles. The correction factors given below
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are only valid in cases where the difference between the skew angles of two
adjacent lines of supports does not exceed 10 degrees. Ranges of applicability for
the factors are also specified in the table. A correction factor is not provided for the
dead load bending moments in skewed bridges.

4.4.2.2.3.2 Steel I-Girders (Type “a”

Correction Factor = 1- c1(tan 6)1 © Equation 4.4.2.2.3.2-1

where:

K 0.25 05
¢, = 0259 (§j Equation 4.4.2.2.3.2-2
12.0Lt3 L

e [f8<30° thenc;=0.0
e [f8>60° use 8 =060°

Correction factors are not available for cases involving large skews and/or skews in
combination with curved alignments. In such cases, where torsional effects become
more significant, the use of LLDFs is inappropriate and refined methods of analysis
(Section 4.5.3) should be employed. Also, the correction factor should only be
applied if the cross-frames are contiguous; the factor was not developed for cases
where cross-frames are discontinuous.

4.4.2.2.3.3 Concrete I-Beams, Bulb-Tees, or Single or Double Tee Beams with
Transverse Post-Tensioning (Types “i”’, “j”, and “k”)

Correction Factor = 1- C1(tan 9)1 S Equation 4.4.2.2.3.3-1

where:

K 0.25 05
¢, = 0259 (§j Equation 4.4.2.2.3.3-2
12.0Lt3 L

e [f8<30° thenc;=0.0
e [f8>60° use 8 =060°
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4.4.2.2.3.4 Precast Concrete Spread Box Beams, Adjacent Box Beams with
Concrete Overlays or Transverse Post-Tensioning, Double Tees in
Multibeam Decks, and Cast-in-Place Multicell Box Girders (Types
“bH, “c”, “dH, “f”’ and “gﬂ)
Correction Factor = 1.05-0.25tan6 <1.0 Equation 4.4.2.2.3.4-1

If 8 >60°, use 6 = 60°

44.2.3 Girder Distribution Factors for Shear

4.4.2.3.1 Interior Girders

44.2.31.1 General

Shear LLDFs are normally higher than the moment LLDFs for the same cross-
section and span. The equations giving the LLDF, g, for shear in interior
girders/beams/stringers with concrete decks are given in AASHTO LRFD Table
4.6.2.2.3a-1 (subject to the ranges of applicability listed for each bridge type), and
are summarized as follows:

4.4.2.3.1.2 Steel I-Girders (Type “a”)

One Design Lane Loaded
S .
g=0.36+ Equation 4.4.2.3.1.2-1

25.0

Two or More Design Lanes Loaded

S S 2.0
g=0.2 +——(—j Equation 4.4.2.3.1.2-2

When N, is equal to 3, use the lever rule for both of the preceding cases.
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4.4.2.3.1.3 Concrete I-Beam, Bulb-Tee, or Single or Double Tee Beams with
Transverse Post-Tensioning (Types “i”’, “j”, and “k”)

One Design Lane Loaded

S
g=0.36 *250 Equation 4.4.2.3.1.3-1
Two or More Design Lanes Loaded
s (s)%° |
g=02+——-|— Equation 4.4.2.3.1.3-2
12 \ 35

When N, is equal to 3, use the lever rule for both of the preceding cases.

4.4.2.3.1.4 Open or Closed Precast Concrete Spread Box Beams (Types “b”
and “cﬂ)

One Design Lane Loaded

S 0.6 q 0.1
g=|— — Equation 4.4.2.3.1.4-1
10 12.0L

Two or More Design Lanes Loaded

S 0.8 q 0.1
g=|— — Equation 4.4.2.3.1.4-2
7.4 12.0L

If S exceeds 18.0 ft, the lever rule is to be used for both of the preceding cases.

4.4.2.3.1.5 Adjacent Concrete Box Beams Used in Multibeam Decks with Cast-
in-Place Overlay or Transverse Post-Tensioning (Types “f’ and

“g”)

One Design Lane Loaded
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b 0.15 | 0.05
g=|— - Equation 4.4.2.3.1.5-1
130L J

Two or More Design Lanes Loaded

b 0.4 b 0.1 | 0.05 b
g- ~| |-=| Equation 4.4.2.3.1.5-2
156) \12.00) \J 48

where b/48 must be greater than or equal to 1.0.

4.4.2.3.1.6 Concrete Channel Sections or Tee Sections Connected by
“Hinges” at the Interface (Types “h”, “i”, and “j”)

One Design Lane Loaded
Use the Lever Rule
Two or More Design Lanes Loaded
Use the Lever Rule
4.4.2.3.1.7 Cast-in-Place Concrete Multicell Box Girders (Type “d”)

One Design Lane Loaded

S 0.6 q 0.1
g={>1] -2 Equation 4.4.2.3.1.7-1
95) \12.00

Two or More Design Lanes Loaded

S 0.9 q 0.1
g=|=>| [-2_ Equation 4.4.2.3.1.7-2
7.3) 1200

4.4.2.3.1.8 Multiple Steel Box Girders (Types “b” and “c”

Regardless of Number of Loaded Lanes
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g=0.05+ 0.850L | 0425

Equation 4.4.2.3.1.8-1
Np  N_

Refer to Section 4.4.2.2.1.8 for further discussion regarding the preceding equation.
4.4.2.3.2 Exterior Girders

4.4.2.3.2.1 General

The equations giving the LLDF, g, for shear in exterior girders/beams/stringers with
concrete decks are given in AASHTO LRFD Table 4.6.2.2.3b-1 (subject to the
ranges of applicability listed for each bridge type), and are summarized in the
following.

In the following, the distance, d, is to be taken as positive if the exterior web is
inboard of the interior face of the parapet, and negative if it is outboard of the
parapet. However, if a negative value of d, falls outside its range of applicability as
shown in AASHTO LRFD Table 4.6.2.2.2d-1, d. should be limited to -1.0 ft as
specified in AASHTO LRFD Article 4.6.2.2.2d.

4.4.2.3.2.2 Steel I-Girders (Type “a”)

One Design Lane Loaded

Use the Lever Rule

Two or More Design Lanes Loaded

d = €Ginterior Equation 4.4.2.3.2.2-1
where:
de .
e = 0'6+W Equation 4.4.2.3.2.2-2
When N, is equal to 3, use the lever rule for the case of two or more design lanes
loaded.

In addition, as specified in AASHTO LRFD Article 4.6.2.2.2d, in steel beam-slab
bridge cross-sections with cross-frames/diaphragms, the LLDF for the exterior
girder/beam/stringer is not to be taken to be less than that which would be obtained
by assuming the cross-section deflects and rotates as a rigid cross-section. The
following equation, provided in AASHTO LRFD Article C4.6.2.2.2d, satisfies this
assumption and may be used (refer to Section 4.4.2.2.2.2 for further discussion, and
for the definitions of the terms in the equation):
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Regardless of Number of Loaded Lanes

L
N Xext 2-.€
R=-L 4 Equation 4.4.2.3.2.2-3
> X

AASHTO LRFD Equation C4.6.2.2.2d-1

4.4.2.3.2.3 Concrete I-Beam, Bulb-Tee, or Single or Double Tee Beams with
Transverse Post-Tensioning (Types “i”’, “j”, and “k”)

One Design Lane Loaded

Use the Lever Rule

Two or More Design Lanes Loaded

d = €Jinterior Equation 4.4.2.3.2.3-1
where:
de .
e = 0'6+E Equation 4.4.2.3.2.3-2
When N, is equal to 3, use the lever rule for the case of two or more design lanes
loaded.

4.4.2.3.2.4 Open or Closed Precast Concrete Spread Box Beams (Types “b”
and “c”

One Design Lane Loaded
Use the Lever Rule

Two or More Design Lanes Loaded

g = €Jinterior Equation 4.4.2.3.2.4-1

where:

d
e = 0.8+% Equation 4.4.2.3.2.4-2
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If S exceeds 18.0 ft, the lever rule is to be used for the case of two or more design
lanes loaded.

4.4.2.3.2.5 Adjacent Concrete Box Beams Used in Multibeam Decks with Cast-
in-Place Overlay or Transverse Post-Tensioning (Types “f’ and

“g”)

One Design Lane Loaded

g = €Jinterior Equation 4.4.2.3.2.5-1
where:
de ,
e = 125 +% >1.0 Equation 4.4.2.3.2.5-2
Two or More Design Lanes Loaded
_ 48 .
g= eginterior(?j Equatlon 4.4.2.3.2.5-3
where:
0.5
de + b 2.0
e = 1+ + >1.0 Equation 4.4.2.3.2.5-4

where (48/b) must be less than or equal to 1.0.

44.2.3.2.6 Concrete Channel Sections or Tee Sections Connected by
“Hinges” at the Interface (Types “h”, “i”’, and “j”)

One Design Lane Loaded
Use the Lever Rule
Two or More Design Lanes Loaded

Use the Lever Rule
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4.4.2.3.2.7 Cast-in-Place Concrete Multicell Box Girders (Type “d”)
One Design Lane Loaded
Use the Lever Rule

Two or More Design Lanes Loaded

g = €Jinterior Equation 4.4.2.3.2.7-1

where:

d
e = 0.64+ﬁ Equation 4.4.2.3.2.7-2

4.4.2.3.2.8 Multiple Steel Box Girders (Types “b” and “c”)

Regardless of Number of Loaded Lanes

g=0.05+ 0.850L , 0425

Equation 4.4.2.3.2.8-1
Np  N_

Refer to Section 4.4.2.2.1.8 for further discussion regarding the preceding equation.
4.4.2.3.3 Skewed Bridges
4.4.2.3.3.1 General

Correction factors to some of the individual LLDFs for shear are provided in
AASHTO LRFD Table 4.6.2.2.3c-1 to account in a limited fashion for the effects of
skewed supports on the live-load effects (not all the bridge types are currently
covered). The correction factor for shear is required when LLDFs are used and one
or more supports are skewed, and increases the girder shears. Ranges of
applicability for the factors are also specified in the table. The factors are valid up to
and including a skew angle, 6, of 60 degrees. A correction factor is not provided for
the dead load shears in skewed bridges.

The correction factors are to be applied to the shear LLDFs for the exterior
girder/beam/stringer at the obtuse corner of the span (Section 4.4.2.3.2), and if the
beams are well connected and behave as a unit, to the shear LLDFs for the first
interior girder/beam/stringer adjacent to that exterior girder (Section 4.4.2.3.1). If the
girders are not deemed well connected (i.e. do not deflect in a rigid manner), the
correction factors are to be applied to the corresponding LLDFs for all the girders.
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The effectiveness of connectivity is dependent on the geometry and details that are
used, and is left to the judgment of the Engineer.

The factors are to be applied at all skewed supports (i.e. at both end and
intermediate skewed supports). As specified in AASHTO LRFD Article 4.6.2.2.3c,
the factors should also be applied between the point of support at the obtuse corner
and mid-span, and may be decreased linearly to a value of 1.0 at mid-span
regardless of the end condition.

In cases of large skew and/or short exterior spans in continuous beams, AASHTO
LRFD Article C4.6.2.2.3c recommends that a supplementary investigation of uplift be
considered using the terms other than 1.0 in the correction factors given below,
taken as negative for the exterior girder/beam/stringer on the acute corner.
However, it should be noted that uplift is also possible in the obtuse corners in some
cases.

4.4.2.3.3.2 Steel I-Girders (Type “a”)

0.3
3
12.0Ltg J tan o Equation 4.4.2.3.3.2-1

Correction Factor = 1.0 + 0.20( K
g

Correction factors are not available for cases involving large skews and/or skews in
combination with curved alignments. In such cases, where torsional effects become
more significant, the use of LLDFs is inappropriate and refined methods of analysis
(Section 4.5.3) should be employed. Also, the correction factor should only be
applied if the cross-frames are contiguous; the factor was not developed for cases
where cross-frames are discontinuous.

4.4.2.3.3.3 Concrete I-Beams, Bulb-Tees, or Single or Double Tee Beams with

Transverse Post-Tensioning (Types “i”, “j”, and “k”)

12.0Lt3
Kg

0.3
Correction Factor = 1.0 + 0.20[ J tan6 Equation 4.4.2.3.3.3-1

4.4.2.3.3.4 Open or Closed Precast Concrete Spread Box Beams (Types “b”
and “c”

Ld

12.0
6S

Correction Factor = 1.0 + tano Equation 4.4.2.3.3.4-1
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4.4.2.3.3.5 Adjacent Concrete Box Beams Used in Multibeam Decks with Cast-
in-Place Overlay or Transverse Post-Tensioning (Types “f’ and

“9”)

12.0L
Correction Factor = 1.0 + 904 yJtano Equation 4.4.2.3.3.5-1

4.4.2.3.3.6 Cast-in-Place Concrete Multicell Box Girders (Type “d”)

For the Exterior Girder

Correction Factor = 1.0 + (0.25 + 1?(')%than 0 Equation 4.4.2.3.3.6-1

For the First Interior Girder

Correction Factor = 1.0 +(0.042 + Lzz'gdthane Equation 4.4.2.3.3.6-2
4.4.24 Transverse Floorbeam Distribution Factors for Moments and Shear

As specified in AASHTO LRFD Article 4.6.2.2.2f, if a concrete deck is supported
directly by floorbeams with a spacing, S, not exceeding 6.0 ft, the individual
floorbeams may be designed for moment and shear for a fraction of the wheel load
equal to S/6. Wheel-load fractions for other types of decks are provided in AASHTO
LRFD Table 4.6.2.2.2f-1.

The specified wheel-load fractions are to be used in conjunction with the 32.0 kip
axle load alone. For spacings of floorbeams exceeding the indicated range of
applicability (e.g. S exceeding 6.0 ft for a concrete deck supported by floorbeams),
all of the design live loads are to be considered, and the lever rule may be used.

4425 Special Loads with Other Traffic
For cases where one lane is loaded with a special vehicle or evaluation permit
vehicle in combination with routine traffic, such as might be considered in the

Strength Il load combination (Section 3.9.1.2.3), AASHTO LRFD Article 4.6.2.2.5
indicates that the final girder force effect, G, may be determined as:
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G=Gp| X|+6 | Equation 4.4.2.5-1
o 3 )+eolsm %) )
AASHTO LRFD Equation 4.6.2.2.5-1
where:
G, = force effect due to the special vehicle or evaluation permit vehicle (kips
or kip-ft)
g1 = LLDF for one design lane loaded (lanes)
Gp = force effect due to the design live loads (kips or kip-ft)
gnm = LLDF for two or more design lanes loaded (lanes)
Z = a factor taken as 1.20 where the lever rule is not utilized, and taken as

1.0 when the lever rule is used to determine the LLDF for one design
lane loaded

The preceding equation is not to be applied where either it is specified that the lever
rule must be used for both single lane and multiple lane loadings, or where the
special rigid cross-section requirement for exterior girders of steel beam-slab bridges
is applied (Sections 4.4.2.2.2.2 and 4.4.2.3.2.2). Both of these methods may utilize
a multiple presence factor other than 1.0 (see below), and could potentially be used
to compute the distribution factor directly in lieu of using Equation 4.4.2.5-1.

The factor, Z, in Equation 4.4.2.5-1 is used to distinguish between situations where
the LLDF for one design lane loaded must be determined from a specified algebraic
equation and situations where the lever rule must be used to determine the LLDF for
one design lane loaded. The specified multiple presence factor of 1.20 for one
design lane loaded (Section 3.4.1.2) is included in the algebraic equation, and must
be removed by using Z = 1.20 in Equation 4.4.2.5-1 so that the LLDF for one design
lane loaded can be utilized in Equation 4.4.2.5-1 to determine the force effect
resulting from a multiple lane loading.

Because the number and location of the loaded lanes used to determine the
multiple-lane LLDF, g, is not known, the multiple presence factor for the combined
multiple-lane LLDF is implicitly set to 1.0 in Equation 4.4.2.5-1. Equation 4.4.2.5-1
assumes that only two lanes are loaded, which results in conservative final force
effects versus the force effects computed using the multiple presence factors for
three or more lanes loaded.

The development of Equation 4.4.2.5-1 is discussed in Modjeski and Masters (1994).
The equation is used with the appropriate multiple-lane distribution factor taken from
the AASHTO table (which assumes that all trucks are the same) and tries to split the
factor between the heavy truck and the other standard trucks in the surrounding
lanes. It assumes that the heavy truck is placed at the location that maximizes the
distribution factor for this truck, i.e. will be equal to the single lane distribution factor,
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and the remaining portion of the multiple lane distribution factor is caused by the
other standard trucks in the surrounding lanes.

The equation assumes that the multiple-lane LLDF is larger than the single-lane
LLDF after removing the 1.20 multiple presence factor. The equation also assumes
that when multiple lanes are loaded with mixed traffic, one lane is located at the
same location that produces the single lane maximum effects, and therefore, the
contribution of this lane to the combined multiple-lane LLDF is equal to the-single
lane LLDF (i.e. g1/Z). The remaining portion of the combined multiple-lane LLDF (i.e.
gm — g1/Z) is produced by the other loaded lane.

Since it is assumed that the heavier special vehicle or evaluation permit vehicle is
positioned where the load from a single lane is maximized, positioning lighter loads
(e.g. sidewalk loads) where the equation assumes a heavier load is applied will
result in an unconservative result; the lever rule or a refined analysis method should
be used instead in such cases.

4.4.3 Influence Lines and Influence Surfaces
4.4.3.1 Influence Lines

The influence line was first used by Professor E. Winkler of Berlin in 1867 (Kinney,
1957). The influence line shows graphically how the movement of a unit load across
a beam-type structure influences some force effect in the structure. Influence lines
and influence surfaces (Section 4.4.3.2) are commonly used to determine the
maximum and minimum force effects at a specific point due to moving live loads,
which can be located anywhere on the structure. Most line-girder analysis programs
use influence lines to generate their live load envelopes. Refined 2D and 3D
analysis programs typically use influence surfaces.

Application of influence lines is limited to linear elastic structures and supports with
load applied directly to a single line girder. If a support deflects under load, it must
deflect elastically in order for the influence line to be considered correct. For
example, if a bearing lifts off its support as a unit load transverses the beam, the
influence line method is inappropriate because the stiffness of the support is non-
linear. Likewise, if permanent set occurs at a support, or if the analysis includes
non-linear deformation of a member, the influence line method is also not applicable.

James Clerk Maxwell first published his law of reciprocal deflections in 1864, which
states that for an elastic structure “the deflection at point A in a structure due to a
load applied at another point B is exactly the same as the deflection at B if the same
load is applied at A” (McCormac, 1975). Maxwell’s presentation of his theorem was
so brief that its value was not fully appreciated until 1886 when German professor,
Henrich Muller-Breslau, showed its true worth in creating influence lines for statically
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indeterminate structures. Breslau used Maxwell’'s law and the principle of virtual
displacements to establish the Mduller-Breslau Principle (McCormac, 1975). The
Principle states that the ordinate values of an influence line for a force effect at a
point are proportional to the ordinates of the deflected shape obtained by removing
the restraint at that point corresponding to the force effect, and introducing a force
effect that causes a unit displacement (or rotation) in the proper sense of the desired
action at that point. That is, the deflected structure draws its own influence line
when the proper displacement is applied.

The Muller-Breslau Principle can be used on other than beam structures, such as
frames; this review will only address beams. The principle is used to determine
qualitative influence lines, which are useful to quickly obtain the correct shape of the
influence line and to obtain a better understanding of a particular action. The Muller-
Breslau Principle can also be used to obtain the influence line ordinates for statically
determinate and indeterminate structures. The principle as stated above is applied
in Figure 4.4.3.1-1.

Determination of the end reaction in a simple-span beam illustrates the application of
the Muller-Breslau Principle. Remove the reaction and displace that point by a unit
displacement in the direction of the reaction, as shown in Figure 4.4.3.1-1 Part A. In
this case (as is the case in all determinate structures), the force is zero. The
resulting deflected shape is proportional to the true influence line for the end
reaction. Since no force was required to cause the deflection, the deflected shape is
linear.

The qualitative influence line for shear at a section is found by removing the shear
resistance at the section by inserting a roller, as shown in Figure 4.4.3.1-1 Part B.
Introducing a unit deflection between the free ends at the roller provides the
influence line for shear at the point if the deflections properly reflect the sign
convention. The magnitude of the displacement of the two ends is proportional to
the location of the section in relation to the span. Note that for a statically
determinate beam, the resulting influence line is linear because no actual force was
required to deflect the structure with the roller installed.
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16'
RL
Part A
VR 3/%1
VLV e - | _*
10’ 6' 5/8
Part B

10' 6'
Part C
Figure 4.4.3.1-1 Application of the Miiller-Breslau Principle

A) End Reaction in a Simple-Span Beam; B) Shear at a Section in a Simple-
Span Beam; C) Vertical Bending Moment at a Section in a Simple-Span Beam

To obtain a qualitative influence line for vertical bending moment at a section (Figure
4.4.3.1-1 Part C), remove the moment resistance (i.e. introduce a hinge) at that
section while maintaining axial and shear force resistance. Next, apply equal and
opposite moments in the proper sense on the left and right sides of the hinge.
These moments introduce a unit relative rotation between the two tangents of the
deflected shape at the hinge. The corresponding elastic curve is the influence line
for bending moment at that section.

For statically determinate structures (e.g. simple-span structures), an influence line
is determined by introducing unit deflections; no force is required. Influence lines are
linear for statically determinate structures.

Influence lines for statically indeterminate structures (e.g. continuous-span
structures) are typically determined from an indeterminate analysis. Theoretically,
the same result would be obtained using the Miuller-Breslau Principle, which
introduces a unit deflection or rotation at the point of interest after the proper release
is introduced.
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The ordinates of influence lines are typically determined by applying a series of
vertical unit loads at increments along the girder. Figure 4.4.3.1-2 shows a typical
influence line for a three-span continuous beam (with equal 100-foot spans) for
vertical bending moment at 0.4L; = 40 feet from the abutment in an end span.
Influence lines in statically indeterminate structures are curved.

In Figure 4.4.3.1-2 Part A, the influence line ordinate of +20.4 kip-ft/kip at 0.4L; is
determined by applying a vertical unit load to the beam at 0.4L,. The ordinate
represents the vertical bending moment at 0.4L; when a vertical unit concentrated
load is applied at 0.4L,. In Figure 4.4.3.1-2 Part B, the influence line ordinate of -3.0
kip-ft/kip at 0.5L; is determined by applying a vertical unit load to the beam at 0.5L,.
This ordinate represents the vertical bending moment at 0.4L; when a vertical unit
concentrated load is applied at 0.5L,. Finally, in Figure 4.4.3.1-2 Part C, the
influence line ordinate of +1.0 kip-ft/kip at 0.5L3 is determined by applying a vertical
unit load to the beam at 0.5L3;. This ordinate represents the vertical bending moment
at 0.4L, when a vertical unit concentrated load is applied at 0.5L3.

For live load, the objective is to determine maximum and minimum responses of
critical actions in the bridge to the specific live load(s) that the bridge is being
designed to carry. This is accomplished by systematically applying the live load(s) to
the influence line.
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Figure 4.4.3.1-2 Development of Influence Line Ordinates for Vertical Bending
Moment at 0.4L, in a Three-Span Continuous Beam by Application of Unit
Loads

A) Unit Load Applied at 0.4L, to Obtain Ordinate for Moment at 0.4L ;;
B) Unit Load Applied at 0.5L, to Obtain Ordinate for Moment at 0.4L ;;
C) Unit Load Applied at 0.5L ; to Obtain Ordinate for Moment at 0.4L

The ordinate of the influence line is the response at a specific location to a load of
one unit applied at the point of the specific ordinate. Hence, when a concentrated
live load (e.g. a wheel load) is applied at that point; the magnitude of the wheel load
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is multiplied by the ordinate of the influence line to find the response to that wheel
load at the specific location of interest.

This is illustrated in Figure 4.4.3.1-3 for the AASHTO LRFD HL-93 design live load
(Section 3.4.2), which is placed in position for the maximum positive vertical bending
moment at 0.4L, in the same three-span continuous beam examined above. The
lane load is placed in the first and last spans where the influence line ordinates are
positive. The design truck load is placed in the direction shown so that the larger
rear-axle load is placed over the larger influence line ordinate adjacent to the critical
section at 0.4L,.

For the concentrated load portion of the HL-93 loading, represented by the design
truck load, the live load force effect is determined by multiplying the magnitude of
each concentrated load by the corresponding influence line ordinate opposite each
load (Figure 4.4.3.1-3 Part A). The resulting force effect due to the truck load is then
multiplied by the dynamic load allowance of 33 percent. For the uniform load portion
of the HL-93 loading, represented by the design lane load, the live load force effect
is determined by multiplying the magnitude of the uniform load by the area of the
influence line opposite the section covered by the load (Figure 4.4.3.1-3 Part B). No
dynamic load allowance is applied to the resulting force effect from the design lane
load.

The total force effect (i.e. the vertical bending moment at 0.4L;, in this case) is taken
as the sum of the force effects due to the design truck and design lane load. The
resulting live load force effect is then multiplied by an appropriate live load
distribution factor (LLDF) to account for the transverse load effects (Section 4.4.2).
Because influence lines are applied to one-dimensional line-girder configurations,
transverse live load effects must be accounted for by applying LLDFs that are
applicable to the force effect in the girder under consideration.
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12.0 14.4

14'm4'

Pvy
HL-93
””|” L,=100" S L,=100" e L5=100" <

PART A
I EEEEEEEE RN EEEEEEEEEE
g; g; HL-93
| L.=100' L,=100' L3=100'
PART B

Figure 4.4.3.1-3 Application of HL-93 Live Load to an Influence Line for a
Three-Span Continuous Beam to Determine the Vertical Bending Moment at
0.4L,

A) HL-93 Design Truck Load; B) HL-93 Design Lane Load

LLDFs that are computed using the equations presented in the tables given in
AASHTO LRFD Article 4.6.2.2 are not to be multiplied by multiple presence factors.
The effects of multiple presence have already been accounted for in the derivation of
the equations. Multiple presence factors are to be applied, however, whenever the
lever rule or the special rigid cross-section requirement for exterior beams is applied
to compute the distribution factor. Multiple presence factors are discussed in further
detail in Section 3.4.1.2.

Since skewed and curved bridges are best analyzed as systems, the use of LLDFs
is typically not appropriate; thus, influence surfaces rather than influence lines are
most often utilized to more accurately determine the necessary live load force effects
for these bridge systems. Influence surfaces are examined in more detail in Section
4.4.3.2.
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EXAMPLE

A two-span continuous example bridge is shown in Figure 4.4.3.1-4.

4L
0.4 L,

S e

I
i
I
=100 | L,=100" |

»

Figure 4.4.3.1-4 Example Two-Span Continuous Bridge

Calculate the approximate critical unfactored positive live load plus impact moment
at 0.4L, due to the HL-93 live load. HL-93 includes a truck load and a lane (uniform)
load, as illustrated in Figure 4.4.3.1-5.

HL-93:
]

° ) (@)
18 Kips 132 Kips 132 Kips
‘L 14’-0” Varies _‘
(14’ -0” to 30°-0”)
Design Truck

Plus

0.64 Kips / foot
NENEEENRENEN

Design Lane

IM=1.33
LLDF = 0.813 Lanes for Moment

Figure 4.4.3.1-5 HL-93 Live Load plus IM and Multi-Lane Moment LLDF for the
Example Two-Span Bridge

The figure also gives the dynamic load allowance (impact) value applied only to the
truck load, and the multi-lane live load distribution factor (LLDF) for vertical bending
moment in units of lanes.

This load is applied to the influence line for vertical bending moment at 0.4L, given in
Figure 4.4.3.1-6. The ordinates of the influence line are given at tenth points of the
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two spans, or in 10-foot increments in this case. Note that the design lane load is
applied only to the positive region of the influence line. The design truck is applied
with the center wheel applied at the cusp of the influence line.

|
| 32K 32 K
8K¢ l l 0.64 K/t
ETEEIEEEREERE A
— A Ees
| L, = 100 Ft I L,=100 Ft
\

|
|
|
|
|
|
|
Moment at 0.4 L, i
|
!

| |
| |
| N |
. Nw
. o2/ sy |
Influence Line for |©~" . 6
| |
‘ :
|

Figure 4.4.3.1-6 HL-93 Live Load Applied to Influence Line for Vertical Bending
Moment at 0.4L, in the Example Two-Span Bridge

The positions of the truck and the lane load are so as to determine the maximum
positive HL-93 vertical bending moment at 0.4L;. Note that the truck could be
pointed in either direction, but the right-to-left direction places the heavy rear axle on
the larger ordinate in this case.

Interpolation between influence ordinates is necessary. The influence ordinate
(Ordinate A) for the leftmost 8-kip axle load is computed as follows:

Ordinate A =10.8+ (13}(15.3 ~10.8) = +13.5 kip — ft/kip

The Ordinate B for the middle 32-kip axle load is +20.6 Kip-ft’/kip. By linear
interpolation, the influence ordinate (Ordinate C) for the rear 32-kip axle load is
computed as follows:
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Ordinate C=16.3 —[%j(m.s ~12.2) = +14.7 kip — ft/kip

The effect of the lane load is found by integrating the area under the positive portion
of the plot times the load intensity. Using a linear approximation, the total area
under the positive portion of the influence line shown in Figure 4.4.3.1-6 is estimated
as follows:

(0+5.0j (5.0+10.8j (10.8+15.3] (15.3+20.6j (20.6+16.3j
+ - + + +

2 2 2 2 2
16.3+12.2) (12.2+8.4) (8.4+51) (51+2.3) (2.3+0
+ + + +
2 2 2 2 2
= 960 ft?

Accounting for impact (dynamic load allowance), and the live load distribution factor,
the approximate critical unfactored positive live load plus impact moment at 0.4L,
due to the HL-93 loading is computed as follows:

Moment = (LLDF)(Impact)[>. (Axle Load)(Ordinate)]+ (LLDF)|(Uniform Load)(Area)]

Moment = (0.813)(1.33)[3 (8 kips)(13.5) + (32 kips)(20.6) + (32 kips)(14.7)]+ (0.813)[(0.64 kips / ft)(960)]
=1838 kip — ft

Calculate the approximate critical unfactored range of live load plus impact shear at
0.4L, due to the fatigue live load for the same bridge shown in Figure 4.4.3.1-4. The
fatigue live load is shown in Figure 4.4.3.1-7; the rear-axle spacing is fixed at 30 feet.
The figure also gives the dynamic load allowance (impact) value applied only to the
fatigue live load, and the single-lane live load distribution factor (LLDF) for shear in
units of lanes.

By inspection, the location of the fatigue truck to produce the maximum positive live
load plus impact shear due to fatigue is as shown below in Figure 4.4.3.1-8.
Similarly, the location of the fatigue truck to produce the maximum negative live load
plus impact shear due to fatigue is also shown in Figure 4.4.3.1-8. These locations
give the maximum shear values at 0.4L;; they are not loaded simultaneously. In
fact, they are based on the truck headed in opposite directions, which is not realistic
for the shear range for the single passage of a truck. However, it is only slightly
conservative. The algebraic difference between these values is the critical
unfactored range for fatigue live load plus impact shear.
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Fatique Load:

]

¢8 Kips l32 Kips l32 Kips
14!_0" 30'_0"

IM=1.15
LLDF = 0.752 Lanes for Shear
(for one lane loaded)

Figure 4.4.3.1-7 Fatigue Live Load plus IM and Single-Lane
Shear LLDF for the Example Two-Span Bridge
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Figure 4.4.3.1-8 Fatigue Live Load Applied to Influence Line for Shear at 0.4L;
in the Example Two-Span Bridge

The maximum unfactored positive live load plus impact shear at 0.4L; due to the
fatigue live load is computed as follows:
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The Ordinate A for the rear 32-kip axle load is +0.52. The Ordinate B for the middle
32-kip axle load is +0.21. The influence ordinate (Ordinate C) for the rightmost 8-kip
axle load is computed as follows:

Ordinate C=0.13 —(%j(o.m -0.06)=+0.10

Shear = (LLDF)(Impact[Y (Axle Load)(Ordinate)]
Shear =(0.752)(1.15)|(32 kips)(0.52)+(32 kips)(0.21)+(8 kips)(0.10)|=+20.9 kips

Similarly, the maximum unfactored negative live load plus impact shear at 0.4L, due
to the fatigue live load is computed as follows:

The Ordinate A for the rear 32-kip axle load is -0.48. The Ordinate B for the middle
32-kip axle load is -0.12. The leftmost 8-kip axle load is off the bridge. Therefore:

Shear = (0.752)(1.15)|(32 Kips)(—0.48)+ (32 kips)(-0.12)|=-16.6 kips

Therefore, the approximate critical unfactored range of live load plus impact shear at
0.4L, due to the fatigue live load is computed as the difference of these two values,
as follows:

Shear Range =+20.9 kips —(-16.6 kips)=37.5 kips

4.4.3.2 Influence Surfaces
4.4.3.2.1 General

Influence lines are applicable to one-dimensional configurations. Thus, transverse
live load effects must be accounted for by applying live load distribution factors to the
resulting force effects. Since the use of live load distribution factors is typically not
appropriate for skewed and curved bridges, which are best analyzed as systems,
influence surfaces are most often utilized to more accurately determine the live load
force effects in these bridge systems.

The same basic principles discussed previously for influence lines are applicable to
influence surfaces. The difference is that influence surfaces consider the transverse

position of the live loads as well as the longitudinal position.

There is no need for live load distribution factors to account for transverse effects.
Influence surfaces provide influence ordinates over the entire deck. Typically, these
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ordinates are determined by applying a vertical unit load at selected longitudinal and
transverse positions. Live loads are then placed on the surface at critical positions
permitted by specification (Section 4.4.3.2.2). The load effect that the influence
surface was developed for is determined by multiplying the intensity of the load times
the corresponding ordinate. Influence surfaces are applicable to all linearly elastic
responsive structures.

In skewed and curved bridges, influence surfaces are generally needed for other
actions in addition to major-axis bending moment, shear, reactions and deflections.
For example, additional surfaces are typically needed for live load cross-frame
forces and lateral flange bending moments.

Figure 4.4.3.2.1-1 shows an influence surface for the vertical bending moment in
Span 1 of the outside fascia girder of a three-span continuous skewed and curved I-
girder bridge. The orange represents the deck surface and the zero values of the
surface. The framing plan for the bridge is shown in the figure to indicate (with a
circle) the location for which the influence surface is developed. A typical bridge
design requires several hundred such influence surfaces that must then be loaded.

Figure 4.4.3.2.1-1 Influence Surface for Vertical Bending Moment in Span 1 of
G4 of the Example I-Girder Bridge

Figure 4.4.3.2.1-2 shows an influence surface for the vertical bending moment at an
interior pier in the inside fascia girder of the same bridge. The yellow represents the
deck surface and the zero values of the surface. Regions of the surface above the
yellow represent a positive response. Note that positive moment is introduced at the
pier by loading in portions of Span 1. This is due partially to the skew and curvature.
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Figure 4.4.3.2.1-2 Influence Surface for Vertical Bending Moment at Pier 1 of
G1 in the Example I-Girder Bridge

Figure 4.4.3.2.1-3 shows the influence surface for vertical shear in the inside fascia
girder in Span 1 at the location identified (approximately 75 feet from the abutment).

Figure 4.4.3.2.1-3 Influence Surface for Vertical Shear in Span 1 of G1 of the
Example I-Girder Bridge

Another category of influence surface is for cross-frame forces, as shown in Figure
4.4.3.2.1-4.
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G2 G1

Figure 4.4.3.2.1-4 Influence Surface for Cross-Frame Force in the Bottom
Chord of a Cross-Frame in Span 2 of the Example I-Girder Bridge

Additional actions must be considered in the design of skewed and curved girder
bridges. Cross-frames are treated as primary members in such bridges, so they
should be modeled in system analyses. Obviously, it is important to consider the
live-load effects for strength and fatigue.

The live load is typically placed in a longitudinal path. The range of force in
transverse members (for fatigue design) often occurs when the live load is permitted
to roam transversely on the surface. This is evident from viewing the surface shown
in Figure 4.4.3.2.1-4. Observe the local peaks in the surface and the non-linear
behavior between girders.

Obviously, vehicles rarely if ever, move transversely. Also, there is an extremely low
probability of trucks being located in two critical relative transverse positions over
millions of cycles. Therefore, in order to compute more representative ranges of
stress or torque for checking fatigue in transverse members whenever refined
analysis methods are employed, AASHTO LRFD Article C6.6.1.2.1 recommends
that the fatigue truck be positioned to determine the maximum range of stress or
torque, as applicable, in these members as specified in AASHTO LRFD Article
3.6.1.4.3a, with the truck confined to one critical transverse position per each
longitudinal position throughout the length of the bridge in the analysis.

Figure 4.4.3.2.1-5 shows an influence surface for the bottom flange lateral bending
moment in G2 of the same bridge at a cross-frame located in Span 2. Note that the
cross-frames are staggered at this location; this causes larger flange lateral
moments.
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G2 G1

Figure 4.4.3.2.1-5 Influence Surface for Bottom Flange Lateral Bending
Moment in G2 of the Example I-Girder Bridge at a Cross-Frame in Span 2

The maximum bottom flange lateral moment at this location is 41 kip-ft for HL-93
loading. The design truck and design lane each produce approximately 20 kip-ft.
Design of the flange requires that the stresses due to the lateral moment and the
vertical moment be combined. Typically, the two cases are combined although the
two actions are not caused by the live load placed in the same position. It is not
practical to find the critical combined cases. There are an infinite number of possible
live load locations to check. Each case would have to be carried to the final stages
and recorded to find where the critical case is located.

The influence surfaces extend to the edges of the deck to ensure that loads beyond
the exterior girder will be treated properly. The live load is only permitted to roam on
the deck within the realms defined by AASHTO (Section 4.4.3.2.2) and controlled by
the Design Engineer.

4.4.3.2.2 Live Load Placement

The term “design lanes” is generally defined as the number of 12-foot-wide lanes
loaded with live load. Design lanes are taken as the integer part of the ratio w/12.0,
where w is the clear roadway width in feet between curbs and/or barriers (AASHTO
LRFD Article 3.6.1.1.1).

Each design lane is a segment of the deck that may have the specified live load
applied within its boundaries. On straight bridges with no skewed supports, design
lanes generally may run in a straight line at a specified distance from a curb or
barrier. However, when the bridge is curved or has skewed supports, the design
lanes may wander in order to produce a critical response. The need to assume this
is evident from examination of the influence surfaces. The specifications are silent
on the subject of lanes wandering.
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The design truck is assumed to be six-feet wide and is permitted to be no closer than
two feet from the edges of the design lane in which it is placed. The design lane
(uniform) load is assumed to be 10-feet wide. The loaded lanes are positioned on
the influence surface within the roadway width to produce the extreme force effects
in the component under consideration. Live load force effects due to concentrated
and uniform loads are determined in the same fashion as discussed previously for
influence lines.

An example of lane positioning is shown in Figure 4.4.3.2.2-1. In this case, three
design lanes are shown to produce the maximum effect in the left-most girder. Note
that this positioning is only certain for the position over the point investigated. At
other points on the bridge, the design lanes may have wandered on the deck.
Usually, it is assumed that lanes may not cross each other.

12'-0" Design Lane

12'-0" Design Lane _, 12'-0" Design Lane _

2q. 60"  4-0"|20" 6-0"  4-0"|290" 60" . 4-0"

| 1007 2-0[ | 10-0" 20 | 100 | 20

~ Uoaded Lane| "|" 7| Uoaded Lane| | | Uoaded Lane] [ ©
A

4

Figure 4.4.3.2.2-1 Positioning of Design Lanes and Loaded Widths within
Lanes

Roadway widths from 20.0 to 24.0 feet are to have two design lanes, with each
taken equal to one-half the roadway width. In cases where traffic lanes are less than
12.0 feet in width, the number of design lanes is to be taken equal to the number of
traffic lanes, with the width of each design lane taken as the width of the traffic lane
(AASHTO LRFD Article 3.6.1.1.1). Design lanes may be assumed to be 10 feet
wide rather than 12. Some Owners prefer this option as a standard.

Design vehicle wheel loads are to be positioned transversely such that the center of
a wheel load is not closer than 2.0 feet from the edge of the design lane, as
mentioned above. For design of the deck overhangs, wheel loads are to be
positioned not closer than 1.0 foot.
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Loads need not be positioned side-by-side within their lanes on the surface.
Typically, for skewed and curved bridges, the loads will need to be placed in
staggered positions (or possibly even in different spans) within adjacent lanes in
order to determine the critical responses. Wheel loads may be adjusted by the unit
wheel-load factors to account for centrifugal force effects (Section 3.4.9.2).

The appropriate multiple presence factors (Section 3.4.1.2) are applied to the live
load force effects whenever refined analyses are employed. For example, they are
applied to the force effects determined from influence surfaces. Suggested multiple-
presence factors to be applied to live load force effects when influence surfaces are
loaded with design permit loads, or where one design permit load is considered in
combination with the full HL-93 design live load in one or more of the remaining
design lanes, are given in NHI (2011).

EXAMPLE

For the example bridge shown in Figure 4.4.3.2.2-2 and Figure 4.4.3.2.2-3, and the
influence surface shown Figure 4.4.3.2.2-4, the following will be computed by
positioning the wheels of the single AASHTO LRFD fatigue truck at least 2.0 feet
from the curb line, and by including the effects of centrifugal force:

e The approximate critical unfactored positive live load plus impact vertical
bending moment at Node 24 (Figure 4.4.3.2.2-3).

e The approximate critical unfactored negative live load plus impact vertical
bending moment at Node 24 (Figure 4.4.3.2.2-3).

Figure 4.4.3.2.2-2 shows a cross-section of the example I-girder bridge, which is
used in this illustration.

40'-6"

1'-6" Roadway = 37'-6" 16"
3 Lanes @ 12'-0"

tstructural =9"
rSingIe Angles7\ Slope = 5% [

Intermediate At Interior At Simple
(Radial) (Skewed) (Radial)
Cross-Frame Supports Supports
3-9" 3 Girder Spaces @ 11'-0" = 33'-0" 3'-9"

Figure 4.4.3.2.2-2 Example I-Girder Bridge Cross-Section
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Figure 4.4.3.2.2-3 is a plan view of the example bridge with a contiguous cross-
frame arrangement, which is also assumed in this illustration.

Node @ Pier1
P\'O\'\‘)\ 24 _
G X

MATCH
\ ,LINE
G4 !

G3

G2

/
8 10 12
G1 \%/6/(
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LINE".‘//
~

G4
G3

G2 _

G1
s % 30~
126

Figure 4.4.3.2.2-3 Plan View of the Example I-Girder Bridge with a Contiguous
Cross-Frame Arrangement

Node 24 is shown in Figure 4.4.3.2.2-3. This example is based on the influence
surface for vertical bending moment at Node 24. The girder lines and the edge of
the deck are included in this plan view as well.

The influence surface shown in Figure 4.4.3.2.2-4 is for the vertical bending moment
at Node 24, which is in the outside fascia girder, G4, in Span 1 of the example
bridge. The influence surface ordinates are provided in subsequent figures.

Figure 4.4.3.2.2-4 Influence Surface for Vertical Bending Moment at Node 24 in
Span 1 of G4 of the Example I-Girder Bridge
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Figure 4.4.3.2.2-5 presents the fatigue live load (Section 3.4.4) used in this example.
The fatigue live load is a single truck, without the lane load, with a dynamic load
allowance of 15 percent applied.

Axle Loads: l 8 Kips l 32 Kips l 32 Kips
L 14'-0" L 30'-0" |
I T gl

IM=1.15
Figure 4.4.3.2.2-5 Fatigue Live Load

The rear-axle spacing of the fatigue live load is a constant 30’-0". The constant rear-
axle spacing approximates that for the 4- and 5-axle semi-trailers that do most of the
fatigue damage to bridges. The fatigue live load occupies a single lane on the
bridge; it does not occupy multiple lanes. The multiple presence factor of 1.2 is not
to be applied for fatigue investigations (Section 3.4.1.2).

The unit wheel load factors to be applied to the fatigue live load to account for the
effects of centrifugal force (Section 3.4.9.2) are given as:

1.134
0.866

Outside wheels
Inside wheels

Figure 4.4.3.2.2-6 illustrates a schematic of the wheels of the fatigue live load (drawn
to scale) that will be placed on the influence surface in subsequent figures.

] I

Figure 4.4.3.2.2-6 Schematic of the Wheels of the Fatigue Live Load
(drawn to scale)

The approximate critical unfactored positive live load plus impact vertical bending
moment at Node 24 due to the fatigue live load will be calculated first.
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Figure 4.4.3.2.2-7 presents the influence surface ordinates in Span 1 for the vertical
bending moment at Node 24, which are required to accomplish this computation.

VCurb Line Node 24
1049 1644 2292
- 2939 / 2478 5949 16.19
o ; : 19; 3 - : 1289 4002
8.01  11.99 1567 ' ' : : T
19.11 17.19 15.05 12.7 2 A 384
e 844 934 1157 1332 458 |, 07 T 84 6.55 .
. 0.4 :
465  6.62 »
797 894 900 g1 T 8122 5.61
275 38 ' - >~
2 468  530| 543 , 5.00 89 s 4.2
089 124 154 182 40 ) 43 350 “
: 2.13 ) 2.70,
2.16
o 092 130 453 464 44 200 470 1
i 2.1‘ 209 2 5 - -1.03 1-23
202 : . -0.63 0.7
5 —3:62] ! 031 .09
) - ! i : -0.0
| i » -0.01
v LCurb Line 8 10 —%
12
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Figure 4.4.3.2.2-7 Influence Surface Ordinates in Span 1 for Vertical Bending
Moment at Node 24

The schematic wheel-load model of the fatigue live load (Figure 4.4.3.2.2-6) is
positioned on the influence surface in Figure 4.4.3.2.2-8 so as to maximize the
positive vertical bending moment at Node 24 based on the influence ordinates

shown. The wheel loads must be least two feet from the curb line.
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8.01
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&1 -0.92
L : 0
y —Curb Line 0.5
L »
2 X
Figure 4.4.3.2.2-8 Wheel-Load Model of the Fatigue Live Load Positioned on

Influence Surface to Maximum the Positive Vertical Bending Moment at Node
24

Figure 4.4.3.2.2-9 illustrates in general how the influence surface ordinates shown in
Figure 4.4.3.2.2-7 are obtained. An influence surface ordinate corresponds to a
specific force effect at a specific location.

Load =
1.0 Kips

Node 24—

Moment = 25.38 Kip-feet

Figure 4.4.3.2.2-9 Determination of the Influence Surface Ordinate for Vertical
Bending Moment at Node 24 for a Load Applied at Node 24
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For example, to determine the influence surface ordinate for the vertical bending
moment at Node 24 caused by a load applied directly to Node 24, the 3D model of
the bridge (in this case) is analyzed for a vertical unit load applied at Node 24
(Figure 4.4.3.2.2-9). The corresponding influence surface ordinate has a value
equal to the vertical bending moment at Node 24 caused by that unit load (or 25.38
kip-feet/kip in this case). The ordinates at other nodes in that span shown in Figure
4.4.3.2.2-7 are determined in a similar fashion.

The following equation is used to compute the approximate critical unfactored
positive live load plus impact vertical bending moment at Node 24 due to the fatigue

live load:

Moment = " |WheelLoad)(Im pact)(Effect of Centrifugal Force)(Influence Surface Ordinate||

For this illustration, influence surface ordinates not directly under a wheel load are
determined using linear interpolation. The solution is the sum of the six components
from each of the six individual wheel loads.

The columns in the following computations are as follows:

First column — wheel load (kips)
Second column - dynamic load allowance (impact) (unitless)
Third column — unit wheel-load factor to account for effects of centrifugal

force (unitless)

estimated influence surface ordinate from Figure 4.4.3.2.2-8

(kip-ft/kip)

Fifth column — positive live load plus impact moment due to the wheel load
under consideration (kip-ft)

Fourth column

In the third column, the larger unit wheel-load factor for centrifugal force is applied to
the outside wheels (i.e. the wheel loads closest to the edge of deck), and the smaller
unit wheel-load factor is applied to the inside wheels.

1 2 3 4 5
40 x 1.15 X 1.134 X 18.8 = 98
16.0 x 1.15 x 1.134 x 254 = 530
16.0 x 1.15 x 1.134 x 16.0 = 334
40 x 1.15 X 0.866 x 145 = 58
16.0 x 1.15 x 0.866 x 18.8 = 300
16.0 x 1.15 x 0.866 x 13.0 = 207

¥ =1927 kip-ft
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Therefore, the approximate critical unfactored positive live load plus impact vertical
bending moment at Node 24 due to the fatigue live load is 1,527 kip-feet.

The critical unfactored negative live load plus impact vertical bending moment at
Node 24 due to the fatigue live load is computed next.

Figure 4.4.3.2.2-10 presents the influence surface ordinates in Span 2 for the vertical
bending moment at Node 24 in Span 1 that are required to accomplish this
computation. Note that the ordinates are all negative in Span 2.

Curb Line
-0.48 T-ms 2. 2.

h |
a4 080 154
-1.26 -1.82
P -1.64 -2.03
.84  2.00
G2l 185 -2.00
-1.68 -1.79
cil_-142| -1.52
10213138
18 20
N Curb Line

VL%
A

Figure 4.4.3.2.2-10 Influence Surface Ordinates in Span 2 for
Vertical Bending Moment at Node 24

In this case, to determine the influence surface ordinate for the vertical bending
moment at Node 24 in Span 1 caused by a load applied at a specific location over
G4 in Span 2, the 3D model of the bridge (in this case) is analyzed for a vertical unit
load applied at that location in Span 2 (Figure 4.4.3.2.2-11). The corresponding
influence surface ordinate has a value equal to the vertical bending moment at Node
24 caused by that unit load (or -3.41 kip-feet/kip in this case). Again, the ordinates
at the other nodes in that span shown in Figure 4.4.3.2.2-10 are determined in a

similar fashion.

4.74



Chapter 4

LRFD for Highway Bridge Superstructures
Structural Analysis

Reference Manual

Load =
1.0 Kips

. Moment = -3.41 Kip-feet
Node 24—

Figure 4.4.3.2.2-11 Determination of the Influence Surface Ordinate for Vertical
Bending Moment at Node 24 for a Load Applied Over G4 in Span 2

The schematic wheel-load model of the fatigue live load (Figure 4.4.3.2.2-6) is
positioned on the influence surface in Figure 4.4.3.2.2-12 (in Span 2) so as to
maximize the negative vertical bending moment at Node 24 in Span 1 based on the
influence ordinates shown. Once again the wheel loads must be least two feet from

the curb line.
TCurb Line
048 \ 135 -215 282 330
\ . -3. 3.57
o -0.80 -1.54 -2.73 A
1.26)  -1.82
cal-1:64]  -2.03
-1.84] 2,09
a2 -1.85 -2.00|
-1.68 -1.79
cil_-142| .52
18 20
Curb Line >
N 0

JE)
7
Figure 4.4.3.2.2-12 Wheel-Load Model of the Fatigue Live Load Positioned

on Influence Surface to Maximum the Negative Vertical
Bending Moment at Node 24

The equation shown previously is used to compute the approximate critical
unfactored negative live load plus impact vertical bending moment at Node 24 due to
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the fatigue live load. Influence surface ordinates not directly under a wheel load are
once again determined using linear interpolation. The solution is the sum of the six
components from each of the six individual wheel loads. The data in the columns
below are the same as defined previously:

1 2 3 4 5
40 x 115 x 1134 x |-33 = |17
16.0 x 115 x 1134 x |34 = |-71
16.0 x 115 x 1134 x |31 = |-65
40 x |115 x |0866 x |-30 = |-12
16.0 x 115 x | 0866 x |-30 = |-48
16.0 x 115 x | 0866 x |-26 = |-41
3" = 254 kip-ft

Therefore, the approximate critical unfactored negative live load plus impact vertical
bending moment at Node 24 due to the fatigue live load is -254 kip-feet.

Section 4.5 Methods of Analysis
4.5.1 General

This section describes the various methods of analysis that are typically applied in
the design of girder-bridge superstructures. These methods include approximate
methods of analysis (Section 4.5.2), and refined methods of analysis (Section 4.5.3).
Refined methods of analysis include 2D methods of analysis (Section 4.5.3.2), and
3D methods of analysis (Section 4.5.3.3).

4.5.2 Approximate Methods of Analysis

Even with the ever-increasing use of refined analysis techniques as discussed in
Section 4.5.3, the use of approximate methods of analysis is appropriate for several
reasons. First, they provide some historical perspective on the evolution of analysis
approaches; second, the techniques are relatively simple to employ and may be
useful in the preparation of preliminary designs, or perhaps as some measure of
validation for more complex analysis techniques; and third, the methods are useful in
aiding in the basic understanding of the distribution of forces and the overall
behavior of bridges.

Permissible approximate methods of analysis are described in AASHTO LRFD
Article 4.6.2.
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4521 Beam Bridges

A one-dimensional (1D) analysis is a type of approximate method of analysis. A 1D
analysis is one in which the resultant quantities (moments, shears, axial loads,
deflections, etc.) are a function of only one spatial dimension. One-dimensional
analysis replaces the structure with a single series of line elements that follow the
geometry of the structure as seen in plan view. For a curving structure, that
dimension may be measured along the curved axis; that is, the reference dimension
does not have to be straight. Examples of a 1D analysis include a line girder
analysis of a straight bridge or a spine beam model of a curved concrete box
structure.

The application of live load distribution factors to beam-slab bridges (Section 4.4.2)
is categorized as an approximate method of analysis, and is covered in AASHTO
LRFD Article 4.6.2.2. According to this article, distribution factors may be applied to
straight-girder bridges, horizontally curved concrete bridges, and horizontally curved
steel bridges complying with the provisions of AASHTO LRFD Article 4.6.1.2.4
(Section 4.2.4). Distribution factors may also be used as a starting point for some
more refined methods of analysis to determine force effects in curved girders of any
degree of curvature in plan.

AASHTO LRFD Article 4.6.2.2.4 specifies that approximate methods may be used
for the analysis of curved steel bridges. The Design Engineer must ascertain that
the approximate analysis method used is appropriate by confirming that it satisfies
the requirements for acceptable methods of structural analysis given in AASHTO
LRFD Article 4.4. An approximate method of analysis for curved steel I-girder
bridges known as the V-load method (Richardson, Gordon and Associates, 1963) is
discussed in detail in NHI (2011). A method to approximate the lateral bending
stresses in steel |-girder flanges (and the top flanges of steel tub girders) due to
curvature, based on V-load theory, is also described (refer to AASHTO LRFD Eq.
C4.6.1.2.4b-1). An approximate method of analysis for curved steel box-girder
bridges known as the M/R method (Tung and Fountain, 1970) is also discussed in
NHI (2011). Further guidance on the applicability of approximate methods of
analysis to curved steel bridges may be found in NCHRP (2012).

4.5.2.2 Other Structure Types

Approximate analysis methods for decks are discussed in AASHTO LRFD Article
4.6.2.1. Included is equivalent strip method of analysis for concrete decks (except
for top slabs of segmental concrete box girders for which the provisions of AASHTO
LRFD Article 4.6.2.9.4 apply), in which the deck is subdivided into strips
perpendicular to the supporting components (Section 7.3.2.2). Equivalent strip
widths for slab-type bridges are provided in AASHTO LRFD Article 4.6.2.3, and
equivalent strip widths for box culverts are provided in AASHTO LRFD Article
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4.6.2.10. Equations to estimate the live load force effects for fully and partially filled
grid decks, or unfilled grid decks composite with reinforced concrete slabs, are
provided in AASHTO LRFD Article 4.6.2.1.8.

Approximate analysis of truss and arch bridges is covered in AASHTO LRFD Article
4.6.2.4. The effective length factor, K, used in the design of compression members
(Section 4.2.5) is discussed in AASHTO LRFD Article 4.6.2.5. The effective flange
width (Section 4.2.2) is discussed in AASHTO LRFD Article 4.6.2.6. AASHTO LRFD
Article 4.6.2.7 discusses lateral wind load distribution in multi-beam bridges (Section
6.5.6.5). AASHTO LRFD Articles 4.6.2.8 and 4.6.2.9 discuss seismic lateral load
distribution, and the analysis of segmental concrete bridges, respectively.

45.3 Refined Methods of Analysis
4.5.3.1 General

The use of refined methods of analysis has come to bridge design in the U. S.
slower than in many other areas of structural design, such as buildings, transmission
towers and dams. Even today, many bridge superstructure girders are designed as
single-dimension lines. Loads are assigned to the line by various assumptions,
some rather complex; all have their limitations. The enabling technologies of
computers and finite element software permit the confident analysis of complex
bridges that permit unique and more cost-effective designs constrained only by the
laws of physics and the Design Engineer's imagination and skill. PCI (2011)
recommends that refined analysis be used for the design of concrete bridges with
high span-to-depth ratios because these methods allow for a significant reduction in
the required release strength, or alternatively, an increase in the span capability.
This section discusses some of the basics of 2D and 3D methods of analysis as
applied to bridge superstructures.

4.5.3.2 2D Methods of Analysis
4.5.3.21 General

A two-dimensional (2D) analysis is one in which the resultant quantities (moments,
shears, axial loads, deflections, etc.) are a function of two spatial dimensions. Two-
dimensional finite element analysis models have been used in design since the early
1960s, and were developed during a time when much less computational capacity
was available. This section discusses the types of 2D analysis models that are most
commonly used for the design of bridge superstructures; suggested improvements to
these conventional 2D models to improve the accuracy of the results; the modeling
of truss-type cross-frames in 2D models; the determination of flange lateral bending
moments in 2D analysis models; and the advantages, disadvantages, and limitations
of 2D analysis models.
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4.5.3.2.2 Types
4.5.3.2.2.1 General

2D finite element modeling actually encompasses a broad category of analysis
models. There are two main types of grid analysis models generally available in
design office practice; 1) traditional 2D grid models (Section 4.5.3.2.2.2); and 2)
Plate and Eccentric Beam models (Section 4.5.3.2.2.3).

For practical 2D modeling, designers have the choice of using either bridge-specific
software packages, or building their own 2D model in a structural finite-element
software package. Differences between using a bridge-specific 2D bridge analysis
design package and building a 2D model in a structural finite-element method (FEM)
package are summarized in Table 4.5.3.2.2.1-1.

Table 4.5.3.2.2.1-1 2D Modeling: Bridge-Specific vs. Structural FEM Packages

Issue Bridge Specific Structural FEM

Automated model Readily available Becoming more available in

generation some packages

Live load modeling Generally fully automated Significant user input

Extracting results Generally mostly or fully Significant user effort
automated

Design code checks Generally fully automated for Generally must be performed
girder design, not so much for outside of the FEM model,
cross-frames/diaphragms using tools such as

spreadsheets

Transparency Can be somewhat of a “black Generally fairly transparent,

box” since model is built by the user

With most bridge-specific 2D bridge analysis packages, it is generally quick and
easy to build a model, run the analysis, and obtain results, including girder code
checks. However, these programs can be somewhat of a “black box,” and the user
is at the mercy of the software vendor with regard to the design assumptions that are
made, and the flexibility of the analysis package.

Building the model in a structural FEM analysis package gives the user a great deal
of control over modeling assumptions and significant flexibility in modeling any
feature of the structure. However, in exchange for this freedom and power, the user
typically has to expend a significant amount of effort in building the model (e.g.,
building the nodal geometry, building the member connectivity, and establishing
section properties), running live loads on the model (which can be a significant
effort), post-processing the results, extracting key design loading information and
performing detailed design checks.

It is particularly important for the Design Engineer to understand the nature of the
software that is used (i.e., what type of analysis is the software performing and what
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assumptions are being made), as these aspects can dramatically affect the analysis
results.

4.5.3.2.2.2 Traditional Grid Models

Traditional 2D grid models consist of a purely two-dimensional array of nodes and
beam elements. An example of a typical traditional grid model is shown in Figure
45.3.2.2.21.

Figure 4.5.3.2.2.2-1 Traditional 2D Grid Model

The vertical depth of the superstructure is not considered in traditional 2D Grid
models. The girders and their cross-frames or diaphragms are connected together
in a single common plane, implicitly taken at the centroidal axis of the girders. All of
the bearings are located at this same elevation in the model (Section 4.5.3.2.2.4).
General modeling parameters should follow the guidelines provided in AASHTO
LRFD Articles 4.6.3.3.1 and C4.6.3.3.1. Hambly (1991) also offers an excellent and
comprehensive reference on modeling with grids. Further general guidance
regarding node layout is provided in Section 4.5.3.3.2.2.

Girders and cross-frames/diaphragms are modeled using beam elements (Figure
4.5.3.2.2.2-2). In a traditional 2D grid analysis model, this element models both the
girder and the composite girder and deck. The elements used are fairly conventional
beam-type elements modeling six degrees of freedom (6 DoFs) at each end
representing the flexure, axial and shear stiffness of the girder (refer to Section
4.5.3.3.2.3.1 for additional information on beam elements). A DoF is a direction of
movement associated with axial, flexural and shear deformations. St. Venant
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torsional stiffness, J, is also typically modeled, but most beam elements do not have
the ability to model warping stiffness, C,. Instead, warping stiffness is usually
neglected, and flange lateral bending stresses are approximated (Section 4.5.3.2.3).
Section 4.5.3.2.2.5.2 discusses one possible approach for considering the warping
stiffnress. The beam elements used to model the girders are straight elements,
chorded between nodes in the model.

For thin-walled, hollow precast box sections, the torsional constant, J, may be
computed as follows:

2
J= 4 Equation 4.5.3.2.2.2-1
2(s/t)
where:
A, = area enclosed by the centerlines of the elements (walls), in.?
S = length of a side element (in.)

~
1

thickness of that element (in.)

For precast concrete I-beams, rational methods should be used to compute J (Eby et
al., 1973). The use of formulas for open thin-walled sections is not appropriate.
Values of J for AASHTO I|-beams are tabulated in Section 7.5.3 of PCI (2011).

For composite load cases, the deck is effectively modeled in strips in the longitudinal
direction by adjusting the girder element cross-section properties to reflect
composite section properties of the gross or uncracked section computed using the
tributary width of the deck (Section 4.2.2). The distribution of applied live load
effects to individual girders is accomplished by means of the AASHTO LRFD
empirical live load distribution factors (Section 4.4.2).

Figure 4.5.3.2.2.2-2 Beam Element
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In the transverse direction, the deck serves primarily to help distribute live loads and
composite dead loads to the girders and to tie the girders together (in conjunction
with the cross-frames/diaphragms) so they act together as a system. Assumptions
must be made to distribute the composite dead loads to the girders (e.g., barriers
and wearing surface). The deck stiffness in the transverse direction is either not
modeled directly, or else attempts may possibly be made to model the stiffness in
strips tributary to the cross-frames/diaphragms.

A suggested procedure to determine section properties for truss-type cross-frames
modeled using single beam elements is discussed in Section 4.5.3.2.2.5.3.

4.5.3.2.2.3 Plate and Eccentric Beam Models

In Plate and Eccentric Beam models (Figure 4.5.3.2.2.3-1), the deck is typically
explicitly modeled using plate (shell) elements, and is offset from the grid of beam
elements used to model the girders and the cross-frames/diaphragms to represent
the offset of the neutral axis of the girders and cross-frames/diaphragms from the
neutral axis of the deck (and thus, better account for the depth of the structure). The
offset length between the deck and girder elements is typically equal to the distance
between the centroids of the girder and deck sections. A rigid link is typically
employed to connect the nodes of the beam element representing the girder to the
deck nodes above.

Figure 4.5.3.2.2.3-1 Plate and Eccentric Beam Model

This allows for the model to distribute live load based on relative stiffness rather than
through the use of empirical live load distribution factors. Live load forces effects are
usually determined through the use of an influence surface analysis (Section
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4.4.3.2). Similarly, this avoids having to use simplified assumptions regarding
composite dead load distribution to the girders.

For this modeling approach, beam and plate element internal forces need to be
eccentrically transformed to obtain the composite girder internal forces (bending
moment and shear) used in the bridge design. Warping stiffness in the beam
elements is again usually neglected (see Section 4.5.3.2.2.5.2 for one possible
approach to consider the warping stiffness), and flange lateral bending effects must
still be approximated (Section 4.5.3.2.3). Section properties for truss-type cross-
frames, which are modeled using single beam elements, should be determined as
discussed in Section 4.5.3.2.2.5.3.

4.5.3.2.2.4 Boundary Conditions

For traditional 2D grid models, the boundary conditions are relatively simple; in most
cases, pin supports may be assumed at all support locations (Figure 4.5.3.2.2.4-1).
There is no theoretical error introduced in modeling either fixed or expansion
bearings as pin supports in a 2D grid model. Longitudinal (tangential) reactions do
not develop because the depth of the superstructure is not modeled.

Proper modeling of integral substructures (e.g., integral abutments, integral piers
and straddle bents) is difficult with a traditional grid model since there is a strong
transverse interaction between the reactions, and the superstructure depth is not
explicitly modeled.

In a Plate and Eccentric Beam model, the depth of the structure is included in the
model. For this reason, greater care must be taken in modeling the boundary
conditions. It is important in Plate and Eccentric Beam models to choose boundary
conditions that match the actual bearing configurations of the bridge. Otherwise, the
model may improperly reflect conditions of moment restraint, which affects the
determination of girder moments and deflections.

Care must be taken in these models to release the longitudinal (tangential)
translation DoFs at bearings that are free in that direction; otherwise, moment
restraint will develop at the bearings from the longitudinal reactions that result. For
example, the last case shown on the right in Figure 4.5.3.2.2.4-1 indicates the
moment restraint effect that can occur in a Plate and Eccentric Beam model if pins
are provided at both ends of the beam (with the supports located at the bottom
flange) such that the longitudinal (tangential) translational DoF is restrained.
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Figure 4.5.3.2.2.4-1 Effects of Different Boundary Condition Assumptions on
Traditional Grid and Plate and Eccentric Beam Models

In a Plate and Eccentric Beam model, if all boundary conditions are modeled as
pins, then the model will produce results which show some level of moment restraint.
If all bearings on the bridge are fixed, perhaps this would be the correct way to
model the bridge. However, the more likely case is that the bridge has some fixed,
some guided, and some free bearings. Thus, the boundary conditions for a Plate
and Eccentric Beam model of that bridge should be chosen to match the actual
bearing conditions. Some commercial software may set their default boundary
conditions to restrain the longitudinal (tangential) translation DoFs.

Modeling of the boundary conditions for thermal analyses requires special
consideration. Bearing constraints can cause significant forces even with a uniform
temperature change since the supports are not located at the neutral axis of the
girders. If thermal effects are to be considered, the boundary conditions must be
carefully modeled considering both the bearing fixity and also the specific orientation
(direction) of guided bearings.

Care should be exercised when modeling thermal effects in a 2D model. Some
commercial 2D modeling packages cannot model a bearing orientation other than
locally tangent to the girder at the point of support. Traditional grid models do not
permit different temperatures to be introduced through the depth of the structure in
order to represent a thermal gradient.

4.5.3.2.2.5 Improved 2D Models
4.5.3.2.2.5.1 General
Enhancements that can improve the overall accuracy of 2D analysis results have

evolved based on research work completed as part of NCHRP Project 12-79, and
described in NCHRP (2012). Revisions to AASHTO LRFD Article 4.6.3.3 have been
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made to incorporate these enhancements. These enhancements include the
following:

e Improved modeling of cross-frame stiffness by developing the equivalent
beam stiffness using a shear-deformable beam (Timoshenko Beam)
approach, as discussed in Section 4.5.3.2.2.5.3. This approach involves the
calculation of an equivalent moment of inertia as well as an equivalent shear
area for a shear-deformable (Timoshenko) beam element representation of
the cross-frame, including consideration of the influence of end-connection
eccentricities in single-angle and flange-connected tee cross-section
members, as discussed in Section 4.5.3.2.2.5.3; the axial rigidity of these
members is reduced due to end connection eccentricities.

e Consideration of both the St. Venant torsion constant and the warping
stiffness of the girder through the J equivalent term (Jeg), which provides a
reasonable estimate of warping stiffness, as discussed in Section
453.2.2.5.2.

4.5.3.2.2.5.2 Improved Modeling of the Torsional Stiffness of I-Girders
General

In a 2D traditional grid analysis or a Plate and Eccentric Beam analysis of an I-girder
bridge subject to significant torsional effects, the use of only the St. Venant torsional
stiffness, GJ/L,, where L, is the unbraced length between the cross-frames, can
result in a substantial underestimation of the girder torsional stiffness. This is due to
the neglect of the contribution from girder cross-section warping, or the
corresponding lateral flange bending, to the torsional response. For I-girders, the
torsional contribution from the girder warping rigidity, EC,, is often substantial
compared to the contribution from the St. Venant torsional rigidity, GJ.

A 3D refined finite element analysis of an I-girder bridge, in which the girder webs
are modeled using shell elements, and the girder flanges are modeled separately
using beam, shell or solid elements, is capable of directly capturing the contribution
of the girder warping rigidity to the torsional stiffness. Such is not the case in a 2D
analysis, unless the beam elements used to model the girders include an additional
warping degree of freedom, which is often not the case.

For steel I-girder bridges under non-composite loading conditions, the behavior of
2D grid models and Plate and Eccentric Beam models can be particularly sensitive
to the contribution from the warping rigidity to the girder torsional stiffness. The use
of an improved 2D model that includes the contribution of the warping rigidity can
lead to significantly improved predictions of the girder displacements and cross-
frame forces, particularly in cases where torsion is significant (NCHRP, 2012). The
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behavior tends to be a bit less sensitive to the girder warping rigidity under
composite loading conditions.

An area where the neglect of the warping rigidity can have a significant effect on the
accuracy of the analysis results is the case where an additional node is placed in-
between the cross-frames in a 2D analysis model, particularly in the case of a
horizontally curved girder (Figure 4.5.3.2.2.5.2-1).

Node (Typ.)

Cross-Frame (Typ.)

Figure 4.5.3.2.2.5.2-1 Additional Node Placed in-between the Cross-Frames in
a 2D Model of a Horizontally Curved Girder

Because there is less resistance to the internal girder torsion due to curvature at the
additional node due to the neglect of the warping rigidity, and the absence of a
cross-frame at that node, the girder vertical displacements will be affected and will
tend to be significantly overestimated (depending on the degree of curvature) as a
result of the coupling that exists between the torsional and flexural response.

As a result of these concerns, AASHTO LRFD Atrticle 4.6.3.3.2 now states that for
the analysis of curved and/or skewed steel I-girder bridges where either I, > 1 or /5 >
0.3, the warping rigidity of the I-girders must be considered in 2D grid, and in 2D
Plate and Eccentric Beam methods of structural analysis, where:

le I-girder bridge connectivity index

= 15000 Equation 4.5.3.2.2.5.2-1

R(nes +1)

AASHTO LRFD Equation 4.6.3.3.2-1
bridge skew index, taken as the maximum of the values of Equation
4.5.3.2.2.5.2-2 determined for each span of the bridge

Is

Wg tan 0
LS

Equation 4.5.3.2.2.5.2-2

AASHTO LRFD Equation 4.6.3.3.2-2
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m = bridge type constant, equal to 1 for simple-span bridges or bridge units,
and equal to 2 for continuous-span bridges or bridge units, determined
at the construction stage and/or loading condition being evaluated

ng = minimum number of intermediate cross-frames or diaphragms within the
individual spans of the bridge or bridge unit at the construction stage
and/or loading condition being evaluated

R = minimum radius of curvature at the centerline of the bridge cross-section
throughout the length of the bridge or bridge unit at the construction
stage and/or loading condition being evaluated (ft)

wy = maximum width between the girders on the outside of the bridge cross-
section at the completion of the construction or at an intermediate stage
of the steel erection

Ls = span length at the centerline

0 = maximum skew angle of the bearing lines at the end of a given span,
measured from a line taken perpendicular to the span centerline

Equivalent Torsion Constant, Je,

An approximate method of considering the girder warping rigidity, applicable for I-
girder bridges or bridge units in their final constructed condition, as well as for
intermediate non-composite conditions during steel erection, is described in NCHRP
(2012), and is also presented in (AASHTO/NSBA, 2014). A so-called equivalent
torsional constant, Jeq, is determined by equating the stiffness, GdJey /Ly, to the
analytical torsional stiffness associated with assuming warping fixity at the
intermediate cross-frame locations, and warping free conditions at the simply-
supported ends of a bridge girder. The use of Jg, results in significant improvements
in the accuracy of 2D analyses for |-girder bridges.

By equating GJey/L, to the torsional stiffness, T/¢4, for an open-section thin-walled
beam associated with warping fixity at each end of a given unbraced length, Ly,
where T is the applied end torque and ¢ is corresponding relative end rotation, J,, for
unbraced lengths in-between intermediate cross-frames is obtained as:

,_sinh(pLp) [cosh(pLy, ) - 1]

pLp pLp sinh(pLp)
where:
GJ :
p = = Equation 4.5.3.2.2.5.2-4
C» = warping torsional constant given by AASHTO LRFD Equation
C6.9.4.1.3-1 (in.?)
E = modulus of elasticity (ksi)
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G = elastic shear modulus (ksi)
J = St Venant torsional constant given by AASHTO LRFD Equation A6.3.3-

9 (in.%

For the analysis of composite loading conditions using 2D plate and eccentric beam
analysis models, it is sufficient to calculate the warping rigidity of the I-girders, EC,,
using solely the girder cross-section and without the consideration of any composite
torsional interaction with the composite deck.

Similarly, by equating GJ.y/L to the torsional stiffness, T/¢, for an open-section thin-
walled beam associated with warping fixity at one end, and warping free boundary
conditions at the opposite end of a given unbraced length, Jeq for unbraced lengths
adjacent to simply-supported girder ends where the warping of the flanges is
unrestrained at one end is obtained as:

1
inh(pL
sinh(pLp) } Equation 4.5.3.2.2.5.2-5

J ey =Jd|1-
eq(s—fx) { pLp cosh(pLy)

Appendix C, Section 6.1.2 of NCHRP (2012) shows a complete derivation of these
equivalent torsion constants. NCHRP (2012) also provides examples showing the
implementation of this methodology.

When implementing this approach, a different value of J,, must be calculated for
each unbraced length having a different value of L,, or with any difference in the
girder cross-sectional properties within that unbraced length. Furthermore, it is
important to recognize that the use of a length less than L, typically will result in a
substantial overestimation of the torsional stiffness. Therefore, when a given
unbraced length is modeled using multiple elements, it is essential that the unbraced
length, Ly, be used in the equations for Jg,, and not the individual element lengths.

With the equivalent torsion constant, Jeq(fx-fx), it is possible to simulate the torsional
stiffness of an I-girder with warping-fixed ends. It is recommended that Jeq(fx-fx) be
used to model the torsional rigidity of the interior girder segments, which are the
segments defined between two intermediate cross-frames. The assumption of
warping fixity at all of the intermediate cross-frame locations is certainly an
approximation. 3D-frame analysis generally shows that some flange warping
rotations occur at the cross-frame locations. Nevertheless, at least some degree of
warping restraint to the flanges is provided by the adjacent girder segments. The
assumption of warping fixity at the intermediate cross-frame locations leads to a
reasonably accurate characterization of the girder torsional stiffness pertaining to the
overall deformations of a bridge unit as long as:
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e There are at least two |-girders connected together, and
e The girders are connected by enough cross-frames such that /¢ < 20.

At the girder ends, the flanges typically are free to warp. For the girder end
segments, defined as the segments between the discontinuous end of a girder and
the first intermediate cross-frame, the equivalent torsion constant, Jeq(s-fx), derived
assuming that the warping boundary conditions are fixed-free at the segment ends,
should be used.

In summary, Equation 4.5.3.2.2.5.2-3 should be used to model the torsional rigidity
of interior girder segments, or the segments between two intermediate cross-
frames/diaphragms, and Equation 4.5.3.2.2.5.2-5 should be used to model girder
end segments, or the segments between the discontinuous end of a girder where the
girder flanges are free to warp and the first intermediate cross-frame/diaphragm
adjacent to the girder end.

4.5.3.2.2.5.3 Modeling of Truss-Type Cross-Frames
General

Cross-frames generally exhibit substantial beam shear deformations when modeled
using equivalent beam elements in a 2D structural analysis due to their predominant
action as trusses. The modeling of cross-frames using Euler-Bernoulli beam
elements, which neglect the effect of beam shear deformations, typically results in a
substantial misrepresentation of their physical stiffness properties. Timoshenko
beam elements, or other types of beam elements that include explicit modeling of
beam shear deformations, provide a significantly improved approximation of the
cross-frame stiffnesses (NCHRP, 2012).

As a result, AASHTO LRFD Article 4.6.3.3.4 now states that when modeling a cross-
frame with a single line of equivalent beam elements, both the cross-frame flexure
and shear deformation must be considered in determining the equivalent beam
element stiffness.

Timoshenko Beam Approach

The more accurate shear-deformable (Timoshenko) beam approach for the
calculation of an equivalent beam stiffness simply involves the calculation of an
equivalent moment of inertia, /oq, as well as an equivalent shear area, Aseq, for the
beam element representation of a truss-type cross-frame.

Figure 4.5.3.2.2.5.3-1 Illustrates the first step of the approach (AASHTO/NSBA,

2014). In this step, the equivalent moment of inertia, /o4, is determined by assuming
a pure flexural deformation of the cross-frame (i.e. zero shear). The cross-frame
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model is supported as a cantilever at one end, and is subjected to a unit force couple
applied at the corner joints at the other end, thus producing a constant bending
moment. The associated horizontal displacements are determined at the free end of
the cantilever from the analysis of this cross-frame model, and the corresponding
end rotation is equated to the value of the rotation calculated from the beam pure
flexure solution, M/(Elsy/L). The resulting Elsq represents the “true” flexural rigidity of
the cross-frame.

0.0009707 in
=
1 ki 1ki
ip p
ki ! ki 10.002998 in
=
0.0009707 in

Figure 4.5.3.2.2.5.3-1 Timoshenko Beam Approach: Calculation of |.; Based on
Pure Bending

For the example case shown in Figure 4.5.3.2.2.5.3-1, assuming a cross-frame
height of 34 inches and a cross-frame length of 105 inches:

2(0.0009707)/34 = 0.0000571 = ML/Eleq = 34(105)/29000I,
leq = 2156 in.*

Figure 4.5.3.2.2.5.3-2 illustrates the second step of the approach (AASHTO/NSBA,
2014). In this step, the equivalent shear area, A, is determined. The cross-frame
is still supported as a cantilever, but is subjected to a unit transverse shear at the
right-hand corner. Figure 4.5.3.2.2.5.3-2 shows the corresponding displacements
and reactions from the analysis of this cross-frame model.
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Figure 4.5.3.2.2.5.3-2 Timoshenko Beam Approach: Calculation of A, Based
on a Unit Transverse Shear

For the example case shown in Figure 4.5.3.2.2.5.3-2, again assuming a cross-
frame height of 34 inches and a cross-frame length of 105 inches:

A =0.01086 in. = VL*/3Eleq + VL/GAseq
= 1(105)°/3(29000)(2156) + (1)(105)(2.6)/29000Acq
Aseq = 2.008 in.?

The end rotation of the equivalent beam shown in Figure 4.5.3.2.2.5.3-2 is computed
as:

0 = VL%/2Eloq — VIGAseq
= 1(105)%/2(29000)(2156) — (1)(2.6)/(29000)(2.008) = 0.00004352 radians

However, from the deflected shape in Figure 4.5.3.2.2.5.3-2, 6 = 2(0.001499)/34 =
0.00008818 radians. Therefore, the shear-deformable Timoshenko beam element is
not able to match the “exact” kinematics of the cross-frame.

Figure 4.5.3.2.2.5.3-3 compares the cross-frame end shears and moments from an
exact physical model to the nodal shears and moments from the equivalent
Timoshenko beam for the case of a propped cantilever subjected to an end moment.
The Timoshenko beam comes reasonably close to fitting the force response of the
cross-frame, compared to similar results from the flexure stiffness approach using an
Euler-Bernoulli beam element (Figure 4.5.3.2.2.5.3-4), for which the left-end moment
is significantly larger than the moment from the exact physical model, and is not
even in the correct direction (NCHRP, 2012).

4.91



LRFD for Highway Bridge Superstructures
Reference Manual

5.008 in-kip 34 in-kip
( ) Cross-Frame Nodal Shears and Moments
i 0.2761 kip T 0.2761 kip
5.834 in-kip 34 in-kip
Equivalent Shear-Deformable Element
( ) Nodal Shears and Moments
l 0.2682 kip T 0.2682 kip

Figure 4.5.3.2.2.5.3-3 Comparison of Cross-Frame Nodal Shears and Moments
and Equivalent Shear-Deformable (Timoshenko) Beam Shears and Moments

Figure 4.5.3.2.2.5.3-4 Comparison of Cross-Frame Nodal Shears and
Moments and Equivalent Euler- Bernoulli Beam Shears and Moments (Flexure
Stiffness Approach)

The Timoshenko beam element provides a closer approximation of the physical
model cross-frame behavior compared to the Euler-Bernoulli beam element for all
other types of cross-frames typically used in I-girder bridges as well, including X-type
and inverted K-type cross-frames with top and bottom chords, as well as X-type and
K-type cross-frames without top chords. However, the Timoshenko beam model is
unable to provide an exact match for all cases (NCHRP, 2012).

Influence of End Connection Eccentricities

The axial rigidity, EA, of single-angle and flange-connected tee-section cross-frame
members is reduced due to end connection eccentricities. Battistini, et al. (2013)
performed a range of experimental and analytical studies of different X, K, and Z-
type cross-frames composed of single-angle members. Their experimental studies
indicated physical cross-frame stiffness values ranging from 0.55 to 0.75 of the
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calculated stiffness values based on the analytical modeling of the cross-frames
using truss elements.

These reduced stiffnesses were due to the bending eccentricities at the connections
of the single-angle cross-frame members. The behavior of flange-connected tee
sections is similar, again due to the effect of the significant end connection
eccentricities. Solid plate diaphragms were not examined as part of this study and
are not typically subject to significant end connection eccentricities.

As a result, AASHTO LRFD Article 4.6.3.3.4 now states that the influence of end
connection eccentricities is to be considered in the calculation of the equivalent axial
stiffness, (AE)eq, Of single-angle and flange-connected tee-section cross-frame
members. AASHTO LRFD Article C4.6.3.3.4 recommends that in lieu of a more
accurate analysis, (AE)sq Of equal leg single angles, unequal leg single angles
connected to the long leg, and flange-connected tee-section cross-frame members
may be taken as 0.65AE. More accurate values of (AE)sq may be computed from
equations given in Battistini, et al. (2014). In many bridges, the response is relatively
insensitive to the specific value selected for (AE)e.

Therefore, in the application of the Timoshenko beam approach for the calculation of
the equivalent beam stiffness of truss-type cross-frames in 2D analysis models, the
area of any single-angle or flange-connected tee-section members in the applicable
separate cross-frame model(s) should be reduced by a factor of 0.65 (or a more
accurate value if desired) for the analysis of the separate cross-frame model(s) used
to determine loq and Aseq. The resulting Aseq for the equivalent beam should not be
reduced further by this factor; the effect of the end connection eccentricities is
already comprehended in the computation of both /o and Agg. In 3D refined
analysis models (Section 4.5.3.3), the area of such cross-frame members should be
reduced directly by the 0.65 factor (or a more accurate value if desired).

Internal Cross-Frame Member Forces

The beam element in the 2D model represents the actual cross-frame in the model.
Therefore, the loads calculated from the 2D analysis model for that beam element
represent the loads on the actual truss cross-frame.

However, the form of the loads on the beam element is not directly applicable to the
truss cross-frame; that is, the 2D model does not directly calculate the forces in the
truss cross-frame top chord, bottom chord and diagonals. The forces calculated by
the 2D model are the global forces acting on the entire cross-frame. Shears and
bending moments are the primary force effects in the beam element representation
of the cross-frame, as shown at the top of Figure 4.5.3.2.2.5.3-5. One more step
must be taken to convert those global forces into the specific internal forces in the
cross-frame members.
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Another way to think of this is to consider the forces on the beam element as
external forces acting on the overall cross-frame truss structure, as shown at the
bottom of Figure 4.5.3.2.2.5.3-5. In order to design the individual truss cross-frame
members and connections, the internal forces, or the forces in each specific internal
member of the truss structure, are needed.

Beam Element

Representation of CI l)
Truss Cross Frame

Actual Truss Cross CI l)
Frame

Figure 4.5.3.2.2.5.3-5 Global Forces Acting on the Beam Element
Representation of the Truss-Type Cross-Frame and the Actual Truss-Type
Cross-Frame

Most 2D models consider the self-weight of the structure, and therefore, consider the
self-weight of the beam element modeling the cross-frame. For this reason, the
shear at the left and right ends of the cross-frame element, as reported in the 2D
analysis, may be slightly different. This effect is typically negligible. Design
Engineers can simply use the higher of the two shear values.

The moments, M; and M,, at each end of the beam element modeling the cross-
frame, however, are usually significantly different, with the difference representing
the fact that shear is being transferred across the length, S, of the cross-frame
(Figure 4.5.3.2.2.5.3-6).

4l 1

M,

| S |
| |

Figure 4.5.3.2.2.5.3-6 Global Shear and Moment on the Truss-Type Cross-
Frame
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By simple statics (i.e. the sum of the moments about any given point must equal
zero), the difference in the moments can be verified. By statics, the moment at one
end of the cross-frame must equal the product of the shear times the length of the
cross-frame, minus the moment at the other end of the cross-frame. Thus:

Mo = VS -My Equation 4.5.3.2.2.5.3-1

Keep in mind that consistent sign conventions must be used to perform this
calculation.

Depending on the type of cross-frame, different assumptions should be used to
proportion the shear to each joint in the cross-frame.

For a K-type cross-frame, all of the shear should be assumed to act at the joint
where the diagonal frames into the chord at each end of the cross-frame. The
diagonal is the primary load path for the shear force. This can be demonstrated
whether the connections in the cross-frame are considered pinned or not. By the
principles of relative stiffness, all of the shear will act at the point where there is a
very stiff shear load path; i.e., at the joint into which the diagonal frames.

For an X-type cross-frame (Figure 4.5.3.2.2.5.3-7), the shear can be assumed
proportioned equally to the top and bottom joints at each end of the cross-frame
since there is a diagonal framing into each one of those joints.

I l sz lwz
wz] lwz

Figure 4.5.3.2.2.5.3-7 Assumed Distribution of Shear Forces for an X-Type
Cross-Frame

Statics can be used to resolve the moment at each end of the cross-frame into a
force couple at each end of the cross-frame by dividing the end moments by the
vertical distance, h, between the top and bottom chords (Figure 4.5.3.2.2.5.3-8).
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Figure 4.5.3.2.2.5.3-8 Resolution of the End Moments into Force Couples (X-
Type Cross-Frame)

With the global external forces now resolved into specific external forces at the
nodes of the truss, statics (i.e. the method of joints) can further be employed to
calculate the specific internal forces in the truss, or the forces in the top chord,
bottom chord and diagonals.

Live load moments and shears at each end of the cross-frame are typically not
concurrent due to the various positions of the live load required to cause maximum
effects in the individual grid elements. Because the live load forces are not
concurrent, equilibrium of the cross-frame cannot be attained from the envelope
actions typically reported at each end. Thus, for live load, by considering each end
of the cross-frame separately and enforcing statics locally at the joints, the critical
live load member forces can be deduced.

EXAMPLE
Given the truss-type cross-frame and the global force results in the beam element

representing the cross-frame from the 2D analysis model (Figure 4.5.3.2.2.5.3-9),
calculate the chord and diagonal forces in the cross-frame.
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Figure 4.5.3.2.2.5.3-9 Global Forces on Example Cross-Frame from 2D
Analysis Model

For the case of an X-type cross-frame, the shear is assumed divided equally
between the top and bottom node at each end of the cross-frame, as shown in
Figure 4.5.3.2.2.5.3-10.

20 K
5= 10KI lVIZ= 10K
V2= 10KI lV/2= 10K

Figure 4.5.3.2.2.5.3-10 Assumed Distribution of Shears in the Example Cross-
Frame

Vi2=

Statics can be used to resolve the moment at each end of the cross-frame into a
force couple at each end of the cross-frame by dividing the end moments by the
vertical distance, h, between the cross-frame chords (Figure 4.5.3.2.2.5.3-11).
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Figure 4.5.3.2.2.5.3-11 Resolution of End Moments into Force Couples for the
Example Cross-Frame

With the global external forces now resolved into specific external forces at the
nodes of the truss, statics (i.e. the method of joints) can be used to calculate the
specific internal forces in the truss members. The resulting internal member forces
are shown in Figure 4.5.3.2.2.5.3-12.

h - EI_EII

45KIT) 184K
[ .

) 5=TI-4" .
10K 10K

Figure 4.5.3.2.2.5.3-12 Example Cross-Frame Internal Member Forces
Calculated Using the Method of Joints

4.5.3.2.3 Flange Lateral Bending Stresses

As discussed previously, the beam elements used to model the girders in 2D
analysis models typically do not include a warping stiffness parameter. The
elements are also straight elements, chorded between nodes in the model. Thus,
flange lateral bending moments and stresses due to curvature and skew effects
cannot be obtained directly from 2D analysis models.
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In both traditional grid and Plate and Eccentric Beam 2D analysis models, the flange
lateral bending moment due to curvature resulting from warping torsion, M, at a
cross-frame/diaphragm may instead be approximated using the V-load formulation
(Richardson, Gordon, and Associates, 1963) given as:

- |
lat = NRd Equation 4.5.3.2.3-1
AASHTO LRFD Equation C4.6.1.2.4b-1
where:

M = major-axis bending moment at the cross-frame/diaphragm (kip-ft)
{ unbraced length (ft)
R girder radius (ft)
D web depth (ft)
N = aconstant taken as 10 or 12 in past practice

Flange lateral bending stresses at the cross-frame due to curvature can then be
computed by dividing the flange lateral bending moment from Equation 4.5.3.2.3-1
by the lateral section modulus of the flange under consideration. A similar
approximate closed-form expression is not available for estimating the flange lateral
bending moments and stresses due to skew effects. Approximate values of the
flange lateral bending stresses due to skew effects, in the absence of results from a
refined analysis, are suggested in AASHTO LRFD Article C6.10.1.

Section 3.2.4 of NCHRP (2012) presents one suggested improved method of
rationally estimating I-girder flange lateral bending moments and stresses in straight-
skewed |-girder bridges and curved I-girder bridges with or without skew resulting
from a grid or Plate and Eccentric Beam analysis. The method utilizes statically
equivalent lateral loads transferred at the flange level from the cross-frames using
the cross-frame forces determined from the analysis results. The reader is referred
to NCHRP (2012) for further details on this improved approach.

4.5.3.2.4 Advantages, Disadvantages and Limitations

The primary advantage of 2D refined methods of analysis is that they are generally
less expensive than 3D refined analysis.

Disadvantages of 2D refined methods of analysis include, but are not limited to, the
following:

¢ Warping stiffness for direct modeling of flange lateral bending is typically not
included;
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e Girders and cross-frames/diaphragms are modeled as single beam elements
with no depth;

e Cross-frame/diaphragm actions cannot be obtained directly;

e Horizontal reactions are sometimes not available and/or may not be oriented
properly (e.g., for thermal analyses);

e The horizontal shear stiffness of the deck is not properly represented in
traditional 2D grid models;

e Questionable accuracy of wind load analysis results, particularly when lateral
bracing is present;

e Assumptions usually must be made to distribute dead and live loads to the
individual girders in traditional 2D grid models, and;

e Twist and layover of girders during construction cannot be reported directly.

There are exceptions to the above shortcomings that are addressed to a degree
through the use of Plate and Eccentric Beam models (Section 4.5.3.2.2.3), and the
improvements discussed in Section 4.5.3.2.2.5.

There are currently no specific limitations related to the application of 2D refined
analysis methods. However, diligence should probably be exercised in situations
involving the following:

¢ Significant curvature and/or skew;

e Longer spans involving the use of deeper girders;

¢ Irregular span arrangements and/or where uplift might be a concern;

e Variable depth girders;

e The use of lateral bracing;

e Complex framing (i.e., bifurcations or splayed girders, discontinuous girders
or staggered cross-frames), and;

e The use of integral abutments, integral piers or straddle bents.

4.5.3.3 3D Methods of Analysis
4.5.3.3.1 General

A three-dimensional (3D) analysis is one in which the resultant quantities (moments,
shears, axial loads, deflections, etc.) are a function of all three spatial dimensions.
Often, a 3D analysis uses a model in which all the major components of the
superstructure are mathematically modeled. The superstructure is modeled,
including the structural depth and including explicit modeling of the girder flanges
and webs, the cross-frames or diaphragms, and the deck.

Typically, girder flanges are modeled with beam elements, girder webs are modeled
with shell elements, cross-frame members are explicity modeled with truss
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elements, and the deck is modeled with shell or solid elements. Live load influence
surface analyses (Section 4.4.3.2) are typically employed to find the maximum and
minimum live load force effects in the various bridge components. Although not
clearly defined, spine models for curved bridges are often considered to be 3D
analysis models.

In the linear elastic finite-element method, which is based on strength-of-materials
and statics, a mathematical model of the bridge is arranged in a matrix formulation
that is amenable to solution by a digital computer. The structure is divided into a
finite set of so-called elements. Second, the spring stiffness of the individual
elements is computed. For each direction that each element is capable of resisting
translation or rotation, a stiffness resisting each motion must be computed.
Assembly of these stiffnesses in matrix form is called the element stiffness. Other
properties, including the element’s mass and material properties, are also included.
The element stiffness matrices are defined by the local axes of the element.

The topology of the model defines the orientation and connection of the elements
forming the model. The assembled model is defined in a set of so-called global
axes. The element connecting points are referred to as nodes. Models of bridge
and most other structures require a foundation. The points of foundation are called
boundaries that support the model, as do the bearings of a bridge.

The final step in setting up the problem is to resolve the stiffnesses, using
transformations, to get the stiffnesses oriented in the global axes at each node. This
information is assembled into the global matrix of the structure. There are potentially
three translations and three rotations at each node. Each direction of movement is
called a degree of freedom (DoF). The DoFs are directions of movement associated
with axial, flexural, torsional and shear deformations (the torsional warping degree of
freedom, which is typically not available in most finite element software packages, is
ignored). All of the DoFs at each node have unknown displacements that must
match with all deformations of the neighboring elements connected at that node. In
actual solver packages, the node equations are shuffled to minimize the number of
active terms, or terms in any equation. Fortunately, the software develops the
information in an optimum matrix, and solves the matrix with little assistance from
the Design Engineer.

This section reviews some of the basics of 3D finite element modeling of bridge
superstructures, including node layout, elements and the application of loads to 3D
analysis models. Also discussed are the advantages, disadvantages, and limitations
of 3D analysis models. Further information on 3D methods of analysis may be found
in NHI (2011).
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4.5.3.3.2 3D Finite Element Modeling
4.5.3.3.2.1 General

3D finite element modeling permits the most realistic representation of the structure
with few simplifying assumptions. The refinement of the mesh or the elements
determines the accuracy of the results. This discussion is limited to 3D models that
represent the gross structure. It does not discuss buckling of members or the
eccentricity of cross-frame members, etc. although the method is capable of
addressing these items. Instead, it addresses modeling the structure to obtain
reasonably correct results at the macro level that can be solved by employing a
mathematically rigorous solution algorithm. This provides a tool that enables a
knowledgeable Design Engineer to analyze bridge designs so he/she can confidently
prepare designs that are unique, efficient, durable and economical.

This discussion will examine the typical components of a finite element model of a
girder-bridge superstructure, and discuss the types of structural elements most
commonly used for 3D modeling of those components. Construction of a reasonable
3D finite element model of the bridge superstructure from these elements to provide
the desired results on a macro level will also be discussed. Discretization of the
model and issues related to node layout will be included as part of this discussion.
Also to be discussed are the boundary conditions and loads applied to the analysis
model. Proper boundary conditions and proper releases of degrees of freedom are
absolutely necessary to obtain correct results. These issues are beyond the scope
of this discussion, but should be well understood by any user of finite element
modeling techniques.

4.5.3.3.2.2 Node Layout

Generally, nodal locations are specified in the global coordinate system, while
element properties are local in nature. Cartesian coordinates are typically used to
define global coordinates, although other systems such as cylindrical may be used to
simplify the model. Local axes are local with respect to each element and are used
to define the individual elements. The local axes are used to specify the sequence
of element node numbering, which in turn is used to define the output such as
moments, shears, axial force and stresses. For example, a beam element is a
straight element between two nodes, but typically requires a third node to define the
orientation of its local axes.

The Design Engineer should keep in mind the objective of the analyses to be
performed when determining the degree of discretization required in the model.
Laying out the nodes is important because as long as the framing does not change,
member properties can be changed and new analyses made rather efficiently. A
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relatively coarse mesh is generally satisfactory for determining girder moments and
stresses, shears, reactions and cross-frame/diaphragm actions at the macro level.
The stress state around a diaphragm access hole might require a more refined mesh
than would a beam containing no large holes, or a beam in which stress
concentrations around bolt holes or weld discontinuities are of no interest. Such
issues may be important, but are beyond the scope of this discussion.

Discretization, or determining the number of elements, is somewhat subjective and
requires some level of experience and judgment, but there are some basic concepts
that are important to keep in mind. For example, looking at the moment diagram of a
continuous beam gives some clues as to how to discretize its elements. In order to
obtain a reasonable continuum of moment, shear, etc. along the span, the beam
needs to be discretized such that the curvature of the beam is properly represented.
Typically, a beam element has the characteristic of being isoparametric, meaning
that the element can represent only one curvature. The element is loaded only at its
ends. Concentrated loads or moments may be applied. However, the element can
only recognize a singular curvature. If the applied loads require that the element
have two curvatures to represent the behavior, an error is introduced. If the element
is discretized into two elements, each with a single curvature, the two curvatures can
be represented and the solution will be more correct. It is the modeler’s
responsibility to understand these limitations and to compensate for them in laying
out the model. The more interrupted the continuum, the greater the number of
elements required to properly represent the behavior. A minimum of nine (9) nodes
per girder span is typically preferred.

The first step in creating a 3D finite element model of a girder-bridge superstructure
is to describe the node layout for the bridge. Each finite-element package has its
own preprocessor that assists in the layout. This discussion does not address the
specifics of these operations, but only addresses the issues that the Design
Engineer should consider in determining the proper nodal grid.

The model must have nodes that match the layout, or alignment, of the deck and the
girders. There are four types of horizontal alignments commonly found on bridges:

e Straight (Figure 4.5.3.3.2.2-1 Part A)

e Constant radius curved upward or curved downward (Figure 4.5.3.3.2.2-1
Part B)

e Spiral from straight to curved (Figure 4.5.3.3.2.2-1 Part C)

e Spiral from curved to straight.

A node is required at each change in alignment.
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Figure 4.5.3.3.2.2-1 Horizontal Node Layout for Different Alignments
A) Straight; B) Curved with Constant Radius; C) Spiral from Straight to Curved

Starting with the horizontal roadway alignment is usually the ideal way to commence
the layout of the node geometry. The length and shape of each alignment segment
must be specified, and its location in space defined. This is often done with the
control line, or baseline. A straight segment has only one parameter (length) in
addition to its bearing and point of initiation. A constant curve segment has an
additional parameter; radius. A means of specifying whether the radius curves right
or left is also required. A spiral is defined as a line commencing with a straight
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alignment that increases in curvature linearly over its length to a specified radius at
its end.

Nodes must be also specified at each bearing and cross-frame location. Additional
nodes may also be required to accommodate discontinuous girders. Nodes at field-
section locations are needed if an erection study is to be undertaken. There are
other reasons for placement of nodes that will be examined subsequently.

With skewed supports, it often becomes necessary to compute offset lengths at the
supports in order to locate the support nodes along the skew. These lengths are
used to determine the proper lengths along the baseline adjacent to the supports
that are necessary to project radially from the baseline the correct coordinates for
the girder support nodes. Figure 4.5.3.3.2.2-2 illustrates one possible approach to
compute these offset lengths at skewed supports on horizontally curved bridges.
Alternatively, node locations may be created from software, such as COGO, that
may have been used to layout the bridge for drawing.

Figure 4.5.3.3.2.2-2 Calculation of Offset Length for Skewed Support Nodes

Accurate stresses at solid and shell element nodes are difficult to obtain, and are
generally not used. Stresses at mid-element length are used instead. This is an
important concept to understand when dealing with a 3D model. The bending
moment can be reported directly at a node from the analysis in a traditional grid
model or a line model, but this is not true in a 3D model. For example, the cross-
section is composed of flange, web and deck elements. A collection of the stresses
must be made and the moment calculated from the stresses. However, stresses are
determined at mid-element length so the moment is computable only at mid-length of
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the element; not at a node. Moments at the nodes must be determined by fitting the
moment data computed at mid-length of the element. The curvature of the moment
curve at interior supports is increasing as the moment approaches the support.
Shorter elements near the support provide a better estimate of the maximum
moment at the support.

Nodes are required at flange and web size changes in grid analyses if moments are
to be used to check sizes. This is not necessary with a 3D analysis since curve
fitting is required to get the moment at a node, unless the software can only check
stresses at nodes. Flange plate changes located within a few feet of a node do not
introduce significant error in the analyses, unless there are too few elements in a
span to properly curve fit.

Flange lateral moments are computed at nodes if flanges are modeled using beam
elements. In the case of a curved flange, a single straight beam element between
cross-frames gives negligible lateral moments because equilibrium at the nodes is
established by the restoring forces in the cross-frame members attached at the
flange nodes and the lateral moment effect of curvature is negated. Part A of Figure
4.5.3.3.2.2-3 shows a single flange element between cross-frame nodes. Lateral
bending is caused by the non-collinearity of the axial force in the flange. Hence, at
least one additional girder node is required along the arc between cross-frames in
curved flanges to activate the non-collinearity effect and generate the flange lateral
moments. Figure 4.5.3.3.2.2-3 Part B shows the two-element flange arrangement
needed to create lateral bending.

Two nodes along the arc between cross-frame nodes have been found to give

slightly larger, more realistic lateral flange moments. The lateral moments at interior
nodes tend to have the opposite sign of those at the cross-frames.
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Node (Typ.)

Cross-frame (Typ.)

Part A

Flange

Node (Typ.)

Cross-frame (Typ.)

Part B
Figure 4.5.3.3.2.2-3 Cross-Frame Nodes

A) Node at End of Straight Beam Element; B) Additional Node between Cross-
Frames Necessary to Create Lateral Bending

Additional layers of nodes are required for a 3D model. Other layers of nodes can
be built off the basic nodes defining the girders (Figure 4.5.3.3.2.2-4). The deck may
be defined with a single layer of nodes if shell elements are used for the deck.
Alternatively, two layers of nodes are required if solid elements are used to model
the deck. Vaulted (i.e. variable thickness) decks may be properly modeled by
varying the elevation of the bottom layer of deck nodes if solid elements are used.
The original girder layout nodes may be used to represent the tops of the girders. A
fourth layer of nodes is defined under that layer to represent the bottoms of the
girders.

A variable depth girder can be correctly modeled by varying the vertical location of

the bottom layer. Superelevation or grade may be modeled by applying a
transformation to the model nodes.

4.107



LRFD for Highway Bridge Superstructures Chapter 4
Reference Manual Structural Analysis

Bottom
flange

Figure 4.5.3.3.2.2-4 Node Layers

4.5.3.3.2.3 Elements
4.5.3.3.2.3.1 Beam Elements

The beam element (Figure 4.5.3.3.2.3.1-1) typically has six DoFs at each node:
bending about two of the local axes; torsion about its third (longitudinal) axis; shears
in two planes; and axial force along its longitudinal axis. The typical beam element
does not accommodate warping (commonly referred to as the seventh DoF).
However, the warping DoF is not needed in a 3D model to model a girder since the
girder is typically modeled with a web (shell element) and individual flanges (beam
elements). A third node is assigned to orient the two local axes.

I
e
Figure 4.5.3.3.2.3.1-1 Beam Element

4.108



LRFD for Highway Bridge Superstructures Chapter 4
Reference Manual Structural Analysis

The properties required for a beam element are: cross-sectional area, bending
stiffness about two local axes, torsional stiffness, and two shear areas. The mass or
weight of the element is specified and temperatures can be input at each node.
Lateral pressures can be applied to a beam element. If a load or pressure is applied
to a beam element, the element properties are used to transform loads or pressures
to end moments and forces applied at its two nodes.

Typically, a beam element recognizes only single curvature bending. As discussed
previously (Section 4.5.3.3.2.2), this type of element is referred to as an
isoparametric element. If a beam in the true structure is anticipated to undergo
reverse bending (reverse curvature), more than one isoparametric beam element is
required to properly recognize its behavior. Of course, there are more elaborate
types of beam elements available with more capability.

Girder flanges are typically modeled with beam elements attached to the top and
bottom of the web elements (Figure 4.5.3.3.2.3.1-2). Deck elements may be
connected to the girders with beam elements acting as rigid links to model the shear
connectors. These members also define the location of the deck with respect to the
girders (Figure 4.5.3.3.2.3.1-2). The element length represents the deck haunch.
These elements should be modeled to ensure that the deck does not rotate
independently at the nodes in order to ensure that plane sections remain plane.
Thus, an additional beam element spanning the nodes defining the top and bottom
of the deck elements over each girder (assuming solid elements are used) is usually
required.

Connectors

Girder
Flanges

Figure 4.5.3.3.2.3.1-2 Beam Elements Used to Model Girder Flanges & Shear
Connectors
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4.5.3.3.2.3.2 Shell Elements

A shell element, typically used to model a girder web, has four nodes (quadrilateral
element) with six DoFs at each node -- the three translations and three bending
DoFs about the local x, y, and z axes -- for a total of 24 DoFs per element. A shell
element is shown in Figure 4.5.3.3.2.3.2-1. All six DoFs at each node must be
accounted for in the analysis. For example, if only a truss element is connected at a
shell element, the three DoFs associated with bending of the shell element at that
node cannot be resisted by the truss element and are accounted for by specifying
that they are released (or free). If the truss element is oriented such that it cannot
resist all three translations, a further modification of DoFs is required. Thicknesses
and temperatures may be assigned to each node of a shell element. Pressures may
also be applied to the element. The aspect ratio of the element preferably should
not exceed about 5.0.

I
Figure 4.5.3.3.2.3.2-1 Shell Element

The nodes of a shell element are typically identified in the counterclockwise
direction. The local z-axis is normal to the plane of the element. The reason for a
specific pattern is so the output stresses can be identified.

Figure 4.5.3.3.2.3.2-2 shows a girder web modeled with a shell element.

4.110



LRFD for Highway Bridge Superstructures Chapter 4
Reference Manual Structural Analysis

—
NN

ils

Figure 4.5.3.3.2.3.2-2 Shell Element Used to Model a Girder Web

4.5.3.3.2.3.3 Solid Elements

Eight-node 3D solid elements are the simplest of all solid elements. This element
typically has three translation DoFs at each of the 8 nodes for a total of 24 DoFs.
Eight-node solid elements can be collapsed to form triangular solid elements having
six nodes. In Figure 4.5.3.3.2.3.3-1, the face defined by nodes I, J, K and L in
clockwise fashion can be any face. The other face is defined by nodes M, N, O and
P, but node M must be behind node |. The order defines the local coordinate
system. The thickness of solid elements is not input explicitly, but is instead
implicitly defined through the specification of the proper nodal coordinates. Thus, no
geometric properties are required; only a material identification is required for these
elements. Again, the aspect ratio of the element preferably should not exceed about
5.0.

Figure 4.5.3.3.2.3.3-1 Solid Element
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If a beam element is attached to a solid element and to no other element that takes
bending, the two bending and one torsional DoF in the beam element at the
connecting node must be specified “free” since the solid element has no ability to
react to the bending DoFs of the beam element.

Figure 4.5.3.3.2.3.3-2 shows a portion of a composite deck modeled with 8-node
solid elements.

Deck

/

Figure 4.5.3.3.2.3.3-2 Solid Elements Used to Model the Concrete Deck

4.5.3.3.2.3.4 Truss Elements

The simplest finite element is the truss element shown in Figure 4.5.3.3.2.3.4-1.
This straight two-node element resists only axial force. The element length is
defined by the coordinates of the nodes at its ends. The element is assigned a
cross-sectional area, and material properties; Young’s modulus, density and thermal
coefficient of expansion. The truss element reacts to force by changes in its length.
The length of the element changes according to force and its stiffness, or an amount
equal to PL/AE. Hence, the truss element has one degree of freedom (DoF).
Temperatures can be input at each node of a truss element.
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Figure 4.5.3.3.2.3.4-1 Truss Element

Cross-frames are typically modeled with truss elements connected to the top and
bottom of the web (Figure 4.5.3.3.2.3.4-2). Lateral bracing members may also be
modeled with truss elements. Lateral bracing can also be approximately modeled
with an equivalent shell element.

/

Cross-Frame

Figure 4.5.3.3.2.3.4-2 Truss Elements Used to Model a Cross-Frame

4.5.3.3.2.3.5 Foundation Elements

Bridges supported on rigid bearings can be modeled by specifying that the node at
the support point be restrained against selected translations and free to rotate (the
support would usually be free to rotate). More typically, bearings are modeled with
so-called “foundation elements”. These dimensionless elements provide for six
stiffnesses; three translations and three rotations. The local axes of these elements
must be carefully specified.
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A foundation element is shown in Figure 4.5.3.3.2.3.5-1. The “I” node identifies the
element location of action, the “L” node identifies the local y-axis, the “J” node
identifies the orientation of the element along the local z-axis, and the “K” node
identifies the orientation of the element along the local x-axis. Typically, the z-axis of
the foundation element would be the global vertical axis. The x-axis may, for
example, be oriented along the girder with the y-axis orthogonal to the girder line. If
the bearing is guided, the x-axis of the foundation element may be assigned zero
stiffness. The stiffness of the bearing resisting lateral movement would be input as
the stiffness along the y-axis. Pier stiffnesses may be included in these stiffnesses if
the pier is not modeled. If the substructure is explicitly modeled, the foundation
element would rest on the pier, and would allow the pier stiffness to act on it as well
as the superstructure.

Figure 4.5.3.3.2.3.5-1 Foundation Element

4.5.3.3.2.3.6 Element Connectivity

The depth of each girder is typically identified by the nodes defining the web
elements. A girder can be adequately modeled with one or more shell elements
representing the depth of the web. The web thickness is input as the thickness of
the shell element(s).

The stiffness of very shallow girders may be underestimated if the flange beam
elements are common with the top and bottom nodes of the web elements placed at
the elevation of the web itself. In girders less than roughly 50 inches deep, it may be
desirable to overstate the web depth in order the define the distances between the
centers of gravity of the flanges properly (Figure 4.5.3.3.2.3.6-1). In the figure, D is
the assigned web depth.
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Figure 4.5.3.3.2.3.6-1 Overstating of the Web Depth in Shallow Girders

The deck elements are discretized to account for shear lag due to horizontal shear;
thus, the deck should be separated into at least two or more isoparametric elements
in-between girder lines.

Deck elements must be connected to the girders as discussed in Section
45.3.3.2.3.1.

Cross-frames are usually used to connect adjacent girders. Since the depth of the
webs has been properly represented, the cross-frames can be reasonably
represented by attaching them to the top and bottom web nodes. Individual
members of the cross-frames may be modeled with either truss or beam elements.

Alternatively, the girders may be connected with diaphragms, which transfer load
through bending and shear. Diaphragms may be modeled similar to the girder with a
series of shell elements for the web and beam elements for the flanges (Figure
4.5.3.3.2.3.6-2). It is important to remember that the diaphragm needs to be divided
into enough elements (at least three) along its length to properly represent its
deflected shape; often moments in diaphragms reverse sign.
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Diaphragm Web —
Shell

Figure 4.5.3.3.2.3.6-2 Shell Elements Used to Model Diaphragm Webs and
Beam Elements Used to Model Diaphragm Flanges

4.5.3.3.2.4 Boundary Conditions

Bearings can be represented in the 3D model as described in Section 4.5.3.3.2.3.5.
A bearing with lateral restraint(s) can introduce longitudinal force into the girder and
attached diaphragm or cross-frame. Such restraints introduce bending and shear
into the girder as well as axial force into the cross-frames. Clearly, it is important
that the proper orientation and stiffness of the bearings be modeled.

Recognizing the proper bearing arrangement is particularly important for skewed
bridges. Skewed supports can lead to large horizontal forces in the bearings due to
gravity as well as thermal loads. These forces can be computed reliably with 3D
models. Modeling of a fixed bearing on a pier must recognize the stiffness of the
pier.

There is an interaction between restrained bearings on a pier. It is possible the
bearings on opposite sides of a skewed pier will have longitudinal thermal forces in
opposite directions when the bearings are fixed. In such cases, the longitudinal
stiffness of a bearing in the model would be related to the torsional as well as the
flexural stiffness of the pier.

Girders may be supported with several types of integral piers. The girders may
penetrate an integral pier cap (Figure 4.5.3.3.2.4-1 Part A), or an articulated pier cap
on a pier column. Another type of support is the straddle beam which has two or
more supports, with the girders integral with the straddle beam or resting on top of it.
The straddle beam may be either simply supported, or if the beam is concrete, it may
be integral with the columns forming a bent (Figure 4.5.3.3.2.4-1 Part B). However,
it is nearly impossible to properly model these arrangements with bearing stiffnesses
alone since there is an interaction between the girder reactions. Stiffnesses of a
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single bearing cannot properly represent the interactive behavior of the bearings of a
multi-girder bridge on a flexible support. The proper way to model these conditions
is to explicitly model the straddle beam or entire pier. Modeling the combined girder
superstructure and the substructure is beyond the scope of this discussion, but is an
important consideration for this type of bridge.

Part A

Part B
Figure 4.5.3.3.2.4-1 Alternative Supports
A) Concrete Straddle Beam; B) Integral Concrete Pier Cap
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4.5.3.3.2.5 Loads
4.5.3.3.2.5.1 Dead Loads
Self-Weight

Self-weight is easily modeled using body weight of the modeled members. Thus, the
self-weight includes the cross-frames as well as the girders. The weight of detail
items such as stiffeners and splices is not included, unless specifically included in
the model. It can be easily accounted for by changing the material density.

Concrete Deck Weight

Weight of the wet concrete of the deck may be applied to the model with
concentrated loads at the nodes representing the tops of the girders. The concrete
is usually assumed to have no stiffness. Alternatively, deck weight may be specified
as a uniform load, but that will be converted to a series of concentrated loads applied
at the nodes and perhaps with some nominal end moments. The deck may be
modeled using the self-weight of the deck, but that has the disadvantage of dealing
with some assigned stiffness. It would be incorrect to use the concrete stiffness,
which would distribute the weight differently than if it were wet with no stiffness.

The concentrated load applied to each girder top node is determined by the tributary
area of deck associated with the distance between girder nodes and the girder
spacings. Where concentrated loads are used to apply the deck weight, the
discretization of the model must be sufficient to ensure that the series of
concentrated loads applied to the girder nodes will be refined enough to represent
the uniform load, as discussed further in Section 4.3.2.

The weight of deck forms needs to be considered if the forms are to be permanent.
This weight can be applied directly to the girders as concentrated loads as done for
the deck. Alternatively, this can be accomplished by specifying an increase in the
non-structural deck thickness to be used to compute the deck loads applied to the
top girder nodes. Recall that these forms exist only between flange edges in the
interior bays.

If temporary forms are planned and it is desired to consider their weight in the
analysis, their weight can be introduced in a similar manner as for the permanent
type. However, in this case, it may be necessary to apply a reverse load to the
composite section to represent removal of the forms. This consideration is usually
not made except in extreme cases.
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Deck overhang bracket loads may be addressed more rigorously by the addition of
overhang brackets to the 3D model. These additional members receive the weight
of the overhang forms, a portion of the deck overhang weight, the weight of the
screed rail, the weight of any walkway and railings, and perhaps the weight of the
deck-finishing machine. These loads subject the outside girders to a vertical load
and a lateral couple or torque. The cross-frames also act with these loads. The 3D
model is able to not only provide the resulting actions in the girder and cross-frames,
but is also able to provide vertical and lateral deflections. It is not required to model
each overhang bracket; some judgment is required to ensure that adequate nodes
are provided to allow for a reasonable number of brackets between cross-frames.

Figure 4.5.3.3.2.5.1-1 shows overhang brackets added to a model of a simple span
with skewed supports and staggered cross-frames. This extra investigation was
undertaken because the Contractor’'s Engineer was concerned about the effect of
the rather large overhang, over four feet, on the fascia girders. The first analysis
included a portion of the overhang concrete, the walkway and railing and screed rail.
The effect of the finishing machine was also investigated. Small additional
diaphragms were added in the exterior bays when the Contractor’'s Engineer decided
that the fascia girders would rotate excessively, and that the lateral flange bending
caused by the overhang bracket loads would cause excessive lateral flange bending
stresses unless the additional diaphragms were used.

¢ Bearing
Typical
Cross-Frame Overhang
Bracket (typ)
\ Additional
Diaphragm
(Typ.)

Y\b( ————— ¢ Bearing

Figure 4.5.3.3.2.5.1-1 Overhang Brackets in a 3D Model

Superimposed Dead Loads
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Superimposed dead loads applied to the composite section can be properly located
on the deck of a 3D model. For example, barrier loads may be placed at the edges
of the deck where they are actually located. The traditional approach has been to
distribute these loads uniformly to all the girders. Previous specifications never
condoned this practice. The provisions called only for curb and railing loads to be
uniformly distributed. They did not permit barriers or sound walls, which are much
heavier than curbs, to be uniformly distributed. Proper consideration of the location
of these loads usually results in the loads causing larger moments in the exterior
girders and smaller moments in the interior girders. Barriers or sound walls on large
overhangs have even been found to cause reverse loads on the interior girders. The
computed reacting forces in the cross-frames are also increased when the barriers
are properly located on the edge of the deck. Similarly, utility loads may also be
applied at their proper locations.

Future wearing surfaces and deck overlays can be applied to the model as uniform
loads acting over the roadway deck area, as a series of concentrated loads, or by
inputting an artificial density of the hardened concrete deck.

4.5.3.3.2.5.2 Live Loads

Live loads may be applied on the deck of the model, or to influence surfaces built
from analyses of the model (Section 4.4.3.2). The influence surface is a more
efficient approach. Special software may be used to accomplish this, or loads may
be placed by hand—a tedious assignment. The construction of influence surfaces is
accomplished by applying a unit load to selected deck nodes. Generally vertical
loads are used for gravity loads, although influence surfaces in other than the
vertical directions may also be developed. From the individual analysis for each of
these loads, responses are found for the actions of interest. Then, the responses
are assembled into sets of data; each forming an influence surface.

Loading the influence surface is typically performed with software separate from the
finite element solver. Wheel loads are positioned according to the specification rules
for live load placement in order to compute the maximum and minimum magnitudes
of the desired effect (Section 4.4.3.2.2). Lanes of live loads need not necessarily be
placed side-by-side within their lanes. This powerful analytical tool can replace live
load distribution factors (and associated correction factors).

As discussed further in Section 3.4.9.2, individual wheel loads can be modified to
account for the vertical effects of centrifugal force and superelevation. These
modified wheel loads increase or decrease accordingly the wheel loads that are
applied to the influence surfaces of curved alignments to account for vertical
centrifugal force effects.
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4.5.3.3.2.5.3 Wind Loads

The application of wind loading to a 3D model of a bridge superstructure is similar in
principle to the application of the deck load. Typically, it is assumed that the wind is
unidirectional. This means that it is applied at differing angles to horizontally curved
bridges as a series of concentrated loads applied in a single uniform direction to the
projected area of the bridge. The projected area of the bridge includes the sum of
the projected girder areas taken perpendicular to the assumed wind direction.
Superelevation and curvature are considered in determining the exposed area and
wind load. Areas of the deck and barrier are, of course, included. The overturning
wind can be applied in a similar manner. The critical direction of wind is usually not
obvious and several angles of attack are often required to determine the critical
condition.

The 3D model recognizes the girder depth, which permits wind loads to be applied to
the top and bottom of the girder. These loads are typically applied as concentrated
loads to the exterior windward girder at the top and bottom nodes along the girder.
Each individual load, computed from the wind pressure and distance between nodes
and structure height, is typically resolved into global x and y components.

The 3D model provides proper recognition of the horizontal diaphragm shear action
of the concrete deck in resisting wind loads applied to the bridge in its final condition.
Investigation of the forces due to wind in cross-frames and lateral bracing is also
possible.

Wind on live load creates an overturning force on the vehicle similar to the effect of
centrifugal force on vehicles and may be handled in a similar to that for centrifugal
force, except it is also applied to the lane load instead of only to the truck loading in
the case of centrifugal force. Of course, there is also a lateral force that must be
considered. The calculation of wind load on the structure (WS) and wind load on the
live load (WL) is discussed further in Section 3.5.1.

4.5.3.3.2.5.4 Thermal Loads

Temperature changes usually cause thermal forces in the superstructure and
substructure. Thermal forces are often larger in curved bridges and bridges with
skewed supports. These forces are a function of the bearing orientation and the
stiffness of the substructure, as well as the magnitude of the temperature change. A
uniform temperature change is usually assumed. The different specified coefficients
of thermal expansion for concrete and steel can be taken into account. For normal-
weight concrete, the coefficient of thermal expansion, a, is 6.0 x 10%/°F and for steel,
a is 6.5 x 10°/°F. The 3D model permits a different temperature to be applied to the
deck. Most 3D packages also allow a thermal gradient to be investigated. Uniform
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temperature change and thermal gradient are discussed in Sections 3.7.3 and 3.7 .4,
respectively.

4.5.3.3.3 Advantages, Disadvantages and Limitations

Advantages of 3D finite element methods of analysis include, but are not limited to,
the following:

e Permits recognition of the proper location of the deck with respect to the
girder neutral axis. This permits consideration of the contribution of the
horizontal shear stiffness of the deck, which is the stiffest element in a girder
bridge. Deck shear stresses can be determined. This is particularly important
in skewed bridges.

e Permits recognition of the proper location of bearings. This permits
consideration of lateral and longitudinal bearing constraints. This is critical in
computing end cross-frame or diaphragm forces in bridges with skewed
supports.

e Permits recognition of lateral bracing. These members greatly affect the
distribution of load in structures. The lateral bracing can be very
advantageous in curved-girder bridges in many instances when these
members are properly modeled.

e Provides the proper modeling of cross-frame members. This assures that the
behavior of these members is properly handled in the analysis and that the
forces in them can be ascertained directly. It also reduces the effort required
to compute and input cross-frame equivalents in a 2D model.

e Permits various substructures to be included integrally with the superstructure
for analysis. This improves the accuracy of the analysis of both parts of the
bridge.

e Permits proper recognition of the torsional stiffness of I-girders, including
direct determination of flange lateral moments and girder twist.

e Permits proper loading of box girders by providing two webs. Hence, torque
is properly introduced into the model.

e Transverse deck stresses can be computed that recognize the effect of
relative girder deflections. This is important when designing post-tensioned
deck slabs.

e Provide proper torsional stiffness of box members by recognizing St. Venant
and warping torsional shear simultaneously.

e Variable depth (haunched) girders can be more accurately modeled. The
shear component in bottom flanges of haunched girders is recognized.

¢ Allows for more efficient and detailed modeling of erection sequences.

e 3D finite-element analysis permits much bolder bridges that are not
dependent on rules-of-thumb, but on the solid principles of structural analysis.
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The following is a non-exhausted list of disadvantages of the 3D finite element
method of analysis:

e Requires a greater level of knowledge. Experience with finite element
analysis is required to properly construct the models and to compile, interpret
and use the results; it should not be used without experienced guidance and
assistance.

e Plethora of results to deal with unless a special package is employed.

e Greater modeling effort required unless a pre-processing software for bridges
is used.

There are virtually no limitations on the type or complexity of models that can be
constructed and analyzed using 3D finite element methods. Limitations that may
exist are related to the limitations of the software package, the experience level of
the modeler and Design Engineer, and of course, time and cost factors relative to
the benefits that would accrue from employing a more sophisticated and complex
analysis for the specific application under consideration. The effort required to build
the model and process the results is also very dependent on the pre- and post-
processing software available.
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Chapter 5

Concrete Girder
Superstructures

Section 5.1 Introduction

Concrete girders are commonly used as the primary supporting elements for bridge
superstructures throughout the nation. The presence of prestressing steel greatly
increases the applicability of concrete girders, including the potential for significantly
increased span lengths. Therefore, concrete girders used for bridge superstructures
are generally prestressed.

This chapter introduces the fundamentals of prestressed concrete girder design. It
describes the fundamental properties of materials used in concrete girder design, it
introduces general design considerations for prestressed concrete girders, and it
presents preliminary design decisions such as girder type selection and sizing. This
chapter also describes flexural design of prestressed concrete |-girders, design for
shear and torsion, fundamental principles of prestressing such as stress limitations
and prestress losses, details of reinforcement, and development and splices of
reinforcement. Finally, it presents some unique provisions for various concrete
girder structure types, including slab superstructures, precast deck bridges, beams
and girders, post-tensioned spliced precast girders, cast-in-place box girders and T-
beams, segmental box girders, and arches.

It should be noted that this chapter is not intended to be a comprehensive guide to
the design of concrete girder superstructures. Rather, it is intended to provide
valuable information that complements the specifications provided in AASHTO
LRFD. For a more comprehensive treatment of this subject, refer to Bridge Design
Manual, MNL-133-14, 3 Edition, Second Release, August 2014,
Precast/Prestressed Concrete Institute, Chicago, IL.

Section 5.2 Materials
This section provides a general overview of materials commonly used in concrete

girder design, including material properties and behavior and their influence upon
bridge design and construction.
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Variations in material characteristics carry significant implications for design and
construction, and they must be properly estimated and carefully addressed in the
design drawings, specifications, and procedures. This is especially true for time-
dependent properties such as concrete creep, concrete shrinkage, and relaxation of
prestressing steel.

The materials described in this section include concrete, reinforcing steel,
prestressing steel, and post-tensioning hardware.

5.21 Concrete

For bridge construction, concrete can either be precast or cast-in-place. Concrete
can be produced in a batch plant at a precast production facility, on site, or at a
ready-mix concrete plant. Generally, concrete plants and precast production
facilities are qualified or certified to ensure quality. For the Owner and designer, the
essential qualities of concrete are strength and durability, assured by appropriate
project specifications. For the contractor, cost, equipment, and schedule drive
decisions to adopt precast or cast-in-place construction.

When selecting the bridge type, the advantages of using precast concrete must be
weighed against those of using cast-in-place construction. For example, for a
concrete deck slab supported by precast concrete girders, resources for delivering,
placing, consolidating, and finishing the slab must be considered, as well as allowing
sufficient time for the deck to cure before applying live load. By contrast, other types
of construction, such as precast segmental (in which the deck is complete after the
segments have been erected), require no additional time to cure before applying live
load. Such considerations influence overall construction schedules and costs.

At the preliminary design stage, concrete types and special requirements should be
considered, including both strength and long-term durability. For example,
consideration should be given to available resources of indigenous aggregates
versus the need to import materials. The benefits, costs, and uses of various
materials should be considered during preliminary design and appropriately
incorporated into the final project specifications, as necessary. Such materials
include fly-ash, blast furnace slag, micro-silica, and additives such as air-entraining
agents and high-range water reducers to enhance durability. In general, concrete
mixes, specifications, and uses of concrete should be adapted to normal practices
for the project location.

5.211 Strength Characteristics

The strength characteristics of concrete directly affect the behavior of concrete, and
these must be understood and carefully considered during bridge design. The
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primary strength characteristics of concrete, which are described in the following
sections, are compressive strength, tensile strength, and shear strength.

5.2.1.1.1 Compressive Strength

The fundamental property of concrete is its compressive strength, conventionally
denoted by the symbol f,. Compressive strength, f;, is determined at an age of 28
days by standardized compression tests of sample cylinders measuring 6 inches in
diameter by 12 inches long, in accordance with ASTM C42. Concrete matures and
gains strength with age, as illustrated in Figure 5.2.1.1.1-1. Strength gain is rapid
during the first several days, but it then slows, eventually becoming very gradual in
the long term. The conventional time for defining the strength of concrete is at 28
days, as shown in Figure 5.2.1.1.1-1.

Figure 5.2.1.1.1-1 Gain of Concrete Strength with Time

Other properties, such as stress-strain relationship, tensile strength, shear strength,
bond strength, creep, and shrinkage, are often defined in terms of strength. Such
relationships are empirical, having been established by experiment and experience.

Compressive strength is primarily governed by the strength of the cement paste, by
the bond between the cement paste and aggregate particles, and by the strength of
the aggregate itself. These are influenced by the following concrete characteristics:

o Ratio of water to cementitious material

¢ Ratio of cementitious material to aggregate

e Grading, surface texture, shape, and strength of aggregate
¢ Maximum size of aggregate
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In general, a lower ratio of water to cementitious material produces a higher
strength. Consequently, in addition to compressive strength, concrete is further
conventionally defined by the maximum “water-cementitious ratio” and/or “aggregate
size.”

Other mix factors, either partially or wholly independent of water-cementitious ratio,
that affect concrete strength include the following:

e Type and brand of cement

e Amount and type of admixture, such as air-entraining agent or super-
plasticizer

e Type and amount of other pozzolanic materials (e.g., fly-ash and micro-silica)

¢ Mineral composition, gradation, and shape of aggregate

Factors such as the brand of cement and mineral composition of aggregate are
clearly regionally dependent. A controlled percentage (such as 4% to 8%) of well
dispersed, microscopic air bubbles introduced by air-entraining agents enhances
durability against freeze-thaw and improves workability for placement and
consolidation.  Super-plasticizers improve workability, which facilitates reduced
water content and enhanced strength. Cement replacement by a certain percentage
of fly-ash and/or the use of micro-silica improves durability.

Concrete sets and gains strength as a consequence of a chemical reaction, or
hydration, between the cementitious material and water. This forms chemical bonds
and gradual crystal growth in the cement matrix. Too much water will react
prematurely with the cement, preventing the growth of bonds and crystals and
resulting in a weak matrix. However, too little water will result in an incomplete
reaction, low strength, and an unworkable mix. The mix must be correct. Also, to
ensure complete hydration, not only must the mix be correct, but the concrete must
be properly cured. The primary purpose of curing is to prevent unnecessary
moisture loss, especially during the first few days of the initial hydration and strength
development. Hydration is an exothermic reaction, so heat builds up, particularly in
the interior of a component. This heat must be gradually dissipated in a controlled
manner. Curing processes involve covering the concrete, keeping covers and
exposed surfaces damp to prevent moisture loss, and allowing heat to slowly
dissipate. Controlled steam or fog curing is also widely used, especially at precast
concrete production yards, where concrete mixes are designed for relatively rapid
strength gain in the first few hours or days to facilitate turnover.

Concrete mix design is clearly very important, not only to the inherent strength of the

structure but also to long-term performance and durability. Therefore, project
specifications should comprehensively address concrete mix requirements,
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production, handling, placing, consolidation, finishing, curing, and appropriate quality
control.

Guidance regarding the class of concrete for various applications is provided in
AASHTO LRFD Article 5.4.2.1. Concrete mix characteristics, including 28-day
compressive strength, minimum cement content, maximum water-to-cement ratio, air
content range, and coarse aggregate, are presented for each class of concrete in
AASHTO LRFD Table C5.4.2.1-1.

For example, for bridge construction, reinforced concrete for abutments, piers, and
deck slabs is typically Class A, which has a minimum 28-day compressive strength,
i, of 4.0 ksi. For prestressed concrete, Class P is generally required, which has an
f= normally in the range of approximately 5.0 to 8.5 ksi. However, compressive
strengths as high as 10.0 ksi have been used for special cases of prestressed
concrete.

For a given project and location, an appropriate 28-day compressive strength, f,
should be established for each concrete component as one of the first steps in the
design process.

5.2.1.1.2 Tensile Strength

Concrete has significantly greater compressive strength than tensile strength.
Therefore, because of the limited tensile strength of concrete, reinforcing steel is
used in virtually all concrete applications for bridges to resist tensile stresses. In
addition, prestressing steel is used in most concrete girder applications for bridges to
limit tensile stresses.

The direct tensile strength of concrete should be determined using either ASTM
C900 or ASTM C496 (AASHTO T 198). Based on AASHTO LRFD Article C5.4.2.7,

for normal weight concrete with f; up to 10.0 ksi, the direct tensile strength may be
estimated as follows:

f =0.23f', Equation 5.2.1.1.2-1

When using the above equation, it is important to note that both f; and £, are in units
of ksi.

5.2.1.1.3 Shear Strength
In a manner similar to tensile strength, the shear strength, or diagonal tension

strength, of concrete can also be expressed as a function of compressive strength.
Although requirements are not specified in AASHTO LRFD, guidance is offered in

5.5



LRFD for Highway Bridge Superstructures Chapter 5
Reference Manual Concrete Girder Superstructures

the AASHTO Guide Specifications for Design and Construction of Segmental
Concrete Bridges. In addition, some authorities have adopted criteria to limit service
cracking.

5.21.2 Strain Characteristics

In addition to the strength characteristics of concrete, it is also important to
understand and consider the strain characteristics of concrete when designing a
bridge. The primary strain characteristics of concrete, which are described in the
following sections, are modulus of elasticity, Poisson’s ratio, and volume changes
due to such effects as shrinkage and creep.

5.2.1.2.1 Modulus of Elasticity
The modulus of elasticity, E, is the ratio of normal stress to corresponding strain in
compression or tension. For concrete, the stress-strain curve is non-linear, as

illustrated in Figure 5.2.1.2.1-1. The value of E; is illustrated in Figure 5.2.1.2.1-1 as
the slope of the stress-strain curve.

fo /E.
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Figure 5.2.1.2.1-1 Stress-Strain Curve for Concrete

The modulus of elasticity is required for the calculation of deflections, axial
shortening, and buckling. Since concrete is composed of different materials with
different characteristics, the modulus of elasticity is not easily formulated. However,
from empirical results, the modulus of elasticity can be expressed with sufficient
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accuracy as a function of concrete density, concrete strength, and aggregate
stiffness.

For concretes with unit weights between 0.090 and 0.155 kcf and with specified
compressive strengths up to 15.0 ksi, AASHTO LRFD Article 5.4.2.4 specifies the
value of E; as follows:

E. =33,000K,w.° |/f Equation 5.2.1.2.1-1
AASHTO LRFD Equation 5.4.2.4-1

where:

K; = correction factor for source of aggregate; taken as 1.0 unless
determined by physical test, and as approved by the authority of
jurisdiction

we = unit weight of concrete (kcf)

f. = specified compressive strength of concrete (ksi)

5.2.1.2.2 Poisson’s Ratio

Poisson’s ratio is defined as the ratio of lateral strain to axial strain for an axially
and/or flexurally loaded structural element. For concrete, AASHTO LRFD Article
5.4.2.5 prescribes a value of 0.2. Poisson’s ratio has little importance in the
longitudinal analysis of concrete superstructures. However, it is an important
characteristic in the analysis of complex details using finite element techniques or in
predicting the degree of confinement developed in laterally reinforced concrete
members.

5.2.1.2.3 Volume Changes

Volume changes in concrete arise from variations in temperature, shrinkage due to
air-drying, and creep caused by sustained stress. These are influenced by
environmental conditions such as temperature and humidity, as well as the time and
duration of loading. They are also affected by the maturity of the concrete, which is
influenced by whether it is cast-in-place or precast. Volume changes affect
structural performance and must be properly accounted for when determining long-
term deflections and loss of prestress.

AASHTO LRFD Article 5.4.2.2 defines the coefficient of thermal expansion. For
normal weight concrete, the coefficient of thermal expansion is 0.000006 per degree
Fahrenheit. However, for lightweight concrete, the value is 0.000005 per degree
Fahrenheit.
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5.21.2.3.1 Shrinkage

Volume changes can occur due to shrinkage, which is primarily a result of sustained
air-drying. Shrinkage occurs rapidly in the first few days but gradually slows as time
passes, approaching but never quite reaching an ultimate limit (see Figure
5.2.1.2.3.1-1). The rate of shrinkage and the shape of the shrinkage curve vary with
the concrete type, maturity, exposure, and environment.

Ultimate shrinkage strain
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Figure 5.2.1.2.3.1-1 Shrinkage

5.21.2.3.2 Creep

Volume changes can also occur due to creep, which is the prolonged deformation of
concrete under sustained stress. When loaded, concrete undergoes an initial
“‘instantaneous” elastic strain which is a function of the modulus of elasticity at the
time of loading. When the stress is sustained, a delayed strain occurs over time. If
the stress is held indefinitely, the strain approaches an ultimate limit which is
typically in the range of 2 to 2.5 times the instantaneous strain. If at some point the
stress is released, there is an instantaneous recovery, proportional to the effective
modulus of elasticity for the age of the concrete. A delayed recovery of strain
follows. However, the recovery is never 100%, and a residual permanent strain
remains. This is illustrated in Figure 5.2.1.2.3.2-1.
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Figure 5.2.1.2.3.2-1 Creep and Concrete’s Response to Sustained Stress

AASHTO LRFD Article 5.4.2.3 offers basic formulae and guidance for shrinkage and
creep. It also allows shrinkage and creep to be determined by the provisions of
CEB-FIP (European Code) and ACI 209. The approach of each code takes into
account the same key factors using similar but slightly different formulations. The
key factors include the following:

e Maturity of concrete

e Strength of concrete

e Time and duration of sustained stress

o Exposed perimeter (volume to surface ratio)
e Average relative humidity

o Water-cementitious ratio

e Aggregate characteristics

e Type of curing

Experience and comparison of results of different codes for different projects and
locations might sometimes reveal different proportions of shrinkage and creep.
Figure 5.2.1.2.3.2-2 and Figure 5.2.1.2.3.2-3 show relative values of creep and
shrinkage predicted by four codes. These results are the average of values
computed for four segmental bridges and one bulb tee girder bridge. Although the
individual components of creep and shrinkage predicted by the different codes may
vary, the sums of the two volumetric changes are sufficiently close to warrant the
use of any of the codes in design.
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Figure 5.2.1.2.3.2-2 Relative Shrinkage by Different Codes
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Figure 5.2.1.2.3.2-3 Relative Creep by Different Codes

5.21.3 Density

Some concrete design provisions in AASHTO LRFD are different for normal weight
concrete than for lightweight concrete. Specific concrete design provisions that
depend on the concrete density include the following:

o Coefficient of thermal expansion (see AASHTO LRFD Article 5.4.2.2)
e Modulus of rupture (see AASHTO LRFD Atrticle 5.4.2.6)
e Resistance factors (see AASHTO LRFD Article 5.5.4.2)
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e Torsion and shear resistance (see AASHTO LRFD Article 5.8.2.2)
e Cohesion and friction factors (see AASHTO LRFD Article 5.8.4.3)

¢ Nominal shear resistance for design of shear-friction reinforcement (see
AASHTO LRFD Article 5.13.2.4.2)

5.2.1.3.1 Normal Weight Concrete

AASHTO LRFD defines normal weight concrete as concrete having a weight
between 0.135 and 0.155 Kcf.

For purposes of dead load computations, AASHTO LRFD assigns a unit weight of
0.145 kcf for normal weight concrete with f; less than or equal to 5.0 ksi, and 0.140
+ 0.001 f; (in units of ksi for f; and kcf for unit weight) for normal weight concrete
with f; between 5.0 ksi and 15.0 ksi.

5.2.1.3.2 Lightweight Concrete

AASHTO LRFD defines lightweight concrete as concrete containing lightweight
aggregate and having an air-dry unit weight not exceeding 0.120 kcf, as determined
by ASTM C567. Lightweight concrete without natural sand is termed “all-lightweight
concrete,” and lightweight concrete in which all of the fine aggregate consists of
normal weight sand is termed “sand-lightweight concrete.”

For purposes of dead load computations, AASHTO LRFD assigns a unit weight of
0.110 kcf for lightweight concrete and 0.120 kcf for sand-lightweight concrete.

For lightweight concrete, the air-dry unit weight, strength, and any other unique
properties should be specified in the contract documents.

5.21.4 Curing

Concrete is cured by different methods according to local conditions and procedures.
These may involve steam curing, covering with wet burlap, fogging, or application of
curing compounds to exposed top surfaces. After several days, when the concrete
attains a required minimum strength determined by control cylinders, side forms are
removed and strands are released by carefully cutting at the end of each girder,
transferring their force to the girders. This is referred to as the “transfer” or “initial”
condition. The corresponding concrete strength is the initial strength, denoted as f,.

Girders are then transported to a storage area in the casting yard (Figure 5.2.1.4-1).
In storage, girders must be carefully supported on temporary blocks at the locations
of the bearings or as otherwise approved by the Engineer. Because the prestressing
effect is greater than the effect of self-weight, most I-girders have a positive, upward
camber, as seen in Figure 5.2.1.4-1. If girders are in storage for a long time, the
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