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FOREWORD

It took an act of Congress to provide funding for the development of this comprehensive
handbook in steel bridge design. This handbook covers a full range of topics and design
examples to provide bridge engineers with the information needed to make knowledgeable
decisions regarding the selection, design, fabrication, and construction of steel bridges. The
handbook is based on the Fifth Edition, including the 2010 Interims, of the AASHTO LRFD
Bridge Design Specifications. The hard work of the National Steel Bridge Alliance (NSBA) and
prime consultant, HDR Engineering and their sub-consultants in producing tlis handbook is
gratefully acknowledged. This is the culmination of seven years of effort be ing in 2005.

The new Steel Bridge Design Handbook is divided into several topics and les as
follows:

Bridge Steels and Their Properties
Bridge Fabrication

Steel Bridge Shop Drawings
Structural Behavior

Selecting the Right Bridge Type
Stringer Bridges ‘
Loads and Combinations
Structural Analysis
Redundancy

Limit States

Design for Constructibility

Design for Fatigue
Bracing System Desig
Splice Design
Bearings

Substructure

ridges

Ce-span Continuous Straight [-Girder Bridge

: Two-span Continuous Straight I-Girder Bridge

Design R : Two-span Continuous Straight Wide-Flange Beam Bridge
: Three-span Continuous Straight Tub-Girder Bridge
Design Example: Three-span Continuous Curved I-Girder Beam Bridge
Design Example: Three-span Continuous Curved Tub-Girder Bridge

These topics and design examples are published separately for ease of use, and available for free
download at the NSBA and FHWA websites: http://www.steelbridges.org, and
http://www.thwa.dot.gov/bridge, respectively.



http://www.fhwa.dot.gov/bridge/
http://www.steelbridges.org/

The contributions and constructive review comments during the preparation of the handbook
from many engineering processionals are very much appreciated. The readers are encouraged to
submit ideas and suggestions for enhancements of future edition of the handbook to Myint Lwin
at the following address: Federal Highway Administration, 1200 New Jersey Avenue, S.E.,
Washington, DC 20590.




1.0 INTRODUCTION

The purpose of this example is to illustrate the use of the Fifth Edition of the AASHTO LRFD
Bridge Design Specifications [1], referred to herein as AASHTO LRFD (5" Edition, 2010) for the
design of a continuous steel I-girder bridge. The design process and corresponding calculations
for steel I-girders are the focus of this example, with particular emphasis placed on illustration of
the optional moment redistribution procedures. All aspects of the girder design are presented,
including evaluation of the following: cross-section proportion limits, constructibility,
serviceability, fatigue, and strength requirements. Additionally, the weld desjgn for the web-to-
flange joint of the plate girders is demonstrated along with all applicable co gents of the
stiffener design and lateral bracing design.

simultaneous equations. The method is similar to the optio in gevious AASHTO
specifications that permitted the peak negative bendlng mo ased by 10% before
performing strength checks of the girder. Ho t method this empirical
percentage is replaced by a calculated quantity; whic of geometric and material
properties of the girder. Furthermore, the range 0 moment redistribution is

applicable is expanded compared to previo i the specifications, in that girders with
slender webs may now be conside of these procedures is considerable
economical savings. Specifically, in edufes may offer cost savings by (1)
requiring smaller girder sizes, (2) elimi r cover plates (which have unfavorable
fatigue characteristics) in rolled reducing the number of flange transitions without

increasing the amount of mate
more significantly, fabricagon



2.0 DESIGN PARAMETERS

The bridge cross-section for the tangent, two-span (90 ft - 90 ft) continuous bridge under
consideration is given below in Figure 1. The example bridge has four plate girders spaced at
10.0 ft and 3.5 ft overhangs. The roadway width is 34.0 ft and is centered over the girders. The
reinforced concrete deck is 8.5 inch thick, including a 0.5 inch integral wearing surface, and has
a 2.0 inch haunch thickness.

The framing plan for this design example is shown in Figure 2. As will be degnonstrated
subsequently, the cross frame spacing is governed by constuctibility requirerNghgs in positive
bending and by moment redistribution requirements in negative bending.

The structural steel is ASTM A709, Grade 50W, and the concrete is norma
compressive strength of 4.0 ksi. The concrete slab is reinforced with nomin§
reinforcing steel.

The design specifications are the AASHTO LRFD (5" Edition, 2 geW@esign
Specifications. Unless stated otherwise, the specific articles and eglitions referenced
throughout this example are contained in these specification

iding the same girder design
he requirements for both
designed assuming composite action

The girder design presented herein is based on'th
for both the interior and exterior girders. Thus, th
interior and exterior girders. Additionally, thesgirder
with the concrete slab.

3@ 10-07

—F 3!_ 611 |1 ;l 31_ 611 1_

Figure 1 Sketch of the Typical Bridge Cross Section
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3.0 GIRDER GEOMETRY

The girder elevation is shown in Figure 3. As shown in Figure 3, section transitions are provided
at 30% of the span length (27 feet) from the interior pier. The design of the girder from the
abutment to 63 feet from the abutment is primarily based on positive bending moments; thus, this
section of the girder is referred to as either the “positive bending region” or “Section 1”
throughout this example. Alternatively, the girder geometry at the pier is controlled by negative
bending moments; consequently the region of the girder extending from 0 to 27 feet on each side
of the pier will be referred to as the “negative bending region” or “Section 2’4 The rationale used

Selection of appropriate web depth has a significant influence on gi < , initial
consideration should be given to the most appropriate web depth . er criteria
the span-to-depth ratios given in Article 2.5.2.6.3 may be used af 2 nt for selecting a
beam portion of a
continuous-span composite section is 0.027L, where L is the s, the minimum

steel depth is computed as follows. ‘

0.027(90 ft)(12 in./ft) = 29.2 inche

epths satisfying the above
d 46 inches and in all cases girder
decrease in girder weight became much

Preliminary designs were evaluate
requirement. These web depths varie
weight decreased as web depth increase
less significant for web depths

83I =) Dll — DII 83I =) Dll

=} ool 1
14 x 1-1/8 14 x 3/4
42 x 12 42 x 716
16 x 1- 174 16 % 1- 174

Figure 3 Sketch of the Girder Elevation
3.2 Web Thickness

The thickness of the web was selected to satisfy shear requirements at the strength limit state
without the need for transverse stiffeners. This resulted in a required web thickness of 0.5 inch at



the pier and 0.4375 inch at the abutments. The designer may also want to examine the economy
of using a constant 0.5 inch web throughout.

In developing the preliminary cross-section it should also be verified that the selected
dimensions satisfy the cross-section proportion limits required in Article 6.10.2. The required
web proportions are given in Article 6.10.2.1 where, for webs without longitudinal stiffeners, the
web slenderness is limited to a maximum value of 150.

D 150 Eq.4@0.2.1.1-1)

w

Thus, the following calculations demonstrate that Eq. 6.10.2.1.1-1 is satisfig
positive and negative moment regions of the girder, respectively.

D 42

~_ =96<150 ted)
t, 04375

b_4_ 84<150 (satisfied)
t, 05

3.3 Flange Geometries

region was controlled by

tresses are directly related to the
section modulus of the flange about the 1 er as well as the lateral bracing
distance. Various lateral bracin investigated and the corresponding flange width
required to satisfy constructaby#y requireme r each case was determined. Based on these
efforts it was determined that #hinimum W@nge width of 14 in. was needed to avoid the use of

The width of the compression flan:

additional cross-frames. ini width was used for the top flanges.
All other p atively selected to satisfy all applicable requirements while
producindgh irder design possible. The resulting girder dimensions are

1lustrated

Article 6.10.
is intended to p
girder during fal§

>cifies four flange proportions limits that must be satisfied. The first of these
ent the flange from excessively distorting when welded to the web of the
ation.

b 100 Eq. (6.10.2.2-1)

2,

Evaluation of Eq. 6.10.2.2-1 for each of the three flange sizes used in the example girder is
demonstrated below.



b, 14

e -933<12.0 (satisfied)
2t,  2(0.75)

b1 <120 (satisfied)
2t 2(1.125)

b 14 6.4<12.0 (satisfied)
2t 2(1.25)

The second flange proportion limit that must be satisfied corresponds to the re gship between
the flange width and the web depth. The ratio of the web depth to the flange
influences the flexural capacity of the member and is limited to a maximu
maximum value for which the moment capacity prediction equations for std

proven to be valid.

Eqi6.10.2.2-2)

It is shown below that Eq. 6.10.2.2-2 is satisw for flan idths utilized in this design
example.

b= 14.0 inch (satisfied)
bg=16.0 inch (satisfied)
Equation 3 of Article 6.10.2.2 limits the flange to a minimum of 1.1 times the

ensure that some web shear buckling restraint is
provided by the flanges, and t nditions at the web-flange junction assumed in
the development of the welxb inSM@nd flange local buckling are sufficiently accurate.

Evaluatio 2. the minimum flange thickness used in combination with each of
the web thid gd in Wic example girder is demonstrated below.

=0.75>1.1(0.4375)=0.48 (satisfied)

f-min
min =1.125>1.1(0.5) =0.55 (satisfied)

Equation 6.10.2.2-4 sets limits for designed sections similar to the previsions of previous
specifications. This provision prevents the use of extremely mono symmetric sections ensuring
more efficient flange proportions and results in a girder section suitable for handling during
erection.

0.1<22<10 Eq. (6.10.2.2-4)



where: Iy moment of inertia of the compression flange of the steel section about the

vertical axis in the plane of the web (in.*)

Iy = moment of inertia of the tension flange of the steel section about the vertical
axis in the plane of the web (in.*)

Computing the ratio between the top and bottom flanges for the positive and negative bending
regions, respectively, shows that this requirement is satisfied for the design garder.

1< (0.75)(14)* /12 171.5

1< = =0.40<10
(1.25)(16)° /12 426.7

ied)

| (L125)(14)* /12 _ 25725

1< = =0.60<10
(1.25)(16) /12 426.7

‘N
\
™

d)




4.0 LOADS

This example considers all applicable loads acting on the super-structure including dead loads,
live loads, and wind loads as discussed below. In determining the effects of each of these loads,
the approximate methods of analysis specified in Article 4.6.2 are implemented.

4.1 Dead Loads
The dead load, according to Article 3.5.1, is to include the weight of all components of the
structure, appurtenances and utilities, earth cover, wearing surface, future ovgrlays, and planned
widening. Dead loads are divided into three categories: dead load of structura ponents and
non-structural attachments (DC) and the dead load of wearing surface and utilitX
Alternative load factors are specified for each of these three categories of dg
on the load combination under consideration.

4.1.1 Component And Attachment Dead Load (DC)

For composite girders consideration is given to the fact that not 4
composite section and the DC dead load is separated into t
section before the concrete deck is hardened or made compo
on the composite section (DC2). DC1 is assugied to arrie
assumed to be carried by the long-term compoSit
long-term composite section is comprised of the
concrete slab. Formulas are given in the spega i determine the effective slab width over
which a uniform stress distributio : ective width of the concrete slab is
in@the width by the ratio between the
steel modulus and one-third the concret h is typically referred to as a modular

plied to the
¢ deagllibad acting on the

the steel section alone. DC2 is
ositive bending region the

creep. In the negative bending g@gi ite section is comprised of the steel section and

DC1 includes the gird i t of concrete slab (including the haunch and overhang
taper), dec es, and stiffeners. The unit weight for steel (0.490 k/ft’) used in
this exam|yi 3.5.1-1, which provides approximate unit weights of various

materials.
concrete unif
weight of the

the unit weight of normal weight concrete as 0.145 k/ft’; the
Bed to 0.150 k/ft” in this example to account for the additional
einforcement within the concrete. The dead load of the stay-in-place forms is
assumed to be YApsf. To account for the dead load of the cross-frames, stiffeners and other
miscellaneous st@@l details a dead load of 0.015 k/ft. is assumed. It is also assumed that these
dead loads are eq®ally distributed to all girders as permitted by Article 4.6.2.2.1 for the line-
girder type of analysis implemented herein. Thus, the total DC1 loads used in this design are as
computed below.

10



Slab = (8.5/12) x (37) x (0.150)/4 =0.983 k/ft
Haunch (average wt/length) =0.017 k/ft
Overhang taper =2 x (1/2) x [3.5-(7/12)] x (2/12) x 0.150/4 = 0.018 k/ft
Girder (average wt/length) =0.174 k/ft

Cross-frames and misc. steel

Stay-in-place forms = 0.015 x (30-3 x (12/12))/4

Total DC1
DC2 is composed of the weight from the barriers, medians, and sidg o aliPs or
medians are present in this example and thus the DC2 weight is g [ arricl weight alone.
The parapet weight is assumed to be equal to 520 1b/ft. Article 4 es that when

approximate methods of analysis are applied DC2 may be
larger proportion of the concrete barriers may be applied to t
the barrier weight is equally distributed to all"ders ultin
below.

the DC2 loads computed

Barriers = (0.520 x 2)/4 = 0.260
DC2 = 0.260 k/ft
4.1.2 Wearing Surface Dead

Similar to the DC2 loads,
composite section and is

e future wearing surface is applied to the long-term
lly distributed to each girder. A future wearing

The AASHTO LRFD (5™ Edition, 2010) Specifications consider live loads to consist of gravity
loads, wheel load impact (dynamic load allowance), braking forces, centrifugal forces, and
vehicular collision forces. Live loads are applied to the short-term composite section. In positive
bending regions, the short-term composite section is comprised of the steel girder and the
effective width of the concrete slab, which is converted into an equivalent area of steel by
multiplying the width by the modular ratio between steel and concrete. In other words, a modular
ratio of n is used for short-term loads where creep effects are not relevant. In negative bending

11



regions the short-term composite section consists of the steel girder and the longitudinal
reinforcing steel, except for live-load deflection and fatigue requirements in which the concrete
deck may be considered in both negative and positive bending.

4.2.1 General Vehicular Live Load (Article 3.6.1.2)

The AASHTO LRFD (5™ Edition, 2010) vehicular live loading is designated as the HL-93
loading and is a combination of the design truck or tandem plus the design lane load. The design
truck, specified in Article 3.6.1.2.2, is composed of an 8-kip lead axle spacedal 4 feet from the
closer of two 32-kip rear axles, which have a variable axle spacing of 14 fee
transverse spacing of the wheels is 6 feet. The design truck occupies a 10 feet |8mvidth and is
positioned within the design lane to produce the maximum force effects, bug
than 2 feet from the edge of the design lane, except for in the design of the

The design tandem, specified in Article 3.6.1.2.3, is composed of : paced 4
feet apart. The transverse spacing of the wheels is 6 feet.

The design lane load is discussed in Article 3.6.1.2.4 and h ude ofi.64 kif uniformly
distributed in the longitudinal direction. In the transverse dir ccupies a 10 foot
width. The lane load is positioned to producegiktre ts, and therefore, need not be

applied continuously.

For both negative moments between points re and interior pier reactions a special
s described above but with the
lanc’loading. The trucks must have a
Qhe live load moments between the points
e larger of the HL-93 loading or the special

magnitude of 90% the axle weights)
minimum headway of 50 feet between
of dead load contraflexure are t
negative loading.

Live load shears are to b onlyA#0om the HL-93 loading, except for interior pier
3 loading or the special negative loading.

The dyna : ich accounts for the dynamic effects of force amplification, is
only applie ROt f the live loading, and not the lane load. For the strength and
service limit\§ie ic load allowance is taken as 33 percent, and for the fatigue limit

The loading for the optional live load deflection criterion consists of the greater of the design
truck, or 25 percent of the design truck plus the lane load. A dynamic load allowance of 33
percent applies to the truck portions (axle weights) of these load cases. During this check, all
design lanes are to be loaded, and the assumption is made that all components deflect equally.

12



4.2.3 Fatigue Load (Article 3.6.1.4)

For checking the fatigue limit state, a single design truck with a constant rear axle spacing of 30
feet is applied.

4.3 Wind Loads

Article 3.8.1.2 discusses the design horizontal wind pressure, Pp, which is used to determine the
wind load on the structure. The wind pressure is computed as follows:

Vo
® %10,000
where: Pg = base wind pressure of 0.050 ksf for beams (Table 3.8
Vpz = design wind velocity at design elevation, Z

In this example it is assumed the superstructure is less than
the wind velocity is prescribed to equal 100 mph, which is

pressure, Pp, is determined as follows.

2
P, =0.050—%

=0.050ksf
0

b

4.4 Load Combinations

The specifications define four
state, the strength limit state,
each limit state in more 1
Article 1.3.2.1 must b

ice limit state, the fatigue and fracture limit
e event limit state. The subsequent sections discuss
11 limit states the following general equation from
erent combinations of loads (i.e., dead load, wind

where:

ofundancy factor (Article 1.3.4)

m = Operational importance factor (Article 1.3.5)
#n = Load factor

Qi = Force effect

@ = Resistance factor
Rn = Nominal resistance
Ry = Factored resistance

13



The factors relating to ductility and redundancy are related to the configuration of the structure,
while the operational importance factor is related to the consequence of the bridge being out of
service. The product of the three factors results in the load modifier, 1, and is limited to the
range between 0.95 and 1.00. In this example, the ductility, redundancy, and operational
importance factors are each assigned a value equal to one. The load factors are given in Tables
3.4.1-1 and 3.4.1-2 of the specifications and the resistance factors for the design of steel
members are given in Article 6.5.4.2.

‘N
\
™
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5.0 STRUCTURAL ANALYSIS

The AASHTO LRFD (5" Edition, 2010) specifications allow the designer to use either
approximate (e.g., line girder) or refined (e.g., grid or finite element) analysis methods to
determine force effects; the acceptable methods of analysis are detailed in Section 4 of the
specifications. In this design example, the line girder approach is employed to determine the
girder moment and shear envelopes. Using the line girder approach, vehicular live load force
effects are determined by first computing the force effects due to a single truck or loaded lane
and then by multiplying these forces by multiple presence factors, live-load distribution factors,
and dynamic load allowance factors as detailed below.

5.1 Multiple Presence Factors (Article 3.6.1.1.2)

Multiple presence factors account for the probability of multiple lanes on t
simultaneously. These factors are specified for various numbers o
3.6.1.1.2-1 of the specifications. There are two exceptions when g ence 1actors are not
to be applied. These are when (1) distribution factors are calcula
these equations are already adjusted to account for multipl ,
determining fatigue truck moments, since the fatigue analysi ’cd for a single truck.
Thus, for the present example, the multiple p
distribution factors are computed using the lever gle a h and service limit states as
demonstrated below.

empirical equations and simplj
Article 4.6.2.2.1 of the spegifi specifically developed based on the location of the
ct considered (i.e., moment or shear), and the bridge
cific parameters of the bridge are within the ranges

in Article 4.6.2.2.1. If the limits are not satisfied, a more refined
analysis s design example satisfies all limits for use of the empirical
distributio : he , the analysis using the approximate equations follows.
Distribution {3 are a function of the girder spacing, slab thickness, span length, and the
stiffness of the'@lider, which depends on the proportions of the section. Since the factor depends
on the girder pro@@tion that is not initially known, the stiffness term may be assumed to be equal
to one for prelimifary design. In this section, calculation of the distribution factors is presented
based on the girder proportions previously shown in Figure 3.

5.2.1 Live-Load Lateral Distribution Factors — Positive Flexure

In positive bending regions, the stiffness parameter required for the distribution factor equations,
K, 1s determined based on the cross section in Figure 4.

15



K, =n(l+ Aey’) Eq. (4.6.2.2.1-1)

where:
n = modular ratio
I = moment of inertia of the steel girder
A = area of the steel girder
e, = distance between the centroid of the girder and centroid of the slab

The required section properties of the girder (in addition to other section propgiics that will be
relevant for subsequent calculations) are determined as follows.

e, =8.0/2+2.0+26.01-0.75=31.261n.
n=2=§

Ky =n(I+ Ae,”) = 8(15,969 + 48.88(31.26)*) = 509,871

5257

147 x 3147

427 x U1e”

167 x 1-1/4”

etch of Section 1, Positive Bending Region
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Table 1 Section 1 Steel Only Section Properties

Component A D Ad Ad? I, I
Top Flange 147 x 34" 10.50 | 21.38 2245 4797 0.49 4798
Web 427 x 7/ 18.38 2701 2701
Bottom Flange 16" x 1-147 20.00 | -21.63 | -432.5 9353 2.60 9356
45.88 -208.0 16.855
-4.26(20§ -886
15,969 in*

—208.0
d.= =-4.261in

48.88
droporsteL = 21.75+4.26=26.01 in. STOP OF STEEL =
dpororstErL = 22.25-4.26=17.99in SBOTOF STEEL

5.2.1.1 Interior Girder — Strength and Ser“ Lig

For interior girders, computation of the distributio tors fo trength and service limit
states is based on the empirical equations gj in A 4.6.2.2.2 as described below.

52111 Bending Moment

The empirical equations for dist load moment at the strength and service limit

girder spacing

span length
ts slab thickness
Ky = stiffness term

0.4 0.3 0l
DF = 006+ 2| (100) | —SEEL | = 0,508 lanes
14 90 ) |12.0(90)(8.0)

17



0.6 0.2 0.1
S V(s K,
DF =0.075+| — - for two or more lanes loaded

95) \L) (120L¢
0.6 0.2 0.1
DF = 0.075+(10'0j (10'0] 509871 - | =0.734lanes (governs)
9.5 90 12.0(90)(8.0)

Thus, the controlling distribution factor for moment of an interior girder in the positive moment
region at the strength or service limit state is 0.734 lanes.

52.1.1.2 Shear

The empirical equations for distribution of live load shear in an interior gir ngth and
service limit states are given in Table 4.6.2.2.3a-1. Similar to the equations
above, alternative expressions are given based on the number of lo

DF = 36.0+ i for one lane loaded
25.0

DF = 36.0+% =(.760 lanes ‘

(governs)

b

ial analysis assuming that the entire cross section deflects and
ethod is illustrated below.

approximat
rotates as a

52121 ding Moment

Lever Rule:
As specified in Table 4.6.2.2.2d-1, the lever rule is one method used to determine the distribution
factor for the exterior girder. The lever rule assumes the deck is hinged at the interior girder, and
statics is employed to determine the percentage of the truck weight resisted by the exterior
girder, i.e., the distribution factor. It is specified that the truck is to be placed such that the closest
wheel is two feet from the barrier or curb, which results in the truck position shown in Figure 5
for the present example. The calculated reaction of the exterior girder is multiplied by the
multiple presence factor for one lane loaded, m;, to determine the distribution factor.

18



DF = (0.5 . o.s(MDm1
10

m, = 1.20 (from Table 3.6.1.1.2-1)

DF =0.7 x 1.2 = 0.840 lanes

¢ T
Girder Bridge

3- 6"

>

<
<% L

e een the center of the exterior girder and the interior
»tor the present example d. is equal to 2.

e-lane loaded distribution factor for moment in the positive moment region of

an interior girdd@lwhich was previously determined to be 0.508 lanes) by the correction factor of

0.990 gives the {8
DF =0.990(0.508) = 0.503 lanes

Similarly, modifying the interior girder distribution factor for two or more lanes loaded gives the
following.

DF =0.990(0.734) = 0.727
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Special Analysis:

The special analysis assumes the entire bridge cross-section behaves as a rigid body rotating
about the transverse centerline of the structure and is discussed in the commentary of Article
4.6.2.2.2d. The reaction on the exterior beam is calculated from the following equation:

N
R=Nu | Xou 28 Eq. (C4.6.2.2.2d-1)
b 32
where:
N_. = number of lanes loaded
Np = number of beams or girders
Xext = horizontal distance from center of gravity of the pa xterior
girder (ft.)
e = eccentricity of a design truck or a design lan§liba the er of gravity of
the pattern of girders (ft.)
X = horizontal distance from the cgte fg pattern of girders to each
girder (ft.)
Figure 6 shows the truck locations ere it is shown that the maximum
number of trucks that may be place ss-section is two. Thus, we proceed with
calculation of the distribution factors us alysis procedure for one loaded lane

Based on the cq@iputations for exterior girder distribution factors for moment in the positive
bending region S@@wn above, it is determined that the controlling factor for this case is equal to
0.860, which is b&ed on the special analysis with two lanes loaded. Compared to the interior
girder distribution factor for moment in the positive bending region, which was computed to be
0.734, it is shown that the exterior girder distribution factor is larger, and therefore controls the

bending strength design at the strength and service limit states in the positive bending region.

20



< 3-6

Figure 6 Sketch of the Truck Locations for

5.2.1.2.2 Shear

The distribution factors computed above using'thglev: oximate formulas, and special
analysis methods are also applicable to the distri of s e.

Lever Rule:
The above computations demonstrat he dis tion Yactor is equal to 0.840 lanes based on
the lever rule.

DF = 0.840 lanes

Modified Interior Girder
The shear modificatio

n Faciey:
using the following formula.

Applying this modification factor to the previously computed interior girder distribution factors
for shear for one lane loaded and two or more lanes loaded, respectively, gives the following.

DF = 0.820(0.760) = 0.623 lanes

DF = 0.820(0.952) = 0.781 lanes

21



Special Analysis:
It was demonstrated above that the special analysis yields the following distribution factors for
one lane and two or more lanes loaded, respectively.

DF =0.732 lanes
DF = 0.860 lanes (governs)

of the exterior
er distribution

Thus, the controlling distribution factor for shear in the positive bending regi
girder is 0.860, which is less than that of the interior girder. Thus, the interio
factor of 0.952 controls the shear design in the positive bending region.

5.2.1.3 Fatigue Limit State

As stated in Article 3.6.1.1.2, the fatigue distribution factor is baseg g and does

multiple presence factors, the fatigue distribution factors ar : glibth distribution
factors divided by the multiple presence factor for one lane,

52131 Bending Moment

determined that the maximum dist i the lever rule calculations.

Dividing this distribution factor of 0 sence factor for one lane loaded
results in the following distribution fac ment in the positive bending region.
DF = 0.840 =0.700 188es
1.20

5.2.1.3.2 Shear
. i the abo istribution factors for shear due to one lane loaded, the
@ actor I§@alculated by again dividing the lever rule distribution factor by
C [)
=0.700lanes

5.2.1.4 Distribution Factor for Live-Load Deflection

Article 2.5.2.6.2 states that all design lanes must be loaded when determining the live load
deflection of the structure. In the absence of a refined analysis, an approximation of the live load
deflection can be obtained by assuming that all girders deflect equally and applying the
appropriate multiple presence factor. The controlling case occurs when two lanes are loaded, and
the calculation of the corresponding distribution factor is shown below.
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DF = m[m] = l.O(zj =0.5001anes
N 4

b
Table 2 summarizes the governing distribution factors for the positive bending region.

Table 2 Positive Bending Region Distribution Factors
Interior Girder Exterior Girder

Bending Moment 0.734

Shear 0.952
Fatigue (Bending Moment) 0423
Fatigue (Shear) 0.633
Deflection 0.500

negative bending region. Specifically, the distribution factor
and service limit states is directly influenced i@ato thagirder
calculations for the positive moment region, this i ith determining the stiffness
parameter, K, of the section. The cross section fo ing region is shown in

8”

2”

147x 1-1/87

427 x 127

167 x 1-1/47

Figure 7 Sketch of Section 2, Negative Bending Region

23



Table 3 Section 2 Steel Only Section Properties

Component A D Ad Ad? I, I
Top Flange 147 x 1-1/8” 15.75 21.56 340 7323 1.66 7325
Web427x 1/27 21.00 3087 3087
BottomFlange 167 x 1-1/4” 20.00 -21.63 | -432.5 9352 2.60 9355
56.75 -02.5 19,767
(1.63(92.5)=  -151

19,616 in*

g
d="2%7__163in.
8675

droporstesr = 22,125+ 1.63=23.761in.

deoroF sTEEL =22.25— 1.63 =20.62 in.

€g=8.0/2+2.0+23.76 —1.125 =28.64 in.

n=3_8 ‘

K, =n(I+ Ae,’) = 8(19,616 + 56.75(28.6

As discussed above, the distributid rs at the strength and service limit
states are computed based on the em iven in Article 4.6.2.2.2.

The applicable equations for m n factors from Table 4.6.2.2.2b-1 are as shown
below.

0.1
j for one lane loaded

0.0
90

0.3
529,321 - |=0.510 lanes
12.0(90)(8.0)

0.6 0.2 0.1

S V(s K,

75+ — — 3 for two or more lanes loaded
9.5 L 12.0Lt

0.6 0.2
DF =0.075 +(10'0] (10'0) 529,321 = |= 0.737 lanes
9.5 90 12.0(90)(8.0)

Table 4 summarizes the distribution factors for the negative bending region, where it is shown
that the exterior girder controls all aspects of the design expect for shear at the strength and
service limit states.



Table 4 Negative Bending Region Distribution Factors

Interior Girder | Exterior Girder
Bending Moment 0.737 0.860
Shear 0.952 0.860
Fatigue (Bending Moment) 0.425 0.700
Fatigue (Shear) 0.633 0.700
Deflection 0.500 0.5Q@

5.2.3 Dynamic Load Allowance

The dynamic effects of the truck loading are taken into consideration by thd
allowance, IM. The dynamic load allowance, which is discussed ing e
specifications, accounts for the hammering effect of the wheel a
response of the bridge. IM is only applied to the design truck or
Table 3.6.2.1-1 specifies IM equal to 1.33 for the strength,
evaluations, while IM of 1.15 is specified for the fatigue lim

4

Ad deflection

e lane loading.
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6.0 ANALYSIS RESULTS
6.1 Moment and Shear Envelopes

Figures 8 through 11 show the moment and shear envelopes for this design example, which are
based on the data presented in Tables 5 through 11. These figures show distributed moments for
the exterior girder and distributed shears for an interior girder, which are the controlling girders
for each force effect, based on the distribution factors computed above. The envelopes shown are
determined based on the section properties of the short-term composite sectigg.

As previously mentioned, the live load in the positive bending region between t@woints of dead
load contraflexure is the result of the HL-93 loading. In the negative bendiy ,
points of dead load contraflexure, the moments are the larger of the and the
special negative-moment loading, which is composed of 90 percent ot

moment and lane loading moment.

-217
-265

X
<N

\ -1737

Moment, kip-fi.

Distance from End Bearing, fi.

Figure 8 Dead and Live Load Moment Envelopes
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Figure 10 Fatigue Live Load Moments
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Table 5 Unfact Moments (Kip-ft)
Non-Com. | Com. | Wearing Double Double
Surf. Load Tandem Truck Tandem
Span 1 neg. | pos. | neg. | pos. | neg. | pos. | neg. |
0.00 o | o] o] o 0 0| o
0.10 33 [ 381 | 44| 0 0 0| o
0.20 65 | 652 | 87 | 0 0 0| o
0.30 98 | 817 [-131] 0 0 0| o
0.40 131 | 883 | -174| 0 0 0| o
0.50 163 | 866 | -218| 0 0 0| o
0.60 196 | 779 | -261| 0 0 0| o
0.70 229 | 625 | -305| 0 0 0| o
0.80 261 | 423 | 348| 0 | 479 | 0 |-B11
0.80 -385 | 192 | -392 0 -755 0 -6587
1.00 653 | 0 [-436] 0 [-1196| 0 |-764
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0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

Table 6 Unfactored and Undistributed Live Load Moments (kip-ft)

0
485
816
1002
1083
1059
951
743
463
102
0

0
-60
120
-180
-240
-300
-359
-419
-479
-539
-599

0
-29
-59
-88
-118
-147
-176
-206
-967
-1250
-2020

0
-112
-225
-337
-449
-562
-674
-786
-809
-1102
-1450

0
846
1434
1779
1932
1894
1691
1304
770
285
0

_ Distribution Factors

0.86
0.86
0.86
0.86
0.86
0.86
0.866
0.86
0.86
0.86
0.86

Table 7 Strength | Load Combination Mo

negative
0
429
674
734
600
3005 300
3365 194
2074 873
775 -1838
-833 3144
-2326 -5365
[l Combination Moments (Kip-ft)
Service Il
positive negative
0 0
1413 342
2304 540
2050 5093
3164 502
3012 267
2531 113
! 2531 113
0.70 178 35 29 1458 879 1701 636
0.80 220 44 -36 861 -1081 561 -1380
090 724 =144 =118 319 -13498 -G6T -2384
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Table 9

Unfactored and Undistributed Shears (kip)

Non-Com. | Com. | Wearing
Dead Dead Surf. Truck Load Lane Load Tandem
Span 1 DC1 DC2 DW positive | negative | positive | negative | positive | negative

0.00 44 9 T 63 -7 29 4 49 -5
0.10 32 3] 5 54 -7 20 4 42 -5
0.20 20 4 3 45 -10 15 -5 36 -1
0.30 9 2 1 37 -18 11 -7 30 17
0.40 -3 -1 0 29 -26 8 -9 25 23
0.50 -15 -3 -2 22 -34 3 -12 19 -29
0.60 27 -5 4 15 42 3 -16 -34
0.70 -38 -8 6 10 -50 2 -20 -38
0.80 -50 10 -8 9 -56 1 -25

0.90 62 12 -10 2 62 0 -30

1.00 74 15 12 0 67 0

Table 10 Unfactored and Undistributed Live

:— (1.33 v Venicie + Lave) Live Load
Span 1 posilive Negative
0.00 63 7 108 12
0.10 54 7 91 12
0.20 45 11 75 19
0.30 37 18 60 . -29
0.40 29 -26 4 0952 44 42
0.50 22 34 0952 33 55
0.60 15 42 0952 22 60
0.70 10 -50 0952 14 82
0.80 6 -56 0952 8 -85
0.90 2 62 0.952 3 108
1.00 0 67 0952 12 103

Load Combination Shear (kip)
Strength |
positive negative

257 56

209 35

161 3

116 -35

72 79
31 123
: - 7 -167
0.70 48 -10 -9 24 144 43 211
0.80 63 12 12 13 167 74 -254
0.90 77 15 15 5 -188 -103 -296
1.00 -92 18 18 0 -209 -128 -337




6.2 Live Load Deflection

As provided in Article 3.6.1.3.2, control of live-load deflection is optional. Evaluation of this
criterion is based on the flexural rigidity of the short-term composite section and consists of two
load cases: deflection due to the design truck, and deflection due to the design lane plus 25
percent of the design truck. The dynamic load allowance of 33 percent is applied to the design
truck load only for both loading conditions. For this example, the live load is distributed using a
distribution factor of 0.500 calculated earlier.

The maximum deflection due to the design truck is 0.917 inches. Apply
distribution factors gives the following.

the impact and

Arp+v = 0.500 x 1.33 x 0.917 = 0.610 in.
The deflection due to 25% of the design truck plus the lane loadin wing.
Arpiv = 0.500 (1.33x0.25x 0.917 +0.475 ) =Q.39

Thus the governing deflection equal to 0.610 inch will be u
on the live-load deflection criterion. ‘

girder design based
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7.0 LIMIT STATES

As discussed previously, there are four limit states applicable to the design of steel I-girders. Each of
these limit states is described below.

7.1 Service Limit State (Articles 1.3.2.2 and 6.5.2)

The intent of the Service Limit State is to ensure the satisfactory performance and rideability of the bridge
structure by preventing localized yielding. For steel members, these objectives are intended to be satisfied
by limiting the maximum levels of stress that are permissible. The optional live-loagdeflection criterion

is also included in the service limit state and is intended to ensure user comfort.

7.2 Fatigue and Fracture Limit State (Article 1.3.2.3 and 6.5.3)

The intent of the Fatigue and Fracture Limit State is to control crack growth unde PW1his is
accomplished by limiting the stress range to which steel members are subj
range varies for various design details and member types. The fatigue I g the out-of-
plane flexing of the web. Additionally, fracture toughness requiremen *d i\ rticle 6.6.2 of the

specifications and are dependent on the temperature zone.

7.3 Strength Limit State (Articles 1.3.2.4@d 6.5,4)

The strength limit state ensures the design is stable a
highest load combinations considered. The bridge struc
permanent deformations) at the strength limit t th

sa gth when subjected to the

ay exp ce structural damage (e.g.,
rity of the structure is preserved.

The suitability of the design must also b i sure adequate strength and stability during
each construction phase. The deck casting ificant influence on the distribution of

flow. This li
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8.0 SAMPLE CALCULATIONS

This example presents sample calculations for the design of positive and negative bending
sections of the girders for the strength, fatigue and fracture, and service limit states. In addition,
calculations evaluating the constructibility of the bridge system are included and the optional
provisions for moment redistribution are presented. Also presented are the cross-frame design,
stiffener design, and weld design. The moment and shear envelopes provided in Figs. 8 through
11 are referenced in the following calculations.

8.1 Section Properties

The section properties for Section 1 and Section 2 are first calculated and wj pely used
in the subsequent evaluations of the various code checks. The structural sla
the slab thickness minus the integral wearing surface (8 inches) and the mo&@lka
to be 8§ inches these calculations.

8.1.1 Section 1 — Positive Bending Region

Figure 4. The

Section 1 represents the positive bending region and was pre
i se section properties.

longitudinal reinforcement is neglected in the‘mp on of
8.1.1.1 Effective Flange Width (Article 4.6.2.6)

Article 4.6.2.6 of the AASHTO LR
determination of the effective flange

ecifications governs the
rete’slab when designing composite

sections.
For the interior girders of this i positive bending region is determined as one-
half the distance to the adj i ch side of the girder being analyzed.

For the extd g is Xample, besr in the positive bending region is determined as one-
half the dista@ie agent girder plus the full overhang width.

The exterior girder has both a smaller effective width and a larger live load distribution factor
than the interior girder therefore moment design of the positive bending region is controlled by
the exterior girder.
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8.1.1.2 Elastic Section Properties: Section 1

As discussed above, the section properties considered in the analysis of the girder vary based on
the loading conditions. Specifically, live loads are applied to the termed the short-term composite
section, where the modular ratio of 8 is used in the computations. Alternatively, dead loads are
applied to the long-term composite section. The long-term composite section is considered to be
comprised of the full steel girder and one-third of the concrete deck to account for the reduction
in strength that may occur in the deck over time due to creep effects. This is reflected in the
section property calculations through use of a modular ratio equal to 3 times ghe typical modular
ratio (3n), or in this example, 24. The section properties for the short-term a g-term

for the steel section (girder alone) were previously computed in for the pu
live load distribution factors.

Component A d Ad

Steel Section 48.88 -208.

Concrete Slab (87x 1027/8) 102.0 27.00 / 74,902
150.88 01.757

L 3 -16.87(2,546)=  -42.951
48,806 in*
-

d,= 29 _16.87in.

15088

droporsterL =21.75 - 16.87=4.88 in. 107 QsTEEL = 43:25 =10,001in.3

deoTorsTEeL = 22.25+ 16.87=3 SEOT OF STEEL = 4385;3105 =1,2481in.}

Table 13 Section 1 site (3n) Section Properties (Exterior Girder)

Component d Ad Ad? I, 1
48.88 -208.0 16,855
34.00 | 27.00 018.0 24,786 181.3 24,967
82.88 710.0 41,822
-8.57(710.0)= -6.085
35,737 int
: 35737 .
droporstEEL =21.75—-8.57=13.18in. STOPOF STEEL = 318 =2.711in.?
_ 35737 .
deoTorsTEeL = 22.25+ 8.57=130.82in. SEOT OF STEEL = =1.159in
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8.1.1.3 Plastic Moment: Section 1

The plastic moment M, may be determined for sections in positive flexure using the procedure
outlined in Table D6.1-1 as demonstrated below. The longitudinal deck reinforcement is
conservatively neglected in these computations. The plastic forces acting in the slab (Py),
compression flange (P.), web (Py), and tension flange (P;) are first computed.

P, =0.850cbst, = 0.85(4.0)(102)(8) =2,611 kips

P. = Fycbete = (50)(14)(0.75) =525 kips
P, = F,,Dt, = (50)(42)(0.4375) =919 kips
P, = Fybit; = (50)(16)(1.25) = 1,000 kips

The plastic forces for each element of the girder are then compar; ocation of

axial force when considering the summation of plastic forc
cases, with accompanying conditions for use, to determine t
subsequently calculate the plastic moment. ‘

PNA

Following the conditions set forth in Table D6.1- rally located as follows:

CASE I
Pi+ Py >P.+ Py

1,000 +919 > 525 +

1,919 < 3,136 re, PNAWS not in the web

CASEII

Therefore, the pI§88ic neutral axis is in the concrete deck and ; is computed using the following
equation derived trom that provided in Table D6.1-1 when deck reinforcement is ignored:

P

S

;I:(ts){PCJrPWJrPt}

_ (8.0){525+919+1000

= 2611 } =7.49inchesfromthetopof the concreteslab
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The plastic moment M, is then calculated using the following equation derived from that
provided in Table D6.1-1 when deck reinforcement is ignored.

-2
|y P
Mp—[—zt J+[PCdC+PWdW+Ptdt]

S

The distance from the PNA to the centroid of the compression flange, web, aad tension flange
(respectively) is as follows:

d.=8.0+2.0-0.5(0.75) - 7.49 = 2.135 in.

dy=8.0+2.0 +0.5(42.0) — 7.49 = 23.51 in.

d=8.0 +2.0 +42.0 + 0.5(1.25) — 7.49 = 45.135 in.

Substitution of these distances and the above computed plaglilg fo into t@preceding
equation, gives the following:
: \ 4
M, = (%}[(525)(2.135)4 23.5 45.135)]

M, = 77,016 k-in = 6,41

8.1.1.4 Yield Moment: Sectio

The yield moment, whiclgi$th ment yillich causes first yield in either flange (neglecting
flange lateral bending etaile @I D6.2.2 of the specifications. This computation
t recognizes that different stages of loading (e.g. composite dead

load, non and live load) act on the girder when different cross-sectional
properties § d moment is determined by solving for Map using Equation
D6.2.2-1 (g 3 en summing Mp;, Mp;, and Map, where, Mp, Mp,, and Myp are
the factored } applied to the noncomposite, long-term composite, and short-term

Mg, n M o
yt
Ske Sir Sr

Eq. (D6.2.2-1)

Due to the significantly higher section modulus of the short-term composite section about the top
flange, compared to the short-term composite section modulus taken about the bottom flange, the

minimum yield moment results when using the bottom flange section modulus values.
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Computation of the yield moment for the bottom flange is thus demonstrated below. First the
known quantities are substituted into Equation D6.2.2-1 to solve for Map.

50:1'0[1.25(1738)(12)+ 1.25147)12)+1.500120)12) M 5p }

887.7 1,159 1,248

Map =42,136 k-in. = 3,511 k-ft.

e dead loads and

M, is then determined by applying the applicable load factors and summing
Map.

M, = 1.25(738) + 1.25(147) + 1.50(120) + 3,489 = 4,776 k-ft
8.1.2 Section 2 — Negative Bending Region

This section details the calculations to determine the section progs egeomposite girder in
the negative bending region, which was previously illustrat

8.1.2.1 Effective Flange Width (Article 4.6@)

As discussed previously, the effective flange wi
the distance to the adjacent girder one each side o irder be

irders is computed as one-half
analyzed.

ber =220+ 122 120.0in.
2 2

For an exterior girder, besr is thed as -half the distance to the adjacent girder plus the
full overhang width.

intended to pre cracking of the concrete deck in regions where the tensile stress due to the
factored construc®on load or the service II load exceeds ¢f;, which is typically the case in
negative bending regions. (f; is the modulus of rupture of the concrete and is equal to 0.24(f,)™
for normal weight concrete, and ¢ is equal to 0.90)

The total area of the concrete deck in this example is computed as follows.

. =§(37.0)+2 (%( j(z )[3 S—wj =25.15ft” =3,622in.?
12 2 12
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The minimum area of reinforcing steel required is taken as:
0.01(3,622) = 36.22 in.?
Reinforcement is to be distributed uniformly across the deck width. The area of reinforcement

required within the effective width (102 inches) of an exterior girder is determined as shown
below.

36.22in’
37.0ft

=0.98in?/ft.=0.816in*/ft.

0.0816(102) = 8.32 in.?

This reinforcement is to be placed in two layers with two-thirds o
layer and the remaining one-third placed in the bottom layer. Thg
reinforcement is 5.55 in” and the area of the bottom reinforc
reinforcement should not use bar sizes exceeding No. 6 bar
60 ksi, or use bar spacing exceeding 12.0 inches.

8.1.2.3 Elastic Section Properties: Section 2

Similar to the computation of section prop
for the short-term and long-term ¢ Si

section consisting of the girder and r
regions of negative bending, as it is ass

jon 2 are presented below. The
ncrete is not effective in tension.

omposite (n) Section Properties

above for Section 1, section properties

ly 18 included in the composite section, in

Component Ad Ad? I, I
Steel Section -92.5 19,767
Concrete Slab (87x 2,754 74,358 544 74,902
2.662 04,669
-16.77(2.662)= -44.642
50,027 in?
: 50,027 _ .
dropor sTeeL = 29925 - 16.77=35.36in. STOPOF STEEL = 536 =9,333in.’
: 50027 _ .
dsoTorstEEL =22.25+ 16.77=139.02in. SEOT OF STEEL = 2001 1,2821in
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Table 15 Section 2 Long Term Composite (3n) Section Properties

Component A d Ad Ad? I. I
Steel Section 56.75 -02.5 19,767
Concrete Slab (87x 34.0 | 27.00 018 24,786 181.3 24,967
102724
00.75 825.5 44,734
-9.10(825.5)= -7.512
37,222 in*
5
d.= 323 —9 10in.
0075
. 37,222 .
droporsteeL =22.125-9.10=13.03 in. STOPOF STEEL = 13‘ 03 =2.8571in.}

deororsTtEEL =22.25+ 9.10=31.35in. SBOT OF STEEL = 31:35 =1,187in.}

Table 16 Section 2 Steel Section and Longitudinal Reinfgii€em ion Properties
Component A d Ad I

Steel Section 56.75 -02.5 19.767
Top Long. Reinforcement 5.09 &5 46.3 4,207 4,207
Bot. Long. Reinforcement 2.54 2425 494 1,494
64.38 115.4 25,468
-1.79(115.4)= =207

25,261 in*

d="11%_ 1704

6483
droporsteeL =22.125-1.79= droporreny. =29.00—- 1.79=27.21in

deoroFsTEEL = 22.25+ 1,

yield, as de

from the nS@ily 2 ent it is determined that the reinforcing steel is the first to

Therefore, the reinforcing steel yields first.

Sren= 25,706 / 26.94 = 954.2 in.? (Controls)

SBOT OF STEEL — 25,706 /2431 = 1,057 il’l.3
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8.1.2.4 Plastic Moment: Section 2

Similar to the calculation of the plastic moment for Section 1, Table D6.1-2 is used to determine
the plastic moment (M,) for the negative bending section as demonstrated below. The concrete
slab is assumed to crack and is neglected in the computation of M,,. The plastic force acting in
each element of the girder is first computed.

P.=Fybete =(50)(16)(1.25) = 1,000 kips

P, = F,,Dt,, = (50)(42)(0.50) = 1,050 kips

P, =Fybt = (50)(14)(1.125) =788 kips

Pw=FynAn = (60)(2.77) =166 kips
Pi=FynArx = (60)(5.55) =333 kips
The plastic forces in each element are used to determine the gen ionf@f the plastic

neutral axis as follows:

CASE 1 ‘

PC+Pw2Pt+Prb+Pn

The plastic m t (Mp) is then computed as follows:

— —\2
M, [y +(D—y) :|+[Prtd|1+Prbdrb+Ptdt+Pcdc]
where: dix = 1526+2+8.0-2.25=23.011in.
dp = 1526+2+1.25=18.51in.
d = 1526+1.125/2=15.82in.
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de = 42.0-1526+1.252=27.37in.

M. = [21(’4025' g)}[(15.26)2 +(42.O—15.26)2]+ [(305)(23.01)+(152)(18.51)+ (788)(15.82)+ (1000)27.37)]

M, = 61,515 k-in. = 5,126 k-ft.

8.1.2.5 Yield Moment: Section 2

The process for determining the yield moment of the negative bending sectiOWgs similar to the

and the reinforcing steel only, the section modulus is the same for both the
term composite sections.

The yield moment is the lesser of the moment which causes first on, either
yielding in the bottom flange or yielding in the steel reinforcing. e negative
bending region it is not clear which yield moment value wiliigon ents causing first
yield in both compression and tension are computed.

The moment causing yielding in compressior&n ¢ outed based on Equation D6.2.2-

1.
M M M
F,=—t+—-bx4 Eq. (D6.2.2-1)
g SNC SLT SST
+1.5 217)(12)+ M ,p
7 1,057
4) + (1.25)(265) + (1.50)(217) + 1,909 = 4,233 k-ft

Similarly, es yielding in tension (in the steel reinforcing) is computed as
follows:

1.251,334(12) . 1.25265)12)+1.50217)12)
825.6 954

+954}

Mp = 16,697 k-in. = 1,391 k-ft
My = (1.25)(1,334) + (1.25)(265) + (1.50)(217) + 1,391 = 3,715 k-ft

M, = 3,715 k-ft. (governs)

41



8.2 Exterior Girder Check: Section 2

This design example illustrates the use of the optional moment redistribution procedures, where
moment is redistributed from the negative bending region to the positive bending region;
therefore the negative bending region will be checked first in order to determine the amount of
moment that must be redistributed to the positive bending region.

8.2.1 Strength Limit State (Article 6.10.6)

8.2.1.1 Flexure (Appendix A)

For sections in negative flexure, the flexural capacity of the member can be dg
general steel I-girders using Article 6.10.8, which limits the maximum capg
moment of the section. Alternatively, Appendix A permits girder capacities Al ay be
used for girders: having a yield strength less than or equal to 70 ksi, with a

The first requirement that the nominal yield strength must b than grs casily evaluated.

Fyr= 50 ksi < 70 ksi ‘ (satisfied)
The web slenderness requirement is evaluated usi g. A6.T%
2D, 54 /i Eq. (A6.1-1)
by Fe
As computed above the elastic i ated 24.31 inches from the bottom of the
composite negative bending s . in@the bottom flange thickness gives the web depth

in compression in the elagdils r

(satisfied)

Equation A6.1-2 prevents the use of extremely mono-symmetric girders, which analytical studies
indicate have significantly reduced torsional rigidity.

|
X >03 Eq. (A6.1-2)

y
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(1/12)(1.25)(16)°

;=1.7>03 (satisfied)
(1/12)(1.125)(14)

Thus, Appendix A is applicable.

The strength requirements specified by Appendix A are given in Section A6.1.1. Since the
compression flange is discretely braced, the flexural capacity of the compression flange must
exceed the maximum negative moment due to the factored Strength I loadmg plus one-third of
the lateral bending stress multiplied by the section modulus for the compressan flange, see Eq.
A6.1.1-1.

1
Mu+§fsxc—¢f

However, because the lateral bending forces are zero at the Strength
girders considered in this example, the left side of the equation rg )
moment. Similarly, the tensile moment capacity must also be grd@ie aximum factored
loading.

MUS¢ant ‘

Use of Appendix A begins with the computatlon web p cation factors, as detailed in
Article A6.2 and calculated below. If the s¢ has b which satisfies the compact web

slenderness limit of Eq. A6.2.1-1, ach rovided the flange slenderness and
lateral torsional bracing requirement

2D
P <A

Eq. (A6.2.1-1)

PW (Dp) ?

Eq. (A6.2.1-2)

The web dept compression at M, is computed by subtracting the previously determined
distance betwe e top of the web and the plastic neutral axis from the total web depth.

D =42.0 - 15.26 = 26.74 in.

The hybrid factor, Ry, is determined from Article 6.10.1.10.1, and is 1.0 for this example since
the design has a homogeneous material configuration. Therefore, A,y is computed as follows.
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29000

Apw(Dy) = 30 ; 5157.87[—26'74j:183.1
! 61516 23.06
- —0.09
(1.0)3715)12)
Xpw(Dcp) =56.11<183.1 (satisfied)

The web slenderness classification is then determined as follows.

20a)_2(674) 5.,
t 0.5 T Tew®

w

,=56.11

Therefore, the applicable web plastification factors are specified 2. 2-4nd A6.2.2-5
and are calculated as follows.

Rp(;: 1_[1_RhMYCJ[ﬂW_/1PW(Dc) MP
M p Arw _/’i'pW(DC) yc

where: A, = limiting slenderness ratig for a

Eq. (A6.2.2-4)

act web corresponding to 2D/ty,

9<r. =15787 Eq. (A6.2.2-6)

4839 ﬂ 61515 61515

X <
27-4839)|(4233)12) ~ (4233)12)

-1 M M
A = Aouiog) JJ PP Eq. (A6.2.2-5)

_;pr(Dw Myt Myt

( (1.0)(3715)(12))( 92.24-48.39 j 61,515 61515
1 <
61515 137.27-4839) |(3715(12) ~ (3715)12)

Ry =1.192<1.380=1.192
The flexural resistance based on the compression flange is determined from Article A6.3 and is

taken as the minimum of the local buckling resistance from Article A6.3.2 and the lateral
torsional buckling resistance from Article A6.3.3.
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To evaluate the local buckling resistance, the flange slenderness classification is first determined,
where the flange is considered compact if the following equation is satisfied.

b
where: =2i Eq. (A6.3.2-3)

Ay = 0.38 /E
f
yc
b
Ay =—=< 2, =0.38 E
2t F

6.3.2-4)

A, = 16.0 <2, =038 29,000
2(1.25) 50
A =6.40<A; =9.15 ‘ (satisfied)

Therefore, the compression flange is considered
local buckling of the compression flange is

act, an exural capacity based on
q. A6.3.2-1.

M, = Rpe My = (1.107)(4, Eq. (A6.3.2-1)
Similarly, to evaluate the compressi resistance based on lateral-torsional buckling, the
lateral bracing distance must b ateral bracing distances satisfying the following
equation are classified as com
ft
Eq. (A6.3.3-4)

where: r,= eN@&tive radius of gyration for lateral torsional buckling (in.)

b
r= & _ 160 Eq. (A6.3.3-10)
1D, t 1(22.79)(0.5))
12/14+ - —cw 21+
\/ [ +3bfctfc] \/ ( 3 (16.0)(1.25)
1= 4.234 in.
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oL, >L, =4234 /% =102.0 (not compact)

Because the lateral bracing distance does not satisfy the compact limit, the non-compact limit is
next evaluated.

Lp<LbSLr

where: L, = limiting unbraced length to achieve the nominal onset of yielding in either
flange under uniform bending with consideration of cOg@aression flange
residual stress effects (in.)

F,S.hY
L = 1.95q£ S O P a ol
Fyr \/Sech EJ

Fy, = smaller of the compression flange stress at the
either flange, with consideration of ¢
effects but without consideration of fl
minimum yield strengt@f the gveb

t of yielding of
aeresidual stress
¥ing, or the specified

Fyr = min(0.7ch R,E, :—ij Eq. (A6.3.3-9)
Skt = (3715) (12) /50 =
Sxx = (4233) (12)/
(satisfied)
t. Venant torsional constant
J (th3 +bfctfc3(1—o.63 e J+bﬂtﬁ(1—o.63t—ﬂn Eq. (A6.3.3-9)
bfc bﬁ
I = %((42)(0.5)3+(16)(1.25)3(.95)+(14)(1.125)3(.95))
J = 17.96in’
h = depth between the centerline of the flanges
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h = 1.125/2+42+1.25/2=43.19 in.
29000 [ 17.96 35(1016)(43.19))’
L, = 1.954.234) ' 1+ [1+6.76 ==—2—J
35 \(1016)43.19) (29000)18.81)
L, = 400.8in.
Lg = 120<L,=400.8 (satisfied)

Therefore, the lateral bracing distance is classified as non-compact and the late
buckling resistance is controlled by Eq. A6.3.3-2 of the Specifications.

Frsxc Lb'Lp
M, =C,|1-|1-—* RyM,. <R M
ReM,. L L -L,

where: C, = moment gradient modifier

The moment gradient modifier is discussed in Article A6.3.3\@hd is d in the following

manner.

cb=1.75-1.05(%]+0.3 Eq. (A6.3.3-7)

where: M; = M, when the variat tween brace points in concave and

otherwise

M] = 2Mmid -M MO

Mpig = maj 1sb ent at the middle of the unbraced length

= mome the brace point opposite to the one corresponding to M

xis bending moment at either end of the unbraced length
pression in the flange under consideration

For the critical @oment location at the interior pier, the variation in moment is concave

throughout the aced length and the applicable moment values are as follows.
M, = 5,365 k-ft.
Moy = 2,999 k-ft.
M; =M, = 2,999 k-ft Eq. (A6.3.3-11)
Cb=1.75—1.05(i:zzz}ko.f{%jz =126<23
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C,=1.26

Therefore, M, is equal to the following.

M, :(1.26){1—(1— i (5.01016) J[120_1’016”(1.107)(4233)31.107(4233

107)423312) \ 400.8—120

M, = 5,773 < 4,686

M, = 4,686 k-ft

As previously stated, the flexural capacity based on the compression flange i imum of
the local buckling resistance and the lateral torsional buckling resistance, g
example are equal.

M;,c = 4,686 k-ft
Multiplying the nominal moment capacity by the applicablegesi actog@ives the following.

O = (1.0)(4,686) ®

dMpe = 4,686 k-ft.
Comparing this moment resistance

factored moment is greater than th:
considered.

ed moment at the pier shows that the
, moment redistribution may be

M, = 5,365 > M,
The moment capacity is

continuously braced te
requirements of Articl

s of the tensile moment capacity. For a
ength limit state, the section must satisfy the

Eq. (A6.1.4-1)

br My 4,428 k-ft

Not only is this moment capacity less than the applied Strength I factored moment of 5,365 k-ft,
it is also less than the moment capacity determined based on the resistance of the section in
compression. Thus, the tensile moment capacity will govern the moment resistance for the
negative bending region of the girder.

OM, = 4,428 k-ft. < M, = 5,365 k-ft.
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oM = 4,428 k-ft. < M, = 4,686 k-ft.
OM, = 4,428 k-ft.
8.2.1.2 Moment Redistribution (Appendix B, Sections B6.1 — B6.5)

Article B6.2 defines the applicability of the Appendix B provisions. Specifically the sections
must be straight continuous span I-sections that are not skewed more than 10 degrees and do not
have staggered cross-frames. The specified minimum yield strength of the se¢tion must not
exceed 70 ksi. In addition, the section must satisfy web proportions (Article 1),
compression flange proportions (Article B6.2.2), section transition (Article B6!
flange bracing (Article B6.2.4), and shear (Article B6.2.5) requirements, why
below.

compression
pscussed

8.2.1.2.1 Web Proportions

Equations B6.2.1-1, B6.2.1-2, and B6.2.1-3 specify the web proj
satisfied.

t93150 Eq. (B6.2.1-1)
D_40_ 84.0<150 (satisfied)
t, 05
2D. g | L Eq. (B6.2.1-2)
w ch
2(23.06) (satisfied)
0.50
Eq. (B6.2.1-3)
.0)=31.50 (satisfied)

8.2.1.2.2 pression Flange Proportions
Section B6.2.2 ires that the following two compression flange proportion limits must be
satisfied.
bfc E
<0.38 Eq. (B6.2.2-1)
2t Fre
6 _ 6.40<0.38 29,000 _ 9.15 (satisfied)
2(1.25) V' 50
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D Eq. (B6.2.2-2)

b, =16.0> £=9.88 (satisfied)
4.25

8.2.1.2.3 Compression Flange Bracing Distance

The compression flange bracing distance must satisfy the following:

M, \|LE
LbS{O.l-O.%LM—JJF

2 yc

2,999)} (4.234)(29,000) _ -

L,=120.0<|0.1-0.06
5,365 50

8.2.1.24 Shear

t be an the shear buckling

Additionally, the applied shear under the Strepgth I loading
resistance of the girder as specified by the fo\&rin ¢

V<4V, Eq. (B6.2.5-1)

where: Vg
Eq.(6.10.9.2-1)

Eq. (6.10.9.2-
2)

rength determined as specified
6.10.9.3.2, with the shear buckling

coefficient, k, taken equal to 5.0

s are provided for computing the value of C based on the web slenderness of
web slenderness is evaluated using the following equation.

B <1.12 /E—k
tw F}’W
0.50 \f 50

50



The web slenderness is next evaluated using the following equation.

1.12 E—kSBSIAO E—k
E, t, foyw

1.12 E—k=60.31<2=84.0>1.40 E—k=75.4 (not satisfied)
E, t, E,

-6, which is

Thus, the governing equation for computing the ratio C is given by Eq. 6.10°
applicable when:

D _g4051.40 [EK Z754
t, E,

1.57 | Ek
C= 2[-} q. €10.9.3.2-6)
ARG
5
C=L72(2,900) =0.645
(84.0)

The shear buckling resistance is th

V, =CV, =(0.645)(0.58)(3Q)(42

(satisfied)

The provigitins 1 through B6.2.6 are satisfied for this section. Therefore,
moments i accordance with Appendix B

The effectivd
material propd
satisfy the requ

of the section. Furthermore, alternative equations are provided for girders that
ents for enhanced moment rotation characteristics, i.e., classification as
ultracompact se s. To be classified as ultracompact, the girder must either (1) contain
transverse stiffencrs at a location less than or equal to one-half the web depth from the pier or (2)
satisfy the web compactness limit given by Eq. B6.5.1-1.

2D, E
T <03 |— Eq. (B6.5.1-1)
tw ch

2(26'74) =107.0>23 ’29;%00 =554 (not satisﬁed)

0.50
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Therefore, the section does not satisfy the web compactness limit and because the section uses an
unstiffened web, the girder does not satisfy the transverse stiffener requirement. Thus, the girder
is not considered to be ultracompact and the applicable M, equation at the strength limit state is
thus Eq. B6.5.2-2.

bfc ch D bfc ch D
M, =|2.63-23—= ?-0.35b—+0.39— =5 M, <M, Eq. (B6.5.2-2)

fc fc fc fc

M, = 2.63—2.3£1/5—0—0.35£+0.39£ 0 42 442 28
1.25 V29000 16 1.25V2900016

M. =4,574 < 4,428 = 4,428 k-ft

The redistribution moment, M,q4, for the strength limit state is take
calculated from Eqgs. B6.4.2.1-1 and B6.4.2.1-2.

Mrd :|Me|+%flsxc_¢fMpe B6421-1)

4

Mg =|Me|+% fiSy -# M. Eq. (B6.4.2.1-2)

where: M, = critical elastic m
factored loads

e interior-pier section due to the

Since the lateral bending stresse
to the following equation.

e for this example, the previous equations reduce

Mrd :|Me|_¢f

In additio istri moment is limited to 20 percent of the elastic moment by Eq.

Eq. (B6.4.2.1-3)

Therefore, the
limit.

istribution moment is computed as follows, which is shown to satisfy the 20%

M;d = [Mel - M, = 5,365 - (1.0)(4,429)
M;q =937 k-ft = 17.5% M. < 20% M.

Therefore, the negative bending region of the girder satisfies strength requirements when the
effective plastic moment equations given in Appendix B are used to evaluate girder capacity.
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8.2.1.3 Moment Redistribution - Refined Method (Appendix B, Section B6.6)

Article B6.6 of Appendix B contains specifications for computing redistribution moments using
a direct method of analysis. Using this analysis procedure, the effective plastic moments are
computed based on the rotation at which the continuity curve intersects the moment-rotation
curve, as opposed to assuming that this intersection occurs at a plastic rotation of 30 mrads, as
assumed in the effective plastic moment equations utilized above.

In cases such as this example where the effectlve plast1c moment is equal to he nominal

maximum value of M, possible, irrespective of using the effective plastic
from Article B6.5 or the refined method of Article B6.6. However, in othe
refined method may lead to higher values of M., further increasing the eco
using the moment redistribution procedures. For this reason, use of ) or the
present design is demonstrated below.

ine the moment-
.2-1 from the
igure 12. From

The first step in using the refined method for moment redis
rotation curve for the negative bending section. This i is done
AASHTO LRFD (5™ Edition, 2010) Specificatjon
Figure 12 it is observed that the moment- rota& function of the single
parameter, Ogy, which is the rotation at which th decrease below the nominal
moment capacity. Similar to the equatlons for M, for the stmplified method introduced
above, alternative equations for O,
satisfies the criteria for enhanced m istics given by Section B6.5. It has
been shown above that the negative be s not satisfy either of the requirements
for sections with enhanced mo 1 rformance. Thus, Oy 1s given in radians by Eq.
B6.6.2-2.

| |
| |
1 , 1
0.005 6RL Op

Figure 12 AASHTO LRFD Moment-Rotation Model
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F 3
0, =0.128 —0.143%, ’l —0.02162+o.0241ﬁ21 /l Eq. (B6.6.2-2)
tfc E bfc tfc bfc E

Substituting the applicable values into Eq. B6.6.2-2 gives the following.

B, =0.128-0.143—2 5—0—0021642+0024 16(42)

1.25¥29000 16 0.5(16) Y 29000 -

Thus, Ogy 1s equal to 0.079 radians or 79 mrads. Recalling that the nominal
the negative moment section of this girder is 4428 ft-kips, the predicted mome
relationship of the example girder is as illustrated in Figure 13.

6000
N " Elastic Moment at Pier = 5365 ft-kip
5000 N
Y MIMn=1 '-:‘\
= 4000 .
= AN
= 3000 i X
3 AN ¢
é 2000 A
= \ R
1000 +— — Continuity =
J Relationship
OrL= 79 100

In addltlon to the mom i nship, the continuity relationship must also be
: ationship is a linear relationship between the elastic moment at the

intercept for i ationship. To determine the x-intercept of the continuity
relationship, tl 1
pqual to the elastic moment are computed as shown in Figure 14. In this
analysis, the AASEO LRFD (5" Edition, 2010) Specifications stipulate that the section
properties of the short-term composite section shall be used. Thus, the applicable moment of
inertia of the positive bending section is 48,806 in* and the moment of inertia value used for the
negative bending section is 50,027 in*. From basic structural analysis, or the use of structural
analysis software, the rotation at the pier for the situation depicted in Figure 14 is then 32.88
mrads, which is the x-intercept for the continuity relationship. Based on the x- and y- intercepts
of the continuity relationship, the continuity equation is thus expressed as

M = 5365 ft-kips — 163.17 ft-kips * 0,
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L,=47818in* [,=49038 in“’Mrd =5365 ft-Kips

f 63’ a7 —d

Figure 14 Determination of Rotation at Pier Assuming No Continuity

0, = (5365 —4428)/163.17 = 5.7 mrads.

Since this value is between 5 and 79 mrads, ifs mat i etermined that the effective
plastic moment is equal to M,,. Once M, is de 1 t redistribution analysis
proceeds in the same manner used in the 51mp11ﬁ above, where the
redistribution moments are computed as th tween the elastic and the effective
plastic moments as specified in S

e riegative bending region is governed by Article
n unstiffened web, i.e., no transverse stiffeners are
n was previously calculated to be:

Eq. (6.10.9.2-1)

(satisfied)

8.2.2 Constructibility (Article 6.10.3)

Article 2.5. requires the engineer to design bridge systems such that the construction is not
difficult or results in unacceptable locked-in forces. In addition, Article 6.10.3 states the main
load-carrying members are not permitted to experience nominal yielding, or reliance on post-
buckling resistance during the construction phases. The sections must satisfy the requirements of
Article 6.10.3 at each construction stage. The applied loads to be considered are specified in
Table 3.4.1-1 and the applicable load factors are provided in Article 3.4.2.
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The girders are considered to be non-composite during the initial construction phase. The
influence of various segments of the girder becoming composite at various stages of the deck
casting sequence is then considered. The effects of forces from deck overhang brackets acting on
the fascia girders are to be included in the constructibility check.

8.2.2.1 Deck Placement Analysis

Temporary moments the noncomposite girders experience during the casting of the deck can be
significantly higher than those which may be calculated based on the final copditions of the
system. An analysis of the moments during each casting sequence must be ¢§@ucted to
determine the maximum moments in the structure. The potential for uplift sho
investigated if the casting of the two end pours does not occur simultaneous

Figure 15 depicts the casting sequence assumed in this design example. As
6.10.3.4, the loads are applied to the appropriate composite sections digi o ¢
sequence. For example, it is assumed during Cast One that all se : C non-

composite. Similarly, the dead load moments due to the steel cof @i arghlso based on the
non-composite section properties. However, to determine t

Cast Two, the short-term composite section properties are u of the girders that
were previously cast in Cast One, while the ngn-composite s 1es are used in the
region of the girder where concrete is cast in &@&st T ents used in the evaluation of
the constructability requirements are then taken oments that occur during any
stage of construction, i.e., the sum of the moments o the stec dead load and the first casting
phase or the sum of the moments
Additionally, while not required, th Iting from applying all dead load to
the short-term composite section (DC

¢ BEARING ¢ BEARING

®

63’

L]
A
|

Figure 15 Deck Placement Sequence

The results of the deck placement analysis are shown in Table 17 where the maximum dead load
moments in the positive and negative bending regions are indicated by bold text. Note that the
maximum positive bending moment during construction occurs during Cast 2, and that the
maximum negative bending moment occurs when it is assumed that the loads are simultaneously
applied to the composite section.

56



Table 17 Moments from Deck Placement Analysis (kip-ft)

x/L. 0j]01]02)]03|04|05|/06 |07 08 09 1.0
Dist.(ft.) |0| 9 18 | 27 | 36 | 45 | 64 | 63 | 72 | 81 90
SteelWt. | 0| 49 | 82 [101|106| 96 | 71 | 31 | -22 | -90 | 173
SIPForms | 0| 27 | 46 | 56 | 58 | 53 | 39 | 16 | -13 | -0 | -94
Cast1 0] 260 | 437 | 532 | 544 | 474 | 321 | 86 | -181 | 447 | -714
Cast2 0] 301|518 | 654 | 707 | 677 | 565 | 370 | 105 | -238 | -656
L Cast1 0]335| 565|689 | 708 | 622 | 430 | 133 | -2 -981
ZCast2 0| 376 | 646 | 811 | 871 | 825 | 674 | 417 -923
DC1 0343 | 581|712 | 738 | 657 | 471 | 178 -1334

Article 6.10.1.6 states that when checking the flexural resistance based on 18
buckling fy, is the largest compressive stress in the flange under cq i
consideration of flange lateral bending, throughout the unbraced
flexural resistance based on yielding, flange local buckling or w¢ Bl g, f1,, is the stress
at the section under consideration. The maximum factored ] C to the deck
casting sequence are calculated below. The controlling secti onstructibility check
for Section 2 is at the pier. ‘

checking the

8.2211 Strength I

Top Flange

1.0(1.25)(1,334)(12)
f,.= =2
825.6

Bottom Flange

 1.0(1.25)(-1,33
fbu_

Bottom Flange

¢ _1PRLS0)-1.334)(12) _

=-25.05 ksi
958.6

8.2.2.2 Deck Overhang Loads

The deck overhang bracket configuration assumed in this example is shown in Figure 16.
Typically the brackets are spaced between 3 and 4 feet, but the assumption is made here that the
loads are uniformly distributed, except for the finishing machine. Half of the overhang weight is
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assume to be carried by the exterior girder, and the remaining half is carried by the overhang

brackets.
P

A | —» F
42”
a=45°
\ J
| <—F

Figure 16 Deck Overhang BracKgk Lo

The following calculation determines the weight gl dec acting on the overhang
bracket.

14/2

8.5
P =0.5(150)| —(3.5)+
(150)} 75 G-5) B

H =208.7 lbs/ft

The following is a list of typic 1 ds assumed to act on the system before the
concrete slab gains strength. i oM™oad listed are those that are applied to only the
overhang brackets.

Overhang Deck = 40 lb/ft

P =85 Ib/ft
P =25 Ib/ft
P =125 1b/ft
P =3,0001b

The weight of the finishing machine is estimated as one-half of the total finishing machine truss
weight. The lateral force acting on the girder section due to the vertical loading is computed as
follows.

F = Ptano
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where: o=tan" 42%11' =45
42in.

The equations provided in Article C6.10.3.4 to determine the lateral bending moment can be
employed in the absence of a more refined method. From the article, the following equation
determines the lateral bending moment for a uniformly distributed lateral bracket force:

2
MI — I:Il‘b
12

where: M, = lateral bending moment in the top flange due to the ecceptB
the form brackets

padings from
F¢ = statically equivalent uniformly distributed lateral forc®
loads

The equation which estimates the lateral bending moment due to
the middle of the unbraced length is as follows.

_AL
My == L 3

where: P, = statically equivalent concentra
unbraced len

rce placdd at the middle of the

For simplicity, the largest value of fi d length is conservatively used in the
design checks, i.e., the maximu ithin the unbraced length is the assumed stress
level throughout the unbraced . ed length for the section under consideration is
10 feet.

Article 6.10.1.6 speci
lateral bending stress m

ermining the lateral bending stress. The first-order
following limit is satisfied.

Eq. (6.10.1.6-2)

where:

L, limiting unbraced length from Article 6.10.8.2.3 of the Specifications
C, = moment gradient modifier
Ry = web load-shedding factor

Fyc = yield strength of the compression flange

The moment gradient modifier is discussed in Article A6.3.3 and is calculated in the following
manner.
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2
C, :1.75—1.05[%}0.3{%} <23 Eq. (A6.3.3-7)

2 2

where: M, = 2Mpnia— My > M, Eq. (A6.3.3-12)
Mg = major-axis bending moment at the middle of the
unbraced length
M, = moment at the brace point opposite to the one

corresponding to M,

M, = largest major-axis bending moment at either end of
the unbraced length causing compression in the
flange under consideration

The following values correspond to the results of the deck place
M, = 1,334 k-ft. M =2Mpig — M, >
M, = 668 k-ft. M, = 2‘95) —4£1,334) IB56< 603
Mmiqa = 995 k-ft. M, =668

Thus, C,, is calculated as follows.

668

cb=1.75—1.05(

S

According to Article 6.10.L 1 edding factor, Ry, 1s 1.0 when checking
i ated as follows.

Hence, it is s

According to Aflele 3.4.2, a load factor of 1.5 is applied to construction loads for all strength
limit states. For r dead loads, a load factor of 1.25 is used for the Strength I load
combination, while a load factor of 1.5 is used for dead load under the Strength IV load

combination. Additionally, live load is not considered under the Strength IV load combinations.
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8.2221 Strength I
The lateral bending forces at the Strength I limit state are computed as follows.
Dead loads:
P=[1.25(209) + 1.5(40 + 85 + 25 + 125)] = 673.8 lbs/ft.
F=F¢=P tan o = 673.8 tan (45°) = 673.8 lbs/ft.

v = AL’ _ (0.6738)10)°

, =5.62k-ft
12 12
Top Flange: f, =&:L(122)=1.84 ksi
S, 1.125(14)/6

Bottom Flange: f, = M, _ Lﬂ? =1.26 ksi
S, 1.2516)°/6

Live loads: ‘
P =[1.5(3,000)] = 4,500 Ibs.

F=P¢=P tan a=4,50Q¢an (4

v, Al @900 8
8 8

Mo 56302y 6
S, 1.25(16)°/6

Total:
fr=1.84 +1.84 = 3.68 ksi

fe=1.26+1.26 =2.52 ksi
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8.2.2.2.2 Strength IV

The computation of the lateral bending forces at the Strength IV limit state is demonstrated
below.

Dead loads:
P =[1.5(209 + 40 + 85 + 25 + 125)] = 726.0 Ibs/ft.

F=F¢=P tan o = 726.0 tan (45°) = 726.0 lbs/ft.

M. — FL’ _ (0.7260)(10)*

| =6.05k-ft
12 12
Top Flange: f, = M, _ L(UZ) =1.98 ksi
S, 1.12514)*/6
Bottom Flange: f, = M, __60512) _ 1.36 ksi

S, 1.25(14)*/6

Live loads: ‘

Not applicable
Total:

Top flange:

Bot. flange:

According to Article 6 ding stresses must be less than 60 percent of the

1on. It is shown above that the lateral bending stresses

are highe e Strength I load combination. Thus, evaluation of Eq. 6.10.1.6-1
at the StreR@{I i wn below
(6.10.1.6-1)
ge: fg=3.68 ksi < 0.6Fr= 30 ksi (satisfied)
Bot. flange: f = 2.52 ksi < 0.6Fyr= 30 ksi (satisfied)

8.2.2.3 Flexure (Article 6.10.3.2)

During construction, both the compression and tension flanges are discretely braced. Therefore,
Article 6.10.3.2 requires the noncomposite section to satisfy Eqgs. 6.10.3.2.1-1, 6.10.3.2.1-2, and
6.10.3.2.1-3, which ensure the flange stress is limited to the yield stress, the section has sufficient
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strength under the lateral torsional and flange local buckling limit states, and web bend buckling
does not occur during construction, respectively.

8.2.2.3.1 Compression Flange:

Flange nominal yielding: The allowable stress in the compression flange is limited to the
nominal yield strength of the flange multiplied by the hybrid
factor.

Fopu + flS(Pthch 0.3.2.1-1)

Since the section under considerations has a homogeneous material configurad e hybrid
factor is 1.0, as stated in Article 6.10.1.10.1. Thus, Eq. 6.10.3.2.1-1 is eval .

25.05+1.36 < (1.0)(1.0)(50)

26.41ksi <50 ksi (satisfied)
Flexural Resistance: The flexural resistance of the no se is required to be
greater than the maximum bendingnom: result of the deck
casting sequence 0 pid of (98 lateral bending stresses, as
expressed by:

Fi +% fi <¢iFy Eq. (6.10.3.2.1-2)

According to Article 6.10.3.2.1, the flex i ne, 18 determined as specified in Article
quirements provided in Article A6.1 must be

(satisfied)
Eq. (A6.1-1)
02 — 1.25=19.37 in.
- 5.7 [(29.000)
(50)
77.48 <137.27 (satisfied)

Therefore, Appendix A is applicable.

The sections for which Appendix A is applicable have either compact or noncompact web
sections where the web classification dictates the equations used to determine the moment
capacity. The section qualifies as a compact web section if Eq. A6.2.1-1 is satisfied.
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2D,

% < LoD Eq. (A6.2.1-1)
where: D, = depth of web in compression at the plastic moment
Ry = hybrid factor

AowDep) = limiting slenderness ratio for a compact web corresponding to 2D/t

P. = (16)(1.25)(50) = 1,000 kips
P, = (14)(1.125)(50) Q—7 8

Py, = (42)(0.5)(50)

Pc+Pw = 1,000+ 1,

Therefore, the location of the plagt

M, = 49,192 kip-in = 4,099 kip-ft

From the above calculations, the depth of web in compression can be calculated.

Dy =42.0 —25.24=16.76 in.
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Furthermore, the web slenderness is now evaluated.

29,000
50

(Pg) 49.192
054 292 g
(1.0)(50)(825.6)

2D, 2(16.
o 206.76) 704« oo
t, 0.5 "

- =81.53

=81.53 (satisfied)

Therefore, the section qualifies as a compact web section, and the web plastifisea@kactors are
determined from Eqs. A6.2.1-4 and A6.2.1-5, where My, and My, are the yj '
respect to the compression and tension flanges, respectively.

M, 49,192

W, T 00586

yc

M, 49,192

T, T Goese ¢

Eq. (A6.2.1-5)

As previously discussed, the lateral torsional buck esistan provided in Article A6.3.3. If
the following equation is satisfied the later e sp is classified as compact.

where:

Eq. (A6.3.3-4)

ctive radius of gyration for lateral torsional buckling (in.)

b
fc _ 16 — 4.286in. Eq. (A6.3.3-10)

ADL] - ofy 1 0037K05)
3b,t, 3 (16)(1.25)

L, =(10.0)(12)=120in.> L, =T, /FE =103.2in.
yc

Therefore, the unbraced spacing is not compact, and the following inequality is evaluated to
determine if the unbraced distance is classified as non-compact.
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LbSLr

where: L, = limiting unbraced length to achieve the nominal onset of yielding in
either flange under uniform bending (in.) with consideration of
compression flange residual stresses

E [J F,S.chY
= 195r— |— [1+,[1+6.76 Eq. (A6.3.3-5)
F, \/S.ch EJ

1.95(4.286) 22000 17.96 1+ 146.76) > O8O 107 4in.
35 \(958.6)(43.19) 29,000 3.8

F,, = smaller of the compression flange stress a

residual stress effects but without cong
bending, or the specified minim i€

. S
= m1nL0.7ch,RthT g‘w

- 0%3

]ch J+bﬁtﬁ(1 —0.63]z—ﬂD Eq.(A6.3.3-9)

fc ft

Therefore, th has afloncompact unbraced length, and the lateral torsional buckling

resistance is c§@ifolled by equation A6.3.3-2 of the specifications.
F erc Lb -L
M. 1-{1-—2 LR M, <SR M Eq.(A6.3.3-2)
ReM, L L —L,

(35)(958.6) J( 120-103.2

(1.026)(50)(958.6) )\ 416.9-103.2 H(I‘O%XS 0)(938.6) < RycM,c

M, :(1.30)[1—(1—

Mpe = 62,841 < 49,176 = 49,176 k-in = 4,098 k-ft
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Article 6.10.3.2.1 prescribes that the nominal flexural resistance, F, can be taken as the My,
determined from Article A6.3.3 divided by Si..

Foc = 4,098(12) =51.3 ksi
958.6

Equation 6.10.3.2.1-2 may now be evaluated as follows.

f,, +% f<¢F. =2505+ %(1 36)<(1.0)(51.3) Eq.

25.50 ksi <51.3 ksi

Thus, the moment capacity of the non-composite section is sufficient to res
construction loading.

Web Bend Buckling: The flange stresses due to the const
maximum of the web bend buc

fbu < ¢f I:a:rw ‘

The nominal elastic bend-buckling resistance fo
6.10.1.9 of the Specifications.

q. (6.10.3.2.1-3)

ined according to Article

0

where: k = bend buckilig coeffi

F

crw

Eq. (6.10.1.9.1-1)

Eq. (6.10.1.9.1-2)

_99(29,0000(42.3D) _ 56 syqi<R F. = 50ksi

Fcrw 4 2 n' yc
(050J

f,, =25.05ksi<g¢ F, =(1.0)(50)=50ksi (satisfied)
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8.2.2.3.2 Tension Flange:

Flange Nominal Yielding: For a discretely braced tension flange, the allowable stress in
the tension flange due to the factored loading must be less than
the nominal yield strength multiplied by the hybrid factor.

foo + i <A RF, Eq. (6.10.3.2.2-1)
29.08 + 1.98 < (1.0)(1.0)(50)
31.06 < 50

8.2.2.4 Shear (Article 6.10.3.3)

The required shear capacity during construction is specified by Eq. §
design example, the unstiffened shear strength of the girder is dey N cient to
resist the applied shear under the strength load combination. The IC sghtion will have

sufficient strength for the constuctibility check.

4

VU S ¢VVCF
8.2.3 Service Limit State (Article 6.10.4)

Plastic deformations are controlled ainder
6.10.4.

The Service II limit state is in
impact the rideability of t iting the stresses in the section under expected
severe traffic loadings. 1 e Service Il load combination, the top flange of

Eq. (6.10.4.2.2-1)

Because the ' Biscretely braced (as opposed to the top flange), Eq. 6.10.4.2.2-2
must be satist Or the bottom flange of composite sections.

0.95R,F,, Eq. (6.10.4.2.2-2)

Under the service limit state, the lateral force effects due to wind-load and deck overhang are not
considered. Therefore, for bridges with straight, non-skewed girders such as the present design
example the lateral bending forces are zero and Eq. 6.10.4.2.2-2 reduces to Eq. 6.10.4.2.2-1.

Appendix B permits the redistribution of moment at the service load level before evaluating the
above equations. Article B6.5.2 specifies the effective plastic moment for the service limit state
is as follows.
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bfc ch D bfc ch D
M, =[2.90-23-",|2-035—+0.39—, - —|M, <M, Eq.(B6.5.2-1)
tfc E bfc tfc E bfc

M. =[2.90-2 3£1/5—O—035— 039£ S0 42 4428< 4428
1.25 V29000 16 1.25V 2900016

M;e = 5,770 k-ft < 4,428 k-ft

M, = 4,428 k-ft > M, = 4,075 k-ft Therefore, No redistribu at Service 1.

Service
2. The

Because the effective plastic moment is greater than the maximum factored
II load combination, it is assumed that there is no moment redistribution at
stresses under Service Il are computed using the following equation.

M e +MDC2+MDW +1'3MLL+IM
S S S

nc It

f, =

st

As permitted by Article 6.10.4.2.1, since shear connectors ar§g@rovi ghout the span
length, the stresses in the member as a result ?h d combination are computed
assuming the concrete slab is fully effective in d negative bending region.

O

(-1334)(12)+ (-26
958.6 11

f =
Comparing this stress to the allg ows that Eq. 6.10.4.2.2-1 is satisfied.
1.0X50)=47.50ksi (satisfied)

Similarly, the comput the tension flange is computed as follows.

65—217)(12)+1.3(-1737)(12)

=2431ksi
2857 9333
Thus, it is als onstrated that Eq. 6.10.4.2.2-2 is satisfied for the tension flange.
f, 84ksi <0.95R  F,; =0.95(1.0f50)=47.50ksi (satisfied)

The compression flange stress at service loads is also limited to the elastic bend-buckling
resistance of the section by Eq. 6.10.4.2.2 -4.

f <F Eq. (6.10.4.2.2-4)

where: f¢ = compression flange stress at the section under consideration due to the
Service II loads calculated without consideration of flange lateral bending
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Fow = nominal elastic bend buckling resistance for webs with or without
longitudinal stiffeners, as applicable, determined as specified in Article
6.10.1.9

From Article 6.10.1.9, the bend-buckling resistance for the web is determined using the
following equation.

F
_ 0.9Ek _ min(Rthc,ﬁj Eq. (6.10.1.9.1-1)

crw 2 =
D
(tWJ

where: k = bend-buckling coefficient=

/D)’

c

C D6.3.1,
egative flexure at

The depth of web in compression is calculated using the method
which states Eq. D6.3.1-1 is to be used when checking composit
the service limit state.

DC:{ ', Jd—tfczo ‘

|f|+ f,

Eq. (D6.3.1-1)

the sum of the
(ksi)

where: f; stresses caused by the different loads

o (29’000(222‘04):81.53ksi<R F,. =50ksi
42
0.50

h “yc
It can then be demonstrated that Eq. 6.10.4.2.2-4 is satisfied as shown below.

f, =|-42.71ksi| < F,,, =50ksi (satisfied)
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8.2.4 Fatigue and Fracture Limit State (Article 6.10.5)

The fatigue and fracture limit state incorporates three distinctive checks: fatigue resistance of
details (Article 6.10.5.1), fracture toughness (Article 6.10.5.2), and a special fatigue requirement
for webs (Article 6.10.5.3). The first requirement involves the assessment of the fatigue
resistance of details as specified in Article 6.6.1 using the Fatigue load combination specified in
Table 3.4.1-1 and the fatigue live load specified in Article 3.6.1.4. The fracture toughness
requirements in Article 6.10.5.2 specify that the fracture toughness must satisfy the requirements
of Article 6.6.2. The special fatigue requirement for the web controls the elastic flexing of the
web to prevent fatigue cracking. The factored fatigue load for this check is t¥g@a as twice the
result of the Fatigue load combination.

8.2.4.1 Load Induced Fatigue (Article 6.6.1.2)

Article 6.10.5.1 requires that fatigue be investigated in accordance
6.6.1 requires that the live load stress range be less than the fatig
resistance (AF), varies based on the fatigue category to which a
belongs and is computed using Eq. 6.6.1.2.5-1 for the Fati
fatigue life; or Eq. 6.6.1.2.5-2 for Fatigue II load combinati

= (8F),, 2

ber or detail
on and infinite

(AF) Eq. (6.6.1.2.5-1)

(AF), = Eq. (6.6.1.2.5-2)

where: N Eq. (6.6.1.2.5-3)

constant-amplitude fatigue threshold
taken from Table 6.6.1.2.5-3

For this example @Hinite fatigue life is desired, and thus the Fatigue I Load combination and Eq.
(6.6.1.2.5-1) are considered.

The fatigue resistance of the base metal at the weld joining the bracing connection plate located
10 feet from the pier to the flanges is evaluated below. From Table 6.6.1.2.3-1, it is determined
that this detail is classified as fatigue category C'. The constant-amplitude fatigue threshold,
(AF) 1y, for a category C' detail is 12 ksi (see Table 6.6.1.2.5-3).
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Substituting the values into Eq. 6.6.1.2.5-1, the allowable stress range (AF), is determined to be
12.00 ksi. It is noted that this is the minimum allowable stress range throughout the structure.

(AF), = (AF ), =12.00ksi

The applied stress range is taken as the result of the fatigue loading with a dynamic load
allowance of 15 percent applied and distributed laterally by the previously calculated distribution
factor for fatigue. It is demonstrated below that the applied stress range in the top and bottom
flange is acceptable.

Bottom of Top Flange:

50,027 50,027

Y(Af)=(1.50){(104)(12)(4-24) |- 285/(12)(4. 24

Y(Af) = 0.59 ksi < (AF), = 12.00 ksi (satisfied)

Top of Bottom Flange:

y(Af)= (1. 50)[(104)(12)(3777 ). - 2‘(12)(

50,027

v(Af) =5.29 ksi < (AF) . (satisfied)

8.2.4.2 Distortion Induced Fatigue

A positive connection is to be nsverse connection-plate details to both the top
and bottom flanges to prevent @stortion 1

8.2.4.3 Fracture (Arti 6.2

The approgim ch fracture toughness, found in Table 6.6.2-2, must be specified
for main 1 i ts subjected to tensile stress under Strength I load combination.

8.2.4.4 Spec rement for Webs (Article 6.10.5.3)

V. <V Eq. (6.10.5.3-1)

However designs utilizing unstiffened webs at the strength limit state, as is the case here,
automatically satisfy this criterion. Thus, Eq. 6.10.5.3-1 is not explicitly evaluated herein.
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8.3 Exterior Girder Check: Section 1-1
8.3.1 Constructibility (Article 6.10.3)

The constructibility of the system in the positive bending region will be evaluated in a similar
manner to the constructibility check in the negative bending region.

8.3.1.1 Deck Placement Analysis

The results from the deck casting sequence analysis, previously presented i ble 17, are
referenced for the following calculations of fy,,.

8.3.1.1.1 Strength I:

_1.0(1.25)(871)(12)

Top Fl : f =21.28ksi
op Flange bu <140 si
Bottom Flange: fou = 1.0d.25)870)12) _ 14.72
887.7
8.3.1.1.2 Strength IV: Q
Top Flange: fo, = 1.0d-5@&71d 53ksi

Bottom Flange: f,

8.3.1.2 Deck Overhang Load

e positive bending region as the negative bending
s may differ due to potentially varying amplification
factors, w of the vertical bending stresses (fym) and the unbraced length. To

( i in the positive bending region, the following equation is first
evaluated t8§ [ i er elastic analysis is applicable.

The deck overhang load e for

Eq. (6.10.1.6-2)

L, is determined using Eq. 6.10.8.2.3-4.

L= /FE Eq. (6.10.8.2.3-4)
yc
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where: 1, = < Eq. (6.10.8.2.3-10)
12141 Bl
3 bfctfc
= 14 =3.477in.

Jl 2(1+ 1 (25.26)(0.4375)}
3 (14)(0.75)

Therefore, L, 1s computed as follows.

L, =3.477, ’% =83.74in.

As previously described, the moment gradient modifier is determj e

equation.

k
cing panel that begins at 20 feet from
jicab ment values for this lateral bracing

q. (A6.3.3-7)

2
C,=1.75-1.05 [%] + 0.3[&j <23
)
The maximum positive bending stresses due to th
Thus, the critical lateral bracing segment is

the pier and ends at 40 feet from t er.
segment are given below.

ur at 36 feet from the pier.

M, =850k-ft.
Mmia = 831 k-ft. W(831) — (850) = 812 > 683
= 812 k-ft.

Cy is the

2
+0.3 812 =1.02<23=1.02
850

e 6.10.1.10.2, the web load-shedding factor, Ry, 1s 1.0 for constructability
evaluations. The aximum vertical bending stress occurs in the top flange under the Strength IV
load combination and was computed above to equal 25.53 ksi. Lastly, Fy. is equal to 50 ksi. The
information required for evaluation of Eq. 6.10.1.6-2 is now known.

L, =240in.>1.2(83.74) 1.92)d.0) 142.0 (not satisfied)
25.5%0
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Therefore, the first-order elastic analysis is not applicable, and the second-order compression
flange lateral bending stresses are calculated below.

f = Oif f>f Eq. (6.10.1.6-4)
1_

_bm

cr

g clastic lateral
A ppendix A or

To calculate the amplification factor (the term in bracket in Eq. 6.10.1.6-4), §
torsional buckling stress, F;, must be determined, which can be calculated frof
Section 6.10.8. As discussed above, Appendix A is applicable if the flange nQaa
strength is less than or equal to 70 ksi and the web is classified as either coy
compact. The following calculations demonstate that Appendix A is applic

Fyf =50ksi £ 70ksi

2D, <57 E

w yc

(A6.1-1)
D.=26.01 -0.75=25.26 in. ‘

2(25.26) _ - f29,000 _
(0.4375) 50

Since Appendix A is applicable, the ela
Article A6.3.3.

(satisfied)

15.47

nal buckling stress is determined from

Eq. (A6.3.3-8)
With the ble J, the variables in Eq. A6.3.3-8 have been previously
computed
120635 ’ f
-0.63— |+b,t,’| 1-0.63— Eq. (A6.3.3-9)
bfc bbt

Therefore,

2
g - (1:02)7°(29,000) Jl+0_0779%(240/3.477)2 = 66.77ksi

T (240/3.477)
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The amplification factor for Strength I is then equal to 1.248.

AF:&:1.248>1.0=1.248

|_2128
66.74

Similarly, the amplification factor for Strength IV is equal to 1.377.

AF=&=1.377>1.0:1.377

| 2553

66.74
Since the construction load magnitudes are the same for both the positive a ivaending
regions, the previously computed lateral forces on the flanges due to the ve

overhang brackets is applicable; however, the lateral moment is n
lateral bracing distance.

8.3.1.2.1 Strength I:
Dead loads:

F=F, =673.8 lbs/ft.

M. — FL>  (0.6738)(2
12 12

Top Flange: f, = M,

=5.05 ksi
Liv
M, _@ICY ) sk
8
Top Flange: f, = M, _ w =5.51ksi
S, 0.75(14)’/6
Bottom Flange: f, = M, __11.2502) _ 2.53 ksi

S, 1.25(14)*/6

76



Total (w/ Amplification):
Top: fe=11.00 + 5.51 =16.51(1.248) = 20.60 ksi
Bot.: f=5.05+5.51 =10.56(1.00) = 10.56 ksi
8.3.1.2.2 Strength IV:
Dead loads:
F=F, =726.0 lbs/ft.

v _ AL’ _ (07260207

| = 24.20k-ft
12 12

Top Flange: f, = M, _ L()(lzz) =11.85 ksi
S, 0.75(14)°/6
Bottom Flange: f, = M, _ LO(I}) =5.45ksi
s, 1.25(16) &
Finishing Machine:
Not applicable

Total (w/ Amplification):

Top: fi = 11.85(1.37,

nding stresses not exceed 60% of the nominal yield
ideration. Comparing the lateral stresses at the Strength I and

;s shown that the lateral stresses at both limit states satisfy this
are highest for the Strength I load combination.

0.60 ksi < 0.6Fyr= 30 ksi
10.56 ksi < 0.6Fs= 30 ksi
8.3.1.3 Flexure (Article 6.10.3.2)

8.3.1.3.1 Compression Flange

For discretely braced compression flanges, three requirements must be satisfied during
construction. These are related to prevention of yielding, provision for adequate the flexural
resistance, and controlling web bend buckling.
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Flange nominal yielding:

The total (vertical and lateral) stress in the compression flange is limited to the product of the
nominal yield strength of the flange, the hybrid girder factor, and the flexural resistance factor
by:

fo + i <G R Eq. (6.10.3.2.1-1)

25.63 + 1.36 < (1.0)(1.0)(50) = 26.99 ksi < 50 ksi (satisfied)

Flexural Resistance:

fbu +% fl < ¢f I:nc

Article 6.10.3.2 states the nominal flexural resistance of the flanj
computing F,. in Article 6.10.8.2 or computing the lateral tgfsio
from Article A6.3.3 divided by the compression flange secti
demonstrated in the previous section that the ggction gati
applicability, the lateral torsional buckling reﬁ

requirements for Appendix A
A6.3.3 is now calculated.

considered compact, and the web p i etermined by dividing the plastic
moment by the yield moment.

2D,

t—°p<lpw(Dcp) Eq. (A6.2.1-1)
The depth of web in ¢ n-composite section at the plastic moment is
determine s in Appendix D. First the girder component forces are determined.

=525 kips

50) = 1,000 kips
42)(0.4375)(50) =918.8 kips

=525 +918.8 kips = 1,443.8 > Pt = 1,000 kips
Therefore, the plastic neutral axis is in the web.

The neutral axis location is then determined as follows.

1%
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v 2222521000 4116 141,
2 )| 9188

The plastic neutral axis is located 10.14 inches above the top of the bottom flange. It is also
convenient to compute the plastic moment capacity of the non-composite girder at this point.

M, = ;D[y +(D- y)}+Pcdc+Ptdt

91838
P 2(42)

[(10 14) +(42-10.14) |+ (1,000)(10.14+1.25/2) +(525)( 14+40.75/2)

Mp = 39,916 k-in. = 3,326 k-ft.
Subtracting ;/ from the total web depth gives Dy,
Dep=42.0—-10.14 = 31.86 in.

A owp,,) 1s then computed.

Eq. (A6.2.1-2)

Eq. A6.2. @& g here it is determined that the requirements for a compact flange
are not satt

————==145.65> 1

pw(Dcp)

22D ;5o |E Eq. (A6.2.2-1)

w yc

A, =11547< A, =137.27 (satisfied)

Therefore, the web plastification factors are governed by equations A6.2.2-4 and A6.2.2-5:
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IA

<

R,.M -2 M, M
Rpcz{l—[l— " ch al "W“’c)JJ P P Eq. (A6.2.2-4)

w — “pw(Dc) ye ye

where: 4,0, =4DW(DCP>[% Eq. (A6.2.2-6)
cp
25.26
Aouio) = 66 43[31-86j 52.67
Thus,
r |1 (] 0X614)50) (115.47 —52.67 39,916 _ 39,91
b 39,916 13727——5267 (614x50)
Rpe =1.077<1.3 =1.077
R.M A
R, = 1—(1— " m](% pBe) Eq. (A6.2.2-5)
i My A = Aouo,)
- _1_ | (1O)(888)(50) |(115.47 52 39,9167 39,916
P 39,91 67 8)(50) ~ (888)(50)
Rpt = 0.974 < 0.899 =0.899
The series of equations that go ional buckling resistance is based on the
classification of the lateral bral i erc compact lateral bracing distances are classified

by the following equatio

L, < L,

_ ,E ¢ =83.74in (not satisfied)
yc

ral brace spacing is not classified as compact and the non-compact lateral
jon is evaluated as follows.

Therefore, the
bracing classifi

L, <L

E [ Fyerch
L, =240< Lr=1.95rtF— IS LR AL = Eq. (A6.3.3-5)

yr Xc
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ye?

where: Sy
Fy = rn1n[07F R, Fy g ’FyWJ

Fyr = rmn(07(50) a. 0)(50)&7(7) 5oj min (35,72.3,50) =35.0ksi
J = 13.56in.}
H = 43.0in.

L = 1.95(3.477)29000 1356, 1+67 4in.
35 (614)(430 29000)(1 6

L,=240<L,=3414
Because the lateral bracing distance is non-compact, the lategal t
controlled by Eq. A6.3.3-2 of the specifications.

F S -L ‘?
M. =C, \‘1-[1- X Lb LPJ oc Eq. (A6.3.3-2)
“p

RpcMyC

M, :(1.02)[1-(1-

M, = 26,566 <33,

ng resistance is

(1 077)(50)(614) < (1.077)(50)(614)

The lateral torsional buckls ity i n expressed in terms of allowable stress by dividing
the above moment cap 1

2,214(1

Equation 6. be evaluated.

Eq. (6.10.3.2.1-2)

25.53+ %(16.32) <(1.0)(43.27) =30.97 ksi < 43.27ksi (satisfied)

Web Bend-Buckling Resistance:
The section must satisfy Eq. 6.10.3.2.1-3 of the specifications to ensure the section has adequate
web bend buckling resistance during construction.
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fou =< Foru Eq. (6.10.3.2.1-3)

F
where: F._ = 92EK il R F v Eq. (6.10.1.9.1-1)
crw D 2 h*yc 0.7 q
(twj
9
- O0; Eq. (6.10.1.9.1-2)

The depth of web in compression was previously calculated to be 25.26 in.

k =#=24.88

(25.26/42.0)°

~0.9(29,000)(24.88)

- - = =70.46ksi>R,F,,
( 4.4375)
Therefore, Few = 50 ksi ‘
f,, =25.53ksi < ¢, F,,, = (1.0)(50.0)= si (satisfied)

8.3.1.3.2 Tension Flange

The section must satisfy the tensig
loading.

minal y®lding check under the construction

Tension Flange Nominal

Eq. (6.10.3.2.2-1)

(satisfied)

As previously sta$d, since the design does not require any transverse stiffeners, the shear check
under the construction loading is automatically satisfied.

8.3.2 Service Limit State (Article 6.10.4)

Serviceability requirements of steel I-girder provisions are specified in Article 6.10.4. The
evaluation of the positive bending region based on these requirements follows.
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8.3.2.1 Elastic Deformations (Article 6.10.4.1)

Since the design bridge is not designed to permit pedestrian traffic, the live load deflection will
be limited to L/800. It is shown below that the maximum deflection along the span length using
the service loads and a line girder approach is less than the L/800 limit. It is noted, however, that
satisfying this requirement is optional.

8=0.6101n. <L/800=(90x 12)/800=1.351n.

8.3.2.2 Permanent Deformations (Article 6.10.4.2)

The positive bending section must be evaluated for permanent deformations are governed

by Eq. 6.10.4.2.2-1.

f, <0.95R,F,

Mo +MDC2+MDW +1'3MLL+IM
S S

nc It

where: f, =

st

quatign repre§@ht the moments resulting from
rmin nt redistribution is not

It is noted that the moment values in the abov,
elastic analysis since it has previously been d
applicable at the service limit state.

The stress in the compression flan w t al 18.97 ksi, which satisfies the

requirements of Eq. 6.10.4.2.2-1.

(738)12) . (147+

f. =
f 614

1.0)(50) = 47.5 ksi (satisfied)

+120)(12)+ 1.3(2160)12) 3974k
1,159 1,248
74 ksi < 0.95RpFy = 0.95(1.0)(50) = 47.5 ksi (satisfied)

Thus, all service requirements are satisfied.
8.3.3 Fatigue and Fracture Limit State (Article 6.10.5)
8.3.3.1 Load Induced Fatigue (Article 6.6.1.2)

The fatigue calculation procedures in the positive bending region are similar to those previously
presented for the negative bending region. In this section the fatigue requirements are evaluated
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for a bolted connection plate, connecting to the girder flanges for the cross frame located 40 feet
from the abutment. This connection type was selected over a typical welded detail due to the
higher fatigue category classification of the bolted connection, and the difficulty of satisfying
fatigue requirements with a welded connection detail. Specifically, a considerably larger section
would be required to satisfy the fatigue requirements if a fatigue category C’ detail was to be
used. Specifically, the bolted connection is classified as fatigue category B (see Table 6.6.1.2.3-
1), which corresponds to a constant-amplitude fatigue threshold of 16 ksi, compared to a
constant-amplitude fatigue threshold of 12 ksi for a C’ detail.

The permissible stress range is computed using Eq. 6.6.1.2.5-1 for the Fatig oad
combination and infinite fatigue life.

(AF), =(AF)y,

(AF), =(AF)y, =16.00ksi

n

Bottom of Top Flange:

v(af)= (1.50){ & 2?(;28)(()461 ), 1434‘(12)(2-13)

Y(AD) = 1.02 ksi < (AF), = 16.00 ksi

(satisfied)

Top of Bottom Flange:

(satisfied)

Eq. (6.10.5.3-1)

However this is\@l unstiffened web. Therefore, this limit is not explicitly evaluated.

8.3.4 Strength Limit State (Article 6.10.6)
8.3.4.1 Flexure (Article 6.10.6.2)

For compact sections in positive bending Equation 6.10.7.1.1-1 must be satisfied sections at the
strength limit state.
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Mu+%f,8xts¢an Eq. (6.10.7.1.1-1)
However, the lateral bending stresses are neglible for the straight, composite girder considered
herein. The following requirements must be satisfied for a section to qualify as compact:

Fy =50 ksi <70 ksi (satisfied)

D_ 420
t, 04375

W

2D, 2(0
2Dy _ 200 o596 %
t, 04375 e

Therefore, the section is compact, and the nominal flexural resistag
6.10.7.1.2. Additionally, the following requirement must be eval

=96.0<150

(satisfied)

D, <0.1D;
The depth of web in compression at the plast"aom was

D, =7.49 in.

D, = total depth of the

Dp=7.49>0.1Dt (not satisfied)

Therefore, the nominal {1 etermined from.

Eq. (6.10.7.1.2-2)

.77'—49 =6,235k - ft
53.25

From elastic ansis procedures, the maximum positive moment under the Strength I load
combination is 4,992 k-ft., which is at a distance of 36 feet from the left support. The
redistribution moment must then be added to this moment to determine the total applied moment.
The redistribution moment varies linearly from zero at the end-supports to a maximum at the
interior pier of 936 k-ft. Thus, the redistribution moment at 36' from the pier is simply computed
as follows.

M= 36/90%(936) = 0.4(936) = 374 k-ft

The total design moment is then the sum of the redistribution moment and the elastic moment.
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M, =4,192 + 374 = 4,566 k-ft
The bending strength of the positive bending region is then shown to be sufficient.
M, <¢ M,
4,566 k-ft. < (1.0)(6,235) = 6,235 k-ft (satisfied)

8.3.4.2 Ductility Requirements (6.10.7.3)

Sections in positive bending are also required to satisfy Eq. 6.10.7.3-1 , which
requirement intended to prevent crushing of the concrete slab.

ductility

D, < 0.42D;
D, = 7.49 in. < 0.42(53.25) = 22.37 in.
8.3.4.3 Shear (6.10.6.3)

The shear requirements at the strength limit state are express§@by:

V, <4V, Eq. (6.10.9.1-1)
where: Vi = Va=CV, Eq. (6.10.9.2-1)
Vp = plastic shea
Vp = 0.58Fy, Eq. (6.10.9.2-2)
c = cklfhg resistance to the shear

ined from Article 6.10.9.3.2

The computation of C 1
is first ev in terms

ed on the'Web slenderness classification. Thus, the web slenderness
following equation.

- ?Ek _ f(29, 000)(5)/ _ i
=96.0>1.12 /:Wv =1.12 40 =60.31 (not satisfied)

The web slenderness is next evaluated in terms of the following equation.

1.12 /E—k<2=96.031.40 ’E—k
Fw T Fo

t  0W375

W
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1.12 Ek =6O.31<2=96.0>1.40 Ek =754 (not satisfied)
Fow t, Fw

Lastly, the web slenderness is evaluated as follows.

D_ 96.0 >1.40 Ek_ 75.4 (satisfied)
t, Fow

Thus, C is calculated according to Eq. 6.10.9.3.2-6.

C= 157 [E—kJ _ L7 (2,900) =0.494

(%T F. | (96.0)

yw
Therefore, the shear capacity is equal to:

Ver = CV, =(0.494)(0.58)(50)(42)((0.4375) = 26@ ki

Thus, the shear requirements at the strength I‘t statga(and ¢ quently all other limit states as

previously discussed) are satisfied.

V =257 kips < ¢V, = (1.0)(263. ips (satisfied)
8.4 Cross-frame Design
The cross-frames alone provide i s during construction to enable the girders to
deflect equally. Once the syste , the concrete slab also contributes to providing
restoring forces and continuo anges at the girder. Therefore, the engineer
may opt to provide temp -frameg@ithat are only required during the construction phase.

However, it is assume
several styles of cross- may be used (refer to Chapter 8 for a more complete discussion), a
typical K s shown in Figure. 17) is used for this example. The design of the
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Figure 17 Intermediate Cros

8.4.1 Intermediate Cross-frame Design ‘

This section describes the design process for an int -frame. The cross-frames are
most critical while the system is inglie no ite under wind loading. The wind load

The bottom strut is in € i the wind loading; therefore, the limiting slenderness
in mpression must be satisfied as specified in Article 6.9.3. For
bracing md ratio is limited to 140, which is applicable for the major as

well as the

The unbraced \@@Eth of the bottom strut is assumed to be 4'-9" about the minor principle axis,

and 9'-6" about\@le major principle axis. Article 4.6.2.5 states that the effective-length factor K
for trusses and fig@es, with bolted or welded connections at both ends, may be taken as 0.750.
Therefore:

_075(4.75)12) _ o 305 _0.75(9.5)(12)

(r),. 0 (r,) o - oollin

The cross-frames will be composed of single-angle members, and the angle capacity will be
determined from the AISC LRFD Specifications for Design of Single-Angle Members from the
Third Edition of the AISC LRFD Manual of Steel Construction. Based on the required
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slenderness values and the minimum structural steel thickness of */14" specified in Article 6.7.3,
an L4 x 4 x °/;, member will be selected. The required section properties are calculated below
and depicted in Figure 18. In these computations it is assumed that the connection plate is Y2-inch
thick.

A =2.40in?
r,=0.781 in.
I, = Ar,” = (2.40)(0.781)* = 1.46 in.*

[y=L+I,-1,=3.67+3.67—-146=15.88 in.*

Iy = ,’I—W = /5—88 =1.57in.
A 2.40

ry=ry=1.24 in.

L117+0.317= 1427

/— L4xdx5/16

Mior Principal Aods

gu Single Angle for Intermediate Cross Frame

The horizontal
where L, is take
0.092 k/ft. as pre

d force applied to the brace point can be calculated in the following manner,
the maximum cross frame spacing and the wind load per unit length (w) is
ously determined:

P, = wL = (0.092)(20.0) = 1.84 kips

The bottom struts in the exterior bays of the system must carry the entire wind force Py;
therefore, all of the bottom struts will be conservatively designed to satisfy the requirements of
the exterior bay struts.
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The Strength III load combination controls the lateral bracing design due to having the largest
load factor for wind, which is specified to be 1.40. The following calculation determines the

factored axial wind force in the bottom strut, including the n factor.
P, =1.00(1.40)(1.84) = 2.58 kips

Connected through one leg only, the strut is eccentrically loaded. The member then experiences
both flexure and axial compression; therefore the design must satisfy the interaction equation
given in Section 16.3 of the LRFD Manual of Steel Construction.

84.1.11 Axial Compression

The axial compressive resistance of the selected angle is calculated from t gquation

from the AISC SAM Section 4:

Pr = ¢cPy
where: ¢, = resistance factor for axial compression
=0.90
P, =A/F; ‘

Ag = gross area of the memb

F. = critical buckling

The critical buckling stress base about the minor principle axis (Z-Z) is determined

as follows.

75)(4.75)(12) ) |50 _ 1 oos
7817 29,000

ation to be used for the calculation of Q is selected based on the b/t ratio of
ect ratio is first evaluated in terms of the following equation.

The appropri
the angle. The

ESO. 46 E =10.7
t F

b__40 158051070 (not satisfied)

t 03125

Since the above equation is not satisfied, the following equation is evaluated.
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9S0.910 £ =219
t F,

% =12.80<21.9 (satisfied)

Therefore, the reduction factor for local buckling Q is calculated from the equation below.

_ b ,F/_ 4.0  [50 _
Q—1.34—0.761? y E —1.34—0.761m , 29,000—0.936

A./Q =0.72340.936 =0.699<1.5

Therefore, F,; is equal to the following.
F =0Q (0.658%2 ) F, = (0.936)(0.658(0'936)(0'723)2 )(50) -38 Eq. (4-1)

The critical buckling stress based on buckling about the geo

i (ﬂ) F _[(07510:502)
rz)VE U (2407

is computed as:

(4

Q =0.936 (same as abo

A.4JQ =0.9111/0.936 = (satisfied)
Therefore, F,; is again comput
(governs)
Thus, the urs for buckling about the geometric axis. Consequently, P, and

)(33.81) = 81.14 ksi
P, = @B0(81.14) = 73.03 ksi

Therefore, the compressive capacity of the bottom strut is shown to well exceed the required
capacity.

P, =2.58 kips < 73.03 ksi (satisfied)
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8.4.1.1.2 Flexure: Major-Axis Bending (W-W)

The major-axis (W-W) bending capacity of the angle is based on either the local buckling
(Section 5.1.1) or the lateral-torsional buckling (Section 5.1.3) resistance.

Local Buckling:

The local buckling limit state must be checked when the tip of the angle is in compression. The
applicable equation for calculation of the local buckling capacity is determined based on the b/t
ratio of the bracing member. The b/t ratio is first evaluated in terms of the following equation.

b <0.54 E =13.0
t F,

b 40
t 03125

=12.8<13.0

Therefore, the moment resistance is computed according to Eq. ! ’
Mnw = 1.5F,S¢ Eq. (5.1a)
Muw = 1.5(50)(5.88/2.83) = 155.8&&
The applied moment about the major axis is compu sing the Tollowing procedure.

Muw = BiwMy = BiwPyew

where: B, = g—m >1.0 Eq. (6-2)
1_ %alw
C,=0.6-0 /M, Eq. (C1-3)
The Cy, f:
moments.

counts fo moment gradient, and is to be taken as 1.0 for equal end

0 0.360
29,000

_AR @460 _ 925.9kips

w2t (0.36)

(1.57)7

1.0
B, -—— >0
w758

1-2580 5.9
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P, has previously been calculated as 2.58 kips and e, was shown in Figure 17 to be 1.77 inches
Thus, My, is equal to 4.57 as shown below.

Muw = (1.00)(2.58)(1.77) = 4.57 k-in

Thus, compared to the local buckling resistance of 155.8 k-in., the applied moment is
satisfactory.

Muw = 4.57 k-in < Myy = 155.8 k-in. (satisfied)

Lateral-Torsional Buckling:
The elastic lateral-torsional buckling capacity Mg, is determined from Eq. 5-
the AISC SAM.

ion 5.3.1 of

242
M, =C, @ 5)
where: Cp, = 1.0 for members (as considered here) v moil@nt throughout
their unbraced length according to the ofSC SAM Section
5.1.3.

0.46(29,000)(4.0)* (0.3125)’

M,, =1.0
(9.5)(12)

The yield moment for the major pri termined below:

IW
M, =F,S, = Fy[c—

w

Therefore, Mg, > My and @i la torsi buckling capacity is thus computed according to
Eq. 5-3b.

M, <1.5M Eq. (5-3b)

92-1.17,[(103.9)/(182.8) |(103.9) <1.5(103.9)

7.8<155.9=107.8k-in.

nw

Thus, the lateral torsional buckling capacity about the major axis is sufficient to resist the applied
moment of 4.57 k-in.

M,, =107.8k-in.> M, =4.57k-in. (satisfied)
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8.4.1.1.3 Flexure: Minor-Axis Bending(Z-Z)

The flexural capacity about the minor axis of a member where the corner of the angle is in
compression (which causes the tip of the angle leg to be in tension) is calculated using Eq. 5-2.

IZ
c 1.57

z

M,, =1.50M, =1.50F, [ j: 1.50(50)(1'46j =69.7k-ft. Eq. (5-2)

The applied moment about the minor axis is computed using the following eguation.
Muz = BIZMZ = BIZPueZ

where: B, =——"__>1.0

C,=10

m

i {(0.75)(4.75)(12)] 50 g3
(0.781)x xf29,ooo

_AFR 24650 =229.6kips

w22 (0.723)°

B =l >10

W= o537 ©
Y

58)(0.51) = 1.33 k-in.

Thus, the flexural capa gloT axis is sufficient.
(satisfied)
84114 1al Compression:
The interactio ween flexure and axial compression must also be checked according to

Section 6.1.1 o
applied axial loa

SC SAM. This evaluation begins with determining the ratio between the
nd the axial capacity.

R —ﬁ=0.04<0.2

P 73.03

n

Because the ratio between the applied axial force and the axial capacity is less than 0.2, Eq. 6-1b
must be satisfied.
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<1.0 Eq. (6-1b)

F{J MUW MUZ
+ +
2¢Pn ¢DMHW ¢DMHZ

According to Article 6.5.4.2, ¢, and ¢, are to be taken equal to 1.0 and 0.9 respectively. Thus, it
is demonstrated that Eq. 6-1b is satisified.

=0.081<1.0 (satisfied)

258 (457 133
2(0.9)(73.03) | 1.00(107.8) " 1.00(69.7)

8.4.1.2 Diagonals

The diagonals carry a compressive force that is the result of wind loads and
loads carried in the top strut. It is assumed that each bay carries a portion o
diagonals carry equal loads. From statics the following equation ¢ | cidPmine the
axial force in the diagonals.

(P)yy, =V +0° (%
where:
a = one-half the transverse girde
b = the diagonals

1.84
2(3)(10.0(12)/2)

j =0.34kips

The axial fo
1s as follows:

1 due to the wind loading under the Strength III load combination

0(1.40)(0.34) = 0.48 kips

The unbraced length of the diagonal in compression, taken as the distance between the working
points, is calculated below:

| = \/(%j +(30.0)* =67.08in.

A similar analysis was conducted for the diagonals as was conducted for the bottom strut, and
the L 4 x 4 x °/;¢" member was determined to be adequate for the design wind loading.
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8.4.2 End Cross-frame Design

The lateral wind forces are transmitted from the deck to the substructure by the end cross-frames.
The following section describes the design of end cross-frames (see Figure 19).

10 L. 0”

5 ’_0 » 2 5 ,_0 »

h |

8.4.2.1 Top Strut

The top strut of the end cross-fr e compressive forces that are a result of the wind
load on the structure and vehic
loads, including the dynamic 1 . The total wind pressure Pp, calculated previously,
is 0.050 ksf. The total heg@# o is as follows:

2.00 in.

43.25 in.

93.75in. =798 ft

The wind load per unit length on the structure is computed as follows:
ws=(7.98)(0.050) = 0.40 kips/ft

From Article 3.8.1.3, the wind load per unit length acting normal to the vehicles at a distance of
6.0 feet above the roadway is:
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wr = 0.10 kips/ft

The wind loads on the end cross-frames is assumed to be half of the total wind load and is
computed below.

P, = 0.40[&2'0j =18.0kips

Ru = 0.10(&2'0] =4.5kips

Each bay is assumed to carry an equal portion of the wind load; therefore, tj e in the

top strut is calculated as follows:
(Pws)top strut = 18.00/3 = 6.00 kips
(PWL)top strut — 4.50/3=1.50 klpS

The dead load from the slab, concrete haunch, and steel gir p strut is computed

below: ‘

Slab 8.50 (14.0 2.00

/144)(0.150) = 0.30

+ 1

Concrete Haunch + 7.50/2)(1/144)(0.150) = 0.23

Steel Girder =

As specified in Article 3.64.2! ig@lane is a 0.64 kips/ft. load distributed over a 10.0

+12.0+ ?j =0.16 kips/ft

The design t us the dynamic load allowance is discussed in Article 3.6.1.2.2

(1.33) = 21.28kips

Figure 20 illustrates the position of the above computed live loads that produce the maximum
moment and shear in the strut. The maximum moments and reactions in the top strut are then as
follows.

MDC =1.75 k-ft
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MLL+IM =18.30 k-ft
Rpc =3.50 kips

RLL+IM =251 klpS

Frp PrL
607

PSRN ER RN

5’ -0” * 5’ -0 »

Figure 20 Live load on To

t of the end cross-frame
follows.

The Strength I load combination governs the ¢Rsig

design. Thus, the controlling moments and shearsgre ¢

84211 Strength I:

M, = 1.00[1.25(1.75) + 1

V, =1.0{1.25(£j
2

must also be considered when selecting the member. Therefore, a W10 x 19 is selected as a trial
member.

To determine the flexural capacity of the W10x19 section, the applicability of Appendix A is
first evaluated.

Fy = 50 ksi < 70 ksi
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2D, _20412) 37 64<57 % ~1373 Eq. (A6.1-1)
t 0.25 \/F.

W

Therefore, Appendix A is applicable. The web slenderness is then evaluated based on Eq.
A6.2.1-1.

® < Eq. (A6.2.1-1)

29, OO% 0

ﬂpW(DCP) = 2
(0.54((21'6)(50)j -0.1
(1.0)(18.8)(50)

2D, _2041/2) _ 37 64 <339 (satisfied)
t, 0.25
Therefore, the web is compact and t plast jon Y@tors are thus computed as follows.

My _ Eq. (A6.2.1-3)

oo = M, = q. 2.
Eq. (A6.2.1-4)

)(50)
must be evaluated. The following calculations show that the

e o 402 s09<015 (satisfied)

A = =
"2t 2(0.395)

fc

Therefore, the flexural capacity of the section based on local buckling is equal to the product of
the web plastification factor and the yield moment, as specified in Eq. A6.3.2-1.

Mociris = RoeM,e =1.149(50)(18.8)/12 = 90.0k-ft.
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The flexural capacity based on lateral torsional buckling must also be investigated. Alternative
equations are used to compute the lateral torsional buckling capacity based on the lateral bracing

distance classification. The lateral bracing distance classifications are based on the value of ri.

b
[ = o _ 4.02 ~1.039in.  Eq. (A6.3.3-10)

| 1 D4, 1((041/2)025)
J12(1+3(bfctfc D \/12(3[ (4.02)(0.395) B

The lateral bracing distance is classified as compact if Eq. A6.3.3-4 is satisf8

L =r

=T %y0=25.03in.

Lp = (5.0)(12) = 60 in. > 25.03 in.

Therefore, the lateral bracing distance is next evaluated comparcg pmpact lateral
bracing limit.

E [J Sycladlp
L, =60<L, =1.95r — |— [1+ [1+6.76
Fyr SXCh

where: F, = minLO.7 F

Eq. (A6.3.3-5)
Rh

ye?

min (35,50,50) =35.0ksi

Eq. (A6.3.3-9
b, ]J q. ( )

> - 2(4.02)(.395)° (.938)) =0.204in.’

h=9.81in.

2
L =1.95(1.039) 22000 | 0204 596[ 3> _(E8DO8D 05
35\ (18.8)(9.81) 29,000  0.204

L, =60in.< L, =110in.

Therefore, the lateral torsional buckling resistance is controlled by equation A6.3.3-2 of the
specifications.
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Fyerc Lb _Lp
M, =C,|1-|1- RM, <R .M,
RpeM,. | L -L,

R M, = (1.149)(50)(18.8) = 1,080k-ft.

Mm:{l_( (35)(18.8) j( 60 —25.03 )}:911.71«&

(1.149)(50)(18.8) )\ 112.7 —25.03

Mgy =911.7k-in. = 75.9k-ft.

Comparing the flange local buckling and lateral torsional buckling capaciti ined

that the lateral torsional buckling capacity controls the design of the top str#
My = min(90.0, 75.9)
A&Mpe = (1.0)(75.9) = 75.9 k-ft.
Thus, the moment capacity is sufficient.
&Mpe =759 k-ft. > M, = (satisfied)

st be evaluated to ensure the member is
elow:

In addition to the flexural capacity,
acceptable. The shear capacity of
V, =V, =CV, Eq. (6.10.9.2-1)

where: V, =0.58F, Dt, =088(50)(9.41 Eq. (6.10.9.2-2)

The formula used to ¢ ding on the web slenderness as shown below.

=60.31

D_94 3 64<6031
t 025

Therefore, 1.0
#V., =(1.0)(68.22) = 68.22kips >V, =24.15kips (satisfied)

Thus, the shear requirements are satisfied.

The member must also be evaluated for combined axial compression and flexure, for which the
Strength III and Strength V load combinations are most likely to govern.
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8.4.2.1.2 Strength I11:
P, =1.00[1.25(0.00) + 1.40(6.00)] = 8.40 kips
My = 1.00[1.25(1.75) + 1.40(0.00)] = 2.19 k-ft.
Article 6.9.2.1 specifies the axial capacity as follows.

Py = ¢cPn Eq. (6.9.2.1-1)

where: ¢, = 0.90

The equation used for determining P, is selected based on the value of the
parameter.

ﬂz(ﬂj 5:((0.75)(9.5)(12)] 50 e
rz) E (0.874)7 | 29,000

Because A is less than 2.25, P,\@co ollows.

P, =0.66"F, A =(0.66)""" (50)(5.62)Q4 4 Eq. (6.9.4.1-1)

Flange:

b/2)

_ot, —2k _ _
f j:(IO.Z 2(0'2925; 2(0'695)j=32.08£1.49 /FE:1.49 Eq. (6.9.4.2-1)
. y

Thus, the moment resistance is equal to M,,.
M= &Mp = (1.00)(50)(21.6) = 1,080 k-in. = 90.0 k-ft.

The combined influence of axial force and moment must then satisfy the following equation.

102



L= <0.2 then,
P 1264
P M
2 Mg Eq. (6.9.2.2-1
P M. q. ( )
84 21 o06<1.0 (satisfied)

2(126.4)  90.0

8.4.2.1.3 Strength V:

Similarly, the applied axial force and moment due to the Strength V load cq
computed below.

P, = 1.00[1.25(0.00) + 1.35(0.00) + 1.40(6.00) + 0
Mue = 1.00[1.25(1.75) + 1.35(18.30) + 0.40(0,00

The axial load and moment interaction equation 6.9.2.2-1 is satisfied for this

load combination below. ‘

9.0 26.89

+ =0.333<1.0
2(126.4)  90.0

(satisfied)

8.4.2.2 Diagonals

The diagonals carry a compressi )s the result of wind loads and reactions from the
loads carried in the top strut. THE geometry o end cross-frames was previously illustrated in
Figure 19. As previously djsc n of the cross-frame is based on the assumption that
each bay carries an equa 1 wind forces. The axial force is computed below
cross-frame design example.

=18.0kips

=4.5kips
(R )diag. = ﬁ[%}
(Pws)diag.Z\/(IO.Oz(lz)jz”Oz 2(3)(11)?6(()12)/2) =3.35kips
(PWL)diag‘Z\/(lo'()z(lz)f”L?’oz 2(3)(1365(12)/2) =0-Bakips
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The axial force in the diagonal as a result of the dead-load reaction Rpc on the top strut is

computed below.
_ [(10002)Y 50 ( 35 )5 014
(PDC )diag_ - \/[Tj + 30 (mj = 391k1ps

The axial force in the diagonal as a result of the live-load reaction Ry .\ on the top strut is
computed as follows.

~(10.0a2)Y L, (251 ) ,
(PLL+IM )diag,_\/(Tj +30 m =28.06kips

The following calculations determine the controlling load combination.

84221 Strength I:
P, =1.00[1.25(3.91) + 1.75(28.06)] = 54.0

8.4.2.2.2 Strength II1:

Pu = 1.00[1.25(3.91) + 1.40(3.35)}@.9.5

8.4.2.2.3 Strength V:

P, =1.00[1.25(3.91) 40(3°35) + 0.40(0.84)] = 44.4 kips
The initial member selection wi he compressive strength slenderness requirements
of the member and minimum 1 1 quirements. The distance between the working

points will be taken as the unb

2
L

. 0.75(67.08)
140

=0.359in.

Thus an L4 x 4 x 5/8 is selected as the trial member, assuming a %2-inch connection plate.The
member must be evaluated for individual and combined influences of flexure and axial
compression as detailed below.

Axial Compression:
The axial compressive resistance of the member is computed from the following equation:
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Pr = ¢an

where: ¢ = the resistance factor for axial compression
d. =0.90
Pn = Achr

Alternative equations are given for F., based on the value of the slenderness

F
A= ( KI j f_y :((0.75)(67.08)j 50 _ 859
rz )V E 0.774rx 29,000

The value of Q must also be determined, which is based on the b/t ratio of t

b_ 40 _ca0< 0446 ~10.7
t 0.625
~Q=1.0

The product of A, and Q is then used to determm e con

parameter, A.

quation for F.

Because the product of of A, and Q is
equation.

js computed according to the following

R =Q(0.655% K {&(1.0) (0.6 " ) (50)=36.71 Eq. (4-1)

The and factored axial capacities are then as follows.
= (4.61)(36.77) = 169.5 ksi

»=0.90(169.5) = 152.6 ksi

Thus, t ember is sufficient to resist the applied axial force of 54.0 kips.

P, =54.0 kips <P, = 152.6 kips (satisfied)
8.4.2.2.4 Flexure: Major-Axis Bending (W-W)

The flexural capacity of the major—axis is based on the minimum of the resistance determined
from the local buckling and lateral torsional buckling equations, which is governed by the AISC
SAM Section 5.3.1a. The applied moment about the major axis is computed as follows.

Muw = BIWMW = BleueW
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B, =—="—>10 Eq. (6-2)

h = ((o 75)(67.08)  0.440
1517 29,000

F
_AR _ (3600 1,190.6kips

P
A (0.441)

1.0

1,190.6

Muw = BiwMy, = BiwPuew = (1 05)(54 0)(1 77) -

Local Buckling:
The following b/t ratio of the angle is used to &term ing equation for local

buckling capacity.
b_ 40 _su0<054
t 0.625
Therefore, the nominal moment, ckN@ls capacity is 277.74 k-in, which is sufficient.
Muw = 1.5F,S. Eq. (5.1a)
(satisfied)

M

(0.46 Eb’t’ ] » 0(0.46(29, 000)(4.0)>(0.625)°

=1,243k-in.  Eq. (5-5
| 67.08 j . q- (5-5)

ob ™

M, is then computed as follows.

M, =F,S,=F,| 50[10 48] ~185.2 k-in.
c. 2.83
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Since My, > My, the nominal lateral torsional buckling resistance of the member about the major

principal axis is computed from the following equation:

1.5M,, =1.5(185.2) = 277.8k-in,

M, =|192-1.17,/M,/M,, [M, <1.5M, Eq. (5-3b)

M,, =[1.92-1.17,[(185.2)/(1,243) |(185.2) =271.9

M, =271.9k-in.

Thus, the lateral torsional buckling capacity is also sufficient to resist the agfilied load
My = 271.9 k-in. > My, = 100.4 k-in.

8.4.2.2.5 Flexure: Minor-Axis Bending (Z-Z):

the mlns Xis

d using the following

The nominal flexural resistance of the section about ed below:

IZ
M, =1.5M, =1.5F, (C—J:I.S(SO) Eq. (5-2)

The applied moment abou
equation.

M BIZM Blz

08)

1.517 29 000

F
£ A L= (4’61)(5(2)) =312.4kips
A" (0.859)

1.0
B,=——7-—=121
w - 54.0

3124

M., = (1.21)(54.0)(0.61) = 39.9 k-in.
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Thus, the moment capacity about the minor axis is sufficient.
My, =39.9 k-in. <M, = 124.0 k-in. (satisfied)
8.4.2.2.6 Flexure and Axial Compression:

The member is checked for the combined flexural and axial compressive forces according to
Section 6.1.1 in the AISC SAM, which specifies that the ratio between the ultimate axial force
and the axial capacity be used to determine the governing equation.

R _540 _ 535
#P, 1523

Because P,/¢P,, is greater than 0.2, the following equation must be satisfie

<1.0 Eq. (6-1a)

PLI 8 MLIW MUZ
e e
¢Pn 9 %MHW ¢anZ

Using ¢y equal to 1.00 and the other values computed above

est ng.

(satisfied)

540 8( 994 418 )
1523 9| (1.0)(271.9)  (1.0)(124.0)

~O

at lo

Thus, the diagonal member is acc
8.5 Stiffener Design

8.5.1 Bearing Stiffener De

ons of concentrated loads for the webs of sections

¢ D6.5. Specifically, Article D6.5 specifies the web
respect to the limit states of web local yielding and web crippling.
Both of th§8e §i3 uated below for the abutment and pier locations, assuming a 10

Bearing stiffeners must
that do not satisfy the

oV

The web local yielding capacity, Ry, is given by Eq. D6.5.2-2 for interior pier reactions and by
Eq. D6.5.2-3 for abutment reactions.

R, = (5k + N)Fyyty

where:
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k = distance from the outer face of the flange resisting the bearing force to the web
toe of the fillet

= 1.25+0.3125=1.5625in
N = bearing length =10 in.
Fyw= 50ksi

tw = 0.51n.

Substituting the above values into Eq. D6.5.2-2 gives the following.
Ry =[(5)(1.5625) + 10](50)(0.5)
R, =445 kips

Then evaluating Eq. D6.5.2-1, where ¢y, is equal to 1.00 an ler is

shows that the web yielding requirements are satisfied at the

Qisﬁ

Equation D6.5.2-3 is now used to evaluate the we ding ca

ual to 337 kips,

337 < (1.00)(445) = 445

ty at the abutments.

R, =(2.5k + N)Fyy (D6.5.2-2)
R, =[(2.5)(1.5625) + 10 0.4375
Rn =304 kips
Again evaluating Eq. D he pier is equal to 258 kips, shows that the web
yielding requirements e abutments.
=304 (satisfied)
The require crippling are expressed by Eq. D6.5.3-1.

For interior pier

1.5
R, =0.8t 1+3(ﬁj by ERuly
" " d )t t,

where: d = depth of the steel section

tions, the web crippling capacity, R, is given by Eq. D6.5.3-2.
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d=44.375 in.
tr = thickness of the flange resisting the concentrated load

tr=1.25 in.

R =0.8(0.5)’ {1+3( 10 j(ﬂj | } (29,00005001-25) _ 446 ks

44.375 )\ 1.25 0.5

Evaluation of Eq. D6.5.3-1 where ¢y, is equal to 0.80 then shows that the pier
sufficient web crippling resistance.

337 <(0.80)(446) =356 (satisfied)

the
with N/d =

For abutment reactions, R, is expressed by either Eq. D6.5.3-3 or I3
ratio between the bearing length and the steel section depth. For { ¢
10/44 = 0.23 at the abutments, Eq. D6.5.3-4 applies.

1.5
R, =0.4t2 1+3£ﬂ—0.zj L S
d t, t,

437

Eq. (D6.5.3-4)

(29,000)(50)(1.25)
0.4375

R, =0.4(0.4375)* {1 + 3( =179kips

Evaluating Eq. D6.5.3-1 at the ab
prevent web crippling.

at bearing stiffeners must be provided to

258 > (0.80)( (not satisfied)

The bearing stiffeners ically welded to both sides of the web that extend the full

ose to the outer edges of the flanges as practical. The plates are to
bear again ) e flange that the load is transmitted through. This example

ino Stiffeners at Abutment 1.

8.5.1.1 Projed idth (Article 6.10.11.2.2)

The width, by, of\@lojecting stiffener elements must satisfy the following:

b, <0.48t, /FE Eq. (6.10.11.2.2-1)
ys

It will be assumed that 6 inches wide plates are welded to each side of the web. Eq. 6.10.11.2.2-1
is then rearranged to determine the minimum allowable thickness of the stiffener.
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b

B ] B 6.0
0.48 7 0.48 \/29,000
\/ Fys 40

Thus, a 6 inch by 5/8 inch plate will be used to evaluate the bearing stiffener requirements.

=0.52in.

(t )

8.5.1.2 Bearing Resistance (Article 6.10.11.2.3)

The factored resistance for the bearing stiffeners shall be taken as:

(Ro), =4 (Ry), Eq. (6.

where: ¢, = resistance factor for bearing =1.0 (Article
6.5.4.2)

(Rsp)n = nominal bearing resistance for beg

stiffeners

= 1.4ApnFys 4. (6.10.11.2.3-2)

Apn = area of the pr’ctin
stiffener outside

fillet welds but not nd the ed®e of the

394) =394 kips > R, =257.5 kips  (satisfied)

ring stiffeners have adequate bearing resistance.
8.5.1.3 Axia ance of Bearing Stiffeners (Article 6.10.11.2.4)

The factored ax¥g@lresistance is calculated from Article 6.9.2.1 of the specifications, where the
radius of gyratiof@§s computed about the mid-thickness of the web, and the effective length is
taken as 0.75D. For stiffeners welded to the web, part of the web is considered in the effective
column section. The strip of web included in the effective column is not more than 9t,, on each
side of the stiffeners. Therefore, the area of the effective column section is computed below:

As = 2[(6.0)(0.625) + 9(0.4375)(0.4375)] = 10.95 in.>

The moment of inertia of the effective column section is computed as follows:
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| _ 0-625(6.0+0.4375+6.0)

. =100.2in.*
12

The radius of gyration computed about the mid-thickness of the web is computed as:

= e = P92 5 30
A \10.95

The effective length is computed as follows:

K1=0.75D =0.75(42.0) = 31.50 in.

The bearing stiffeners must satisfy the limiting slenderness ratio, stated in hich is

120 for main members in compression.

K :E =10.40<120
r, 3.03

S

(satisfied)

n section is

As previously mentioned, the factored axial resistance of the
i strength of the stiffener.

calculated from Article 6.9.2.1 using the spec‘d

P; = ¢cPy Eq. (6.9.2.1-1)
where:
¢. = resistance factor for axia 0.90 (Article 6.5.4.2)
P, = nominal compr i m Article 6.9.4.1, which is determined based
on the valuggof

Determine P, using A determine the elastic critical buckling load, P, per

Article 6.9

Eq. (6.9.4.1.2-1)

. :M(IO 95)=2,646kip
(10.40)
P, = QF,A, Article 6.9.4.1.1
where,
P, = Equivalent nominal yield resistance
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Q= Slender Element Reduction factor, taken as 1.0 for bearing stiffeners
P, = QF,A, = (1.0)(50)(10.95) = 547.5 kip
P./P,=2646/547.5=4.83 > 0.44

Therefore, Eq. 6.9.4.1.1-1 applies.
PO
P = {0.658(]‘]‘&

P, = [0.658%7/544|547.5) = 502.1 kip

P, =0.90(502.1) = 451.9 kips > R, = 257.5 kips (satisfied)
8.5.1.4 Bearing Stiffener-to-Web Welds
Adequate shear strength of the welds j oining’ be iffeN@k to the web must also be

verified. First the weld shear strength, which is t ea 0
the yield strength of the weld metal, is determined.

multiplied by 60 percent of

Rr: O-6¢62FCXX Eq (613324]3—1)

where:

O, = resistance factofor shear gthc@hroat of the weld metal = 0.80

Fexx= classifi n str weld metal = 70 ksi for this example

0.80)(70) WBR.6 ksi

The minim
6.13.3.4-1.

d pCrmissible in this situation is 0.25 inches, according to Table

The length of the Weld, allowing 2.5 inches for clips at both the top and bottom of the stiffener,
is:

L=42.0-2(2.5)=37.0n.

The total factored resistance of the weld connecting the stiffener to the web of the section is then
879 kips which is greater than the required shear strength of 257.5 kips.

4(37.0)(5.94) = 879.1 kips > 257.5 kips (satisfied)
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8.6 Weld Design

This section outlines the weld design for the web-to-flange junction. The weld design strength is
checked against the shear flow associated with the design loads. The horizontal shear flow at the

end bearing is computed from the following equation:

-
where: V = shear force
Q = statical moment of the area about the ne
I = moment of inertia

sectional properties applicable to various applied forces. Thus, th ament of the area

8.6.1 Steel Section: ‘
Top flange: Q =(10.50)(25.63) = 2

Bottom flange: Q =(20.0)(14.37)

8.6.2 Long-term Section:
Top flange: Q =0 : 34.5 in.’

Slab: Q 626.6 in.’
761.1 in.?
604.0 in.>
8.6.3 Short- ection:
Q =(10.5)4.51) = 474in’
Slab: Q =(102.0)(10.13) = 1033.3in.’
= 1,081 in.’
Bottom flange: Q =(20.0)(38.50) = 770.0 in.’

The shear flow under each loading is thus computed as follows, where it is determined that the
bottom flange experiences the highest level of shear flow.
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Top Flange:

DCl: s =(1.25)(44)(269.1)/15,969 = 0.93
DC2: s =(1.25)(7)(761.1)/35,737 = 0.19
DW: s =(1.55)(9)(761.1)/35,737 = 0.29
LL+IM s =(1.75)(103)(1080.7)/48,806 = 4.00
= 5.41 kip/in
Bottom Flange:
DCI: s =(1.25)(44)(347.4)/15,969
DC2: s = (1.25)(7)(604.0)/35,737
DW: s =(1.55)(9)(604.0)/35,737
LL+IM s= (1.75)(103)(770.0)/48,806‘

Thus, the applied shear flow of 5.4
capacity of both the fillet welds an. he ifications limit the minimum size of
a fillet weld in which the base metal 1 " to 5/16." Therefore, a 5/16" fillet weld
is assumed on each side of the pla ored resiStance of the weld metal is determined as
follows:

ed in comparison to the shear flow

Eq. (6.13.3.2.4b-1)
tor for shear on the throat of the weld

(Article

6.5.4.2)
Fexx = classification strength of the weld metal= 70 ksi
R, =0.6(0.80)(70) = 33.6 ksi
The allowable shear flow for the 5/16 inch welds is:

v =33.6(0.707)(0.3125)(2) = 14.85 k/in.

From Article 6.13.5.3, the factored shear resistance of the connected material is computed as
follows:
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Ri=¢y Ry Eq. (6.13.5.3-1)
R, =0.58A.F, Eq. (6.13.5.3-2)
where:
R, = nominal resistance in shear
R,= 0.58(1.00)(50) =29.0 ksi

A,= gross area of the connection element

Fy = minimum yield strength of connection element

®v = resistance factor for shear = 1.00

The allowable shear flow on the connected material g
V= 29.0(0.4375& 12.69 k/in. (governs)

Since, v = 12.69 k/in. > v, = 5.56 k/in., the 5/16" {@blet w¢e
weld.

uate for the web-to-flange
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