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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

This design example presents an alternative design for that presented in Design Example 2A.
Specifically, the design of a continuous steel I-beam bridge is presented using a standard shape
rolled I-beam, as an alternative to the preceding plate beam design. The Fifth Edition, with the
2010 Interims, of the AASHTO LRFD Bridge Design Specifications [1], referred to herein as
AASHTO LRFD (5™ Edition, 2010), is the governing specifications and all aspects of the
provisions applicable to I-beam design (cross-section proportion limits, constructibility,
serviceability, fatigue, and strength requirements) are considered. Furthermoge, the optional
moment redistribution specifications will be invoked. In addition to the bea ign, and the
design of the concrete deck are also included. A basic wind analysis of the stru i

)
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2.0 DESIGN PARAMETERS

The purpose of this example is to illustrate the design of a tangent two-span continuous bridge
having equal spans of 90.0 feet with composite rolled beams using the moment redistribution
method. The bridge cross-section (see Figure 1) has four rolled beams spaced at 10.0 feet with
3.5 foot overhangs providing for a 34.0 feet roadway width. The reinforced concrete deck is 8.5
inches thick, including a 0.5 inch integral wearing surface and a 2.0 inch haunch.

The framing plan for this design example (see Figure 2) has cross frames spa
the abutments and 15 feet near the pier and are governed by constructability
positive bending and moment redistribution requirements in negative bending.

ed at 30 feet near
irements in

ASTM A709, Grade 50W is used for all structural steel and the concrete is with a
compressive strength of 4.0 ksi. The concrete slab is reinforced with reinforgi W60 ksi
yield strength.

The design specifications are the AASHTO LRFD Bridge Desig s, Fifth Edition,

The beam design presented herein is based orge re iding the same beam design for
both the interior and exterior beams. Thus, the de i equirements for both interior

concrete slab.

3@ 10-07

Figure 1 Sketch of the Typical Bridge Cross Section
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3.0 CROSS-SECTIONS

The beam elevation, shown in Figure 3, has section transitions at 30% of the span length from
the interior pier. The design of the beam from the abutment to 63.0 feet in span is primarily
based on positive bending moments; thus, these sections of the beam are referred to as either the
“positive bending region” or “Section 17 throughout this example. Alternatively, the beam
geometry at the pier is controlled by negative bending moments; consequently the region of the
beam extending 27.0 feet on either side of the pier will be referred to as the “negative bending
region” or “Section 2”.

By iteratively selecting various rolled I-beams from the standard shapes availa
cross-sections shown in Figure 3 were determined to be the most economic
example.
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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
As discussed in the Steel Bridge Design Handbook Design Example 2A, the Bridge dead loads

are classified into three categories: dead load of structural components and n8
attachments (DC), and dead load of wearing surface and utilities (DW).

respectively. For DW, a load factor of 1.50 is used at the Strength Limit Std
of 1.00 is used at the Service Limit State.

4.1.1 Component And Attachment Dead Load (DC)

As discussed in the previous example, the component dead
loads acting on the non-composite sectio
composite section (DC2). DCI1 is assumed {o

is into two parts: dead
loads acting on the long term
e steel section alone. DC2 is

the longitudinal steel reinforcing i adth of the slab when the beam is in
negative bending.

DCI includes the beam self wei i concrete slab (including the haunch and overhang
taper), deck forms, cross fra
this example is taken fro hich provides approximate unit weights of various

eight of normal weight concrete as 0.145 k/ft’; the

concrete unit weight i k/ft’ in this example to account for the weight of the
steel reinfg e concrete. The dead load of the stay-in-place forms is assumed to
be 15 psf? ead load of the cross-frames, stiffeners and other miscellaneous
steel detai . k/ft. is assumed. It is also assumed that these dead loads are

equally dist Bms as perm1tted by Article 4.6. 2 2.1 for the line-beam type of

Slab = (8.5/12) x (37) x (0.150)/4 = 0.983 k/ft
Haunch = (2-1.22)(15.8)/144 x 0.150 =0.013 k/ft
Overhang taper =2 x (1/2) x (3.5-7.9/12) x (2/12) x 0.150/4 = 0.018 k/ft

Beam =0.215 k/ft



Cross-frames and misc. steel details = 0.015 k/ft
Stay-in-place forms = 0.015 x (30-3 x (15.8/12))/4 =0.098 k/ft
Total DC1 =1.342 k/ft

DC2 is composed of the weight from the barriers, medians, and sidewalks. No sidewalks or
medians are present in this example and thus the DC2 weight is equal to the barrier weight alone.
The parapet weight is assumed to be equal to 520 Ib/ft. Article 4.6.2.2.1 specifies that when
approximate methods of analysis are applied DC2 may be equally distri to all beams or,
alternatively, a larger proportion of the concrete barriers may be applied to th erior beam. In
this example, the barrier weight is equally distributed to all beams, resulti DC2 loads
computed below.

Barriers = (0.520 x 2)/4 = 0.260 k/ft

DC2 =0.260 k/ft

4.1.2 Wearing Surface Dead Load (DW)

Similar to the DC2 loads, the dead load of theg we ce is applied to the long-term
composite section and is assumed to be equally d1 ted to girder. A future wearing
surface with a dead load of 25 psfi assu this unit weight by the roadway width
and dividing by the number of gir

Wearing surface = (0.025) x
DW =0.213 k/ft
4.2 Vehicular Live
ive Load (Article 3.6.1.2)

The AAS e 104ding is designated as the HL-93 loading and is a combination of
3s the design lane load. The design truck, specified in Article

sed of an 8-kip lead axle spaced 14 feet from the closer of two 32-kip rear
axles, which ha@@a variable axle spacing of 14 feet to 30 feet. The transverse spacing of the
wheels is 6 feet. We design truck occupies a 10 feet lane width and is positioned within the
design lane to produce the maximum force effects, but may be no closer than 2 feet from the
edge of the design lane, except for in the design of the deck overhang.

3.6.1.2.2, 1s cd

The design tandem, specified in Article 3.6.1.2.3, is composed of a pair of 25-kip axles spaced 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 has a magnitude of 0.64 kif uniformly
distributed in the longitudinal direction. In the transverse direction, the load occupies a 10 foot



width. The lane load is positioned to produce extreme force effects, and therefore, need not be
applied continuously.

For both negative moments between points of contraflexure and interior pier reactions a special
loading is used. The loading consists of two design trucks (as described above but with the
magnitude of 90% the axle weights) in addition to the lane loading. The trucks must have a
minimum headway of 50 feet between the two loads. The live load moments between the points
of dead load contraflexure are to be taken as the larger of the HL-93 loading or the special
negative loading.

The dynamic load allowance, which accounts for the dynamic effects of fo
only applied to the truck portion of the live loading, and not the la
service limit states, the dynamic load allowance is taken as 33 p atigue limit
state, the dynamic load allowance is taken as 15 percent.

4.2.2 Optional Live Load Deflection Load (Article 3.6.1

The loading for the optional live load deﬂecti& of the greater of the design
truck, or 25 percent of the design truck plus the la ic load allowance of 33
percent applies to the truck portions (axle wgi se load cases. During this check, all
design lanes are to be loaded, and at all components deflect equally.

4.2.3 Fatigue Load (Article 3.6.1.4)

For checking the fatigue limit g#ffte, a sin n truck with a constant rear axle spacing of 30

feet is applied.

4.3 Wind Loads

Article 3.8
wind load &

ign horizontal wind pressure, Pp, which is used to determine the
& [ThSWind pressure is computed as follows:
V 2

Dz Eq. (3.8.1.2.1-1)

where: Pg base wind pressure of 0.050 ksf for beams (Table 3.8.1.2.1-1)

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

In this example it is assumed the superstructure is less than 30 feet above the ground, at which
the wind velocity is prescribed to equal 100 mph, which is designated as the base wind velocity,
V. With Vpz equal to the base wind velocity of 100 in Eq. 3.8.1.2.1-1 the horizontal wind
pressure, Pp, is determined as follows.



100°

P, =0.050 =0.050ksf

9

4.4 Load Combinations

The specifications define four limit states: the service limit state, the fatigue and fracture limit
state, the strength limit state, and the extreme event limit state. The subsequent sections discuss
each limit state in more detail; however for all limit states the following ge equation from
Article 1.3.2.1 must be satisfied, where different combinations of loads (i.e., load, wind
load) are specified for each limit state.

monr 2% Qi< eRnRy

where:

no = Ductility factor (Article 1.3.3)

nr = Redundancy factor (Article 1.3.4)
m = Operational importance factor &rticle 1.3.5)
% = Load factor

Qi = Force effect

@ = Resistance factor
Rn = Nominal resistance
R, = Factored resistance

are related to the configuration of the structure,
while the operational importa to the consequence of the bridge being out of

service. The product of the thr

10



5.0 STRUCTURAL ANALYSIS

The AASHTO LRFD (5" Edition, 2010) allows the designer to use either approximate (e.g., line
beam) 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 beam approach is employed to determine the beam moment and shear
envelopes. Using the line beam approach, vehicular live load force effects are determined by first
computing the force effects due to a single truck or loaded lane and then multiplying these forces
by multiple presence factors, live-load distribution factors, and dynamic loadgfactors 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 numb na@yin Table
3.6.1.1.2-1 of the specifications. There are two exceptions when S cractors are not
to be applied. These are when (1) distribution factors are calc @ rticle 4.6.2.2.1 as
these equations are already adjusted to account for mu >cts and (2) when

determining fatigue truck moments, since the fatigue analys g@lircd for a single truck.
Thus, for the present example, the multjale prgsence
distribution factors are computed using the 1&er gth and service limit states as
demonstrated below.

5.2 Live-Load Distribution Fa

The distribution factors approximate tht load (i.e., fraction of a truck or lane load)
distributed to a given beam. The computed based on a combination of empirical

of the specifications and are spk1 d On the location of the beam (i.e. interior or
1 ment or shear), and the bridge type. These
equations are valid on
tables giveg in Article 4 .1. For a slab-on-stringer bridge, as considered in the present
example, @S Qw1 i ust be satisfied: the beam spacing must be between 3.5 and 16.0
feet, the sl inches thick and less than 12.0 inches thick, the span length
must be bet Wk / eet, and the cross section must contain at least 4 beams. Because

distribution fad@@ks using the approximate methods of Article 4.6.2.2 follows.

Distribution factd§® are a function of the beam spacing, slab thickness, span length, and the
stiffness of the beam. Since the stiffness parameter depends on the beam geometry that is not
initially known, the stiffness term may be assumed to be equal to one for preliminary design. In
this section, calculation of the distribution factors is presented based on the beam geometry
previously shown in Figure 3. It is noted that due to the uniform cross-section of the beam, the
distribution factors are also uniform along the beam length. However, this is not always the case
and separate calculations are typically required for the distribution factors for each unique cross-
section.

11



5.2.1 Interior Beam - Strength and Service Limit State

For interior beams, the distribution factor at the strength and service limit states is determined
based on the empirical equations given in Article 4.6.2.2.2. The stiffness parameter, K,, required
for the distribution factor equations is computed as follows.

K, =n(l+ Ae,’) Eq. (4.6.2.2.1-1)
where:
n = modular ratio =8
I = moment of inertia of the steel beam = 16,700 in.* for the rollg
A = area of the steel beam = 63.4 in.? for the rolled beam
e, = distance between the centroid of the girder and centroid of tf

The required section properties of the girder (in addition to other, at will be

opertie
relevant for subsequent calculations) are determined as follows. @

e, =19.50 + (2 - 1.22) +4=2428 in.

K, =n(I + Ae,”) = 8(16,700 + 63.4(24&3 2

W40 x 215

Figure 4 Rolled Beam Cross Section

5.2.1.1 Bending Moment
The empirical equations for distribution of live load moment at the strength and service limit

states are given in Table 4.6.2.2.2b-1. Alternative expressions are given for one loaded lane and
multiple loaded lanes, where the maximum of the two equations governs as shown below. It is

12



noted that the maximum number of lanes possible for the 34 foot roadway width considered in
this example is two lanes.

S 0.4 S 03/ K 0.1
DF=0.06+(—] (—j ( 2 ] (for one lane loaded)

14) \L) (12LE
where S = beam spacing (ft.)

L = span length (ft.)

ts = slab thickness (in.)

Ky = stiffness term (in.*)
10)*(10\"*( 432,604 )"

DF =0.06 + ( j (—j ————— | =0.501 lane
14) (L) (12090)8.0)

S 0.6 S 0.2 K 0.1
DF =0.O75+(Ej (Ej (lzL L(for two lanclbade
DF =0.075 +( 10 j (
9.5

5.2.1.2 Shear

432604 (0.723 lanes (governs)

The empirical equations for di
service limit states are given
above, alternative expresgf

oad shear in an interior beam at the strength and
¥a-1. Similar to the equations for moment given
iven b d on the number of loaded lanes.

S

DF =0.36+ X r one lane loaded)

760 lanes

2
(3’8_5) (for two lanes loaded)

2
DF =02+ o [%) =0.952lanes (governs)

13



5.2.2 Exterior Girder — Strength and Service Limit States

Distribution factors for the exterior beam at the strength and service limit states are based on the
maximum of: (1) modification of the empirical equations for interior beams given above, (2) the
lever rule, or (3) special analysis procedures.

5.2.2.1 Bending Moment

Lever Rule:

As specified in Table 4.6.2.2.2d-1, the lever rule is one method used to detefi@ige the distribution
factor for the exterior beam. The lever rule assumes the deck is hinged at the Y@llarior beam, and
statics is then employed to determine the percentage of the truck weight regifte@q@the exterior

beam, i.e., the distribution factor, for one loaded lane. It is specified that t
such that the closest wheel is two' from the barrier or curb, which results

shown in Figure 5 for the present example. The calculated rea . beam is
multiplied by the multiple presence factor for one lane loaded, g . 1 distribution
factor.

DF = (o.5+o.5(%nml .

m; = 1.20 (from Table 3.6.1.1.2-1

DF=0.7x1.2=0. a

¢ 1
Girder Bridge

\J

Figure 5 Sketch of the Truck Location for the Lever Rule

Modified of Interior Girder Distribution Factor:

Table 4.6.2.2.2d-1 gives modification factors that are to be multiplied by the interior beam
distribution factors to determine the exterior beam distribution factors. These modification
factors for moment are given by the following equation.

14



e=0.77+ g
53]

where d. = the distance between the exterior beam and the interior of the barrier or curb
(ft.)
d. = 2

e=0.77+ (%J =0.990<1.0

Because ¢ is less than one, it is obvious that the exterior beam distribution Whoot control
when computed in this manner. However, multiplying the modification interior
beam distribution factor for two lanes loaded (which controls compared to @& distri factor
for one lane loaded) gives the following.

DF =0.990(0.725) = 0.718 lanes

Special Analysis:

The special analysis assumes the entire bri&
about the transverse centerline of the struct
4.6.2.2.2d. The reaction on the exterior beam is ¢

ehaves as a rigid body rotating
in the commentary of Article
following equation.

Eq. (C4.6.2.2.2d-1)

where:

N. = number o

Ny number

ms Or giraers

dist from center of gravity of the pattern of girders to the exterior

entricity of a design truck or a design lane load from the center of gravity of
attern of girders (ft.)

X = horizontal distance from the center of gravity of the pattern of girders to each
girder (ft.)

Figure 6 shows the truck locations for the special analysis. It is shown that the maximum number
of trucks that may be placed on half of the cross-section is two. Thus, we precede with
calculation of the distribution factors using the special analysis procedure, beginning with the
calculations for one loaded lane.

15



DF =m;(R;) (one lane loaded)

DF :1.2(%%}:0.732 lanes
47 2(15) +5

Similarly, for two loaded lanes the distribution factor is computed as follows.
DF =m5(R») (two lanes loaded)

DF =1.0(E+L22+02)] =0.860 lanes (governs)
4 2((5) +5%)

Comparing the four distribution factors computed above for moment in
determined that the controlling distribution factor is equal to 0.860, whic
on the special analysis procedure considering two lanes loaded. ¥ *rior beam
distribution factor for moment, which was computed to be 0.728 ghoun that the exterior
beam distribution factor is larger, and thus, the exterior ist i actor controls the
bending strength design at the strength and service limit.

tch of the Truck Locations for Special Analysis

5.2.2.2 Shear

The distribution f#tors computed above using the lever rule, approximate formulas, and special
analysis methods are also applicable to the distribution of shear force.

Lever Rule:

The above computations demonstrate that the distribution factor is equal to 0.840 lanes based on
the lever rule.

DF = 0.840 lanes

16



Modified of Interior Girder Distribution Factor:
The shear modification factor is computed using the following formula.

e=0.60+ & =0.60+ (ij =0.800
9.1 9.1

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

DF = 0.800(0.760) = 0.608 lanes
DF = 0.800(0.952) = 0.762 lanes

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

factors for

DF =0.732 lanes

DF = 0.860 lanes ‘ (governs)

Thus, the controlling distribution factor for shear 1 exteriore@@am is 0.860, which is less than
that of the interior beam. Thus, the, interi di ution factor of 0.952 controls the shear
design.

5.2.3 Fatigue Limit State

As stated in Article 3.6.1.1.2,
not include the multiple p

1on factor is based on one lane loaded, and does
e the fatigue loading is specified as a single truck
ted from empirical equations incorporate the
multiple presence fact 1 1bution factors are equal to the strength distribution
factors di presence factor for one lane, as described subsequently.

It was dete above that the governing distribution factor for moment at the strength and
service limit st3#@s is equal to 0.840, which was based on one loaded lane. Dividing this value by
the multiple preS@lice factor gives the following distribution factor for fatigue moment.

DF =M =0.700 lanes

1.20
5.2.3.2 Shear

From review of the shear distribution factors computed above for the strength and service limit
states, it is determined that the maximum distribution factor for one lane loaded is equal to 0.840,

17



which is based on the lever rule. Thus, the distribution factor for fatigue shear is equal to 0.840
divided by the multiple presence factor for one lane, 1.2.

DF =% =0.700 lanes

1.20

The following table summarizes the governing distribution factors, all of which, except for shear
are controlled by the exterior beam.

5.2.4 Distribution Factor for Live-Load Deflection

Article 2.5.2.6.2 states that all design lanes must be loaded when determining
deflection of the structure. In the absence of a refined analysis, an approxing@iti ive load
deflection can be obtained by assuming that all beams deflect equally and a
appropriate multiple presence factor. The controlling case occurs w % ided, and
the calculation of the corresponding distribution factor is shown

DF =m N, —10(2) 0.500 lanes
Nb 4

4

Table 1 Distri

n Fac

istribution Factor
0.860

0.952
0.700
0.700
0.500

The dynam ' ruck loading are taken into consideration by the dynamic load
allowance, I c dyna nic load allowance, which is discussed in Article 3.6.2 of the
specifications, (@ counts for the hammering effect of the wheel assembly and the dynamic
response of the\@lidge. IM is only applied to the design truck or tandem, not the lane loading.
Table 3.6.2.1-1 cifies IM equal to 1.33 for the strength, service, and live load deflection
evaluations, while IM of 1.15 is specified for the fatigue limit state.

18



6.0 ANALYSIS RESULTS
6.1 Moment and Shear Envelopes

Figures 7 through 10 show the moment and shear envelopes for this design example, which are
based on the data presented in Tables 2 through 8. The live load moments and shears shown in
these figures is based on the controlling distribution factors computed above. The envelopes
shown are determined based on the section properties of the short-term composite section.

As previously mentioned, the live load in the positive bending region betweilie points of dead
load contraflexure is the result of the HL-93 loading. In the negative bending rc@il@n between the
points of dead load contraflexure, the moments are the larger of the HL-93
special negative-moment loading, which is composed of 90 percent of bot
moment and lane loading moment.

2000

1500

1000

Moment, kip-fi.

-1000

p-1359

-1723

-2000

Distancefrom End Bearing, fi.

Figure 7 Dead and Live Load Moment Envelopes
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Figure 9 Fatigue Live Load Moments
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Moment, kip-fi.
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Table 2 Unfact

oad S

Figure 10 Fatigue L

Moments (Kip-ft)

Span

1

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

Non-Com. | Com. Double Double
Tandem Truck Tandem
. | pos. | neg. | pos. | neg. | pos. | neg. |
0 0 0 0 0 0 0
381 43 0 0 0 0
653 | -86 0 0 0 0
818 | 130 | 0 0 0 0
130 | 884 | 173 | O 0 0 0
-162 | 868 | -216 0 0 0 0
194 | 781 | 259 0O 0 0 0
227 | 627 | 302 0 0 0 0
259 | 424 | 346 | 0O 476 0 -607
-380 | 192 | -389 | 0 -746 0 -682
-648 0 -432 0 -1187 0 -758

21



[+

Span 1
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.80
1.00

Table 3 Unfactored and Undistributed Live Load Moments (kip-ft)

486
816
1003
1085
1062
954
746
466
192

0
-59
-119
-178
-238
-297
-3a7
-416
-475
-535
-594

Special
negative
0
-29
-58
-87
=117
-146
-175
-204
-859
-1236
-2004

Standard
negative

Distribution
Factors
0 0 0.86 0
-111 847 0.86 728
-223 1436 0.86 1235
-334 1782 0.86 1532
-446 1935 0.86
-557 1899 0.86
-669 1696 0.86
-780 1310 0.86
-891 775 0.86
-1092 286 0.86
-1438 0 0.86

Table 4 Strength | Load Combination Mo

Strength |
e negative
0
444
699
766
646
337
-160
-645
-1820
-3129
-5367
Service Il
positive negative
0 0
1424 353
2414 559
2084 619
3193 531
3041 296
2558 -86
1722 -615
: o73 -1367
0.90 -734 -142 -116 320 -1382 -672 -2374
1.00 -1359 -263 -216 0 -2240 -1838 -4078
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Table 6 Unfactored and Undistributed Shears (kip)

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

0.00 45 9 T 63 -7 25 -4 49 -9
0.10 33 ] 5 54 -7 20 4 42 -5
0.20 21 4 3 45 -10 15 5 36 -11
0.30 9 2 1 37 -18 11 -7 30 17
0.40 -3 -1 0 29 -26 ] -9 25 -23
0.50 -15 -3 -2 22 -34 5 -12 19 -28
0.60 =27 -5 -4 15 -42 3 -16 -34
0.70 -39 -8 -6 10 -a0 2 -20 -38
0.80 -51 -10 -8 5 -56 1 -25 -43
0.90 -63 -12 -10 2 -62 0 -30 -46
1.00 -75 -15 -12 0 -67 0 -36

Table 7 Unfactored and Undistributed Live LQ
1.33 V Vehicle + ¥V LL.ange

Strength |
positive negative

259 58

210 36

162 4

116 -35

73 -78
31 -123
-8 -167
-44 -212
: -T5 -255
0.90 -79 -15 -15 5 -188 -105 -298
1.00 -94 -18 -18 0 -209 -131 -339
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6.2 Live Load Deflection

As provided in Article 3.6.1.3.2, control and 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. The load is distributed using the distribution factor
0f 0.500 calculated earlier.

The maximum deflection due to the design truck is 1.114" Applying the imp3@hand distribution

factors gives the following deflection for the design truck load case.
A+ =0.500x 1.33x 1.114=0.741 in. (governs)

The deflection due to the lane loading is 0.578 inches. Thus, the de i g bt the
design truck plus the lane loading is equal to the following.

A =0.500 (1.33x0.25x 1.114 + 0.578 ) =@47

Thus the governing deflection, equal to 0.741 inches, will su sed to assess the

beam design based on the live-load deflectiofgritert
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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 section presents the calculations necessary to evaluate the preliminary beam design for
adequate resistance at the strength, service, and fatigue limit states. Adequate strength of the
bridge in its final condition and at all stages of the construction sequence is verified. The
optional moment redistribution specifications are utilized. Other design components presented
include the field splice design, shear stud design, bearing design, and concrete deck design. The
moment and shear envelopes provided in Figures 7 through 10 are employed for the following
calculations.

8.1 Section Properties

The section properties are first calculated as these properties will be routing
subsequent evaluations of the various limit states. The structural slab thick
slab thickness minus the integral wearing surface (8 inch) and the 1
these calculations. Because the section is prismatic, the effective
properties are constant along the length of the beam. However, s )
necessary for the computation of the plastic moment and yi ing on if the
section is in negative bending or positive bending.

8.1.1 Effective Flange Width (Article 4.6*)

Article 4.6.2.6 of the specifications governs the detc¥@nation of the effective flange width,
where alternative calculations are g@gcifi 110 exterior beams. The effective flange
width for interior beams is one-hal ent girder on each side of the
component.

For the interior beams in this e computed as follows.

Because the effective width is lesser while the moment distribution factor is greater for the
exterior beam, the moment design is controlled by the exterior beam.

8.1.2 Elastic Section Properties

As discussed above, the section properties that are to be considered in the analysis of the beam
vary based on the loading conditions. The section properties for the steel section (beam alone)
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are used in the constructability evaluation. In positive bending, live loads are applied to the full
composite section, termed the short-term composite section, where the modular ratio of 8 is used
in the computations. Alternatively, dead loads are applied to what is termed the long-term
composite section. The long-term composite section is considered to be comprised of the full
steel beam 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 accounted for in the section property
calculations through use of a modular ratio equal to 3 times the typical modular ratio, or 24. The
section properties for the short-term and long-term composite sections are thus computed below
(Tables 9 through 11). In negative bending, the applicable section consists ofthe steel beam in
addition to the steel reinforcement of the concrete deck.

The section properties of the W40x215 beam are as follows.

Ina = 16,700 in*

drop or steeL = 19.50 in. STOP OF STEEL =

dsor or steeL = 19.50 in.

Table 9 Short Term Compd8i i roperties
Component Ad? L I
Stee i0 16,700
60,142 544 60,686
77,386
-14.98(2,477) = -37.105
40,371 in®
40,371 .
STOP OF STEEL = =8.932in?
40,371
S = =1,171 in3
BOTOF STEEL = —— 0
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Table 10 Long Term Composite (3n) Section Properties

Component | A d Ad Ad? L I
Steel Section | 63.4 16,700
Concrete Slab (8"x 102"/24) | 34.0 | 24.28 | 825.5 | 20,044 | 181.3 | 20,225
97.4 825.5 36,925
-8.48(825.5)= -7.000 in*

29,925

825.5
d;= = 8.48 in.
974
\,d\,.m OF STEEL — ].950 — 848 = ].].02 lIl STOP OF STEEL — £y in_3
dpororsterL = 19.50 + 8.48 = 27.98 in. 3
Table 11 Steel Section and Longitudinal Reinfo i roperties
Component A‘ L I
Steel Section 63.4 16,700
Top Long. Reinforcement 4,424 4,424
Bot. Long. Reinforcement 1,516 1,516
22,640
-3.28(240.4)= -789
21,851 in?
240.4 .
d.= =3.28 in.
21,851 .
SToPOF STEEL = = 1,347 in.2
16.22
21,851 .
SBOTOF STEEL = =059 in}
22.78

the section modulus of the steel plus reinforcing section shall be
t element to yield of either the top flange or the reinforcing steel. Using the
neutral axis to each element it is determined that the reinforcing steel is the
onstrated below.

distances from
first to yield, as

X 50

2275 1622

x =70.13 ksi > Fy;= 60 ksi

Therefore, the reinforcing steel yields first.
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21,851 4
= 22920 —960.5 in.
REINT 5075
21,851 .
S = 2590~ 9592 in.
BOT OF STEEL 2278

8.1.3 Plastic Moment

8.1.3.1 Positive Bending

The plastic moment M, can be determined using the procedure outlined in
demonstrated below. The longitudinal deck reinforcement is conservativel
computations. The forces acting in the slab (Ps), compression flange (P.), ( sion
flange (Py) are first computed.

P, = 0.85F bt, = 0.85(4.0)(102.0)(8) = 2,774 ki
P, = Fyebete = (50)(15.8)(1.22) 964
P,, = F,uDity = (50)(36.56)(0.65) ‘@ g K
P,=Fybt, = (50)(15.8)(1.22) 64 kip

ed to determine the location of the
satisfied then the PNA is in the web.

The forces within each element o
plastic neutral axis (PNA). If the follo

R+P,2P +P
964 + 1,188 > 464 ,174
2,152 < 3,

Therefore
PNA isint

web and the following equation is evaluated to determine if the

3,116 > 2,774

Therefore, the plastic neutral axis is in the top flange and ; is computed using the following

N [tcj Pw+Pt_Ps
y=| | R TEs
2 R

equation.
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— (1.22) L188+964-2,774
2 964

}: 0.22in.

The plastic moment is then calculated using the following equation.

P - —\2
M, :i[yz +(tc —y) }F[PsdS +P,d, +Pd,]

The distances from the PNA to the centroid of the compression flange, web.gmd tension flange
(respectively) are as follows.

ds=0.22+8.0/2+2-1.22=5.00 in.
dyw=1.22-0.22 +36.56/2 =19.28 in.
d=1.22-0.22+36.56 +1.22/2=38.17 in.

Substitution of these distances and the above computed ele
gives the following.

964 ,
M, = 2(1'22)[(0.35) +(1.22—0.35)?+

M, :(%j[(o.zz)2 +

M, = 73,985 kip-in Z

M, equation

,188)(19.15) + (964)(38.04)]

0)+ (1,188)19.28) + (964)(38.17)]

8.1.3.2 Negative Bendin

concrete S S i computation of the strength of the negative bending region due
to the low ; rete. The force acting in each element of the beam is first
computed.

0.85Pcbsts = 0.85(4.0)(102.0)(8) = 2774 kips
P. Fybete = (50)(15.8)(1.22) = 964 kips
P, = FuDt, = (50)(36.56)(0.65) = 1188 kips
P, = Fubt = (50)(15.8)(1.22) = 964 kips
Py = FupAnw = (60)(3.27) = 196 kips
Pi = FuAn = (60)(6.53) = 392 kips
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As before, the relative forces in each member are used to determine the location of the plastic
neutral axis. Because the following equation is satisfied, it is determined that the PNA is in the
web.

P +P,>P +P, +P, =964+1,188>964+196+392

2152 > 1552, therefore, the plastic neutral axis is in the web.

The plastic neutral axis location is then computed by the following equation.

- (D) P-RP-P,-P, 36.56 )| 964 -964 -392 -196
y=|— +1|= +1|=
2 P, 2 1,188

M, is then computed as follows.

P — —\2
M, =$[y2+(D—y) }+[Pndn+Prbdrb+Ptdt +Pd,]

where, dp =9.23+2+8-2.25=16.981n.
dp =923+2+125=12.48 ir’
di =9.23+1.22/2=9.841n.

dc =36.56-9.23+

1,188 ,
M, = 26650 [(9.23) +[(392)(16.98) + (196)(12.48) + (964)(9.84) + (964)(27.94)]
M, = 59,042

8.1.4 Yield Moment

e moment which causes first yield in either flange (neglecting
ng) is detailed in Section D6.2.2 of the specifications. This computation
method for the Y8ld moment recognizes that different stages of loading (e.g. composite dead
load, non- dead load, and live load) act on the beam when different cross-sectional
properties are applicable. The yield moment is determined by solving for Map using Equation
D6.2.2-1 (given below) and then summing Mp, Mp,, and Map, where, Mp;, Mp,, and Mup are
the factored moments applied to the noncomposite, long-term composite, and short-term
composite section, respectively.

flange lateral

MDI MD2 MAD
- + Eq. (D6.2.2-1)
é S NC S LT S ST
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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.
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.

5o (129(761(12)  (125)(147)(12) + (1.50)121)(12) M

856.4 1,061 1,163
S0-1 1.25(761)(12)+ 1.25147)12)+1.50(120)12) Moy
o 856.4 1,070 1,171

Map = 38,145 k-in. = 3,179 k-ft.
My is then determined by applying the applicable load factors and ds and
Map.

M, = 1.25(761) + 1.25(147) + 1.50(121) + 3179 (D6.2.2-2)

M, = 4,496 k-ft TN
8.1.4.2 Negative Bending

The process for determining the yi ive bending section is similar to the
process for the positive bending sec erei@is that, since the composite short-
term and the composite long-term ben: oth composed of the steel section and
the reinforcing steel, the section e same 1or both the short-term and long-term

composite sections.

As discussed above whe 1 d moment in positive bending, the yield moment is
the minimum of the m ielding on the compression side and the moment

¢. Because, for negative bending, the section modulus
bottom of the beam are nearly equal to one another, it is not clear
which yie[@ : ntrol. Thus, the moments causing first yield in both

i 0 pmputed below. The moment causing yielding in the compression
flange is first\GRuaf® cd on Equation D6.2.2-1.

Eq. (D6.2.2-1)

(1.25)(1,359)(12) | (1.25)(263)(12) +(1.50)216)12) M,
856.4 959 959

(50)=

Map = 17,290 k-in. = 1441 k-ft.

My = (1.25)(1,359) + (1.25)(263) + (1.50)(216) + 1441
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My = 3793 k-ft. (governs)

Similarly, the moment which causes' yielding in tension (in the steel reinforcing) is computed as
follows.

(1.25)(1,359)(12) | (1.25)(263)(12) +(1.50)216)(12) . M,
856.4 960.5 960.5

(50)=

Map = 17,329 k-in. = 1444 k-ft.

My, = (1.25)(1,359) + (1.25)(263) + (1.50)(216) + 1444

M, = 3796 k-ft.
Thus, the compression yield moment governs and the yield moment M, = 3

8.2 Exterior Beam Check: Negative Bending

rocedures, where
po ding region;
er to determine the amount of

This design example illustrates the use of the optional mo utio
moment is redistributed from the negative bending region to
therefore the negative bending region will be i

?cke
moment that must be redistributed to the positive

8.2.1 Strength Limit State (Article 6.10,
8.2.1.1 Flexure

The strength requirements for ure are given by Article 6.10.8, Appendix A of
Section 6.10, or Appendix B
maximum capacity to the yiel ction. Alternatively, Appendix A of Article 6.10
permits beam capacities e used for beams having a yield strength less than or
equal to 70 ksi and mpact web, which is defined by Equation A6.1-1.

Appendix ili ment capacities predicted from either 6.10.8 or Appendix A and

allows up t at the pier to be redistributed to positive bending sections. It is
demonstrat CTOW bl ix A 1is applicable for this example. Therefore, the moment
capacity of omputed based on these strength prediction equations in presented
below

In order to evaluate the above flexural requirements, the flexural resistances based on buckling
of the compression flange and yielding of the tension flange are evaluated in this section. The
applicability of Appendix A for this design example is first evaluated below. The requirement
that the nominal yield strength must be less than 70 ksi is easily evaluated.

F =50ksi <70 ksi (satisfied)

The web slenderness requirement is evaluated using Equation A6.1-1.
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2D, 5, |E Eq. (A6.1-1)
t, F,

As computed above the elastic neutral axis is located 22.78 in. from the bottom of the composite
negative bending section. Subtracting the bottom flange thickness gives the web depth in
compression in the elastic range (D) as computed below.

D.=22.78-1.22=21.56in.

Substituting the applicable values into Equation A6.1-1 shows that the equati8

2(21.56) <57 (29,000) =66.34<137..37
(0.65) (50)

hs satisfied.

(satisfied)

egins with the computation of the web

Thus, Appendix A is applicable. Use of A
i ted below.

plastification factors, as detailed 1 icl

Eq. (A6.2.1-1)

Eq. (A6.2.1-2)

The hybrid 1
the design ha

rmined from Article 6.10.1.10.1, and is 1.0 for this example since
obmogeneous material configuration. Therefore, A,y is computed as follows.

f(29, 0000)
(50) —=66.79

Fowion) = 59,042
054 >P0% o
(1.0)(3,793)(12)

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

D¢ =36.56 —9.23 =27.33 in.
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The web slenderness classification is then determined as follows.

2D,  2(27.33)
t“’: e =8409> Ao

W

=66.79 (not satisfied)

As shown, the section does not qualify as compact. However, it was previously demonstrated,
when evaluating the Appendix A applicability, that the web does qualify as non-compact.
Therefore, the applicable web plastification factors are specified by Eqs. A6.2.2-4 and A6.2.2-5
and are calculated as follows.

Rpc: 1_£1_RhMy0J[]’W_/1PW(DC)} Mp < Mp
Mp ﬂ’rw_ipwmc) Myc Myc

where A, ,= limiting slenderness ratio for a compact web ¢

DC
Apw(o,) = /1DW(Dcp) [D_J

cp

-4)
tw

(A6.2.2-6)

21.56
Ao = (66.79)( ]: 52.69

27.33
R, {1—(1—

R, =1.249<1.297

59,042 _ 59,042
3,793)(12) ~ (3,793)(12)

(A6.2.2-5)

| (1.0)3,793)(12) (66.34—52.69] 59,042 _ 59,042
59,042 137.27-52.69 ) | (3,796)(12) ~ (3,796)(12)

R, =1.248

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. To evaluate the local buckling resistance, the
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flange slenderness classification is first determined, where the flange is considered compact if
the following equation is satisfied.

A <A,
b

where: 4, =—¢ =158 _¢ Eq. (A6.3.2-3)
2, 2(1.22)

Ay =038 [= =038 /M =9.15
F,o 50

A =6.48< 2, =9.15

Therefore, the compression flange is considered compact, and gedly’ based on
local buckling of the compression flange is governed by Equatio @’ v

| (A6.3.2-1)

M, =R:M , =(1.249)(3793) = 4737 k-ft. ,
Similarly, to evaluate the compressive ﬂexut‘esi basc@on lateral-torsional buckling, the
lateral bracing distance must be first classified. ra tances satisfying the following
equation are classified as compact.
L, <L,
where: L, =(15.0)(12)

|_p :rt E
\} Fre

= effective

Eq. (A6.3.3-4)

where: Wis of gyration for lateral torsional buckling (in.)

Eq. (A6.3.3-11)

_ 15.8
Jl 2(1+ 1 (21.56)(0.65)}
3 (15.8)(1.22)

L, =4.092 /% =98.55

Therefore, Ly > L,,. (not compact)

=4.092in.
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Because the lateral bracing distance does not satisfy the compact limit, the non-compact limit is
next evaluated.

L, <L <L,

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

F 2
Lr=1.95n£ 2 i+ Ji+676 SrSeh
Fr \Sc h E J

where: Fy = smaller of the compression flange stress at the nomina plding of
either flange, with consideration of compression flange @i
but without consideration of flange lateral bendj
yield strength of the web

J = St. Venant torsional constant

h = depth between the centerlingf the flanges

. s,
F, = rmn[O.7ch, R.F, S—‘, FYWJ

Xc

S =911.0 in.

xt

(3,796)(12)
50

(satisfied)

t,’ +b.t,’ (1—0.63 b, ] +b,t,’ (1—.63b—ﬁ}J Eq. (A6.3.3-9)

fc tft
J= %((36.56)(0.65)3 +(15.8)(1.22)" (0.948) + (15.8)(1.22)* (0.948)) = 21.48in.

he % +36,56+% ~37.78 in.
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2
L =1.95(4.092) 2200 21.48 1+ 146.76) —>_OLOICTTE |- _ 400 ¢
35 \(910.3)(37.78) 29,000  21.48

in.
L, =180<L, =408.8 (satisfied)

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

Fyerc Lb_Lp
M, =C,|1-|1- R,.M, <R M,
RM, L -L,

where: C, = moment gradient modifier (discussed in Article A6,

2
M M
C,=1.75-1.05| =L |+0.3| =L | <23
M2 M2

where: M: = 2Mpu— M, =2 My ‘

_2)

(A6.3.3-7)

Eq. (A6.3.3-12)

of the

Mmi¢ = major-axis bending mo at the

unbraced length

Mo = moment at opp®8ite to the one

M, i moment at either end of

terior pier, the applicable moment values are as follows.
M]_ = ZMmid — M2 > M()

M; =2(3502)—(5367)=1637< 2126

— 3502 k-t My =2126 k-ft
2
c, :1'75‘1'05(%}0'3(%) 138223
5367 5367

(35.0)(910.3) j[ 180—98.55

1249)3793)(12) )\ 310.7-98.55 H x (1.249)(3793) < (1.249)(3793)

M, :(1.38){1—(1—

M,, =5788 <4737
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M, =4737 k-ft.

As previously stated, the flexural capacity based on the compression flange is the minimum of
the local buckling resistance and the lateral torsional buckling resistance, which in this design
example are equal.

M, =4737 k-ft.

Multiplying the nominal moment capacity by the applicable resistance factorggives the following.

M = (1.0)(4737)
OMye = 4737 k-ft.

The moment capacity is also evaluated in terms of the tensig
continuously braced tension flange at the strength limit statg ecti WP satisfy the
requirements of Article A6.1.4.

M, <¢R,M,  Eq.(A6.1.4-1)

Therefore, the factored moment resistance as&ve flange yielding is expressed by
the following.

$HM, =g RptMyt =(1.0),
8.2.1.3 Factored Moment

velicular loads. In addition, one-third of the lateral
ind loads must also be added for discretely braced

(A6.1.1-1)

(A6.1.4-1)

Equation A6.1.1-Wrequires that the vertical bending moment plus one-third of the lateral bending
moment is less than the moment resistance based on buckling of the compression flange and is
applicable for sections with discretely braced compression flanges. Equation A6.1.4-1 is
intended to prevent yielding of the tension flanges and is applicable to continuously braced
tension flanges, where lateral bending effects are not applicable.

Furthermore, at the Strength limit state there are five load combinations to consider. Considering
only the loads applicable to the superstructure elements in this design example, the load
combinations are as follows.
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Strength I = 1.25DC + 1.5DW + 1.75(LL+])

Strength II = 1.25DC + 1.5DW + 1.35(LL+I)

Strength 111 = 1.25DC + 1.5DW + 1.4WS

Strength IV = 1.5(DC + DW)

Strength V =1.25DC + 1.5DW + 1.35(LL+I) + 0.4WS

At the location of peak negative moment (e.g, the pier), the DC and DW m ts are given in

Table 2.

DC =-1359 — 263 =-1622 ft.-kips
DW =-216 k-ft

From Table 3, the controlling LL+I moment is -1723 k-ft.
LL+I=-1723 k-ft

The horizontal pressure applied by the wind’ad \ viously determined to be 0.050

Multiplying the design pressure by
parapet height gives the following.

Fp = (0.050)(39 - 1

Therefore, the design pressu eeds the minimum required design pressure. It may be
i ¢ acting on the parapets, deck, and top half of the beam is resisted
by diaphr for members with cast-in-place concrete or orthotropic steel
decks. The resist the wind pressure on the bottom half of the beam. This
force is expr: . .6.2.7.1-1).

Eq. (C4.6.2.7.1-1)

where: n = 1.0
Po = 0.050 ksf
d = beam depth=39.0in=3.25 ft

y = varies depending on limit state
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(1.0)(7)(0.050)(3.25)
2

W = =0.8125y k/ft

The maximum flange lateral bending moment is then computed according to Eq. C4-9.

S WL (0.08125)(15)°
"7 10 10

—1.828y k-ft Eq. (C4.6.2.7.1-2)

Consideration should also be given to increasing the wind load moments to agcount for second-
order force effects, as specified in Article 6.10.1.6 through application of th
factor. However, no increase is required for tension flanges, so the amplificatio
negligible in this case. Lateral bending forces due to the wind loading are t
dividing M,, by the section modulus of the bottom flange.

o= foMe_ (882 ks
'S, (15.8°(1.22)/6

It is required that the flange lateral bending stresses may n % of gk flange yield
strength. Thus, for this example fy must be less than or equal 0 is easily satisfied
for the above lateral stress of 0. 432y cons1derv the ad factor is 1.4, e.g, the
maximum lateral bending stress is 0.60 ksi.

The controlling strength limit state can now d based on the above information. For
the Strength I load combination, t ts a follows.

M, =1.25(1622) + 1.5(216) 367 k-t (governs)

M +3fS =5367880

/~xe

(wind loads not considered)

(governs)
It is obvio nts for the Strength II load combination will be less than those
at the Stren§ tion as all of the Strength II load factors are either equal to or less
than those u f@”the Strength I combination. The design moments at Strength II are equal to
the following
(1622) + 1.5(216) + 1.35(1723) = 4678 k-ft
M, += f,SXC— 4678 +0 (wind loads not considered)

M, + fS =4678 k-ft

{Xe
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For the Strength III load combination, wind load is incorporated and the design moments are
equal to the following.

M, =1.25(1622) + 1.5(216) = 2352 k-ft

M, +% f,5,.=2352 + (1/3)(1.828)(1.4) = 2353 ft.kips

XC

The design moments for the Strength IV load combination are as follows.

M, = 1.5(1622 + 216) = 2757 ft.-kips

M, +% f,S,.=2757+0=2757 ft.-kips

Xc

Lastly, the design moments computed using the Strength V lo ual to the

following.

M, = 1.25(1622) + 1.5(216) + 1.35(1723) = 467
M. +§ 5. — 4678 + (1/3)(1.828) @) -

Reviewing the factored moments
that the Strength I moments go

tion computed above, it is determined
d that the design moment for both

compression flange and tension flang ual to 5367 k-ft.
Comparing this design momen t capacities computed above shows that moment
redistribution will occur as th i ection is less than the applied moment. Hence,

the requirements of Appepgi

pss-frames. The specified minimum yield strength of the section must not
In addition, the section must satisfy web proportions (Article B6.2.1),
compression flaig@e proportions (Article B6.2.2), section transition (Article B6.2.3), compression
flange bracing (Mfticle B6.2.4), and shear (Article B6.2.5) requirements, which are discussed
below. Equations B6.2.1-1, B6.2.1-2, and B6.2.1-3 specify the web proportion limits that must
be satisfied.

have staggerd
exceed 70 k

t93150 Eq. (B6.2.1-1)

W
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D _3656_ 56.25<150 (satisfied)
t, 0.65
2D ¢ 65 |-E Eq. (B6.2.1-2)
tw ch
0.65 \J 50

D, <0.75D

cp —
D, =27.33<0.75(36.56) = 27.42

Section B6.2.2 requires that the following two compression fl must be
satisfied.

bfc E
<0.38 [— . (B6.2.2-1)

2ty Fre
158 _ (48<038 (satisfied)

2(1.22)
Eq. (B6.2.2-2)
(satisfied)
The lateral bracing di
Eq. (B6.2.4-1)
0.0<| 0.1-0.06( 2126 ]|(3:092)29,000) _ ) g (satisfied)
5,367 50

Additionally, the applied shear under the Strength I loading must be less than the shear buckling
resistance of the beam as specified by.

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

where: V¢ = shear buckling resistance (kip)
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Voo = CV, (for unstiffend webs) Eq.(6.10.9.2-1)

Vp = plastic shear force (kip)
Vy = 0.58 F,,,Dty Eq. (6.10.9.2-2)

C = ratio of the shear buckling resistance to the shear
yield strength determined as specified in Article
6.10.9.3.2, with the shear buckling coefficient, k,
taken equal to 5.0

Alternative equations are providing for computing the value of C based o lenderness

of the beam. If the web slenderness satisfies the following equation, C is eq

E£1.12 Ek 3656—5625 112 W =60.3
t, wa
C=1.00

The shear buckling resistance is then compu‘rvs fi

V,, =CV, =(1.00)(0.58)(50)(36.56)(0.65)

V.. = 689kips

(satisfied)

Therefore, all of the requirem applicability are satisfied.

Once it is determine i s applicable, the effective plastic moment is then
determined in order t cction satisfies the design requirements. The effective
plastic mQue determined based on either the equations given in Article B6.5 or
the refinedgRroOe e of icle B6.6. In either case My, is a function of the geometry and
material prd

When using t e €quations in Article B6.5, alternative equations are provided for beams that

transverse stiffendfs 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

o <03 = Eq. (B6.5.1-1)
W FVC

2(2733) =84.1>2.3 29000 =554 (not satisﬁed)
0.65 50
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Therefore, the section does not satisfy the web compactness limit and, because the section uses
an unstiffened web, the beam does not satisfy the transverse stiffener requirement. Thus, the
beam is not considered to be ultracompact and the applicable M. equation at the strength limit
state is Equation B6.5.2-2.

be FyC D bfc ch D
M, =|263-23-" [ -035—+039—", |- — M, <M, Egq.(B6.5.2-2)
tfc E bfc tfc E bfc
M, =|2.63-2308 [ 20 (353036, 39158 | 503656 <4737
i 1.22 29000 15.8 1.22 ¥ 29000 15.8

M

pe

M, =4737 k-ft.
The redistribution moment, M4, for the strength limit statghi s theM@rger of the values
calculated from Equations. B6.4.2.1-1 and B6.4.2.1-2.

Eq. (B6.4.2.1-1)

5062 > 4737

1
Mrd=|Me|+§flsxc_¢fMpe ‘

M, =|Me|+§ fiS. ¢y Eq. (B6.4.2.1-2)

where: M, = vertical bending

Since the lateral bending stre
to the following equation

S are¢ nc

If this red i€ § ess than 20 percent of the elastic moment, as specified by Eq.
; irements at the pier are satisfied.

Eq. (B6.4.2.1-3)

M =|M,|-M , =5367-4737
M =630k — ft =12%M, <20%M,

Therefore, the negative bending region of the beam satisfies strength requirements.
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It is noted that moment redistribution may also be utilized at the service limit state. However, as
demonstrated below, the stress requirements at the service limit state are satisfied based on the
elastic stresses, and therefore, moment redistribution is not employed at the service limit state in
this design example.

8.2.1.5 Shear (6.10.6.3)

As computed above the shear resistance of the negative bending region is governed by Article
6.10.9.2 because the beam is comprised of an unstiffened web, i.e., no trangverse stiffeners are
provided. The shear resistance of the section was previously calculated to b

V, =V, =CV, =689 kips

The applied shear at the pier at the strength limit state was previously givet
thus the shear requirements are satisfied.

V =339 kips <4V., = (1.0)(689) = 689 kips (satisfied)

8.2.2 Constructibility (Article 6.10.3)

ch that the construction is not
Article 6.10.3 states the main
load-carrying members are not permitted to experi i elding or rely on post-buckling
resistance during the construction ust satisfy the requirements of Article
6.10.3 at each construction stage. sidered are specified in Table 3.4.1-
1 and the applicable load factors are p i 3.4.2.

Article 2.5.3 requires that the engineer desi@bri

The beams are considered t
influence of various segment
casting sequence is then i
the fascia beams are a

ming composite at various stages of the deck
cts of forces from deck overhang brackets acting on

ts the noncomposite girders experience during the casting of the deck can be
glier than those which may be calculated based on the final conditions of the
system. An anal§@ls of the moments during each casting sequence must be conducted to
determine the maXimum moments in the structure. The potential for uplift should also be
investigated if the casting of the two end pours does not occur simultaneously.

Figure 15 depicts the casting sequence assumed in this design example. As required in Article
6.10.3.4, the loads are applied to the appropriate composite sections during each casting
sequence. For example, it is assumed during Cast One that all sections of the girder are non-
composite. Similarly, the dead load moments due to the steel components are also based on the
non-composite section properties. However, to determine the distribution of moments due to
Cast Two, the short-term composite section properties are used in the regions of the girders that
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were previously cast in Cast One, while the non-composite section properties are used in the
region of the girder where concrete is cast in Cast Two. The moments used in the evaluation of
the constructability requirements are then taken as the maximum moments that occur during any
stage of construction, i.e., the sum of the moments due to the steel dead load and the first casting
phase or the sum of the moments due to the steel dead load and both casting phases.
Additionally, while not required, the dead load moment resulting from applying all dead load to
the short-term composite section (DC1) is also considered.

¢ BEARING

maximum positive bending mo
maximum negative bending m

€ PIER

63

t Sequence

Deck Placement Analysis (Kip-ft)

EARING

le 12 where the maximum dead load
e indicated by bold text. Note that the

. 0.4 0.5 0.6 0.7 0.8 0.9 1.0

27 36 45 54 63 72 81 90
131 137 124 93 44 -22 -104 | -204

56 58 53 40 19 -2 -45 -87
443 541 557 491 342 112 -150 | -411 -672
207 511 643 693 661 547 350 84 -259 | -678
z Cast 1 351 593 727 752 668 476 174 -173 | -560 | -964
X Cast2 385 661 829 888 838 680 413 60 -408 | -970
DCl1 353 508 734 761 679 489 190 217 | -734 | -1359

The controlling negative bending moment is at the pier. Dividing this moment by the section
modulus gives the dead load vertical bending stresses, which are labeled f;,. Because the section
modulus with respect to the top flange is the same as the section modulus with respect to the
bottom flange at this phase of construction, fy, is the same for both flanges and is equal to the

following.
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~1.0(1,359)(12)
856.4

=19.04 ksi

bu

8.2.2.1.2 Deck Overhang Loads

The loads applied to the deck overhang brackets induce lateral bending forces in the flanges of
the section. This section illustrates the method to determine these lateral bending stresses using
the approximate analysis method governed by Section 6.10.1.6 of the Specifications.

due to the finishing machine, it is assumed that the finishing machine acts 4
to the deck overhang. Half of the overhang weight is assumed to be i ac exidifor beam,
and the remaining half is carried by the overhang brackets.

-+ F

Fig8ge 12 Deck Overhang Bracket Loads

The followin
bracket.

ation determines the weight of deck overhang acting on the overhang

o (2235~ 2|+ 123 B2 |- aomtosn
12\ 2 12 12 \ 12

The following is a list of typical construction loads assumed to act on the system before the
concrete slab gains strength. The magnitudes of load listed represent only the portion of these
loads that are assumed to be applied to the overhang brackets. Note that the finishing machine
load represents one half of the finishing machine truss weight.

A

P= 0.5(150){%5( €
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Overhang Deck Forms: P =40 lb/ft

Screed Rail: P =85 Ib/ft
Railing: P =25 1b/ft
Walkway: P =125 Ib/ft
Finishing Machine: P =3,0001b

Thus, the total uniformly distributed load acting on the overhang form bracke e to the above
construction loads is equal to the following.

w=40+85+25+125
w =275 lbs/ft
The lateral force acting on the beam section due to the overhang il@ad 8 puted as follows.
F=Ptana
where: o =45 degrees ‘
F =P tan 45
F =P

e the lateral bending moment can be
od. From the article, the following equation
determines the lateral bending@oment f rmly distributed lateral bracket force:

teral ing moment in the top flange due to the eccentric loadings from
ackets

statically equivalent uniformly distributed lateral force due to the factored
loads

Lp The unbraced length of the section under consideration = 15 ft (at the

location of maximum negative bending)

Thus, the lateral moment due to the component (overhang) dead load is equal to the following.

_ (:209)(15)°

M, =3.92ft-kips
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The flange lateral bending stresses due to the component dead load are then determined by
dividing the lateral bending moment by the section moduli of the flanges, which in this case are
equal for the top and bottom flanges.

M 39202 o
S, 1.22(15.8)/6

Similarly, the lateral moment and lateral bending stress due to the construction dead loads are
computed as follows.

2
M, = —('2751)2(1 2) =5.16ft-kips

M sI60D)
S, 1.22(15.8)/6

The equation which estimates the lateral ben@ m
the middle of the unbraced length is:

v, _RL
8

where: P, = statically equivale
length

rce placed at the middle of the unbraced

The unfactored lateral bendingiihoment af@latétal bending stress due to the finishing machine
are then equal to the foll

1.22(15.8)*/6

For simplicity, argest values of f; within the unbraced length (computed above) will be used
in the design che®®s, i.e., the maximum value of f; within the unbraced length is conservatively
assumed to be the stress level throughout the unbraced length.

It must then be determined if these first-order lateral bending stresses are applicable, or if these
stresses must be increased to account for second-order effects. The first-order lateral bending
stress may be used if the following limit is satisfied.
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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

R, = web load-shedding factor

fom = largest factored compressive stress throughout the unbrac
consideration, without consideration of lateral bendin

ngth under

Fyc yield strength of the compression flange

by 15.8

I = -
1Dt 1 1) (o
J12(1+3bfctfj \/12[1+3 0

L, =4.154, /w =100.
50

The moment gradient modifier }
manner.

rticle A6.3.3 and is calculated in the following

Eq. (A6.3.3-7)

Eq. (A6.3.3-12)

major-axis bending moment at the middle of the
unbraced length

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 placement analysis, i.e., are applicable
to the
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M- = 1359 k-ft. M; =2Mpia — M, > My
Mo = 389 k-ft. M; =2(838)—(1,359)=317< 389
Mmia = 838 k-ft. M; =389 k-ft.

Cy is then equal to the following.

2
C,=1.75-1.05 389 +0.3 389 =1.47
1359 1359

According to Article 6.10.1.10.2, the web load-shedding factor, Ry, is 1.0 wi
constructibility. It was determined above in Section 8.2.2.1 that the largest
due to the vertical bending moment was equal to 19.04 ksi. Multiplying thi:
governing (highest) load factor of 1.5 gives f,,, equal to 28.56 ksi.

fom= (1.5)(19.04)
fiom = 28.56 ksi

Thus, Equation 6.10.1.6-2 is evaluated as foll‘s, wn that the first-order elastic

analysis is applicable.

L, =15 ft.=180in.<1.2( (satisfied)
8.2.2.1.3 Constructibility
During construction, both the ioNMnd Tension flanges are discretely braced. Therefore,

nge of the noncomposite section to satisty Egs.

st be satisfied for discretely braced tension flanges, which
he yield stress of the tension flange.

PRy Fye (6.10.3.2.1-1)
%+§ﬂ£¢ﬁc (6.10.3.2.2-2)
fou <& Fon (6.10.3.2.1-3)
fo + i <A RFy, (6.10.3.2.2-1)
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Lastly, the lateral bending stress in both flanges is limited to a maximum of 60% of the flange
yield strength according to Article 6.10.1.6.

f, <0.60F,

The value of each of these quantities at the Strength I load combination is first determined,
where a load factor of 1.25 is applied to the component dead load. Furthermore, a load factor of
1.5 is applied to construction loads for all load combinations.

fiog = 1.25(19.04)

fiog = 23.80 ksi

f = 1.25(0.92) + 1.5(1.22) + 1.5(1.33)
f, = 4.98 ksi

foo+f = 23.80+4.98

foo+fi = 28.78ksi

fou+ /3 = 23.80+(4.98)/3

fou + /3

25.46 ksi

in detail as the load factors for this load
Strength I load combination.

The Strength II load combination w1
combination are either equal to or less

1.4 for wind load. Therefore, t i dirtg stress is the same under the Strength I1I and
Strength I load combinati@s. s values at the Strength I1I load combinations that

0.92) + 1.5(1.22) + 1.4(0.43)

23.80 +3.58
fou + = 27.38 ksi
fou +fi/3 = 23.80+(3.58)/3
fou +fi/3 = 24.99 ksi

Only dead loads are considered at the Strength IV load combination where the load factor for all
dead loads under this load combination is equal to 1.5.
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fiog = 1.5(19.04)

fou = 28.56 ksi (governs)
f = 1.5(0.92) + 1.5(1.22)

fi = 3.21 ksi

fou + 1) = 28.56+3.21

fou + fi = 31.77 ksi (governs)
fou +fi/3 = 2856+ (3.21)/3

fou + /3

29.63 ksi (governs)

Lastly, at the Strength V load combination the stresses are comp
for component dead load and 0.4 for wind load.

@: oa ors of 1.25

fiou — 1.25(19.04)

fou = 23.80 ksi ‘

f = 1.25(0.92) + 1.5(1.22) + Nl .33) + 0 %0.43)
fi = 5.38 ksi

fo + fi

fo + fi

fou + 1 /3

28.56 ksi  (Strength IV)

fi

5.38 ksi  (Strength V)

fou + 1) 31.77 ksi  (Strength IV)
fou + fi/3 = 29.63 ksi (Strength IV)

Now that the controlling stresses are known the constructability requirements are evaluated,
beginning with the check of Equation 6.10.3.2.1-1, which limits the stress in the compression
flange to the nominal yield strength of the flange multiplied by the hybrid factor (Equation
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6.10.3.2.1-1). For homogeneous material sections the hybrid factor is 1.0, as stated in Article
6.10.1.10.1.

foo + T <A RF, (6.10.3.2.1-1)
31.77 < (1.0)(1.0)(50) = 50ksi (satisfied)
The flexural resistance of the noncomposite section is required to be greater than the maximum

bending moment as a result of the deck casting sequence plus one-third of th@lateral bending
stresses, as expressed by Equation 6.10.3.2.2-2.

fbu +§ fI S¢f Fnc

According to Article 6.10.3.2.1, the flexural resistance, F,,, is detg Article
6.10.8.2 or Article A6.3.3, if applicable. Two requirements provy : ¢ A6.1 must be
satisfied for Article A6.3.3 to be applicable. These are that the fl@iccdit ngth may not
exceed 70 ksi, which is satisfied in this case, and that the w

1. ‘

Fs =50ksi <70 ksi (satisfied)
2D, s, | E (A6.1-1)
tW ch

D, of the non-composite section 4 the web depth =36.56/2 =18.28 in.

(satisfied)

Therefore, A A is applicable.

The sections fo ich Appendix A is applicable have either compact or noncompact web
sections where t eb 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.

2D,
P <]

(A6.2.1-1)

pw( Dcp )
W

where:  Dg, = depth of web in compression at the plastic moment
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Apw(Depy = limiting slenderness ratio for a compact web corresponding to Dey/ty

E
°F,
Eq. (A6.2.1-2)

ﬂpw(%) = M 2
0.54—" 0.1
R.M

h"ly

Ry = hybrid factor

The location of the plastic neutral axis of the steel section is at the mid-depth web for this

symmetric section.
Dep=36.56/2=18.28 in.

With this information known, the plastic moment capacity can be
equations in Appendix D.

P.=P;=(15.8)(1.22)(50)
P.=P;=963.8 kips ‘
M, =2(963.8)(18.89) + 2(36.56/2)(0.

0)(36.

(satisfied)

R - (A6.2.1-4)

47273
o (50)(856.4)
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Since the section is symmetric, the web plastification factor is the same with respect to the
tension flange.

R, =1.104

As previously discussed, the lateral torsional buckling resistance is provided in Article A6.3.3. If
the following equation is satisfied the lateral brace spacing is classified as compact.

L, <L,

where: L, = unbraced length (in.) =180 in.

L, = limiting unbraced length to achieve the nominal flexu
RycMy. under uniform bending (in.)

(A6.3.3-4)

= i ng (in.)

Eq. (A6.3.3-10)

act and the following inequality is evaluated to
ed as non-compact.

Therefore, the unbraced s
determine if the unbra

< |

itifig unbraced length to achieve the nominal onset of yielding in
er 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

Fy: =  smaller of the compression flange stress at the nominal onset of
yielding of either flange, with consideration of compression flange
residual stress effects but without consideration of flange lateral
bending, or the specified minimum yield strength of the web.

where:




ye?

= min[0.7F Rtht%’Fw’J

XC

J = St. Venant torsional constant

fc ft

= %[th3 + bfctff(l ~0.63 ]t;° J +bgty [1 - 0-63£—RJJ Eq.(A6.3.3-9)

h = depth between the centerline of the flanges =
Therefore,

S
R,F, 2

F, = mjn(O.7F

ye?

“ FYWJ = min (0.7(50), (1.0)(50)25—6, 50

XC

F,, =min(35,50.0,50) =35.0ksi

yr

R =%£th3 +bfctfc3[l—0.63bi]+ ; (A6.3.3-9)

tfc

L; is then computed as follows.

L, =1.95(4.154) 29;2_00

26[ 35 (856.4)39) ?
29000 22.47

Lr=418.1in.

L, =180< 18.1

length, therefore the lateral torsional buckling resistance is
specifications.

L, is grea the unbr

controlled

-L
JL::b _ Lp JJ RocMye <R M, (A6.3.3-2)
T b

M_=(1.30)|1-| 1—- (35)(856.4) ( 1801000 j (1.104)(50)(856.4) = 55,608
©o (1.126)(50)(856.4) )\ 418.1-100.0 ) | ’

Therefore, M, = 47,273 k-in. = 3,939 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..

~3939(12)
856.4

=55.2ksi

nc

Equation 6.10.3.2.1-2 may now be evaluated as follows.

f,, +§ f, <@ F_=28.56+ %(3.21) <(1.0)(55.2) Eq.

29.63 ksi <55.2 ksi

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

Next, Eq. 6.10.3.2.1-3 is evaluated, which limits the flange stres§@ dugi® onstruction loads
to a maximum of the web bend-buckling stress.

fou < OFcrw ‘ q. (6.10.3.2.1-3)
The nominal elastic bend-buckling resistance for¢geb, F. ined according to Article
6.10.1.9 of the Specifications.

Fow = 0.9Ek Eq. (6.10.1.9.1-1)

(o)

bendbuc@t
- (6.10.1.9.1-2)

as discussed above =1828 in.

where: k =

~0.9(29,000)(36.0)
o [36.56)2
0.65

The requirements of Eq. 6.10.1.9.1-2 are then satisfied.

=297.0ksi <R F, =50 ksi
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f,, =28.56 ksi <g, F,, =(1.0)(50) =50 ksi (satisfied)

For a discretely braced tension flange, Eq. 6.10.3.2.2-1 requires the allowable stress in the
tension flange due to the factored loading to be less than the nominal yield strength multiplied by
the hybrid factor.

fo + f, <@ RF, =28.56+3.21=31.77 <1.0(1.0)(50) (6.10.3.2.2-1)

f,,28.56+3.21=31.77 <1.0(1.0)(50) = 50.0ksi (satisfied)

The last constructability requirement to be evaluated is to show that the latera
due not exceed 60% of the flange yield strength, which is demonstrated be

fr<0.6Fys=15.38 ksi <30 ksi

8.2.2.2 Shear

’ The unstiffened
esist the applied
will have sufficient strength for

The required shear capacity during construction is specifie
shear strength of the beam was previously demonstrated to b
shear under the strength load combination. Tl‘efor
the constuctibility check.

V<4V

v cr

Eq. (6.10.3.3-1)

8.2.3 Service Limit State (Article

Permanent deformations are co
6.10.4.

service limit state, which is specified in Article

anent deformations that may negatively impact the
rideability of the struct imi stresses in the section under expected severe traffic
G e Service Il load combination, the top flange of composite

Eq. (6.10.4.2.2-1)

requirements for'@e bottom flange, which are given by Eq. 6.10.4.2.2-2.
f +gs 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 beams 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.
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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.

b, [F b, [F
M =|290-232% [De 935D 302 iRJMHSMn Eq. (B6.5.2-1)

pe t. VE b t VE Db

fc fc fc fc

M, = 2.90—2.3@ i—0.3536'56+0.3915'8,/ S0 36.56 37<4737
1.22 29000 15.8 1.22Y29000 15.8

M, =6341<4737

Comparing M, to the factored moment at the service limit state

Mpe = 4737 k-ft. > My = 4078 k-ft. Therefore, no

The evaluation of the design then precedes w& e
which are computed using the following equation?

ange stresses under Service 1,

M e + Mpc, + My
S S

nc It

f, =

As permitted by Article 6.10.4.
length, the stresses in the me
assuming the concrete slabd

connectors are provided throughout the span
e Service Il load combination are computed
in both the positive and negative bending region.

The stress in the com 1 s computed as follows.
+216)(12)+1.3(1723)(12):47‘37ksi
070 1171
Then compar stress to the allowable stress shows that Equation 6.10.4.2.2-1 is satisfied

within an accef{@@ble tolerance; the applied stress and the stress limit differ by less than one
percent.

fi =47.37 ksi < 0.95RFys = 0.95(1.0)(50) = 47.5 ksi (satisfied)

Similarly, the computation of the stress in the tension flange is computed as follows.

(1359)12) . (263+216)12) . 1.3(1723)12)

f =
" 856.4 2547 7905

=24.17ksi

Thus, it is also demonstated that Equation 6.10.4.2.2-1 is satisfied for the tension flange.
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fi =24.17 ksi < 0.95RFys = 0.95(1.0)(50) = 47.5 ksi (satisfied)

The compression flange stress at service loads is also limited to the elastic bend-buckling
resistance of the section by Equation 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 flgnge lateral bending

Few = nominal elastic bend-buckling resistance for webs with 8

6.10.1.9

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

F
E., = 0'9E12( <min| R F,., ==
(D 0.7

10.1.9.1-1)

where: k = bend-buckling coefficient =——— Eq. (6.10.1.9.1-2)

The depth of web in compression mus i er to employ Equation 6.10.1.9.1-2.
Thus, Dy is calculated using the ibed in Article D6.3.1, which states Equation
D6.3.1-1 is to be used when ¢
state.

Eq. (D6.3.1-1)

where: ¢ tension-flange stresses caused by the various loads applied to

ble cross-sections (ksi)

d depth of steel section (in.)
D, =% 2737 _1390_122-2440
4737+24.17

Therefore, k and F, are computed as follows.

k=;=19.88

(24.60/36.56)°
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- 09CO.000U988)_ 640 ksi <R, F,, = 50ksi
0.65

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

crw

fo =47.37 ksi < Fry = 50.0 ksi

8.2.4 Fatigue and Fracture Limit State (Article 6.10.5)

for these checks is taken as twice the result of the fatigue loa
8.2.4.1 Load Induced Fatigue (Article 6.6.13

Article 6.10.5.1 requires that fatigue be invegticate ccordance with Article 6.6.1. Article
6.6.1 requires that the live load str fatigue resistance. The fatigue
resistance (AF), varies based on the ch a particular member or detail
belongs and is computed using Eq. 6. 6. tigue I load combination and infinite
fatigue life; or Eq. 6.6.1.2.5-2 fo d combination and finite fatigue life.

Eq. (6.6.1.2.5-1)

Eq. (6.6.1.2.5-2)

where: )(75)N(ADTT)sL Eq. (6.6.1.2.5-3)
constant from Table 6.6.1.2.5-1

= number of stress range cycles per
truck passage taken from Table

6.6.1.2.5-2

(ADTT)s. = single-lane ADTT as specified in
Article 3.6.1.4

(4F)TH = constant-amplitude fatigue threshold

taken from Table 6.6.1.2.5-3
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For this example infinite fatigue life is desired, and thus the Fatigue I Load combination and Eq.
(6.6.1.2.5-1) are considered.

The fatigue resistance due to negative bending stresses is checked at the critical location, which
is at the weld joining the lateral bracing connection plate to the flanges of the beam at the cross-
frame 15 feet from the pier. 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 for a category C’ detail is 12 ksi
(see Table 6.6.1.2.5-3).

The permissible stress range is then computed according to Equation 6.6.1.2%
(AF), = (AF ), =12.00ksi

The applied stress range is taken as the stress range resulting from the fatig i nin
Figure 9), with a dynamic load allowance of 15 percent applied, and disteibu¥
previously calculated distribution factor for fatigue. At the botto
stress range is computed as follows.

S(af)= (15 O){(l 78(12f4.52-122) |-267]12)4.5
' 037 @ 371

Y(Af) = 0.65 ksi < (AF), = 12.00 ksi (satisfied)

Similarly, the applied stress range ange is equal to the following.

X34.48-1.22)
Af)=(1.50

Y( ) ( { 40,371

1(Af) = 6.60 (satisfied)
Therefore, it is demons ied stress range in the top and bottom flanges is

[ w atigue (Article 6.6.1.3)

A positive co 10n is to be provided for all transverse connection-plate details to both the top
and bottom fla to prevent distortion induced fatigue.

8.2.4.3 Fracture PArticle 6.6.2)

The appropriate Charpy V-notch fracture toughness, found in Table 6.6.2-2, must be specified
for main load-carrying components subjected to tensile stress under Strength I load combination.

8.2.4.4 Special Fatigue Requirement for Webs (Article 6.10.5.3)

Article 6.10.5.3 requires that the shear force applied due to the fatigue loading must be less than
the shear-buckling resistance of interior panels of stiffened webs.
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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.

8.3 Exterior Girder Beam Check: Positive Bending
8.3.1 Strength Limit State

8.3.1.1 Flexure (Article 6.10.6.2)

Equation 6.10.7.1.1-1 must be satisfied for positive bending sections at the
1
I\/Iu +§ flsxt S¢f I\/In

8.3.1.1.1 Flexural Resistance (6.10.7)

To calculate the flexural capacity, the classification of the s rmined. The

following requirements must be satisfied for a section to qua

Fy,=50ksi < 70 ksi (satisfied)
b _36.56 _ 56.25<150 (satisfied)
t, 0.65
2D
w_ 20 _ =90.55 Eq(10.6.2.2-1) (satisfied)
t, 04375

nd the@minal flexural resistance is based on Article
eams satisfying D;,<0.1Ds given by Eq. 6.10.7.1.2-1

and Eq. 6. e violating this limit.

Eq. (6.10.7.1.2-1)

D
1.07 —0.73"] Eq. (6.10.7.1.2-2)

t

p

D, is the distanceMrom the top of the concrete deck to the neutral axis of the composite section at
the plastic moment and is computed as follows. The plastic neutral axis location previously
computed is utilized in these calculations.

D,=8+2-1.22+0.22=9.00 in.
The total depth of the composite beam, Dy, is equal to the following.

D=8+2+36.56+1.22=47.78 in.
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Therefore, D, is greater than 10% of D, as computed below and the nominal flexural capacity is
therefore determined using Equation 6.10.7.1.2-2.

D, =9.00>0.1D;=0.1(47.78) = 4.78 (not satisfied)

D
M, =M, [1.07 —0.7%] Eq. (6.10.7.1.2-2)

t

M, =607 1.07—0.7& =5698k - ft
47.78

8.3.1.1.2 Factored Positive Bending Moment

In order to determine if the above determined moment resistance of 5,698
maximum value of (M, + fiSx/3) must be determined, according (g8 . erefore
the value of (M, + fiSx/3) resulting from each of the five streng
ng capacity of the

beam, the load factors applicable to this design example are load

combination.
Strength I = 1.25DC + 1.5DW + 1%
Strength I1=1.25DC + 1.5DW +35(L
Strength I = 1.25DC +
Strength IV = 1.5(DC
(LL+I) + 0.4WS

ent is at 36 ft from the abutments. The DC and DW
le 2 and are equal to the following.

From Table 3, 888 controlling LL+I moment is 1664 k-ft.

LL+I #1664 k-ft
The unfactored moment (f¢Sy) due to wind load loads was previously determined to be 1.828 k-ft.

M,, = 1.828 k-ft

Consideration should also be given to increasing the wind load moments to account for second-
order force effects, as specified in Article 6.10.1.6 through application of the amplification

66



factor. However, no increase is required for tension flanges and the compression flange is
continuously braced in positive bending, so the amplification factor is negligible in this case.

Lateral bending forces due to the wind loading are then determined by dividing M, by the
section modulus of the bottom flange.

M, (1.828)12

W

=S _0.432ksi
S, (15.8)°(1.22)/6

It is required that the flange lateral bending stresses may not exceed 60% o
strength. Thus, for this example fe must be less than or equal to 30 ksi, which is'%
for the above lateral stress. The maximum lateral stress is obtained by multj
maximum wind load factor of 1.4, which is less than the allowable stress o

(1.4)(0.432) = 0.6048 < 30 (satisfied)

The controlling strength limit state can now be determined base information. For

loads not considered)

XC

M, +%f,fs — 422940

M, +% f,S,.= 4229 k-ft (governs)
It is obvious that the design m ngth II load combination will be less than those
at the Strength I load combina@i@n as all ength II load factors are either equal to or less

than those used for the S
the following.

n. The design moments at Strength II are equal to

_ 1 25(90S YL 5(121) + 1.35(1664) = 3563 k-ft

+0 (wind loads not considered)

S, = 3563 k-ft

For the Strength I1I load combination, wind load is incorporated and the design moments are
equal to the following.

M, =1.25(908) + 1.5(121) = 1317 k-ft

MU+§f“s — 1317 + (1/3)(1.828)(1.4)

XC

67



Mu+§f,s — 1317 k-ft

£Xe

The design moments for the Strength IV load combination are as follows.

M, = 1.5(908 + 121) = 1544 k-ft

M, +% f,S.=1544+0 (wind loads not considered)

{Xe

M, +§ £S5, = 1544 k-ft

Lastly, the design moments computed using the Strength V load combinatié
following.

are equa e

M, = 1.25(908) + 1.5(121) + 1.35(1664) = 3563 k-ft

=3563 + (1/3)(1.828)(0.4)

4

XC

M, +lf,,S
3

M, +% £S5, = 3563 k-ft
Reviewing the factored moments

that the Strength I moments govern fo
k-ft.

computed above, it is determined
d that the design moment is equal to 4229

8.3.1.1.3

The redistribution mo
determined that the re
combinatigimis equal to

at the pier at the (governing) Strength I load
-ft. Because the redistribution moment varies linearly from zero at

The total design moment is then the sum of the redistribution moment and the elastic moment.
M, = 4229 + 252 = 4481 k-ft.
8.3.1.14 Flexural Capacity Check

The design moment of 4481 k-ft is then compared to the factored resistance of 5687 k-ft, which
shows that the positive bending capacity of the beam is sufficient.
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M, = 4481 k-ft < ¢:M, = (1.0)(5698) = 5698 k-ft (satisfied)
8.3.1.1.5 Ductility Requirement

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

D, < 0.42D, (6.10.7.3-1)

Dp =9.00 in. <0.42(47.78) = 20.07 in. (satisfied)

8.3.1.2 Shear (Article 6.10.3.3)
The shear requirements at the strength limit state were previously shown to

8.3.2 Constructibility (Article 6.10.3)

The constructibility of the system due to positive bending mgme ¢ Q@luated in a
manner similar to the constructibility evaluation previously
region of the beam. Because the shear requirements during ¢
satisfied for beams with unstiffened webs, onvhe € ation
presented herein.

fort

egative bending
utomatically
the flexural requirements is

ck casting moments previously

loa esented in preceeding sections.
casting loads is computed based on
able 10 by the section modulus of the

dividing the lateral bending moment by the section moduli of the flanges, which in this case are
equal for the top and bottom flanges.

= 193308 56y
S, 122(15.8)/6

Similarly, the lateral moment and lateral bending stress due to the construction dead loads are
computed as follows.
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2
M, = % = 20.63k-ft

= M, =—20'63(122) = 4.88 ksi
S, 1.22(15.8)*/6

The unfactored lateral bending moment and lateral bending stress due to the finishing machine
are equal to the following.

M, = (3);30) —11.25k-ft

=M LUD) ) 66k
5, 122(158)/6

It must then be determined if these first-order lateral bending strg8$ @¥plicable, or if these
stresses must be increased to account for second-order effectg. pviously, the first-

Eq. (6.10.1.6-2)

From previous computations in Se is 1 to 100.0 inches.
L, =100.0 in.

As previously described, the
equation.

difier is determined from the following

<23 (A6.3.3-7)

The maxim?®
Thus, the crit cral bracing segment is the lateral bracing panel that begins at 30 ft from the
pier and ends @80 ft from the pier. The applicable moment values for this lateral bracing

M2 = 849 k-ft. M1 = 2Mmid — M2 > Mo

My =502 k-ft. M; =2(838)—(849) =827 >
502

Mpig = 838 k-ft. M; =827 k-ft.
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Thus, Cy is computed as follows.

2
C,=1.75-1.05| Mo | o3[ Mi] <3
MZ MZ

2
C,=1.75-1.05 827 +0.3 827 =1.01
849 849

According to Article 6.10.1.10.2, the web load-shedding factor, Ry, is 1.0 fo
evaluations.

It was determined that the largest compressive stress due to the vertical be
equal to 12.44 ksi. Multiplying this stress by the two applicable load factor:
shows that fy, is equal to 15.55 or 18.66 ksi.

was

fom= (1.25)(12.44) = 15.55 ksi

fom = (1.50)(12.44) = 18.66 ksi

Lastly, Fy. is equal to 50 ksi. The informatio uin evalgation of Eq. 6.10.1.6-2 is now
known. It is shown below that regardless of the loa ed, the first-order elastic
analysis is not applicable.

(not satisfied)

(not satisfied)

(6.10.1.6-4)

To calculate the amplification factor (the term in bracket in Equation 6.10.1.6-4), the elastic
lateral torsional buckling stress, F;, must be determined, which can be calculated from Appendix
A or Section 6.10.8. As discussed above, Appendix A is applicable if the flange nominal yield
strength is less than or equal to 70 ksi and the web is classified as either compact or non-
compact, i.e., Equation A6.1.-1 is satisfied. The following calculations demonstrate that
Appendix A is applicable.

Fyr= 50 ks1 <70 ksi (satisfied)
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2D, 57 | E 57 [2%000) _370q (A6.1-1)
t . 50)

D.=36.56/2 =18.28 in.

2D, 2(18.28)
t, (0.65

W

=56.25 (satisfied)

ctermined from

Since Appendix A is applicable, the elastic lateral torsional buckling stress i

Eq. A6.3.3-8.
C,7’E J ’
== = 0.0779—(5]
(L/r) St
At this point, all of the parameters necessary for computing F, 0.3.3-8 are known.

Substituting these previously determined quantities into Eq. A6.
torsional buckling stress is equal to 45.44 ksi.

_ (1.01)7*(29,000)

1+0.0779
(360/4.154)’

cr

(856.4139.0)

1.2

Therefore, when a dead load facto th lification factor is equal to the

following.

combinations ow be determined. Recall that, during construction, both the compression and
tension flanges\@lle discretely braced. Therefore, Article 6.10.3.2 requires the compression flange
of the noncomp section to satisfy Egs. 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 strength under the
lateral torsional and flange local buckling limit states, and web bend buckling does not occur
during construction, respectively. Additionally, Eq. 6.10.3.2.2-1 must be satisfied for discretely
braced tension flanges, which limits the total flange stress to the yield stress of the tension

flange.

fou + i <G RF (6.10.3.2.1-1)

72



fbu +% fw S¢f Fnc (610321-2)

fou <A For (6.10.3.2.1-3)
fo + fi <o RFy (6.10.3.2.2-1)

Lastly, the lateral bending stress in both flanges is limited to a maximum of 60% of the flange
yield strength according to Article 6.10.1.6.

fi < 0.6F,

o = 1.25(12.44)

fou = 15.55ksi ‘

fi = 1.292%[1.25(3.67) + 1.5( +1.5(2.66)]
f = 20.54 kst

fou + 1)

fou + fi

fou + 11 /3

+ f, /3

i the Strength III load combination are 1.25 for component dead load and 1.4
for wind load. LiW€ loads are not included in the Strength III load combination. The stress values
at the Strength III load combination that are needed for evaluating the constructability
requirements are as follows.

fou 1.25(12.44)

15.55 ksi

fbu
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fi

fi

fou + fi
fou + fi
fou + i /3

fou + i /3

Only dead loads are considered at the Strength IV load combination where
dead loads under this load combination is equal to 1.5.

fou

fou

fi

fi

fou + fi
fou + fi
fou + 1 /3
fou + 1 /3

Lastly, at the Strength
for component dead 10

fb+f|
fp + fi

fou + i /3

1.292%[1.25(3.67) + 1.5(4.88) + 1.4(0.43)]
16.16 ksi

15.55 + 16.16

31.71 ksi

15.55 + (16.16)/3

20.94 ksi

or for all

1.5(12.44)
18.66 ksi (gove
1.442*[1.5(3.67) + 1.5(4.88)]

18.49 ksi ‘

18.66 + 18.49

37.15 kst
. 4
. si

e stresses are computed due to load factors of 1.25

verns)

(governs)

(1.292)[1.25(3.67) + 1.5(4.88) + 1.5(2.66) + 0.4(0.43)] (governs)
=20.76 ksi

15.55 +20.76
36.31 ksi
15.55 + (20.76)/3

22.47 ksi
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Reviewing the computations above for each of the load combinations, the following are
determined to be the controlling stresses.

fou = 18.66 ksi (Strength IV)
fi = 20.76 ksi (Strength V)
fou + fi = 37.15ksi (Strength IV)

fou + /3 = 24.82ksi (Strength IV)

Now that the controlling stresses are known the constructability requirementgsams
beginning with the check of Equation 6.10.3.2.1-1, which limits the stress i
flange to the nominal yield strength of the flange multiplied by the hybrid #
6.10.3.2.1-1). For homogeneous material sections the hybrid factor is 1.0, as
6.10.1.10.1.

fou + T <G R, 10.3.2.1-1)

37.15 < (1.0)(1.0)(50) = 50 ksi (satisfied)

The flexural resistance of the noncomposite sectigais re
bending moment as a result of the deck casting se e plus
stresses, as expressed by Equation

e larger than the maximum
hird of the lateral bending

fbu +% fw S¢f Fnc (610321-2)

According to Article 6.10.3.2.
6.10.8.2 or Article A6.3.3 4

ance, F,, is determined as specified in Article
as demonstrated above that Appendix A is

ending section. Due to symmetry of the non-

ix A is also applicable for the non-composite positive
le moment capacity prediction equation is then based on the lateral
bracing cl 1 wing equation is satisfied the lateral brace spacing is classified

Therefore, the lat®fal bracing distance is not compact.
360> 100 (not satisfied)

The following inequality is then evaluated to determine if the unbraced distance is classified as
non-compact.

LbSLr
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F 2
where: Lr=1.95rtE I i+ Ji+676 S Sl (A6.3.3-5)
F_\S.h E J

yr Xc

Again, because the non-composite section is symmetric, the L, value is equal
regardless of whether the section is in negative or positive bending.

L,=418.1in.

L, =360 <L,=4I18.1

Because the lateral bracing distance is non-compact, the lateral torsional bu istance is
controlled by Eq. A6.3.3-2 of the specifications.

Ferc Lb_Lp
M, =C,|1-| 1-—2 R.M, <R.M,
RM, L -L,

Substituting the applicable values into Eq. A6.3.3-2 gives t
M =.0n|1—|1-—B®564) 3
T (1.00)(50)(856.4) .

My = 36,042 < 47,273

104)(50)(856.4) < (1.104)(50)(856.4)

M = 36,042 k-in. =

Article 6.10.3.2.1 prescribes t ural resistance, F,., can be taken as the M.

determined from Article

(6.10.3.2.1-2)

24.82 ®s1 < (1.0)(42.09) = 42.09 ksi (satisfied)

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

Next, Eq. 6.10.3.2.1-3 is evaluated, which limits the flange stresses due to the construction loads
to a maximum of the web bend-buckling stress.

fou <& P (6.10.3.2.1-3)
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The nominal elastic bend-buckling resistance for web, F, was previously determined according
to Article 6.10.1.9 of the Specifications.

F
F =0'9Ek<min(RhF YWJ (6.10.1.9.1-1)

crw (D 7 = yc’ﬁ

t

w

Ferw = 297.0 ksi > 50.0 ksi, therefore F.., = 50.0 ksi,

f,, =18.66 ksi <g, F, =(1.0)(50) =50 ksi

The last constructability requirement to be evaluated for the compression fl@ige i pw that
the lateral bending stresses due not exceed 60% of the flange yield strength§@hich i
demonstrated below.

fy < 0.6F s

20.59 ksi <30 ksi(satisfied)

For a discretely braced tension flange, Eq. 6.*.2. uire
due to the factored loading to be less than the noifgal y1

factor.

e stress in the tension flange
h multiplied by the hybrid

fo + i <A RFy (6.10.3.2.2-1)
Because the amplification factor i e for teffsion flanges, f; for the tension flanges is
found by dividing the previous 1 ues of fj for the compression flanges by the

amplification factors. The su
follows.

(fou + f1)stren 20.54/1.292 = 31.45ksi
15.55+16.16/1.292 = 28.06 ksi
18.66 + 18.49/1.442 = 31.48 ksi

15.55 +20.76/1.292

31.62 ksi  (governs)

Comparing fy,, + fi to the allowable stress shows that the resistance of the tension flange is
adequate.

31.62 < (1.0)(1.0)(50) = 50 ksi (satisfied)
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The lateral bending stresses in the tension flange must also be less than 60% of the flange yield
strength. Reviewing the computations above it is determined by inspection that the controlling
value of f] will be obtained at the Strength V load combination.

fr< 0.6Fy

fr=20.76/1.292 = 16.07 ksi < 30 ksi (satisfied)

8.3.3 Service Limit State

Similar to the negative bending section, the positive bending section must b
permanent deformations, which are governed by Eq. 6.10.4.2.2-1.

Fi < O.95Rh|:yf

M

+M 1.3M
pci | Mbc2 ow_ LL+IM

where: f, =
Sy S

nc st

The stress in the compression flange at the cn’al p berl@ing location is then computed as

follows based on the moment values given in Ta 2a

(761)(12)+ (147+12
856.4 271

75ksi

f

Thus, the requirements of Eq. 6.10.4.2. i or the compression flange.

=47.50ksi (satisfied)

)
s
I
—_
&
~
O
=
2.
IA
S
O
N—"

Similarly, the stress in

(761)12) \

7+121)12) . 1.3(1664)12)
70 1171

=35.84ksi

Thus, the se for the tension flange are also satisfied.

f, NOB.84 ksi < 0.95R,F, = 0.95(1.0)(50) = 47.50ksi

8.3.4 Fatigue afid Fracture Limit State (Article 6.10.5)
8.3.4.1 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
for a welded lateral bracing connection plate for the cross frame located 60 feet from the
abutment. It was previously determined that the allowable stress range for this detail was equal to
12.0 ksi, which was computed using Equation 6.6.1.2.5-1.
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The permissible stress range is computed using Equation 6.6.1.2.5-1, for inifinite fatigue life is:

(AF), =(AF)p, =12.00ksi Eq. (6.6.1.2.5-1)

n

The stress range at the bottom of top flange is computed below for the Fatigue I load
combination.

- ~107(12)4.52-1.22
Y(Af)=(l.50{(492)(12)(4'52 122) |-10702k )
40,371 40,371

Y(A) = 0.88 ksi < (AF), = 12.00 ksi

Similarly, the stress range at the top of the bottom flange is comp

- ~107(12)3448
Y(Af):(1‘50){(492)(12)(34.48 122) |-10702X
40,371 20,

v(Af) = 8.87 ksi < (AF), = 12.00 k& (satisfied)

8.3.4.2 Special Fatigue Requirement for Webs ( le 6.10.5:

The following shear requirement m the Y@htgue limit state.

V<4V

vocer

Eq. (6.10.5.3-1)

? Therefore, this limit is not explicitly evaluated.
ies all design requirements.

However, this design utilizes
It has been demonstrated

8.4 Deck Design

The folloWERSSEon il 1 ate the design of the deck by the Empirical Deck Design
Method spd e 0.7 . This design process recognizes the strength gained by complex
in plane me ing an internal arching effect (see Commentary to Article
9.7.2.1).

To be able to us§lie Empirical Deck Design Method certain design conditions must first be met.
As given in Articl€ 9.7.2.4. 1t is also specified that four layers of minimum isotropic
reinforcement are provided as specified in Article 9.7.2.5.

The Empirical Deck Design Method does not apply for the design of the deck overhang (see
Article 9.7.2.2), which must be designed by traditional design methods.
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8.4.1 Effective Length (Article 9.7.2.3)

For the Empirical Design Method the effective length is equal to the distance between flange
tips, plus the flange overhang, taken as the distance from the extreme flange tip to the face of the
web. The effective slab length must not exceed 13.5 feet. Figure 13 illustrates effective slab
length.

wj = 112.78in. <162.0in. (satisfied)

L, =(1o.0)(12.0)—(12.0)(

Lot

Web _/
U6 % 427

CL Beam
Figure 13 Effectiv for Deck Design

Specific design conditions mus i to use the Empirical Deck Design Method. The
deck must be fully cast in plac The deck must also maintain a uniform cross
section over the entire sp ations of the haunches located at the beam flanges.
Concrete used for the d. r equal to the specified 28 day compressive strength
made of either steel or concrete, and the deck must be
s. A minimum of two shear connectors at 24.0 inch centers shall
be providd Beoati ent region of continuous steel super structures. In addition the

where:  Leg effective slab length (Article 9.7.2.3)

ts = the structural slab thickness, which is the total thickness minus integral
wearing surface (Article 9.7.2.6), and must be greater than 7 inches

t,=8.0in. > 7.0 in. (satisfied)
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H2.78 _1410<18.0 (satisfied)

8.0

The deck overhang beyond the centerline of the outside beam must be at least 5.0 times the depth
of the slab.

(5.0)(8.0)=40.0in. < 42.0in. (satisfied)

The core depth of the slab is not less than 4.0 inches. An illustration of the cgge depth is shown in
Figure 14.

Assuming a 2 inch cover on the top and a 1 inch cover on the bottom of the

5.0in.> 4.0 in. (satisfied)

Core Denth | <7 $lab Depth

Figu
8.4.3 Positive Flexure Reinforce

Article 9.7.2.5 specifies the us psotropic reinforcement be provided. The
reinforcement is to be proy of the slab with the outermost layers placed in the

ﬁ =20.67in.>18 .0 (max.)

Use 12 inch spacing to match that of the negative flexure region as shown later.
8.4.3.2 Bottom Layer (Longitudinal and Transverse)

Bottom layers of reinforcement are required to have a minimum reinforcement of 0.27 in.*/ft.,
with the maximum spacing permitted to be 18 inches.
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Using No. 5 bars with a cross sectional area of 0.31 in.”, the required spacing is:

s —w =13.78in.>18 .0

~(0.27) (max.

Therefore, use 12 inch spacing in both of the bottom layers to match that of the negative flexure
region as shown later.

8.4.4 Negative Flexure Reinforcement Requirements

Article 6.10.1.7 states that in regions of negative flexure the total cross sectiongN@ga of the
longitudinal reinforcement shall not be less than 1 percent of the total cross ;
concrete deck. The slab thickness is taken to be 8.0 inches therefore the mi
longitudinal reinforcement is:

Min area of longitudinal reinforcement = (8.0)(0.01) = 0.08 in.*/j

The reinforcement used to satisfy this requirement shall ha
than 60 ksi. and a size not exceeding No. 6 bars. The bars ar
uniformly distributed across the deck width, wath twqethirds ifghe top layer and the remaining
one third in the bottom layer. Bar spacing is n8f to_e h spacing center to center.
Since shear connectors are provided the longitud einfo must be extended beyond the
additional shear connectors as stated in Article 6.10°

strength no less
o layers that are

8.4.4.1 Top Layer (Longitudinal)

(satisfied)

8.4.4.2 Botto yer (Longitudinal)
Aveint = (%j(0.0S) =0.03in.”/in.

Use No. 5 bars (A=0.31 in.?) at 12.0 inch spacing with No. 4 bars (A = 0.20 in.%) at 12 inch
spacing:

. % + % =0.04in.*/in.> 0.03in.”/in. (satisfied)
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8.4.4.3 Top and Bottom Layer (Transverse)

The transverse reinforcing steel in both the top and bottom layers will be No. 5 bar at 12 inch
spacing, the same as the positive flexure regions, as shown in Figure 15.

H6 4t 127
Alemate vrith #5 at 127 ﬁ

#5 at 127
Alemate vrith #4 at 127

F
L

L_.. Qe[ —

Figure 15 Deck Slab in Negative Flexure Reg
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