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Concrete Deck Design Flowchart (Continued)
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Concrete Deck Design Flowchart (Continued)
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Steel Girder Design Flowchart
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Steel Girder Design Flowchart (Continued)
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Steel Girder Design Flowchart (Continued)
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Steel Girder Design Flowchart (Continued)
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Bolted Field Splice Design Flowchart (Continued)
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Bearing Design Flowchart (Continued)
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Bearing Design Flowchart (Continued)
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FHWA LRFD Steel Bridge Design Example Design Step 1 — General Information / Introduction

Introduction

Design Step 1 is the first of several steps that illustrate the design
procedures used for a steel girder bridge. This design step serves as an introduction to
this design example and it provides general information about the bridge design.

Purpose

The purpose of this project is to provide a basic design example for a ste
as an informational tool for the practicing bridge engineer.

AASHTO References

For uniformity and simplicity, this design example is based o
Bridge Design Specifications (Seventh Edition, 2014), includ
Specifications. References to the AASHTO LRFD Brid
included throughout the design example. AASHTO refe
dedicated column in the right margin of each page, |mm
corresponding design procedure. The fong
references:

S designates specifications
STable designates a table wi

CTable designates a tabl
CFigure designates a fig

ample is based on Load and Resistance Factor Design (LRFD), as
the AASHTO LRFD Bridge Design Specifications.

Load and Resistance Factor Design (LRFD) takes into account both the statistical mean
resistance and the statistical mean loads. The fundamental LRFD equation includes a
load modifier (n), load factors (y), force effects (Q), a resistance factor (¢), a nominal
resistance (Rn), and a factored resistance (Rr= ¢Rn). LRFD provides a more uniform
level of safety throughout the entire bridge, in which the measure of safety is a function
of the variability of the loads and the resistance.

1-2
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Detailed Outline and Flowcharts

Each step in this design example is based on a detailed outline and a series of
flowcharts that were developed for this project.

The detailed outline and the flowcharts are intended to be comprehensive. They include
the primary design steps that would be required for the design of variousgSieel girder
bridges.

This design example includes the major steps shown in the detailed outli
flowcharts, but it does not include all design steps. For example, longit
design, girder camber computations, and development of special provi
included in the detailed outline and the flowcharts. However, theiki
example is beyond the scope of this project.

Software

HT ftware. The
ample are taken from the
xample.

An analysis of the superstructure was performed using
design moments, shears, and reactions din
BrD output, but their computation is not siown in

Organization of Design Example

To make this reference user- rs andilitles of the design steps are
consistent between the detailed arts, and the design example.

In addition to design comp sign example also includes many tables and
figures to illustrate the varj i
also includes commentar
generally provided
that particular bri

ign logic in a user-friendly way. A figure is
sign step, summarizing the design results for

Tip Boxes

ip boxes are used throughout the design example computations to
present useful information, common practices, and rules of thumb for
the bridge designer. Tip boxes are shaded and include a tip icon, just
ke this. Tips do not explain what must be done based on the design
specifications; rather, they present suggested alternatives for the
designer to consider.

1-3
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Design Step 1.1 - Obtain Design Criteria

The first step for any bridge design is to establish the design criteria. For this design
example, the following is a summary of the primary design criteria:

Design Criteria

Governing specifications:

AASHTO LRFD Bridge Design Specifications (Seventh Edition, 2014), in e
2015 Interim Specifications

Design methodology:

Load and Resistance Factor Design (LRFD)
Live load requirements: 3.6
HL-93
Deck width: ’

W, =45.375ft
Roadway width:

Wi oainay = 425t
Bridge length:

24

L

total —

Skew angle:

STable 6.4.1-1

STable 6.4.1-1

Concrete 28-day compressive strength: S5.4.2.1

f/ = 4.0ksi
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Reinforcement strength: S5.4.3
f, = 60ksi

Steel density: STable 3.5.1-1
W, = 0.490kcf

Concrete density:

W, = 0.150kcf

Parapet weight (each):

W, =053%
ft

Future wearing surface:
W, = 0.140kcf

Future wearing surface thickness:
t s = 2.50in

Design Factors from AASH ge Design Specifications

S1.3.2.1

The first set of desi plie all force effects and is represented by the Greek
ifi se factors are related to the ductility, redundancy,
nce of the structure. A single, combined eta is required for every

Ductility:

n, =10
Redundancy:

ng =10
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Importance:
n, =10
For loads for which the maximum value of yi is appropriate:
n=ny-ng- N, and 7>0.95 SEquation 1. -2

For loads for which the minimum value of yi is appropriate:

1

n=——— and 7<1.00 SEquation 1.8:2
Mo Mg -1

Therefore for this design example, use:

n=1.00
The following is a summary of other design factors from AA FD Bridge
Design Specifications. Additional inform IS ided inthe Specifications, and

specific section references are provided in'th the design example.

STable 3.4.1-1 &
STable 3.4.1-2

Load factors:

Limit State

: LL IM | WS | WL
Min.

Strength | . 0.65|1.75|1.75| - -
Streng 150 |0.65|1.35|1.35
Strengt . . 150 |0.65| - - 140 | -
1.25|0.90| 1.50 | 0.65|1.35|1.35|0.40 | 1.00
.00 | 1.00| 1.00 |1.00|1.00|1.00 | 0.30 | 1.00
1.00/1.00|1.00|1.00|1.30|130| - -
- - - - 150|150 | - -
- - - - 1075|075 | - -

Table 1-1 Load Combinations and Load Factors

S3.4.21

The abbreviations used in Table 1-1 are as defined in S3.3.2. Also, S3.4.2.1 states that
primary steel superstructure components are to be investigated for maximum force
effects during construction for an additional special load combination consisting of the
applicable DC loads and any construction loads that are applied to the fully erected
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steelwork. The load factor for force effects caused by DC loads and construction loads,
including dynamic effects (if applicable), is not to be less than 1.4 for this additional
special load combination.

The extreme event limit state (including earthquake load) is not considered in this
design example.

controlled concrete sections):

Resistance Factors
Material Type of Resistance
For flexure

For shear

Structural steel - -
For axial compression

For bearing‘

Tension contro

Reinforced
concrete

Multiple presence f STable 3.6.1.1.2-1

ultiple Presence Factors

Numbe anes Loaded Multiple Presence Factor, m
1.20
1.00
0.85
>3 0.65

Table 1-3 Multiple Presence Factors
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Dynamic load allowance: STable 3.6.2.1-1
Dynamic Load Allowance
- Dynamic Load
HiseIEys Allowance, IM
Deck Joints - All Limit States 75%
Fatigue and Fracture Limit State 15%
All Other Limit States 33%

Table 1-4 Dynamic Load Allowance

Design Step 1.2 - Obtain Geometry Requirements

Geometry requirements for the bridge components are defin
the highway geometry. Highway geometry constraints i
vertical alignment.

Horizontal alignment can be tangent, cw’i, S ination of these three
geometries.

Vertical alignment can be straight slop est, or a combination of these three
geometries.

For this design example, it is assu jzontal alignment geometry is tangent
and the vertical alignment g

Some clients requi ent Study. The Span Arrangement Study
includes selectin [ termining the span arrangement, determining

ent Study may not be required by the client, these
be made by the engineer before proceeding to the next design

0 example, the span arrangement is presented in Figure 1-1. This span
arrangement was selected to illustrate various design criteria and the established
geometry constraints identified for this example.
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B E F A E A5
«— @ Bearings . € Bearings
Abutment 1 & Pier Abutment 2 —
120'-0” 120'-0”

240'-0”

Legend:
E = Expansion Bearings
F = Fixed Bearings

Figure 1-1 Span Arrangement

Design Step 1.4 - Obtain Geotechnical Recommendation

The subsurface conditions must be determined to devel cal
recommendations.

Subsurface conditions are commonly de i
site. The borings provide a wealth of info
which is recorded in the boring logs.

ore borings at the bridge
surface conditions, all of

It is important to note that the bori als ubsurface conditions for a finite
location and not necessarily f sit erefore, several borings are
usually taken at each proposed ion. This improves their reliability as a
reflection of subsurface conditions [ , and it allows the engineer to

After the subsurface con en‘€xplored and documented, a geotechnical
i recommendations for all substructures.

Foundations can e foundations, or drilled shafts. Geotechnical
recommendation i [ owable bearing pressure, allowable settlement,

Some clientsrequire a Type, Size and Location study for the purpose of approval. The
Type, Size and Location study includes preliminary configurations for the superstructure
and substructure components relative to highway geometry constraints and site
conditions. Details of this study for the superstructure include selecting the girder types,
determining the girder spacing, computing the approximate required girder span and
depth, and checking vertical clearance.
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Although a Type, Size and Location study may not be required by the client, these
determinations must still be made by the engineer before proceeding to the next design
step.

For this design example, the superstructure cross section is presented in Figure 1-2.

This superstructure cross section was selected to illustrate selected design criteria and
the established geometry constraints. When selecting the girder spacinggeonsideration
was given to half-width deck replacement.

45'- 4 5"

Shoulder

4 Spaces @ 9'-9" = 39'-0”
F 2

Figure 1-2 Superstru

3-2Y"

Cros

Design Step 1.6 - Plan for

Finally, the bridge engineer must
process. Special attention to

sthetics throughout the design
ade during the preliminary stages of
nd appearance has been fully determined.

s of the bridge must usually complement each other, and the
ust usually complement its surroundings.

nd rhythm: All members must be tied together in an orderly manner.
« Contrast and texture: Use textured surfaces to reduce visual mass.

o Light and shadow: Careful use of shadow can give the bridge a more slender
appearance.
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Concrete Deck Design Example
Design Step 2
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Design Step 2.1 - Obtain Design Criteria

The first design step for a concrete bridge deck is to choose the correct design criteria.
The following concrete deck design criteria are obtained from the typical superstructure
cross section shown in Figure 2-1 and from the referenced articles and es in the
AASHTO LRFD Bridge Design Specifications, Seventh Edition (2014), in i
2015 interims.

Refer to Design Step 1 for introductory information about this design ex
Additional information is presented about the design assumptions, met
criteria for the entire bridge, including the concrete deck.

.2 and S9.7.2

The next step is to decide which deck design method
equivalent strip method will be used. For the equwalent
girders act as supports, and the deck actghas a le or tinuous beam spanning
from support to support. The empirical method for the positive and

negative moment interior regions since the sectl all the requirements
given in S9.7.2.4. However, the empirical met ould not Be used to design the

overhang as stated in S9.7.2.

. In thiS'example, the
m lysis, the

verha idth

The ov idth i erally determined such that the moments
[ lOF girder are similar to those in the interior
erhang is set such that the positive and
oments In the deck slab are balanced. A common rule of
ake the overhang approximately 0.28 to 0.35 times the
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46'-10%2"
10000 | 120" | 12:0" | 10-00 | 1O
"~ Shoulder | Lane Lane """ Shoulder
_\ 3-6" (Typ-)
|- ——1]
311" J 4 Spaces @ 9-9” = 39'-0" 3
‘ < F j‘

Figure 2-1 Superstructure Cross Se

The following units are defined for use in this design exampl

K = 1000Ib kef =

AAAA

Deck Properties

Girder spacing: STable 5.12.3-1

Number of girders: STable 5.12.3-1

Deck top cover:

Deck bottom cov C rp= 1.0in

¢ = 0.150kcf

f'c = 4.0ksi STable 5.4.2.1-1
ent strength: fy = 60Kksi S5.4.3
paring surface: Wiws = 0.140Kkcf STable 3.5.1-1
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Parapet properties:

Weight foot:
eignt per 1oo Wpar . 0.535
ft
Width at base: Whase = 1 4375ft
Moment capacity at base*: Mo = 28.21 m

Parapet Height: H par =

.84ft  (calculated in

Critical length of yield line failure p&em :
Design Step 2.12)

Ry = 117.40K (calculated in
Design Step 2.12)

* Based on parapet proper. ded in this design example. See Publication
Number FHWA HI-95-0 jstance Factor Design for Highway Bridges,
Participant Notebook, i 201), for the method used to compute the

parapet properties

urface that is required.
STable 5.12.3-1

Deck bogtem cover - The concrete bottom cover is set at 1.0 inch since the bridge
deck will use reinforcement that is smaller than a#11 bar.

S5.4.2.1-1 and STable C5.4.2.1-1
Concrete 28-day compressive strength — The compressive strength for decks shall
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not be less than 4.0 KSI. Also, type “AE” concrete should be specified when the deck
will be exposed to deicing salts or the freeze-thaw cycle. Class A (AE) concrete has a
compressive strength of 4.0 KSI.

Table 3.5.1-1

Future wearing surface density - The future wearing surface density is
A 2.5 inch thickness will be assumed.

Design Step 2.2 - Determine Minimum Slab Thickness

1.1

The concrete deck depth cannot be less than 7.0 inches, anyfprovision for
grinding, grooving, and sacrificial surface.

Design Step 2.3 - Determine Minimum Overhang Thi

\ 4

For concrete deck overhangs supporting co

S13.7.3.1.2

parapets’or barriers, the minimum

Design Step 2.4 — Select Slab

Once the minimum slab a hicknesses are computed, they can be
increased as needed b [ dards and design computations. The
following slab and over i ill be assumed for this design example:

Design Step 2.5 -

STable 3.5.1-1

pute the dead load moments. The dead load moments for the
arapets, and future wearing surface are tabulated in Table 2-1. The
oments are presented for tenth points for Bays 1 through 4 for a 1-foot
nth points are based on the equivalent span and not the center-to-center

STable 3.4.1-2
After the dead load moments are computed for the slab, parapets, and future wearing

surface, the correct load factors must be identified. The load factors for dead loads
are:
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For slab and parapet:
Maximum: YpDCmax = 1.25

Minimum:; YpDCmin = 0.90

For future wearing surface:

Maximum: YpDWmax = 1.90

Minimum: YpDWmin = 0.65
0\\ s
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DISTANCE| 00 | 01 | 02 | 03 | 04 1.0

BAY1 |-0.74-0.33]-0.01]|0.22|0.36 0.71

SLABDEAD| BAY2 |-0.71(-0.30(0.02 |0.24 | 0.38 -0.72
LOAD BAY3 |-0.72|-0.31]0.01 -0.71
BAY4 |-0.71-0.30 -0.74

BAY1 |-1.66|-1.45 -0.40|-0.19] 0.02 | 0.22 | 0.43

PARAPET | BAY2 | 0.47 0.05 |-0.02 |-0.09 |-0.16 |-0.23
DEAD LOAD|  gay3 |.0.23 0.19 | 0.26 | 0.33 | 0.40 | 0.47
BAY4 |0.43 0.82|-1.03|-1.24 |-1.45|-1.66

BAY1 |-O. 15 | 0.17 | 0.17 | 0.14 | 0.08 | 0.00 |-0.11 |-0.24

Ews DEAD | BAY 2 0.05 | 0.09 | 0.11 | 0.10 | 0.07 | 0.01 |-0.07 |-0.18
LOAD BAY 0.07 | 0.10 | 0.11 | 0.09 | 0.05 |-0.02 |-0.12 |-0.24
0.08 |0.14 | 0.17 | 0.17 | 0.15 | 0.11 | 0.04 |-0.06

e 2-1 Unfactored Dead Load Moments (K-FT/FT)

a|dwiex3 ugisaq a8plg [991S 441 VMHA

udisaq )23Q 91942u0) — Z dais udisaq
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Design Step 2.6 - Compute Live Load Effects

Before the live load effects can be computed, the following basic parameters must be
defined:

The minimum distance from the center of design vehicle wheel to
of parapet =1 foot

The minimum distance between the wheels of two adj
feet

Dynamic load allowance, IM

\ 4

STable 3.4.1-1
Load factor for live loa
Multiple presence fa STable 3.6.1.1.2-1
With one lane loa
With two lane
With three
S953&S553.1

e investigated for concrete deck design.

for flexure:

bstr = 0.90
Service limit state dsery = 1.00
S1.3.2.1
Extreme even limit state dext = 1.00
S1.3.2.1
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Based on the above information and based on S4.6.2.1, the live load effects for one
and two trucks are tabulated in Table 2-2. The live load effects are given for tenth
points for Bays 1 through 4.Multiple presence factors are included, but dynamic load

allowance is excluded.




1T-C

DISTANCE 0.0 0.1 0.2 0.3 0.8

BAY1 | 5.62 |22.94 | 30.53 | 36.44 18.10

SINEILE MAX. BAY?2 | 4.07 | 7.73 | 20.88 | 25.56 18.35

TRUCK | MOMENT [ BAY3 | 6.04 | 6.22 | 18.22 | 27.37 20.68

(MULTIPLE BAY4 | 455 | 556 36.64 | 30.43
PRESENCE

FACTOR BAY 1 |-25.75(-14.45 -10.22 | -11.84 | -13.48

OF 1.20 MIN. BAY 2 |-28.38|-19.81 -9.20 |-11.41|-13.63

INCLUDED)| MOMENT | gay 3 |[-27.13]-15.85 -10.97 | -13.68 | -16.39

BAY 4 |-28.51 -15‘ -6.96 | -5.33 | -3.70

BAY1 | 4.36 21.01 | 21.21 | 14.00 | 4.50

i MAX. BAY2 | 2.04 21.72 | 19.58 | 20.48 | 15.14

TRUCKS | MOMENT | BAY 3 2 21.64 | 21.30 | 19.15 | 16.98

(MULTIPLE BAY4 | 2 20.93 | 25.84 | 26.46 | 22.32
PRESENCE

EACTOR BAY 1 4 521 | -6.20 | -7.19 | -8.18

OF 1.00 MIN. BAY -29.36 | -1 853 | -1.29 | -2.40 | -351 | -4.62 | -5.74 | -8.01

INCLUDED)| MOMENT [ gay -27.921-47.38| -8.02 | -6.41 | -5.17 | -3.92 | -2.68 | -1.44 | -2.10

Y 9.40 ~18.33| -8.18 | -7.19 | -6.20 | -5.21 | -4.22 | -3.24 | -2.25

Table 2- actored Live Load Moments (Excluding Dynamic Load Allowance) (K-FT)

a|dwiex3 ugisaqQ a8plg [991S 44T VMHA

udisaq )23Q 91942u0) — Z dais udisaq
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Design Step 2.7 - Compute Factored Positive and Negative Design Moments

For this example, the design moments will be computed two different ways.

For Method A, the live load portion of the factored design moments wi
based on the values presented in Table 2-2. Table 2-2 represents a co
analysis of the example deck using a finite element analysis program.

9 computed

using STable A4-1. In STable A4-1, moments per unit widt
allowance and multiple presence factors. The values are ¢
equivalent strip method for various bridge cross sections. STable A4-1
maybe slightly higher than the values from a deck an [
number of beams and the actual overhang length. T mdivefoad moment is
obtained from the table based on the gigder spacing. [ pacing between the
values listed in the table, interpolation be e moment.

S1.3.21

1.0 and will not be shown
1 for a discussion of eta.

Based on Design Step 1, t
throughout the design exam

Factored Positive Design sing Tabfe 2-2 - Method A
Factored positive live |

The positive, neg
presented in Fi

moment equivalent strip equations are

STable 4.6.2.1.3-1

Positive Moment

=26.0 +6.6S .
Overhang Moment Negative Moment

=45.0 + 10.0X =48.0 + 3.0S

J
I L I I I

Figure 2-2 Equivalent Strip Equations for Various Parts of the Deck
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STable 4.6.2.1.3-1

The width of the equivalent strip for positive moment is:

Wposstripa = 26.0+6.6S

For § =975 ft

Based on Table 2-2, the maximum unfactored positive live log
located at 0.4S in Bay 1 for a single truck. The maximum fa
moment is:

36.76K-ft

Wposstripa ’

Muposiivea = YL (1 +1M)-

K-ft
MuposliveA = 11 -36'T

Factored positive dead loa

Based on Table 2-1, the maxim
surface positive dead loa urs in Bay 2at a distance of 0.4S. The
maximum factored positi ent is as follows:

K-ft
'TpDCmax‘(O-19'T]

MUposiiveA + MUposdead

K-ft
MUpostotala = 12.21 T

It should be noted that the total maximum factored positive moment is comprised of
the maximum factored positive live load moment in Bay 1 at 0.4S and the maximum
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factored positive dead load moment in Bay 2 at 0.4S. Summing the factored moments
indifferent bays gives a conservative result. The exact way to compute the maximum
total factored design moment is by summing the dead and live load moments at each
tenth point per bay. However, the method presented here is a simpler and slightly

conservative method of finding the maximum total factored moment.

Factored Positive Design Moment Using STable A4-1 - Method B

Factored positive live load moment:

For a girder spacing of 9-9", the maximum unfactored posj
6.74 K-ft/ft.

This moment is on a per foot basis and includes dyna . The
maximum factored positive live load mzent is:
K-t
MuposiiveB = ’YLL'6-74T
K.-ft
MUDOS”\/eB = 1180T
Factored positive dead load mo
The factored positive de mo for Method B is the same as that for Method
A:
MUposdead = —

actored pa@sitive design moment for Method B is:

B + MUposdead

Kt

Comparing Methods A and B, the difference between the total factored design
moment for the two methods is:

Mupostotals — MUpostotala
P P = 3.4.%

MUpostotalB
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Method A or Method B

N

It can be seen that the tabulated values based on STable A
(Method B) are slightly greater than the computed live load va
using a finite element analysis program (Method A). For reg
deck design, Method B would be preferred over Method A
amount of time that would be saved by not having to deve
element model. Since the time was spent to develop the f
model for this deck design, the Method A values

Factored Negative Design Moment Using Table 2-2 -
Factored negative live load moment:

S4.6.2.1.6

\ 4

nts and shear forces is
ne of the web.

The deck design section for a steel beam egati
taken as one-quarter of the top flange width the cen

S4.6.2.1.6

C web

A,

1

1

1

e,

Figure 2-3 Location of Design Section
2-15



FHWA LRFD Steel Bridge Design Example Design Step 2 — Concrete Deck Design

Assume bf — 1 0ft
1
—bf = 0.25-1t
4

The width of the equivalent strip for negative moment is:
Wnegstripa = 48.0 + 308

Whegstripa = 77-25IN OF  Wpegstripa = 0.44-ft

Based on Table 2-2, the maximum unfactored negati
ft, located at 0.0S in Bay 4 for two trucks. The maximu gative live load
moment is:

-29.40K-ft

egstri

MUpegiiveA = ~LL-(1 +1M)-

K-ft
Mu“egnveA = —1 063’?

Factored negative dea

From Table 2-1, t
4 at a distance
follows:

red negative dead load moment occurs in Bay
m factored negative dead load moment is as

(9]
:|:|.x
=
e

+ 'YpDCmax‘(—1 66-

K.-ft
+ 'YpDWmax‘(—O-Oa j

K-ft
Munegdead = —3-09'T
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The total factored negative design moment for Method A is:
Munegtotala = MUnegliveA + MUnegdead

K-ft
Munegtotala = —1 3-72'T

Factored Negative Design Moment Using STable A4-1 - Method

Factored negative live load moment:

does not match
an be obtained by
foot basis and include

If the distance from the centerline of th
one of the distances given in the table,
interpolation. As stated earlier, these mo
dynamic load allowance.

The maximum factored ne

MunegliveB = YLL-—6.

MunegiiveB = 11

Factored negat ad loa

ad load moment for Method B is the same as that for Method

K-ft
egdead = —3-09‘T

The total f@astored negative design moment for Method B is:

MUnegtotals = MUnegliveB + MUnegdead

K.ft
MUnegtotals = —1 4-73'T
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Comparing Methods A and B, the difference between the total factored design
moment for the two methods is:

MUnegtotald — MUnegtotala

=6.8-%
MUnegtotalB

Design Step 2.8 - Design for Positive Flexure in Deck

The first step in designing the positive flexure steel is to assume a ba
bar size, the required area of steel (As) can be calculated. On
steel is known, the required bar spacing can be calculated.

Reinfo& Ste

Positive Fle in Dec

Figu
Assume #5 bar
Bar_area = 0.31in?

al slab thickness - bottom cover - 1/2 bar diameter - top
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Solve for the required amount of reinforcing steel, as follows:

S554.2.1
df = 0.90
b = 12in p = 0.85(%]-[1.0
_ Mupostotaia- 12in K /

Rn = ﬁ RI’I = 030—2
f-b-de in o = 0.00530

Note: The above two equations are derived formulas that ¢
reinforced concrete textbooks.

b in?
5 P ft e s ft

bar_area
Required bar spacing = As
Use #5 bars @ bar_space

Design Step 2.9 - Check for Po cking under Service Limit State

S5.7.3.4

of reinforcement must be checked (Applicable
pirical method).
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.. Ne = 10
For Class 1 exposure condition:

Overall thickness or depth of component: h = 8.5in

Overall Calculated tensile stress in mild steel reinforcement at service tate not to
exceed:

fis = 0.6-f, = 36.00-Ksi

(700-~e)

~2.dc = 12.81in > 8in OK
BS'fSS

#5 bars

di*eter 625 i
cross-sectional

S5.4.3.2

S5.4.2.4

SEquation C5.4.2.4-2
Ee = 33000-Ky-we ' /fe q

Ec. = 3644ksi
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Service positive live load moment:

Based on Table 2-2, the maximum unfactored positive live load moment is 36.76 K-ft,
located at 0.4S in Bay 1 for a single truck. The maximum service positive live load
moment is computed as follows:

Yk, = 1.0
Mugastias, = YL (1-+ IM)- 22 TOK M
Wposstripa

K-ft
Muposiivea = 6-49'T

Service positive dead load moment:

From Table 2-1, the maximum unfacto
positive dead load moment occurs in Bay 2 at
service positive dead load moment is com

d future wearing surface
0.4S. The maximum

YpDcserv = 1. STable 3.4.1-1

YpDWserv —
STable 3.4.1-1

)

_og.ﬁ]
ft

K-ft
+ FYpDCSEFV'(O-19'T] .

The t ice positive design moment is:

= Muposiivea + MUposdead

K.ft
Mupostotala = 7.15- T
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To solve for the actual stress in the reinforcement, the transformed moment of inertia
and the distance from the neutral axis to the centroid of the reinforcement must be
computed:

. 2
de = 6.69in A= 0.465% n=8
As
PR p = 0.00579
24
ﬁ e

2

k =/(p-n)2+(2p-n) - pn
k = 0.262
k-de = 1.75-in

Neutral
axis

#5 bars @ 8.0
in spacing

ontrol for Positive Reinforcement under Live Loads

transformed moment of inertia can be computed:
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. 4
in
ly = 112.22-—
ft
Now, the actual stress in the reinforcement can be computed:

MuUpostotalA = 7-15'K'% y = de —K-de y = 4.94-in

in
n‘(MUpostotalA“IzE‘YJ

fo =
S It

fs = 30.23-ksi foq > fs oK

Design Step 2.10 - Design for Neqativ‘exu

in Dec
The negative flexure reinforcing steel desi simi ositive flexure

reinforcing steel design.

inforcing Steel for
egative Flexure in Deck

3 e ¥ g ® o L] o 3 L

Figure 2-7 Reinforcing Steel for Negative Flexure in Deck
Assume ars: bar_diam = 0.625in

Bar_area = 0.31in?
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Effective depth, de= total slab thickness - top cover - 1/2 bar diameter

bar_diam

de, = ts — Cover; — de = 5.69:in

Solve for the required amount of reinforcing steel, as follows:

.= 0.90
b, = 12in

—MuUnegtotala-12in

Rn = > Rn = 047~
(6r-b-d.2)
085(]“6] {10 \/10 : ’
£=085 —1110- [1.0-—
f, (0.
p = 0.00849

The spacing of mild steel reinforcement in the layer closest to the tension face shall
satisfy:

700-
( e) 2.4,
Bs fss SEquation 5.7.3.4-1
2-24
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Thickness of concrete cover measured from extreme tension fiber to center of flexural
reinforcement (1/2" wearing surface not included):

de = 2in+ bar_diam
de = 2.31-in
For Class 1 exposure condition: Qe =10
Overall thickness or depth of component: h = 8.5in
Overall Calculated tensile stress in mild steel reinforceme e limit state not to
exceed:

fss, = 0.6-f, = 36.00-ksi

\ 4

1 de
=1+
s 0.7-(h —dc)
700-
(100e) 2.d. = 8.09in
BS'fSS

Service negative live loa:

From Table 2-2, the m
located at 0.0S in
moment is:

red negative live load moment is -29.40 K-ft,
. The maximum service negative live load

STable 3.4.1-1

—29.40K-ft

Whegstripa

= AL (1 +1M)

K-ft
MunegliveA = —G-OT‘T

Service negative dead load moment:
From Table 2-1, the maximum unfactored negative dead load moment occurs in Bay

2-25
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4 at a distance of 1.0S. The maximum service negative dead load moment is
computed as follows:

STable 3.4.1-1

“pDCservice — 1.0 “pDWservice = 1.0

K-ft K-ft
Mupeadead, = ’YpDCsewice'(—O-74'? -166——| ..

_ ft
K-ft
+ ’YpDWseNice'(—0.0G-?J

K-ft
MUnegdead = 7246?

The total service negative design mom& is:
Mneatesala, =

MUnegtotalA =

k=0.
k-de = 1.79-in

2-26
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#5 bars @
6.0 in spacing

y
-
o
(Q\]

A,

- [

o

© | o
(92

y

A, A
o

N. .|
i

Figure 2-8 Crack Control for Ne&ive t under Live Loads

cemen
Once kde is known, the transformed mome inertia c computed:

de = 5.69in
. 2

~ 0621
ft
3 A n-As- (88 — k-de)2

the reinforcement can be computed:

gn:r:-

Y, = de—k-dg y = 3.90-in
in
n'(_ UnegtotaIA“le‘YJ
s, =
lt
fs — 3244k8| fsa > fs OK



FHWA LRFD Steel Bridge Design Example Design Step 2 — Concrete Deck Design

Design Step 2.12 - Design for Flexure in Deck Overhang

SA13.4.1 and CA13.4.2

and 2, the design forces are for the extreme event limit state. For De
design forces are for the strength limit state. Also, the deck o
designed to have a resistance larger than the actual resist
parapet.

3-11v4"

- A
8" T
y
7
Overhang Bay 1
design - design
section section

Figure 2-9 Deck Overhang Dimensions and Live Loading
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Reinforcing Steel for
Flexure in Deck Overhang

Figure 2-10 Reinforcing Steel for Flexu

\ 4

r Collision Force

Design Case 1 - Design Overhang for H ntal

SA13.4.1

checked at the inside face of the
d at the design section in the first

e vehicular collision plus dead load moment
sion force from vehicular collision.

S1.3.21

STable 3.4.1-2
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Mco = 28.21 ~K-% (see parapet properties)

N ) (0.150kcf)-(1.4375f)°
In
12 —
ft
Mpcdeck = YpDC* 5
K.ft
Mpcdeck = 0.15—
ft
6.16in
MDCpar = F\prC‘Wpar‘ 1.4375ft — -
In
12—
ft

K-ft
MDCpar — 061 'T

Mutotal = Mco + Mpcdeck + Mpcpar

Muiotal = 28.97-%

The axial tensile force is;

]2 8-H-(Mp+ My)
+M—C

2-30
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Since the parapet is not designed in this design example, the variables involved in this
calculation are given below:

STable A13.2-1

Li =4 1t longitudinal length of distribution of
impact force F,

M, =0 K-ft* additional flexural resistance of beamin
addition to M,,, if any, at top of wall

M. = 16.00 LSl flexural resistance of the wall about an

ft axis parallel to the longitudinal axis of the
bridge

M, = 18.52 K-ft* flexural resistance of the wall about it

vertical axis
H,=3950 ft height of parapet ’
* Based on parapet properties not includ [ ample. See Publication
Number FHWA HI-95-017, Load and Resist ign for Highway Bridges,

Participant Notebook, Volu he method used to compute the

parapet properties.

Lc is then:

SA13.3.1

rse resistance of the railing and is calculated using the following
in a wall segment:

the total tra
r impact

use Ry = 117.40K
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Now, the axial tensile force is:

T = 5.92-E
ft

The overhang slab thickness is:  t=9.0in

For #5 bars: bar_diam = 0.625in

bar_diam

de = th— Cover; — de = 6.19:In

The required area of reinforcing steel is computed as follo

b = 12in
Muigtg- 12in
m: total

(d)ext'b'dez)

fe
.= 0.85(—} .[1 0-
fy

C.=Ta-T C= 68.48-% Use C, = 6848K
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C
? T 085 b a = 1.68:in
M :T-d—é ,T.%,E. M. — 32 05. K1t
n a e 2 2 2 n - ﬁ
Mr = d)ext'Mn Mr = 3205%
Mr = Mutotal OK

A5.7.2.1

Tensile Strain Limit:

Actual Tensile Strain:

0.002 < 0.005

The collision forces are
force. When the desig
the overhang, the i
distribution len

tol/4bf away from the girder centerline in
ill increase. This example assumes a
a 30 degree angle from the face of the parapet.
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Design Step 2 — Concrete Deck Design

3-11%"

1-5v," [

L =12.84'

30°

X
1.30°
oy

Figure 2-11 Assume Distribution of Collision Moment Load in the Overhang
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For the extreme event limit state:
P, = 1.0

QdaRe, = 1.25

~pow = 1.50

Lg, = 12.84ft (see parapet properties)

Meo = 28.21 % (see parapet properties)

IMCO ' |—C

Meg = —m48 Meg = 23\
T 1+ 21301t 8
Factored dead load moment:
9.0in
12—
ft
Mpgrgck, = YpDC* >
K-ft
Mpbcdeck — 0.96-——
In
Mpgpax = YpDC | 3. .
n
12E }

)2

Mbwfws = ~YpDW-

2

Mowtws = 0.11 %
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Muiatar, = Mea + Mpcdeck + Mpcpar + Mpwiws

Muiota) = 26.63-K-%

SA13.4.2

The axial tensile force is:

T.- R
M Le + 2Hpar + 2-(1.30)
T-523%

ft

The overhang slab thickness is:  to = 9.0in

\ 4

For #5 bars: bar_diam = 0.625in

de = to — Covery —w de = -in
The required area of reinforc lisc ted
ngv = 12in
Muiotar- 1IN
Rn = —o n= 0_70-£2
in
(2-Rn) |
O.85-f'c)
. 2
As, = p-%-de As = 097-2
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The above required reinforcing steel is less than the reinforcing steel required for
Case 1A.

Case 1C - Check at Design Section in First Span

0.0S points of the first and second bay. The collision moment per un
be determined by using the increased distribution length based on thé
angle distribution (see Figure 2-11). The dead load moments
obtained directly from Table2-1.

Figure 2-12 Assumed Dist i [ Moment Across the Width of

K-t

Parapet self-wel oment at Girder 1 (0.0S in Bay 1):

Collision moment at 1/4bf in Bay 1:

Par .
Mo = My.| —2 My = 7 g9 KAt
Parq ft
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Design Step 2 — Concrete Deck Design

By interpolation for a design section at 1/4bf in Bay 1, the total collision moment is:

(*MCO + MZ)
M = Mg+ 025t —— —
cM2M1 co 0.75ft

Mevom1 = —27.28-%

As in Case 1B, the 30 degree angle distribution will be used:

Dext,= 1.0 21
Re, — 125 Table 3.4.1-2
v, = 1.90 Table 3.4.1-2

Menami = —2?.28-%

Mcmzmi -Le
Mec = ———
L + 2-(1.59ft)

Factored dead load mome
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Mpwsws = —0.09-%

Muiatal, = Mec + Mpcdeck + Mpcpar + Mpwiws

Muiotal = —24.96-%

—

The axial tensile force is:

T = R
M Lo+ 2Hpar + 2+(1.59f)

K
T=5102 ’

Use a slab thickness equal to: ts = 8.50in

For #5 bars: bar_diam = 0.

de.= s Covery - bar_diam

The required area of re
b, = 12in

rcing steehis computed as follows

—Mugotg| - 1

(2-Rn)
0.85-f¢)
p =0.0148
. 2
A= P'%de As - 101.2
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The above required reinforcing steel is less than the reinforcing steel required for
Case 1A.

Design Case 2 - Design Overhang for Vertical Collision Force

SAl13.4.1

For concrete parapets, the case of vertical collision force never contro
this procedure does not need to be considered in this design exampl

Design Case 3 - Design Overhang for Dead Load and Live Load

Case 3A - Check at Design Section in Overhang

S5.54.21

The resistance factor for the strength I&

state réand tension in concrete is:
s, = 0.90
STable 4.6.2.1.3-1
The equivalent strip for live load overha :
Woverstrip = 45.0 + 10.0-
For X =125
Woyerstrip = 45.0 X

v ' Wonsrsitipn = 479t
STable 3.6.1.1.2-1
Use a iple presence factor of 1.20 for one lane loaded.

STable 3.6.2.1-1

Use a dynamic load allowance of 0.33.



FHWA LRFD Steel Bridge Design Example

Design factored overhang moment:

A= 175
Jdane, = 1.25
Sanuy, = 1.50
90N | (\,).(3.6875ft)>
In
12—
ft
Mrcdesk, = Ypbe: 5
K-ft
M =0.96——
DCdeck i
6in
Mncaar, = VpDCWpar'| 3.6875ft =

1

K-
MDCpar - 210‘T

Design Step 2 — Concrete Deck Design

STable 3.4.1-1

(3.6875-ft — 1.4375-ft)°

16K

K-ft
M =11.66-—
LL f
Musatal, = Mbcdeck + Mbcpar + Mpwisws + MLL
K-ft

IVIutota| = 14.83-?

2-41
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Calculate the required area of steel:
For #5 bars: bar_diam = 0.625in

de = o Cover; - bar_diam

de = 6.19-in

b = 12in
Muiotg- 12in

(¢str'b'de2)

fe
.= 0.85(—] -[1 0-
f}/

Rn =

AN

p = 0.00770
b

A = p—-d

ASa Pﬁ e

Design factored moment:
Ry = 179 STable 3.4.1-1

Ry =125 STable 3.4.1-2
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“hpo, = 190 STabel 3.4.1-2
Woverstrip = 450+10.0-X

For X = 1.90 ft

A

Woverstrip — 6000 in or A‘V’ymm: 500

K-ft
Mpgeesk, = ’prc-[—OﬂT]

\ 4

K-ft
Mbcdeck = —0-93'T

(—29.40K -ft)

Woverstrip

Mit, = YLL-(1 + IM)-

M = —13.69-%

Mutaial, = Mbcdeck + Mpcepar + Mpwsws + MLL
MUtotal = —16.?8‘?'
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Calculate the require area of steel:

For #5 bars: bar_diam = 0.625in

de = t; — Cover; - bar_c_iiam
de = 5.69-in
R =12in

—Muotgr- 12in
m: total

(¢str'b'de2)

The negative flexure reinforcement provided from the design in Steps 2.10 and 2.11 is:

#5 bars at 6.0 inches: bar_diam = 0.625in

Bar_area = 0.31in"2
2-44
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_ bar_area [12in
Asnes = % &in
. 2

Asneg — 062%

.2 .2
062 12410
ft ft

Since the area of reinforcing steel required in the overhang is g

reinforcing steel required in the negative moment regions, reifo
in the overhang area to satisfy the design requirements.

Bundle one #5 bar to each negative flexure reinforcing in gverhz
The new area of reinforcing steel is now‘
in” | (12in
As. = 2-(0.31--}-(_}

ft ) 6in
. 2

A - 12400
ft

Once the required area of

Ing is known, the tension strain limits must be
checked
diam

demin = ts ery —

min = 9.69-

7440-— Use T = 74.40K

AW

a—182:n

A5.7.2.1

Tensile Strain Limit: &4, = 0.005
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Actual Tension Strain:

0.002 < 0.005 OK

Design Step 2.13 - Check for Cracking in Overhang under Service

Cracking in the overhang must be checked for the controlling service
Design Steps 2.9 and 2.11). In most deck overhang design c
control. Therefore, the computations for the cracking chec
deck overhang design example.

Design Step 2.14 - Compute Overhang Cut-off Leng

The next step is to compute the cut-off location of the iti rs in the first
bay. This is done by determining the l8€ation e dead and live load
moments, as well as the dead and collisiondoad re less than or equal to
the resistance provided by #5 bars at 6 inc e flexure steel design
reinforcement).

Compute the nominal negati ent re nce Based on #5bars at 6 inch spacing:
Bar_diam = 0.625in

Bar_area = 0.31in

(1

_ bar_area

Use T = 37.20K

MM
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Mn = 1(:‘).22-ﬂ
ft

Compute the nominal flexural resistance for negative flexure, as follows;

MM;,: ¢f‘Mn

M, = 14.60- 51
ft

Based on the nominal flexural resistance and on interpolatio
moments, the theoretical cut-off point for the additional #5 L
centerline of the fascia girder.

S5.11.1.2
The additional cut-off length (or the disﬂ [ ent must extend beyond
the theoretical cut-off point) is the maxi

The effective depth of the member: = 5.69in

15 times the nominal 5in = 9.38in

9.75ﬁ-12i_”] = 5.85:in
1/20 of the clear spans fit

Use cut_off = 9.5i
The total require gt t the terline of the fascia girder into the first bay is:

+ cut_off

pute Overhang Development Length

dp = WB25 in
A, = 0.3 in’
Fe =40 ksi
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S5.11.2.1.1
The basic development length is the larger of the following:

1.25-Apf,
Jfe

Use Ig = 15.00in

=1163in or 04-dyfy,=1500 in or 12in

The following modification factors must be applied:

Epoxy coated bars: 1.2 S5.11.2.1.2

Bundled bars: 1.2 S5.11.2.3

’ S5.11.2.1.3

Spacing > 6 inches with more than 3 inches ear cov direction of spacing: 0.8
lg.= 15.00in-(1.2)-(1.2)-(0.8)
lg =17.28:in  Use Jq = 18.00in

The required length pa e centerline e fascia girder is:

3.0in+1g = 21.00-|

21.

< 54.50in
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Bay 1
design
section 21"
3" | 18.0" Development length
| | |
? T
A 45" "
#5 bars @ 6 in
(bundled bars) 54Y5"

Figure 2-13 Length of Overhv Negative M nt Reinforcement

Design Step 2.16 - Design Bottom Longitu@inal Reinforcement

S9.7.3.2

The bottom longitudinal distri
primary reinforcement is paralle

alculated based on whether the
to traffic.

Bottom Longitudinal
Distribution Reinforcement

Figure 2-14 Bottom Longitudinal Distribution Reinforcement
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For this design example, the primary reinforcement is perpendicular to traffic.

Se = 9.25 ft

220

Asbot -
percent
' Se

Asbotpercent =723 %

Where Asboﬂong < 67‘:%3

Use  Qshateercsns, = 67%
For this design example, #5 bars at 8 inches were used to imary positive
moment.

Bar_diam = 0.625in

Bar_area = 0.31in?

As_ﬂ = bar_area-(—12_|n]
0

pacing using #5 bars:

. 2
As g, = 0.465—

Asbotlong = Asbotpercent'

bar_area
Asbotlong

spacing = 1.00-ft or spacing = 11.94-in

Use sgacing = 10in

Use #5 bars at 10 inch spacing for the bottom longitudinal reinforcement.
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Design Step 2.17 - Design Top Longitudinal Distribution Reinforcement

Top Longitudinal
Distribution Reinforcement

=
¢ T ————

(S

Figure 2-15 Top Longitu‘al iStkibuti einforcement

The top longitudinal temperature a Nrcement must satisfy:
A > 1.30:-b-t
2:(b+1)-f,
And

0.11 < As <0.60

S5.10.8

2quired for the top longitudinal reinforcement is:

. 2
Asreq = 0.054 - %

Check #4 bars at 10 inch spacing:

in2 12in in2
Acact = 020 — .| = Acact = 0.24-—
sact fit [min] sact ft
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. 2 . 2
0_24% . 0_054% And 011<024 <060 OK

Use #4 bars at 10 inch spacing for the top longitudinal temperature and
reinforcement.

Design Step 2.18 - Design Longitudinal Reinforcement over Piers

If the superstructure is comprised of simple span precast girders mad
live load, the top longitudinal reinforcement should be designed acco
S5.14.1.3. For continuous steel girder superstructures, desiga
reinforcement according to S6.10.1.7. For this design exa
girders are used.

ngitudin
' ent over Piers
dinal Reinforcement over Piers

ﬁ
The reifforcement should not be less than 1percent of the total slab

S6.10.1.7
Cross ghal areas’These bars must have a specified minimum yield strength of at
least ¢ . Also, the bar size cannot be larger than a #6 bar.

Deck cross section:
2-52
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8.5in-12in

Adeck = ft

.2
Adeck = 102_00-%

As_1_percent = 0.01-Ageck

.2
In
As_1_percent - 102.?

10.1.7

Two-thirds of the required longitudinal reinforcement aced uniformly in the
top layer of the deck, and the remaining portion shoul ly in the

bottom layer. For both rows, the spacinﬁ should not e S.
.2 -
2 in 1
—|-A = 0.68-— — ‘A
(3] s_1_percent i (3] s_1_per
Use #5 bars at 5 inch spaci op

. 2 .
in~ (12in
Asprovided = 0.31 T( -

074" 5 34 oK
ft ft
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Design Step 2.19 - Draw Schematic of Final Concrete Deck Design

\ #5 @ 6 in |
T (bund%d bar) 52&?/2--@ 6in
215" Cl. )
X
™ "

V‘
- D
° I
#5@10in‘
#4 @ 10 in

Figure 2-17 Superstguctur ive nt Deck Reinforcement

5@ 6in

undled bar) #@6in
5415"

5 7y
1] s 13 13 ¢u 1] < T ] 13 L;BJ/Z“
e S— (R |

722 Y ).

I}
#5 @ 5in #5 @ 8in

Figure 2-18 Superstructure Negative Moment Deck Reinforcement
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Steel Girder Design Example

Design Step 3

Table of Contents

Design Step 3.1 - Obtain Design Criteria ............uuciiieeeieiieeiiiiicieee e
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Design Step 3.1 - Obtain Design Criteria

The first design step for a steel girder is to choose the appropriate design criteria.

The steel girder design criteria are obtained from Figures 3-1 through 3-3 (shown
below), from the concrete deck design example (FHWA Publication NHI-04-041,

December 2003, Design Step 2), and from the referenced articles and ta
AASHTO LRFD Bridge Design Specifications, Seventh Edition. For this ste
design example, a plate girder will be designed for an HL-93 live load. The
assumed to be composite throughout.

Refer to Design Step 1 for introductory information about this design exa
Additional information is presented about the design assumpti
criteria for the entire bridge, including
the steel girder.

AP E A

«— € Bearings
Abutment 1

E

Tm

€ Bearings
Abutment 2 —»|

n Configuration

45'- 4 1"
12-_011 JA 9 1_311 R 1"\?1/4"
Lane """ Shoulder
3-6" (Typ.)] [
== == ).
4 Spaces @ 9'-9" = 39'-0" 3-2 Y
o ;

Figure 3-2 Superstructure Cross Section
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Girder Spacing

Where depth or deflection limitations do not control the design, it is

generally more cost-effective to use a wider girder spacing. JFor this
design example, the girder spacing shown in Figure 3-2 was
developed as a reasonable value for all limit states. Four gird
generally considered to be the minimum, and five girders arg
to facilitate future redecking. Further optimization of the
could be achieved by revising the girder spacing.

Overhang Width

ch that the total dead
r girder are similar to
ng is set such that
ab are reasonably
make the overhang
spacing.

The overhang width is gen
plus live load moments an
those in the interior girder. In
the positive and negative mome
balanced. A common r
approximately O.

Cross Frame (Ty Symmetrical about € Pier ——

:

6 Spaces at 20'-0" = 120'-0"

Girder (Typ.)

«— @€ Bearing Abutment € Pier —

Figure 3-3 Framing Plan
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Cross-frame Spacing

The long-standing requirement limiting the maximum cross-frame
spacing in I-girder bridges to 25 feet has been removed. The present
provisions do not limit the cross-frame spacing for straight
bridges.

For this design example, a cross-frame spacing of 20 fee
Refer to RM Section 6.3.2.9.3 for a detailed discussion o
layout the cross-frame spacing.

This spacing also affects constructibility check
deck is cured. Currently, stay-in-place forms s
to provide adequate bracing to the top flange.

The following units are defined for use in‘s deg

K =10001b kef = &

ft3

. K
ksi =—
in’

Design criteria:

Number of spans;

N

spans

Number of girders:

N =5

girders
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Girder spacing:
S=9.75ft
Deck overhang:

S =3.1875ft

overhang
Cross-frame spacing:

L, =20 ft

Web yield strength:

F, = 50ksi
Flange yield strength:
F, =50ksi ’
Concrete 28-day compressive strength: S54.21&
STable C5.4.2.1-1
f'c = 4.0ksi
Reinforcement yield stre : S5.4.3 & S6.10.1.7
f, = 60ksi

Modulus of el S6.4.1

y:

ness:

Total overhang thickness:

t =9.0in

overhang
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Effective overhang thickness:

t =8.5in

effoverhang

Steel density: STable 3.5.1-1

W, = 0.490kcf

Concrete density:

W, = 0.150kcf

Additional miscellaneous dead load (per girder):

Wi = 0.0155

misc ft
Stay-in-place deck form weight: ’
Wdeckforms = 0015k8f
Parapet weight (each): \
: STable 3.5.1-1

ace thi :

W, =0535
ft

Future wearing surfa

C
W,,. = 0.140kcf

Future wearin

W

roadway

=425ft

Haunch depth (from top of web):

d =3.5in

haunch
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Average Daily Truck Traffic (Single-Lane):

ADTT,, = 3000

For this design example, transverse stiffeners will be designed in Step 3.12. In addition,
a bolted field splice will be designed in Step 4, shear connectors will be designed in

Step 5.1, bearing stiffeners will be designed in Step 5.2, welded connecti
designed in Step 5.3, cross-frames are described in Step 5.4, and an ela
bearing will be designed in Step 6. Longitudinal stiffeners are not used, an
pouring sequence will not be considered in this design example. Refer
6.5.3.3 for a discussion on the impact of the deck placement sequence

Design factors from AASHTO LRFD Bridge Design Specifications:

Load factors:

Limit
State DC | DW
Strength | | 1.25 | 1.50

Service Il

Fatigue |

Fatigue I

Table 3 Load ations and Load Factors

S3.4.21

in Table 3-1 are as defined in S3.3.2. Also, S3.4.2.1 states that
e components are to be investigated for maximum force

r an additional special load combination consisting of the
any construction loads that are applied to the fully erected

or for force effects caused by DC loads and construction loads,
amic effects (if applicable), is not to be less than 1.4 for this additional
ombination.

It should beWoted that AASHTO may revise the fatigue load combinations and load
factors at some point in the future.

The extreme event limit state (including earthquake load) is generally not considered for
a steel girder design.
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Structural steel resistance factors: S$6.5.4.2
Structural Steel Resistance Factors
Type of Resistance Resistance Factor, ¢
For flexure ¢r=1.00
For shear ¢év=1.00
For axial compression dc = 0.95

Table 3-2 Structural Steel Resistance Factors

Multiple Presence Factors

& Multiple presence factors are described in . . T re
already included in the computation of live dis factors, as
presented in S4.6.2.2. An Is that they must be
included when the live load distg an exterior girder is

€ Cross section

Since S3.6.1.1.2 stat s of the multiple presence factor
tigue limit state, all empirically

or one-lane loaded that are applied to
st be divided by 1.20 (that is, the multiple

e loaded). In addition, for distribution

e lever rule or based on S4.6.2.2.2d, the

e included when computing the distribution
e-lane loaded for the fatigue limit state. It should also be
multiple presence factor still applies to the distribution
-lane loaded at the strength limit state.

determined
the single f
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Dynamic load allowance: STable 3.6.2.1-1

Dynamic Load Allowance

Dynamic Load
Allowance, IM

Limit State

Fatigue and Fracture
Limit State

All Other Limit States 33%

15%

Table 3-3 Dynamic Load Allowance

Dynamic load allowance is the same as impact. The term "impact”
previous editions of the AASHTO Specifications. However,
allowance" is used in the AASHTO LRFD Bridge Design §
Section 3.4.8 for additional discussion on dynamic load a

Design Step 3.2 - Select Trial Girder Section

Before the dead load effects can be computted, ' ection must be selected.
This trial girder section is selected based on [ ce and based on

preliminary design (see RM Sections 6.3.3 an
girder section presented in Figure 3-4 i ased on this trial girder section,
section properties and dead |
will be performed to determine | ial gi ctiofr successfully resists the applied
loads. If the trial girder section do
optimization is not accepta
design process must be rgpeated.

trial girder section must be selected and the

Symmetrical about € Pier —

) i 14" x 2 1/2"
14" x 1 1/4 TOPM Top Flange

Y 54" x 1/2" Web A

14" x 7/8” Bottom Flange A 14" x 1 3/8" Bottom|Flange j Z 14" x 2 3/4”

Bottom Flange

C Bolted Field Splice —
84'-0” 20-0” 16-0”
120'-0”

«— € Bearing Abutment C pier —

Figure 3-4 Plate Girder Elevation
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It should be noted that most state requirements and most steel fabricators call for a 3/4"
minimum flange thickness, although the requirements of S6.7.3 show a smaller
permitted minimum steel thickness. In addition, the AASHTO/NSBA Steel Bridge
Collaboration Document "Guidelines for Design for Constructibility" recommends a 3/4"
minimum flange thickness.

Girder Depth

N

The minimum girder depth is specified in STable 2.5.2.6.
estimate of the optimum girder depth, or the depth that pr
minimum cost girder, can be obtained from trial r
available design software. In many cases, the g
greater than the minimum depth specified in S 2. .
Fortunately, the efficiency of girders does giot : en near
the optimum depth.

A "partially stlffened
"unstiffened")
close to it.

less, unstiff

rovide the least cost alternative or very
epths of approximately 50 inches or

Plate Transitions

common rule of thumb is to use no more than three plates (two shop
splices) in the top or bottom flange of field sections up to 130 feet long.
In some cases, a single flange plate size can be carried through the full
ngth of the field section.
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Flange Widths

Flange widths should remain constant within field sections. The use of
constant flange widths simplifies construction of the deck, and allows

the fabricator to potentially utilize slab welding (see RM Se
6.3.4.4.5). The unsupported length in compression of the shi
piece divided by the minimum width of the compression fla
piece should be less than approximately 85.

Flange Plate Transitions

It is good design practice t ross-sectional area by
no more than approximate of the heavier flange
plate at welded flange shop sp . the stress

[ stress across the

In developing an economical
steel girder for most steel girder de . ign tips are available in various
publications from the Natio Alliance (NSBA) and from the
AASHTO/NSBA Steel Bri Refer to RM Chapter 6 for a list of
references and further di

roperties

S6.10.1.1
omposite, several sets of section properties must be

. For transient loads assumed applied to the short-term composite
section, thet8hort-term modular ratio of n is used to transform the concrete deck area.

S6.6.1.2.1
For girders with shear connectors provided throughout their entire length and with slab
reinforcement satisfying the provisions of S6.10.1.7, dead load and live load stresses
and live load stress ranges at all sections in the member due to loads applied to the
composite section for the fatigue limit state may be computed using the short-term
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composite section assuming the concrete slab to be fully effective for both positive and
negative flexure.

S6.10.4.2.1
For girders with shear connectors provided throughout their entire length that also
satisfy the provisions of S6.10.1.7, and with maximum longitudinal tensile stresses in
the concrete deck at the section under consideration caused by the Servi€e Il loads
smaller than 2fr, flexural stresses caused by Service Il loads applied to the
section may be computed using the short-term or long-term composite secti
appropriate, assuming the concrete deck is effective for both positive a
flexure. fris the modulus of rupture of the concrete specified in S6.10.

In general, both the exterior and interior girders must be consid
design is used for all girders, both interior and exterior.

Although the exterior girder typically controls the design of t
design example, only the interior girder design is prese
girder, the computation of the live load distribution factor
envelopes are also presented. These ¢ utati ith the subsequent
discussion on the computation of girder d Joa trate why the exterior
girder most often controls the girder design ant to limit the deck
overhang to somewhere between approximate .351imes the girder spacing to
wever that the shear design is
irder bridges with no skew.

is particular
he exterior

The modular ratio is computed as

STable 3.5.1-1 &
C3.5.1

W, = 0.150kcf

S54.2.18&
STable C5.4.2.1-1

flc:

S5.4.2.4

W20). 0% = 4266 ksi S5.4.2.4

wever, based on concrete lab tests for this bridge, use  E_ = 3834ksi

E. = 29000ksi S6.4.1
E
an—s n=7.6 S6.10.1.1.1b

Therefore, use n = 8.
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C6.10.1.1.1b

In lieu of the above computations, the modular ratio can also be obtained from
C6.10.1.1.1b. The above computations are presented simply to illustrate the process.
Both the above computations and C6.10.1.1.1b result in a modular ratio of 8.

S4.6.2.6

the cross-section stiffnesses for the analysis and for determining flexurs
Exceptions are noted in S4.6.2.6.

For this design example, since the girder spacing is 9.75 feet,
for the interior girder is 9.75 feet or 117 inches. However, it g
design example, the effective flange width computed using p

rrent AASHTO

on the analysis results. The effective flange width based
i mple for the calculation of

specifications is 117 inches, and this val@eis u his
the section properties for design.

Publication NHI-04-041,
December 2003, Design Ste of itudinal deck reinforcing steel in
the negative moment region is bars at 5 inch spacing in the

Adeckre inf A
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Slab Haunch

For this design example, the slab haunch is 3.5 inches throughout the
length of the bridge. That is, the bottom of the slab is locateg
inches above the top of the web. For this design example,
distance is used in computing the location of the centroid of tf
However, the area of the haunch is not considered in the sg
properties.

Some states and agencies assume that the slab haunch is
computing the section properties.

2 that the
ither the

If the haunch depth is not known, it is conserva
haunch is zero. If the haunch varies, it is ggasd
minimum value or an average value.

Based on the trial plate sizes shown in Figure 3 on an effective flange
width of the concrete deck of 117 inches, the aon ' d composite section
properties for the positive moment region ar pute wn in the following table.
The distance to the centroid is measured from ottom of the girder.
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Positive Moment Region Section Properties
Section Area, A Cenérmd, Axd lo A*ry? ltotal
2 3 4 4 4
(Inches?) (Inches) (Inches?®) | (Inches?) | (Inches?) | (Inches?)
Girder only:
Top flange 10.500 55.250 580.1 0.5 8441.1 8441.6
Web 27.000 27.875 752.6 6561.0 25.8 6586.8
‘ Bottom 12.250 | 0.438 5.4 08 | 8576.1
ange
Total 49.750 26.897 1338.1 6562.3 | 17043.0
Composite (3n):
Girder 49.750 26.897 1338.1 23605.3 | 12092.4
Slab 39.000 62.375 2432.6 208.0 15425.5
Total 88.750 42.487 3770.7 | 23813.3 17.9
Composite (n):
Girder 49.750 26.897 1338.1 23605.3
Slab 117.000 62.375 7297.9
Total 166.750 51.790 8636.0
. Ybotgdr Ytopgdr Ytopslab Sto
Sl (Inches) | (Inches)gh (Inchesg (Inches?®) | (Inches®)
Girder only 26.897 28.728 821.7
é%?pos'te 42.487 | 13.138 907.1 | 2148.8
Composite (n) 17775.1 | 4673.8

Similarly, the noncomposite ite section properties for the negative moment
region are computed as s i ing table. The distance to the centroid is

For the strength li ck concrete is in tension in the negative moment
region, the deck [ tributes to the composite section properties and
the

S6.6.1.2.1 & S6.10.4.2.1
As pre or this design example, the concrete slab will be assumed to

e for both positive and negative flexure for computing stresses and
stress raR@Es at all sections in the member due to loads applied to the composite
section at fatigue limit state. The appropriate checks will be made, as necessary, to
e concrete slab can be assumed to be fully effective for both positive and
negative flexXure for computing these stresses at the service limit state.
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Negative Moment Region Section Properties
Section Area,/-; Cenérmd, A*d lo , A*y?2 ) ltotal ,
(Inches?) (Inches) (Inches?®) | (Inches?) | (Inches?) | (Inches?*)
Girder only:
Top flange 35.000 58.000 2030.0 18.2 30009.7 | 30027.9
Web 27.000 29.750 803.3 6561.0 28.7
Bottom flange | 38.500 1.375 52.9 24.3 28784.7
Total 100.500 | 28.718 2886.2 6603.5 | 58823.1
Composite (deck concrete using 3n):
Girder 100.500 | 28.718 2886.2 | 65426.6 | 9917.0
Slab 39.000 64.250 2505.8 208.0 25555.3
Total 139.500 | 38.652 5391.9 | 65634.6 | 35472.3
Composite (deck concrete using n):
Girder 100.500 | 28.718 2886.2 | 65426.6
Slab 117.000 | 64.250 7517.3 624.0
Total 217.500 | 47.832 | 10403.4 | 66080.6
Composite (deck reinforcement only):
Girder 100.500 | 28.718 | 2886.2
Deck reinf. 14.508 63.750 924.9 13595.9 | 13595.9
Total 115.008 | 33.137 15558.5 | 80985.1
. botgdr topgdr Sto dr Sdeck
sl o o (Incr?tgas3) (Inches?®)
Girder only 2142.9
Composite (3n) 4908.5 3416.0
Composite (n) 11762.4 6577.7
Composite 3101.4 | 26455
(rebar)

e factored with the DW load factor. The following table summarizes the
d load components that must be included in the design of a steel girder.
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Dead Load Components
Type of Load Factor

Resisted by DC DW
o Steel girder
e Concrete deck
Noncomposite e Concrete haunch

section e Stay-in-place deck forms

¢ Miscellaneous dead load
(including cross-frames,
stiffeners, etc.)

Composite * Future

section e Concrete parapets

Table 3-6  Dead Load Com
For the steel girder, the dead load per unit length varies
sizes. The moments and shears due to wei
using readily available analysis software. Si
input, the moments and shears are compute

to the*ehange in plate
| girder can be computed
e sizes are entered as

For the concrete deck, the d
follows:

dead load per unit length varies due to the change in top
ents and shears due to the weight of the concrete haunch

=0.015ksf S =9.75ft W, =14in

topflange

W

deckforms

W opflange
DLdeckforms :Wdeckforms ’ (S - %J
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= 0.1295

deckforms
t

DL

For the miscellaneous dead load (including cross-frames, stiffeners, and other
miscellaneous structural steel), the dead load per unit length is assumed to be as
follows:

DL, =0.015—

misc

Although not done in this particular example, for bridges with
and approximately equal girder stiffnesses at points of conne

acting on the noncomposite section (e.g. steel weight, deck forms,
etc.) equally. This assumption neglects any effects of elasti ' the cross-

noncomposite dead load than is often a
bridges with approximately equal-size girder
approximately 10 degrees from normal (whe ss-frames are placed in
collinear lines normal to the girders) or [ ediate cross-frames are placed in
collinear skewed lines parall
angles up to 20 degrees). Un e the composite deck is not
present, the cross-frames provid storing forces to resist the differential
deflections between the girde nds to equalize the load the girders carry
regardless of how the locali plied. The assumption of equal vertical
girder deflections under t ad loads in these cases has been borne
out analytically and i

N =5

girders

DL,, =0212— S4.6.2.2.1

girders

S4.6.2.2.1 specifies that permanent loads of and on the deck may be distributed
uniformly among the beams. This provision dates back to when concrete deck
overhangs were much smaller and lighter curbs and railings were typically used (see
RM Section 4.3.3). For the future wearing surface load (see below), this remains a
reasonable assumption and has been the customary practice. However, this
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assumption is often still applied to the concrete parapet loads, as illustrated above.
These loads, generally applied at the edges of the deck overhangs, usually result in the
computed portion of the load resisted by the exterior girders (from a refined analysis) to
be significantly larger than an equal distribution assumption would indicate.

Distribution of Parapet Loads

barrier weight to the exterior girder and 40 per
interior girder, or other percentages along thos
traditional equal distribution assumption
example, it is recommended that consider
the concentrated effect of these heavy edg
practice, regardless of the i

For the future wearing surface, the dead loa
assuming that the superimposed dead
uniformly among all of the gir :

of t ure wearing surface is distributed

W,,, = 0.140kcf

W, =425ft

roadway

K
DL, =0.248—

Since
the brideg
shears.

l its section properties are not uniform over the entire length of
naIyS|s must be performed to compute the dead load moments and
an analysis can be performed using one of various computer programs.
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Need for Revised Analysis

N

It should be noted that during the optimization process, minor
adjustments can be made to the plate sizes and transition Ig
without needing to recompute the analysis results. Howeve
significant adjustments are made, such that the moments and
would change significantly, then a revised analysis is requirg

The following two tables present the unfactored dead load moments a
interior girder, as computed by an analysis computer program (AASHTG
Since the bridge is symmetrical, the moments and shears in S

0\\‘ s
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L-€ 9|qelL

1apJI9 101191U] — SJUBWON peo peaq

Dead Load Moments (Kip-feet)

Locatioain S
Dead Load
Component
0.0L 0.1L 0.2L 0.3; 0.4L 0. 0.8L 0.9L 1.0L
0.0 75.4 | 1255 | 150.3 73.6 2.5 |-107.2 | -244.0 | -421.5
Steel girder
Concrete deck & 0.0 436.6 | -43.1 | -679.7 |-1472.0 |-2418.3
haunches
Other dead loads 0.0 111.7 | 64.4 -6.2 -99.9 | -216.9 | -357.1
acting on girder alone
0.0 163.8 | 104.9 | 15,5 |-104.5 | -255.0 | -436.1
Concrete parapets
Future weari 198.4 | 127.1 | 18.8 | -126.6 | -308.9 | -528.2
surface

a|dwex3 ubisaq abpug 1991S A44T VMHA

ubisaq Japlio |991s — ¢ dais ubisag
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Dead Load Shears (Kips)

Locatiogin S
Dead Load
Component
0.0L 0.1L 0.2L 0.3‘ 0.4L 0. 0.9L 1.0L
7.33 5.23 3.12 1.02 08 -5.29 -7.39 | -10.06 | -12.74 | -16.84
Steel girder
Concrete deck & 4553 | 32.37 -33.40 | -46.55 | -59.54 | -72.52 | -85.18
haunches
Other dead loads 6.70 4.76 -491 | -6.85 | -8.78 | -10.72 | -12.65
acting on girder alone
9.10 -6.18 -8.73 | -11.27 | -13.82 | -16.36
Concrete parapets
Future weari 4.85 1.77 -1.32 -4.40 -7.49 -10.57 | -13.65 | -16.74 | -19.82
surface

a|dwex3 ubisaq abpug 1991S A44T VMHA

ubisaq Japlio |991s — ¢ dais ubisag
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Design Step 3.5 - Compute Live Load Effects

LRFED Live Load

\

©  In LRFD, the basic live load designation is HL-93.

The HL-93 load consists of a design truck or tandem, combinee
lane load.

In LRFD, 90% of the effect of two design trucks at a speci
headway of 50 feet combined with 90% of the lanedeaeis
when computing the maximum negative live loa
points of permanent-load contraflexure and the

In LRFD, the term "dynamic load allowancet is
"impact.”

In LRFD, dynamic load alloﬁnce
design tandem.

to the design truck or

For additional informatio t th load used in LRFD, refer to

S3.6 and C3.6.
S3.6.1.2
The girder must also be d e live load effects. The live load consists of
an HL-93 loading. Simil e live load moments and shears for an
HL-93 loading can b analysis computer program.

S4.6.2.2.2

The live lo istribution factors for moment for an interior girder are computed as

follows:
S46.2.2.1

First, the longitudinal stiffness parameter, Kg, must be computed:
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K,=n-(1+A¢?)

Design Step 3 — Steel Girder Design

Longitudinal Stiffness Parameter, Kg

Based on cross

Region A Region B Region C | Weighted

(Pos. Average
Mom.) (Intermediate) | (At Pier)

Length (Feet) 84 24 12

n 8 8 8

| (Inches?) 23,605.3 34,639.8 65,426.6

A (Inches?) 49.750 63.750 100.500

€g (Inches) 35.478 35.277

Kg (Inches?) 689,800 911,796

*Weighted average is estimated based on |

Longit‘wal

After the longitudinal stiffness parameter is
the letter corresponding with the superstructur
with the superstructure cross ion j

Table 3-9

If the superstructure cros
illustrated in STable 4.6.

the distrib

<S$<16.5

51t

45<t, <12.0

ction

t. =8.0in (structural depth)

20<L <240

pplicability as follows:

3-25

.6.2.2.1-1 is used to find
. The letter corresponding
mple is "a."

S4.6.2.2.1

orrespond with any of the cross sections
ge should be analyzed as presented in

4.6.2.2.2b-1 and 4.6.2.2.2.3a-1 are used to
factors for moment and shear, respectively.

STable 4.6.2.2.2b-1
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L =1201t

10000 < K, < 7000000

K, = 819068in*

For one design lane loaded, the distribution of live load pe
interior beams is as follows:

S 0.4 S 0.3 K
_ =006+ —| |2| J—9
gmt_moment_l (14) (L\J 120 . L 't53

=0.472lanes

g int_moment _1

STable 4.6.2.2.2b-1

For two or more design lane
moment in interior beams is as

glnt moment_2 0
gmt momentﬂ

0 wfactors for shear for an interior girder are computed in a similar
[ hé range of applicability is similar to that for moment.

ibution of live load per lane for

STable 4.6.2.2.3a-1

STable 4.6.2.2.3a-1

For one @désign lane loaded, the distribution of live load per lane for shear in interior
beams is as follows:

S
: =0.36+—
gmt_shear_l 250
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gint_shear_l =0.750 |aneS

STable 4.6.2.2.3a-1

For two or more design lanes loaded, the distribution of live load per lane for shear
in interior beams is as follows:

S S 20
gint_shear_z = 02+E_(£j

gint_ shear _ 2 = 0935 |aneS

.2.3C

considered for this design example.

fie“above for moment
e factor 1.20 from STable
e approximate equations

and shear with one lane loaded. The o iffer
3.6.1.1.2-1 for one lane loaded has already
and should be removed for the purpose of fat

The distribution of live load for the fatigueliimit state is si

nin

S4.6.2.2.2

This design example is based on i However, for illustrative purposes,
the live load distribution factor ior gi

The distance, dg, is d

girder and the integor
from the centerli f
3-2:

rb. For this design example use the distance
edge of the curb for simplicity, based on Figure

STable 4.6.2.2.2d-1

range of applicability as follows:

<d, <55

d, =1.75ft ok

STable 4.6.2.2.2d-1

3-27



FHWA LRFD Steel Bridge Design Example Design Step 3 — Steel Girder Design

For one design lane loaded, the distribution of live load per lane for moment in exterior
beams is computed using the lever rule, as follows:

2-0"

s vl L8O 3]
0.15P 0.5P
| e | =
l 9-9"

3'-2 V4" e T >

Figure 3-5 Lever Rul

B (0.5X3.5ft)+(0.5)@ft

gext_moment_l 9.75ft

=0.667

gext _moment _1

Multiple _ presence _ factor =1

STable 4.6.2.2.2d-1

loaded, the distribution of live load per lane for moment in

e=0.962

=0.670 lanes

gext _moment _2

STable 4.6.2.2.3b-1
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The live load distribution factors for shear for an exterior girder are computed in a
similar manner. The range of applicability is similar to that for moment.

STable 4.6.2.2.3b-1

For one design lane loaded, the distribution of live load per lane for shear in exterior
beams is computed using the lever rule, as illustrated in Figure 3-5 and as follows:

_(05)35ft)+(05)05f)
.75 t

g ext _shear 1

gext_shear_l =0.667 lanes
Multiple _presence _ factor =1.20

gext_shear_l = gext_shear_l ) MUItIpIe_ presence_ faC

gext_shear_]_ = 0800 |aneS (fOI’&e t

STable 4.6.2.2.3b-1

istrib of live load per lane for shear

S4.6.2.2.2d

-slab bridge cross-sections with diaphragms or cross-frames, the

ctor for the exterior beam cannot be taken to be less than that which would
assuming that the cross-section deflects and rotates as a rigid cross-
section. CE@uation 4.6.2.2.2d-1 provides one approximate approach to satisfy this
requirement. The multiple presence factor provisions of S3.6.1.1.2 must be applied
when this equation is used.

S4.6.2.2.2e, S4.6.2.2.3c
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R; R, Rs
12'-0" 4'-3" | 7'-9"

T

3-2 Y 9-9" 9-9"

al P

19'-6"

A
A

Figure 3-6 Live Load Placement used for Rigi uation

(CEquation 4.6.2.2.2d-

\ 4

Xext 2.€
R=m+ N
N b2
b ZX

For three lanes loaded:

Oeyt = g 19.5(16. = 0.862lanes
m, =0.85 .85(0. 0.733 lanes

For two lanes loa

5+4'225) =0.821lanes
957+9.757)

. 0., =1.00(0.821) = 0.821 lanes

19.5(16.25)

= 0.533lanes
219.5% +9.75?)

1
Oext = g+

m, =1.20 .. g,, =1.20(0.533) = 0.640 lanes

3-30



FHWA LRFD Steel Bridge Design Example Design Step 3 — Steel Girder Design
L
L

As can be seen from the above computations, the exterior girder distribution factors are
larger than the interior girder. Although the exterior girder typically controls the design
of the girders, for this particular design example, only the interior girder design is
presented.

Since this bridge has no skew, the skew correction factor does not need to be
considered for this design example.

The following table presents the unfactored maximum positive and negative
moments and shears for HL-93 live loading for an interior girder, as comg ng an
analysis computer program. These values include the live load distribu ]
they also include dynamic load allowance. Since the bridge is symmet
moments and shears in Span 2 are symmetrical to those in Span

The design live load values for HL-93 loading, as pres
computed based on the product of the live load effect p
factor. These values also include the effects of dynamic
important to note that the dynamic load
to the design truck or tandem. The dynamic
effects due to pedestrian loads or to the desi

d distribution
. However, itis
nly to the load effects due

da not applied to load
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Live Load Effects (for Interior B

Live Load Effect

0.0L

0.1L

0.2L

Maximum
positive moment
(K-ft)

0.6L

0.7L

0.8L

0.9L

1.0L

1628

1318

746

277

Maximum
negative moment
(K-ft)

Maximum
positive shear

(kips)

Maximum
negative shear
(kips

-640

-768

-966

-1097

-1593

-2450

42.5

23.6

14.5

7.5

2.9

0.0

-62.2

-76.7

-91.1

-105.1

-118.5

-131.4
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Design Step 3.6 - Combine Load Effects

After the load factors and load combinations have been established (see Design Step
3.1), the section properties have been computed (see Design Step 3.3), and all of the
load effects have been computed (see Design Steps 3.4 and 3.5), the force effects must
be combined for each of the applicable limit states.

For this design example, n equals 1.00. (For more detailed information abol
Design Step 1.)

Based on the previous design steps, the maximum positive mom
the Strength | load combination is computed as follows:

LF,. =1.25

Mpe =150.0K - ft +922.4K - ft +135.8K - ft +19

\ 4

M. =1400.4K - ft
LF,, =150

M,y =232.7K - ft
LF,, =175

M, =1908K -
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12in
-M noncompDL (ft]
fnoncom =
i Stopgdr
fnom:ompDL = —17.64ksi

Parapet dead load (composite):

M oraper =192.2K - ft Stopgdr = 3907.1in°
12in
-M parapet (ftj
f arape =
parepet Stopgdr
f parapet = —0.59Ksi
Future wearing surface dead load (C(‘osi
M, =232.7K - ft Stopgtr = 39\
12in
M '(ﬂ
ffws =
Stopgdr
fos = —0.71ksi
Live load (HL- nd ic | allowance:

ft

topgdr

f, =—1.29ksi

S3.4.1
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Multiplying the above stresses by their respective load factors and adding the
products results in the following combined stress for the Strength | load combination:

fStr = (LFDC ' fnoncompDL )+ (LFDC ’ fparapet )+(LFDW ’ ffws )+(LFLL ' fLL)

fo, = —26.12ksi

Similarly, all of the combined moments, shears, and flexural stresses can B8
at the controlling locations. A summary of those combined load effects fo

the procedures demonstrated in the above computations.

Combined Effects at Location of Maximum Positive

Summary of Unfactored
Values:

Loading

Noncomposite DL

Parapet DL
FWS DL -0.07
LL+IM - HL-93 . -0.61
LL+IM-Fatigue -0.55 | -0.26
Summary of Fact

Limit State fbotgdr ftopgdr ftopslab

(ksi) (ksi) | (ksi)
56.95 | -26.12 | -1.26
4114 43.35 | -20.62 | -0.93
1233 11.24 | -0.83 | -0.40
616 5.62 | -0.42 |-0.20

Strength |
Service |l

section Design Steps 3.8 through 3.10).
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Combined Effects at Location of Maximum Negative Moment
Summary of Unfactored Values (Assuming Concrete Not Effective):

Load | n g M om ent fbotgdr f[opgdr fdeck
(K-ft) (ksi) (ksi) (ksi)
Noncomposite DL -3197 -16.84 17.90 0.0
Parapet DL -436 -2.14 1.69 1

FWS DL -528 -2.59 2.04 2.40

LL+IM - HL-93 -2450 -12.03 9.48 11
Summary of Unfactored Values (Assuming Concrete Effective):
Loading Moment footgar fropgdr

(K-ft) (ksi) (ksi)

Noncomposite DL -3197 -16.84
Parapet DL -436 -2.00
FWS DL -528 -2.42
LL+IM - HL-93 -2450 -10.47
LL+IM-Fatigue -406
Summary of Factored Values:

Limit State Moment faeck

(K-ft) (ksi)

Strength | * 44.14 25.51
Service Il ** 23.51 0.95
Fatigue | ** 0.62 0.14
Fatigue Il ** 0.31 0.07

deck reinforcing steel.
ss in the deck concrete. Since fqeck Under the

ads does not exceed 2f; at this section (= 0.96 ksi),

Service Il stresses due to loads applied to the composite section
are computed assuming the deck concrete is effective. Fatigue
| and Il stresses are based on section properties assuming the
deck concrete is effective.

Table 3-12 Combined Effects at Location of Maximum Negative Moment —
Interior Girder
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Combined Effects at Location of Maximum Shear

Summary of Unfactored Values:
Loading Shear

Noncomposite DL

Parapet DL

FWS DL

LL+IM - HL-93

LL+IM - Fatigue

Summary of Factored Values:
Limit State

Strength |
Service |l

Fatigue |
Fatigue Il ’

Table 3-13 Combined Effects at Locatio

aximum Shear — Interior Girder

Envelopes of the factored Str
presented in the following two fi

rs in an interior girder are
nd minimum values are presented.

on the interior girder. The illustrated in the subsequent design
calculations applies equa i
noted) once the load effe

in each er have been determined.
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Figure 3-7 Envelope of Strength | Moments — Interior Girder
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Figure 3-8 Envelope of Strength | Shears — Interior Girder
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Design Steps 3.7 through 3.17 consist of verifying the structural adequacy of critical
beam locations using appropriate sections of the Specifications.

For this design example, two design sections will be checked for illustrative purposes.
First, all specification checks for Design Steps 3.7 through 3.17 will be performed for the
location of maximum positive moment, which is at 0.4L in Span 1. Second, all
specification checks for these same design steps will be performed for thé&location of
maximum negative moment and maximum shear, which is at the pier.

Specification Check Locations

© For steel girder designs, specification checks a
using a computer program at the following loca

- Span tenth points
- Locations of plate transitiv
- Locations of stiffener spacin

However, it should be n
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Symmetrical about €@ Pier ——»

. «—— Location of Maximum
0.4L =48-0 Positive Moment

L =120-0"

«—— @ Bearing Abutment

Figure 3-9 Location of Maximum P

Design Step 3.7 - Check Section Prop&on ive Moment Region
S6.10.2

Several checks are required t
within specified limits.

propettions of the trial girder section are

S$6.10.2.1

e web slenderness. For a section without
proportioned such that:

The first section proporti
longitudinal stiffeners,th

D

OK

S$6.10.2.2

The second set of section proportion checks relate to the general proportions of the
section. The compression and tension flanges must be proportioned such that:
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b, by
—1 <120 b, =14 t, =0.75 —1.<93 OK
2t, 2t,
b, D D _90in OK
6 6
t, >11-t, 1.1-t,=0.550in  OK
I C
0.1<—*<10
Iyt

_ 0.75in- (14in)

4
N > |, =171.5in

_ 0.875in - (14in)’

y 12

1, =200.1in*

|
— =0.857 OK
|y

Design Step 3.8 - Compute - Positive Moment Region
SAppendix D6.1

For composite sections, t
plastic forces about the p

p, IS calculated as the first moment of
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bs

te —> P

Plastic
Neutral Axis b

Y
v

Figure 3-10 Computation of Plast‘/lo for Positive Bending

Sectigns
SAppendix D6.1
For the tension flange:

F,. = 50ksi

For the web:

D,, = 54in

t, = 0.50in

P, =1350K
For pression flange:
= 50ksi b, =14in  t =0.75in
P.=F, b, -t P =525K
For the slab:
f'c = 4.0ksi b, =117in  t, =8.0in
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P, =0.85-f c-b, t, P, =3182K
SAppendix D6.1

The forces in the longitudinal reinforcement may be conservatively neglected in
regions of positive flexure.

ndix D6.1

Check the location of the plastic neutral axis, as follows:

P +P, =1963K P +P, =3707K
P + P, + P, =2488K P, =3182K

Therefore, the plastic neutral axis is located within the slab.

y (t{Pz_P] oz

Check that the position of the plastic neutral s com above, results in an
equilibrium condition in which there is t axi ce.

STa 6.1-1 Case Il

Compression = 0.85f ¢
Compression = 24

Tension = P, +

STable D6.1-1

_tc

S5 +3int, -Y d, =4.87in

d

w

:%+3.5in it - d, =32.24in

d, :%+ D, +35in+t —Y  d, =59.68in
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YZ-P
M, = 2.t5+(Pc~dC+PW-dW+Pt-dt) M, =7538K - ft

S

Design Step 3.9 - Determine if Section is Compact or Noncompact - Positive
Moment Region

Since the section is in a straight bridge, the next step in the design proces
determine if the section is compact or noncompact. This, in turn, will deter
formula should be used to compute the flexural resistance of the girder.

If the specified minimum vyield strengths of the flanges do not
girder does not have longitudinal stiffeners, then the first steplis
section web slenderness provisions, as follows:

t, Foe ‘

Since the plastic neutral axis is located the s
D, =0in
S6.10.6.2.2

Therefore the web is dee ince this is a composite section in positive
flexure and there are no lange at this section, the flexural
resistance is computed a i e composite compact-section positive flexural

R, =1.0 $6.10.1.10.1

SAppendix D6.2.2
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B
The yield moment, My, is computed as follows:

M M M
Fy ~ Vo1, Mp2 , Map
She Sir Ser

My:MD1+MD2+MAD
Fy=50ksi

My, =(1.25-1208K - ft)=1510K - ft

My, = (1.25-192K - ft)+(1.50 - 233K - ft)= 590K - ft
For the bottom flange:
S, =877.6in°

\ 4

S,; =1208.2in*

S¢; =1316.2in°

=17775.1in°

M M
M. =S .| Fy—_2ot_ ¥p2
AD ST [ y SNC SLT J

M, = 38714K - ft
M yiop = My + Mg, + M5 = 40814K - ft
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The yield moment, My, is the lesser value computed for both flanges. Therefore, My is
determined as follows:

SAppendix D6.2.2

My = min(Mybot 1M ytop )

M, = 4677K - ft

Therefore, for the positive moment region of this design example, the ne
resistance is computed as follows (refer to RM Section 6.5.6.3 f
of the nominal flexural resistance for sections in positive flex

D, <0.1D,

D, =Y =6.26in

D, = 0.875in + 54in + 0.75in + 8in = 63§625in
0.1D, = 6.36in > 6.26in

Therefore:

inuous span where the span and the
ver the interior supports satisfy the special
.1.2, the nominal flexural resistance of the

Since this is neither a si
sections in the negati

7538K - ft  (controls)

Use:

6080K - ft S6.10.7.3

The ductility requirement is checked as follows:

D, <0.42D,

0.42D, = 26.7in > 6.26in OK
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The factored flexural resistance, My, is computed as follows (note that since there is no
curvature, no skew and wind load is not considered under the Strength | load
combination, the flange lateral bending stress is taken as zero in this case):

S$6.10.7.1.1

$, =1.00 S6.5.4.2

M r = ¢f M n
M, = 6080K - ft
S1.3.2.1

The positive flexural resistance at this design section is ke

\

Zﬂi 7i-Qi <R,
or in this case:

207 M, <M,
For this design example,

n=1.00
As computed in D St 6,

=6080K - ft > 5439K - ft OK

Based on the above computations, the flexural resistance is approximately 12% greater
than the factored design moment. The bottom flange thickness cannot be reduced any
further because such a reduction would result in a specification check failure at the
fatigue limit state (see Design Step 14).

3-48



FHWA LRFD Steel Bridge Desigh Example Design Step 3 — Steel Girder Design

Plate Thickness Increments

N

=7

Available plate thicknesses can be obtained from steel fab
a rule of thumb, the following plate thickness increments are
recommended by steel fabricators:

3/16" to 3/4" - increments of 1/16"

3/4" to 2 1/2" - increments of 1/8"

2 1/2" to 4" - increments of 1/4"

Design Step 3.11 - Design for Shear - Positive Mom

, Shear is minimal at the
location of maximum positive moment, and it i i e pier.

S6.10.9

esign computations will be

S6.10.9.3.3c

ar is limited to either the shear yielding or
vide an anchor for the tension field in adjacent
ed in end panels. The design procedure for
S6.10.9.3.3c.

also used as’connection plates for diaphragms or cross-frames.

As stated above, shear is minimal at the location of maximum positive moment but is
maximum at the pier for this example. Therefore, the required design computations for
transverse intermediate stiffeners will be presented later for the girder design section at
the pier.
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It should be noted that, based on the steel girder design flowchart, Design Step 3.13
involves the design of longitudinal stiffeners. Since longitudinal stiffeners are not being
used for the girder in this design example, Design Step 3.13 is excluded from this
design example.

Design Step 3.14 - Design for Flexure - Fatigue and Fracture Limit State - Positive
Moment Region

S6.6.1

Load-induced fatigue must be considered in a plate girder design. Fati
considerations for plate girders may include base metal at:

1. Welds connecting the shear studs to the girder.
2. Welds connecting the flanges and the web.

3. Welds connecting the transverse intermediate stiffen to the girder.

\ 4

Fatigue considerations may also include the The specific fatigue
considerations depend on the unlque C of the girder design. Specific
fatigue details and detail cate i illustrated in STable 6.6.1.2.3-1.

STable 6.6.1.2.3-1

For this design example, fatigue the fillet-welded connection of a
transverse intermediate stiffe -frame connection plate to the girder.
This detail corresponds to STable 6.6.1.2.3-1, and it is classified as
Detail Category C'in ST

section WhICh wou ler stress range). The fatigue detail at the inner
(bottom flange), where the transverse intermediate stiffener is
ct to a net tensile stress since this is a positive moment

ity, the computations will conservatively compute the

fiber of the tension flange.

detail being investigated in this design example is illustrated in the following
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Transverse
Intermediate
Stiffener (Typ.)

Fillet Weld (Typ.)
Figure 3-11 Load-Induced Fatigue Detai

n=1.0 ADTT, =3000

S6.6.1.2.3

From STable 6.6.1.2.3-2, since ADTTsL exceeds /45 truc er day for a Category C’
detail, the nominal fatigue resistance is comput ue | load combination and
infinite life, as follows:

AF, = AF,,
AF,,, =12.0ksi STable 6.6.1.2.5-3
AF, =12.00ksi
ple, the concrete slab is assumed to be

tive flexure for fatigue limit states. This is
6.10.1.7 were satisfied in the deck design.

fully effective for bo
permissible beca

S6.10.6

In addition to the above fatigue detail check, a special fatigue requirement for webs
must also be checked. This calculation will be presented later for the girder design
section at the pier.
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Design Step 3.15 - Design for Flexure - Service Limit State - Positive Moment
Region

S$6.10.4.2

The girder must be checked for service limit state control of permanent deformation.

This check is intended to prevent objectionable permanent deflections due, to expected
severe traffic loadings that would impair rideability. The Service Il load combi '
used for this check.

The stresses for steel flanges of composite sections must satisfy the fo
requirements:

Top flange:

f, <0.95R, -F,

Bottom flange:

f

fi+- <O95R, -F,

qual to zero at the service limit

Since there is no curvature and no ske
[ was previously computed in

state in this case. The factor erv
Table 3-11 as follows:

fbotgdr = 43.35ksi

Fe = 50ksi

Top

Bottom
Sksi +%(o) < 47.50ksi OK

As indicated in S6.10.4.2.2, the web bend buckling check at the service limit state given
by SEquation 6.10.4.2.2-4 is not required for composite sections in positive flexure
without longitudinal stiffeners (i.e. with D/tw < 150)( S2.5.2.6.2).
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In addition to the check for service limit state control of permanent deformation, the
girder can also be checked for live load deflection. Although this check is optional for a
concrete deck on steel girders, it is included in this design example (many states still
require the deflection check).

Using an analysis computer program, the maximum live load deflection is computed to
be the following:

A, =1.43in

2
This maximum live load deflection is computed based on the foll
1. All design lanes are loaded.
2. All supporting components are assumed to deflect
3. For composite design, the design cross section inclu Idth of the
roadway. ‘

4. The number and position of loaded lanes lecte ide the worst effect.
5. The live load portion of Se
6. Dynamic load allowance is in
7. The live load is taken fr

S2.5.2.6.2

In the absence of
follows:

g vehicular traffic only, the deflection limit is as

12%} ~180in  OK

.16 - Design for Flexure - Constructibility Check - Positive Moment
S6.10.3.2

The girder must also be checked for flexure during construction. The girder has already
been checked in its final condition when it behaves as a composite section. The
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constructibility must also be checked for the girder prior to the hardening of the concrete
deck when the girder behaves as a noncomposite section.

As previously stated, a deck pouring sequence will not be considered in this design
example. However, it is required to consider the effects of the deck pouring sequence
in an actual design because it will often control the design of the top flange and the
cross-frame spacing in the positive moment regions of composite girder

fo. + i <4 "R, -Fy ‘

The flange stress, fou, is taken from Table 3-1
performed. By inspection, sin
load effects are considered, t
(described in Design Step 1.1) i
flange is the controlling flange.

lacement analysis was
is not considered and no live
n specified in S3.4.1.2

S$6.10.3.2

spect to lateral torsional and flange local buckling based limit states,
3 consideration of flange lateral bending where these effects are judged to
t. The equation is:

fbu + fl S¢f 'Fnc

For straight I-girder bridges with compact or noncompact webs, the nominal resistance
may be calculated from Article A6.3.3 which includes the beneficial contribution of the
St. Venant constant, J, in the calculation of the lateral torsional buckling resistance.
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This may be useful for sections in such bridges with compact or noncompact webs
having larger unbraced lengths, if additional lateral torsional buckling resistance is
required beyond that calculated based on the provisions of S6.10.8.2.

2D, _2(28.73-0.75)
t 0.5

=1119< 4, =57 /FE =137.3 S6.10.6.2.3
yc

W

local buckling and lateral torsional buckling using the appropriate value
resistance calculated according to S6.10.8.2.

Local buckling resistance:

b, =14in (see Figure 3-4)

t,. =0.75in (see Figre 3-

llowing equation:

-F,, ) = 35.0ksi

I:yr ﬂ’f _ﬂ’pf .
—|1-[1- : ‘R, R, - F,, = 49.6ksi
Ry Fro ) | A = Ay

o +%- f, = 24.70ksi +%(o) = 24.70ksi

¢, -F.. = (1.00)(49.6ksi ) = 49.6ksi OK
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S$6.10.8.2.3

Lateral torsional buckling resistance:

Lateral Torsional Buckling

Lateral torsional buckling can occur when the compression
not have adequate lateral support such that the member ry
laterally in a torsional mode. The laterally unsupported cc
flange tends to buckle out-of-plane between the points of
support. Because the tension flange is kept in ling '

to as lateral torsional buckling.

During construction, lateral torsional buck 8 )
for the moments induced in the top compreSsi Iring the deck

pouring sequence. ’

Lateral torsional buckling is ill

Figure 3-12 Lateral Torsional Buckling
For the noncomposite loads during construction:

Depth,,,,, = 55.625in —26.897in = 28.73in

comp

(see Figure 3-4 and Table 3-4)
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t, =0.75in
D. = Depth,,, —t; =27.98
b, =14.0in

bfc -
I, = =3.36in

12141 Dot

3 bfc "l
E = 29000ksi F,. =50ksi
L, =1.0-1,- /£ =6.751t

Fe
L =x-1,- £=21.20ft ’

yc
L, =20.00ft

The moment gradient correction uted as follows:
Note since fmid is greate location of maximum positive moment, use Cp

= 1.0 according to S6.

C, =1.00

Therefore:

F, L-L, .
r_ | ‘R, -R, - F,, =36.2ksi
2 Fo ) LL-L,

Use:

@, - F.. = 36.2ksi

f,, = 24.70ksi
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24.70ksi +%(o) <36.2ksi OK

Web bend-buckling during construction must also be checked according to SEquation
6.10.3.2.1-3. However, since the noncomposite section has previously been shown to
have a nonslender web, web bend-buckling need not be checked in this case according
to S6.10.3.2.1.

In addition to checking the nominal flexural resistance during constructi
shear resistance must also be checked. However, shear is minimal at t
maximum positive moment, and it is maximum at the pier in this ca

Therefore, for this design example, the nominal shear resista
be presented later for the girder design section at the pier.

Design Step 3.17 - Check Wind Effects on Girder Flanges iti oment

Region ‘

As stated previously, for this design e

S6.10.1
rior girder is being designed.

C6.10.1.6 & C4.6.2.7.1

3-58



FHWA LRFD Steel Bridge Design Example Design Step 3 — Steel Girder Design

Symmetrical about € Pier ——»

Location of Maxim
Negative Mom

L =120-0"

«—— € Bearing Abutment

Design Step 3.7 - Check Section Prop%ion Limi i ment Region
S6.10.2

Several checks are required to ensure rtions of the trial girder section are
within specified limits. They i :
1. Web slenderness check (S6.1
2. General proportion che

S6.10.2.1
The first section rtion s to the web slenderness. For a section without
longitudinal stiffen the web be proportioned such that:

tR =108.0 OK
S6.10.2.2
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The second set of section proportion checks relate to the general proportions of the
section. The compression and tension flanges must be proportioned such that:

b; b,
2t <120 b =14  t =250 —'-28 OK
2t, 2t

f

b, 2% %=9.0in OK

t, 211, 1.1-t, =0550in  OK

Note that only the top flange is checked above. Since the top a
the same width and the bottom flange is thicker than the top,
satisfied for the bottom flange as well.

01 <10
" .
. - \3
- 2.75in - (14in) |, —628
12

_ 2.50in-(14in)’
e 12

|
=11 K
Iyt
Design Step 3.8 mput i@ Moment Capacity - Negative Moment Region

SAppendix D6.1

S571.7

lastic moment, My, is calculated as the first moment of
astic neutral axis. For composite sections in negative flexure,
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! | t  — P
by

tw
Plastic T Dw
Neutral Axis

Figure 3-14 Computation of Plastic or Negative Bending

Sectio

SAppendix D6.1

For the tension flange:

F,, =50ksi

D, =54in t, =0.50in

b, =14in t, =2.75in
P.=F, b -t. =1925K

For the longitudinal reinforcing steel in the top layer of the slab at the pier:
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F,. = 60Ksi

., (117in )
=0.31in%- =7.25in?
A ( 5in j

I:)rt = I:yrt ' Art = 435K

For the longitudinal reinforcing steel in the bottom layer of the slab at th

i = 60ksi
., (117in )
=0.31in%.| =—=—— | = 7.25in?
A [ 5in j

P

rb

Fyo - Ay = 435K

Appendix D6.1
Check the location of the plastic neutral a?w, S

P.+P, =3275K P+P,+P,=
P.+P, + P =5025K

Therefore the plastic neutral

STable D6.1-2

design step that this section qualifies as a

t the strength limit state, the optional provisions of SAppendix
t employed in this example. Thus, the plastic moment is not
resistance and therefore does not need to be computed.

.9 - Determine if Section is a Compact-Web, Noncompact-Web, or
2r-Web Section - Negative Moment Region

@chion is in a straight bridge, the next step in the design process is to
determine if the section is a compact-web, noncompact-web, or slender-web section.
This, in turn, will determine which formulae should be used to compute the flexural
resistance of the girder.

S$6.10.6.2.3
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Where the specified minimum yield strengths of the flanges do not exceed 70.0 ksi and
the girder does not have longitudinal stiffeners, then the first step is to check the
noncompact web slenderness limit, as follows:

2-D

<57 £ S$6.10.6.2.3
t, Fe

At sections in negative flexure, D¢ of the composite section consisting ofithe stee
section plus the longitudinal reinforcement is to be used at the strengthilimit state

Table 3-5).

dix D6.3.1

D, = 33.137in—-2.75in = 30.39in

(see Figure 3-4 and Table

Z’tDC =1215 5.7- /i: 13

The section is a nonslender web section (i.e. €
section). Next, check:

a compact-web or noncompact-web

|
I—y°>0.3

S6.10.8 & A6.1

Therefore, the web qualifies to use the optional provisions of SAppendix A6 to compute
the flexural resistance. However, since the web slenderness is closer to the
noncompact web slenderness limit than the compact web slenderness limit in this case
(S6.10.8.1.1), the simpler equations of S6.10.8, which assume slender-web behavior
and limit the resistance to Fyc or below, will conservatively be applied in this example to
compute the flexural resistance at the strength limit state. The investigation proceeds
by calculating the flexural resistance of the discretely braced compression flange.
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Design Step 3.10 - Design for Flexure - Strength Limit State - Negative Moment
Region

S6.10.8.2.2 & S6.10.8.2.3

Calculate the nominal flexural resistance of the compression flange (bottom flange)
based on local buckling and lateral torsional buckling.

Local buckling resistance:

b, =14in (see Figure 3-4) S6.10.8.2

t,. =2.75in (see Figure 3-4)
bfc
A = =25
21,

C

[E
Ay =038 F—yc_g.z L 3

Since Af < Apf, Fnc must be calculated by the fol

equation:

S$6.10.1.10.2
), Rb is taken as 1.0.
S6.10.8.2.3
Since t n is located within 20 percent of the unbraced length away from

t with the smaller moment and the lateral moment of inertia of the flanges
of the smaller section is equal to or larger than one-half of the corresponding value in
the larger ion, the lateral torsional buckling resistance is calculated as follows:

D, = 30.39in b,, =14.0in t, =2.75in
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b
r = e = 3.80in

12|14 1. De 't
3 bfc'tfc

E = 29000ksi F,. = 50ksi

L, =101, | = =763ft
Fue
L =x-r1- E =23.98ft
F

L, =20.00 ft

rrection factor,

Since Lp < Lb < L, use SEquation 6.10.8.2.3-2. The mo

\ 4

Cb, is computed as follows:

etween brace points is
i (based on preliminary
| moments but will be used here

Where the variation in the moment along
concave in shape, which is the case here,
design). This should be updated

to illustrate the computatio

fo = +24.80ksi
fo = +48.67ksi

Therefore:

LR}
f,

C, =1.294

If Co is greater than 1.0, this indicates the presence of a significant beneficial
moment gradient effect. In this case, the lateral torsional buckling resistances may
be calculated by the equivalent procedures specified in SAppendix D6.4.1. The
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equations in both S6.10.8.2.3 and SAppendix D6.4.1 permit Fmax to be reached at
larger unbraced lengths when Cy is greater than 1.0. The procedures in SAppendix
D6.4.1 allow the Engineer to focus directly on the maximum unbraced length at
which the flexural resistance is equal to Fmax. AASHTO strongly recommends the
use of these equivalent procedures when Cp values greater than 1.0 are utilized in
the design.

Therefore, since Cy is greater than 1.0 in this design example, the eq s of
SAppendix D6.4.1 will be used to calculate the lateral torsional bucklin tance:

Lp +—b
F
1- "
I:zh ch

Therefore:

(L,-L,)=20.02ft>200ft =L,

FnC == Rb * Rh * ch = 50kSi

The following equation in S6.10.8.1.1 m satis oth local buckling and
lateral torsional buckling:
1
fo, +§ f,<¢.F. 6.10.8.1.1 and
For local buckling: S6.10.8.2.1
¢, - F.. = 50.0ksi

= 48.67ksi

e are no curvature or skew effects and wind is not considered under the
oad combination, fi is taken equal to zero. Therefore:

Since
Strengt

For local buckling:

48.67 +%(o)< 50.0ksi  OK
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For lateral torsional buckling: S6.10.8.1.3 & S6.10.8.3
48.67 +%(o)< 50.0ksi  OK

The investigation proceeds by calculating the flexural resistance of the continuously
braced tension flange.

fbu£¢f 'Rh'Fyf

f,, = 44.14ksi (Design Step 3.6)

¢ Ry -F,; =50.0ksi > 44.14ksi  OK

Design Step 3.11 - Design for Shear - Negative Moment

S6.10.9
Shear must be checked along the entire’gth irdef, For this design example,
shear is maximum at the pier. Example calculation nted below for the girder
section at the pier.
S6.10.9.2

e web must be stiffened. The
rid and homogeneous girders is:

The first step in the design for sh
nominal shear resistance of unstiffe

V,=C-V,

S$6.10.9.3.2

Therefore,

D, 1a0. [EX
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C= 1'572 (E—kJ =0.390
D yw
tW
F,, = 50ksi D=54in t, =0.5in
Vp =0.58- wa -D-t, =783.0K S6.10.9.2

V, =C-V, =305.6K

9.1

The factored shear resistance, Vi, is computed as follows:

4, =1.00 A\
Vr =¢f 'Vn ’
V. = 305.6K \

The shear resistance at this desi

Zﬂi 7 Qi <R,

S1.3.2.1

ction is ed as follows:

or in this case:

As computed in Design Step 3.6, the factored Strength | shear at the pier is as follows:

-7,V = 423.5K

The factored Strength | shear at the pier exceeds the factored shear resistance for an
unstiffened web at the pier. Therefore, transverse stiffeners are required in the region
near the pier.
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Partially Stiffened Webs

As previously explained, a "partially stiffened” web (approximately 1/16
inch thinner than "unstiffened") will generally provide the least cost
alternative or very close to it. However, for web depths of
approximately 50 inches or less, unstiffened webs may be ma
economical. A useful guideline for determining the trade-of]
adding more stiffeners versus increasing the thickness of Je€b mate
is that approximately 10 pounds of web material should b&saved for
every one pound of stiffener material added (S6.10.9.1).

For this design example, transverse intermediate stiffeners a
stiffeners are not used. The transverse intermediate stiffene
example is 120 inches. Therefore, the spacing of the tr, erse ate stiffeners
does not exceed 3D = (3)(54 in) = 162 inches. Therefo i on can be

considered stiffened and the provisions of S6.10.9.3 app

Stiffen

The spacing of the [ ediate stiffeners is determined
such that it satisfies [ ments in S6.10.9 and such that

S6.10.9.3.2

Next, the web ar area proportion limit for interior web panels must

s if the nominal shear resistance of the web panel adjacent to
puted using the full postbuckling tension-field resistance or a
-field resistance.

2.5
b, =14.0in b, =14.0in
t, = 0.50in t, =2.75in t, = 2.50in
A =07 OK
bfc 'tfc + bft ‘tft
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The nominal shear resistance of the interior web panel at the pier is therefore based on
the full postbuckling tension-field resistance, as follows:

v,=|v, C+O.87-(1—C)
1+(

d, =120in

k=5+ > >=6.0
)

D

b =108.0

tW

1.12- E—'k =66.1
FYW

1.40- E—'k =827
FYW

Therefore,

Dy
tW

=515.8K
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The factored shear resistance, Vi, is computed as follows:

S$6.10.9.1

¢, =1.00 S6.5.4.2
V. =4, V, =515.8K

As previously computed, for this design example:

> -7V, =4235K <515.8K OK

Therefore, the girder design section at the pier satisfies the sh
requirements for the web.

Design Step 3.12 - Design Transverse Intermediate - Negative Moment

Region
S6.10.11.1
The girder in this design example has transv ' tiffeners. Transverse
intermediate stiffeners are used to incre r resistance of the girder. They are
also used as connection plat i -frames. The shear resistance
computations shown in the pre [ ased on a stiffener spacing of

120 inches (S6.10.11.1.1).

e transverse intermediate stiffeners consist
t at cross-frame locations where they
der. The required interface between the

e top and bottom flanges is described in

In this design example, it i
of plates welded to one si
would be on both sid
transverse interme
S6.10.11.1.1.

The erse inter late stiffener configuration is assumed to be as presented in the
follo
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Symmetrical aboutC Pier ——»

Design Step 3 — Steel Girder Design

+— Bearing
£ r _¢ Stiffener
A Al Transverse
Intermediate
Stiffener (Typ.
d. = Unless Noted
o~ .
100" Otherwise)
(Typ.)

C Pier —

Partial Girder Elevation at Pier

\ g

nsverse
Intermediate
Stiffener

Section A-A

15 Transverse Intermediate Stiffener

S6.10.11.1.2

cification check is for the projecting width of the transverse intermediate
width, bt, of each projecting stiffener element must satisfy the following:

The first
stiffener.

b, > 20+ and 16.0t, > b, > 0.25b,
30.0

b, = 5.5in

D =54in
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t, = 0.50in

b, =14in
2.0+L =3.80in
30.0

Therefore,

b, 220+ OK

30.0
16.0t, =8.0in
0.25b, = 3.5in

Therefore,

16.0t, > b, > 0.25b, oK 4

S6.10.11.1.3

The second specification chec
transverse intermediate stiffener.
rigidity. For transverse stiffeners a
tension-field action, the m
following:

to tia of the strong axis of the
t is Intended to ensure sufficient
anels subjected to postbuckling
f the transverse stiffeners must satisfy the

o Iflp> Iy,

For this d
Vu 423.5 kips

dwWVer = 367 kips

ovVn

do

516 kips

10’-0" = 120 in.
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l, =bt>J
J= 2'52 -2.0205
D
25 >—2.0=-1.49
&
54
Therefore, use: J=05

b is taken equal to the smaller of D and do. In this case, b is

Therefore:
I, =(54)(0.5)°(0.5)=3.38in" ’
_ Dot ( Py N
“7 40 (E
The local buckling stress, Fers, f stiffene alcufated as follows:

sI > F,; =50ksi

is equal to the larger of Fyw/Fcrs (that is 50 ksi/50 ksi = 1.0) and 1.0.
his case, o is equal to 1.0.

_(54)0)” ( >0 jl's ~15.21in*

Therefore,

ItZ

40 29,000

Since |l > Iy, then:
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I =1y +(It2 - Itl)pw

Since only one panel adjacent to this stiffener (i.e., the right panel) is subject to
postbuckling tension-field action (the left panel is an end panel), then pw is equal to the

. V, - oV, . . . . . .

ratio of[MJ within the one panel subject to postbuckling tension-field action.
(I)an - ¢var

Therefore:

I =1 +(It2 - Itl)pw

423-367

l,>3.38+(15.21- 3.38)(
516 — 367

j=7.83in4

For single-sided stiffeners, the moment of inertia of the stiffe
edge in contact with the web. Therefore:

@- en about the
l, = %(0.5)(5.5)3 =27.73in* >7.83 “ ok

Use 12" x 5" stiffeners.

Design Step 3.14 - Design f
Moment Region

Fracture Limit State - Negative

S6.6.1
For this design example, ' jgue resistance computations were
presented previously for i on at the location of maximum positive moment.
trated in STable 6.6.1.2.3-1
S6.10.5.3

tigue resistance computations, a special fatigue requirement
ed. This check is required to control out-of-plane flexing of
ter repeated live loading.

k, the live load shear stress from the fatigue load must be taken as that
ing the Fatigue | load combination in Table 3-1. The Fatigue | load

fatigue design life. The check is made using this live load shear in combination with the
shear due to the unfactored permanent load (S6.6.1.2.1). This total shear is limited to
the shear buckling resistance (Vcr = CVp), as follows:

V, <V, S6.10.5.3
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Based on the unfactored shear values in Table 3-13:

V, =114.7K +16.4K +19.8K +(1.5-46.5K )= 220.7K
C =0.469 Design Step 3.11

V, =783.0K Design Step 3.11

V, =C-V, =367.2K

V, <V OK

Other fatigue resistance calculations in the negative momen shown here,
but would be similar to the sample check illustrated pre Sitive moment
region. Refer to Design Step 3.14 for the positive mom

checks. ‘
Design Step 3.15 - Design for Flexure - SefWi - Negative Moment
Region

C6.10.4.2.2

.10.4.2.2 will not control for composite sections in

the nominal flexural resistance under the strength load
e 3.4.1-1 is determined according to the slender-web
IS the case in this example.

exure for
ien in

S6.10.4.2.2
However,

check give
value of the

sections in negative flexure, the web must satisfy the web bend buckling
SEquation 6.10.4.2.2-4 at the service limit state, using the appropriate
depth of the web in compression in the elastic range, Dc.

f <F

crw
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F, -O9EK $6.10.1.9.1
D
tW
For which:
E = 29000ksi D =54.0in t, = 0.50in

The factored Service Il flexural stresses were previously computed i
follows:

Fporger = —~34.87 ks

f = 23.51ksi

topgdr

S$6.10.4.2.1

As previously explained, for this design
tensile deck stress at the pier under the

aximum longitudinal

ller than 2fr in this case,
negative flexure at this
section for the service limit state. Therefore, w his is the case, Dc for composite
sections in negative flexure t be
SAppendix D6.3.1:

d =59.25i (see@Figure 3-4)

-d =35.39%in

t, =32.64in>0in  OK

I?)lo > =24.6 (for webs without longitudinal stiffeners) S6.10.1.9.1
)

t, = 0.50in (see Figure 3-4)
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0.9- E;k = 55.12ksi
D
tW
Fo = 50.0ksi
E. F
F,, =min w Ry - F,,—= | =50.0ksi
D 0.7
t,
f =-34.87ksi

c —

|-34.87ksi| < 50.0ksi OK

Design Step 3.16 - Design for Flexure‘ons ibilit eck - Negative Moment

Region

S6.10.3.2
The girder must also be chec i truction. The girder has already
been checked in its final conditio i as a composite section. The
constructibility must also be checke [ rior to the hardening of the concrete
deck when the girder beha posite section.
For the interior girder in t 0), the sizes of the flanges at the pier
section are controll it state flexural resistance checks illustrated

previously. Ther ctibility checks on the flanges need not be
made. However, ling resistance of the noncomposite pier section
2Qnstruction be checked according to SEquation 6.10.3.2.1-3, as follows:

S6.10.3.2.1
Check f e noncomposite section at the pier is a nonslender web section. From
Table 3.5
28.718in — 2.75in = 25.968in
ZtDc - 2(23'268) ~1039<L,, =57 |5 -1373 $6.10.6.2.3

w yc
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The section is therefore a nonslender web section (i.e. a noncompact web section), web
bend buckling need not be checked in this case according to S6.10.3.2.1.

S$6.10.3.3

In addition to checking the flexural resistance during construction, the shear resistance
in the web must also be checked as follows:

V, =C-V,

to prevent shear buckling of the web during construction.
C =0.469 (Design Step 3.11)

V, =783.0K (Design Step 3.11)
V, =367.2K (Design Step 3.14)

é, =1.0 ¢

V. =g,V =367.2K

V, =(1.4-114.7K)=1

Therefore, the design section at t
checks.

constructibility specification

Design Step 3.17 - Che ind Ef

Region

Girder Flanges - Negative Moment

ngth L ombination for Wind on Structure

ngth limit state, wind on the structure is considered for the
trength Il and Strength V load combinations. For Strength 1ll, the
load factor for wind on structure is 1.40 but live load is not considered.
ue to the magnitude of the live load stresses, Strength Il will clearly
ot control for this design example (and for most designs at the
strength limit state)(S3.8.1.2). Therefore, for this design example, only
the Strength V load combination will be investigated. The Strength Il
load combination is likely to be more critical when checking wind load
effects during construction.

S6.10.1.6
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As stated in Design Step 3.3, for this design example, the interior girder controls and is
being designed.

Design Step 3 — Steel Girder Design

C6.10.1.6 & C4.6.2.7.1

Wind effects generally do not control a steel girder design, and they are generally

considered for the exterior girders only. However, for illustrative purposes, wind effects
are presented below for the girder design section at the pier. A bridge he
than 30 feet is used in this design step to illustrate the required computatio
S3.8.1.1 states that the bridge height to be used is the height of structure
loads are being calculated as measured from low ground, or from wate

The stresses in the bottom flange are combined as follows:

1
(fbu+§fljs¢f 'Fnc

C4.6.2.7.1

Since the deck provides horizon
assumed to be transmitting the win
superstructure, the maxim
follows:

ion and since there are cross frames
eck through frame action in the
t on the loaded flange is determined as

Assume t
horizontal

Py = 0.050ksf STable 3.8.1.2.1-1
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vamzs %) f2)
B 0

V, =12.0MPH for a bridge located in a city S3.8.1.1

V,, =60MPH assumed wind velocity at 30 feet above low gaground or

above design water level at bridge  site
STable 3.8.1.1-1

V; =100MPH S3.8.1.1

Z =351t assumed height of structure at whi
being calculated as measured from low ground o

Z,=8.20ft for a bridge located in a cit
\Y z
Vp, =25V, | =2 |-In| — =@\/IP
> " (VBJ (ZOJ

S3.8.1.2.1

If for beams, use (C4.6.2.7.1):

After the design re has been computed, the factored wind force
per unit length ap Is computed as follows:

S1.3
for Strength V load combination STable 3.4.1-1
d =9.23ft from bottom of girder to top of barrier

W = ny-P-d_ 0.0605
2 ft
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Next, the maximum lateral moment in the flange due to the factored wind loading is
computed as follows:

C4.6.2.7.1

2
o= b 0K -t
10
10.81.1
Finally, the flexural stress at the edges of the bottom flange due to factore ing

is computed as follows:

ty, =2.75in by =14.0in
f, = G'MWZ = 0.32ksi
ty by
The load factor for live load is 1.35 for th‘tre ad bination. However, it is

n investigated.
of this steel girder.
ted simply to demonstrate that wind

1.75 for the Strength | load combination, whi
Therefore, it is clear that wind effects will not
Nevertheless, the following computatio
effects do not control this desigh:

fo, = (1.25--16.84ksi )+
+(1.50--2.6

f,, = —44.00ksi

(for both local buckling and lateral torsional buckling in this
case — see Design Step 10)

(fbu+%f,js¢f F. OK

Wind effects do not control the design of this steel girder. For a discussion on checking
for wind effects acting on the fully erected steel work prior to placing the concrete deck,
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see RM Section 6.5.3.6. It should be noted that AASHTO may revise the computations
for wind effects at some point in the future.

Design Step 3.18 - Draw Schematic of Final Steel Girder Design

Since all of the specification checks were satisfied, the trial girder section
Design Step 3.2 is acceptable. If any of the specification checks were n
the design were found to be overly conservative, then the trial girder secti uld need
to be revised appropriately, and the specification checks would need to b
the new trial girder section.

The following is a schematic of the final steel girder configuration:

51/2” x 1/2” Transverse
Intermediate Stiffeners

(One Side of Web Only -
Interior Side of Fascia Girders)
(Typ. Unless Noted Otherwise)

14” x 3/4” Top Flange 7 | 14" x 1 1/4” Top Flange

Symmetrical abo

4" x21/2"
Top Flange

Y 54" x 1/2”

14" x 2 3/14”
Bottom Flange

C Pier —

Bearing Stiffener
(Both Sides of Web)

re 3-16 Final Plate Girder Elevation

For this'd only the location of maximum positive moment, the location of
[ i ent, and the location of maximum shear were investigated.

2 above schematic shows the plate sizes and stiffener spacing throughout
1gth of the girder. Some of the design principles for this design example

in "tip boxes."

Design computations for a bolted field splice are presented in Design Step 4. Design
computations and principles for shear connectors, bearing stiffeners, welded
connections, and cross-frames are presented in Design Step 5. Design computations
for an elastomeric bearing pad are presented in Design Step 6.
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Design Step 4.1 - Obtain Design Criteria

This splice design example is based on AASHTO LRFD Bridge Design Specifications,
Seventh Edition (2014), including the 2015 Interim Specifications. The design methods
presented throughout the example are meant to be the most widely used in general
bridge engineering practice.

The first design step is to identify the appropriate design criteria. This inclt
not limited to, defining material properties, identifying relevant superstruc
information, and determining the splice location.

Refer to Design Step 1 for introductory information about this design e
Additional information is presented about the design assumptio
criteria for the entire bridge, including the splice.

Presented in Figure 4-1 is the final steel girder configurati Design Step
3. Included in Figure 4-1 is the bolted field splice locati
determined using the criteria presented in the narrative

14" x21/2"

14” x 3/4” Top Flange 7 Top Flange

Flange j Z 14” x 2 3/4”

Bottom Flange

14” x 7/8” Botti lange A 14"
C Bolt

) e

ield Splice ——|

20-0” 16'-0”
I

120'-0”

€ Bearin ment C Pier —!

igure 4-1 Plate Girder Elevation
The foll units are defined for use in this design example:

10001 kef = X k= K

ft? in?

For relatively long girders, field splices are generally required to reduce the girder
shipping length. The location of the field splice is generally based on economy and
includes the following considerations:
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1.

In Design Step 1.1, the steel properties of the girder were defined. Thes
be used for the splice plates as well.

For Specifications equations requiri nge strength:

Yield Strength:

Tensile Strength:

Field splices are generally located to provide girder segment lengths that do not
exceed the allowable girder shipping length or weight. The allowable girder
shipping length is often a function of the shipping route from the fabrication site to
the construction site.

The Specification recommends locating splices near points of dead load
contraflexure (S6.13.6.1.4a).

number of bolts.

F, = 50ksi

F, = 65ksi

Flange Yield Strength:

F,r = 50ksi

to the Left of the Bolted Splice as shown in

Top Flange Thickness:

ty, =0.75in
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Bottom Flange Width:
bq,. =14in
Bottom Flange Thickness:

t,,, = 0.875in

Plate Dimensions of the Girder Section to the Right of the Bolted Splice in
Figure 4-1 (reference Design Step 3.18):

Web Thickness:
t,, =0.50in
Web Depth:
D =54in
Top Flange Width:
bur =14in
Top Flange Thickness:

tye =1.25in

Bottom Flange Width:

Dgpr =14

Bottom Flange ness:

S6.13.6.1.4a
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L
B

Bolt Holes

N

Oversize or slotted holes are not permitted in either the member or the
splice plates at bolted splices of flexural members for improyed
geometry control during erection and because a strength r tion
may occur when oversize or slotted holes are used in eccent
loaded bolted web connections.

Bolt Diameter:

d,,, = 0.875in

Bolt Hole Diameter (for design purposes):

d =0.9375in
Bolt Tensile Strength (ASTM A 325):‘
F oo =120ksi $6.4.3.1
Concrete Deck Properties (re o S ep
Effective Slab Thickness:
t.s =8in

Modular Ratio:

n==8

ed from top of web):

lange Width:

=117in

Based on the concrete deck design example (FHWA Publication NHI-04-041,
December 2003, Design Step 2) and as illustrated in Figure 2-18 (reproduced here as
Figure 4-2), the area of longitudinal deck reinforcing steel in the negative moment
region is computed as follows:
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N
¢, . X . & . ol . .
N
7 %
#5@5in

#5@5in

Figure 4-2 Superstructure Ne%tive Moment Deck R

For the top steel:

Apsent o = (0.31in7 ) et \
Adesaeint 1op = 7-254in?
For the bottom steel:
Weff

Adeckreinf bot 3

1
A2
Adeckreinf bot T 4in

S6.5.4.2
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Axial Compression:

¢, =0.95

Tension, fracture in net section:

¢, =0.80

Tension, yielding in gross section:

¢, =0.95
Bolts bearing on material:
@, =0.80

A325 and A490 bolts in shear:

4, =0.80

\ 4

Block sheatr:

4, =0.80

Design Step 4.2 - Select Girder lon as B for Field Splice Design

S6.13.6.1.4a

smaller of the two connected sections is to be
aller section at the point of splice in a flexural
er section be taken as the side of the splice that
of the calculated moment of inertia for the noncomposite steel
ecified minimum flange yield strength on the side of the
'The smaller section is used to ensure that the splice is at
llest connected member. Therefore, the bolted field splice will
; e girder section to the left of the bolted splice location. This will
ed to as the Left Girder throughout the calculations. The girder section located
to the rightof the bolted field splice will be designated the Right Girder. See Figure 4-1
for the girdeFsections described above.

Where a section ch
used in the desig
member, it is su
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Design Step 4.3 - Compute Flange Splice Design Loads

Girder Moments at the Splice Location:

Based on the properties defined in Design Step 3 (Steel Girder Design), any number of
commercially available software programs can be used to obtain the design dead and

live loads at the splice. For this design example, the AASHTO BrD sof e was used.
A summary of the unfactored moments at the splice from the initial trial o
design are listed below. The live load effects include the dynamic load allo
distribution factors.

Dead Load Moments:

Noncomposite:

Mo =-51.8K- ft
Composite:
M., =155K - ft L 3

Future Wearing Surface:

M rys =18.8K - ft

Live Load Moments:

HL-93 Positive:

My, =—284.0K - ft

S6.13.6
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Typically, splices are designed for the strength, service, and fatigue limit states. The
load factors for the load combinations associated with these limit states are shown in
Table 4-1:

STable 3.4.1-1 and STable 3.4.1-2

Load Factors

Strength | | Service Il | Fatigue | | Fatigue Il |

Load Ymax | Ymin Y Y
DC 1.25 | 0.90 1.00 -
DW 1.50 | 0.65 1.00 -
LL 1.75|1.75 1.30 1.50

Table 4-1 Load Factor

Flange Stress Computation Procedure:

S6.13.6

The stresses corresponding to each limit state
the top and bottom flanges. T
in computing stresses are de
previously documented design

e computed at the midthickness of
roperties and load factors for use
ssary, refer to the signs of the

Strength Limit State:

S6.13.6.1.4a

Case 1: Dead ive Li oad

STable 3.4.1-2 and S6.10.1.1.1b

oncomposite) since the DCi load effects are opposite in sign to the other
ts, and the maximum load factor is used for the future wearing surface
dead load and live load effects. The composite dead load and future
wearing Surface act on the 3n-composite transformed section, and the live load acts
on the n-composite transformed section.

Case 2: Dead Load + Negative Live Load

For this case, stresses will be computed using the gross section properties. The
future wearing surface is conservatively excluded and the maximum load factor is
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used for the DC (noncomposite) dead load effects and the live load effects. The
minimum load factor is used for the composite dead load effects because they are
opposite in sign to the other load effects. The live load acts on the section
consisting of the steel girder plus the longitudinal reinforcement. The composite
dead load is applied to this section as well, as a conservative assumption for
simplicity and convenience, since the net effect of the live load is to induce tension in
the slab. The reinforcing steel in the deck that is used corresponds e negative
moment deck reinforcement shown in Figure 4-2.

.1.4a
Service Limit State:
Case 1: Dead Load + Positive Live Load

For this case, stresses will be computed using the gross )
future wearing surface is included and acts, along with the €e [ cad load, on
the 3n-composite transformed section. The live loa C '
transformed section.

S6.10.1.1.1c
Case 2: Dead Load + Negative Live
For this case, stresses will ' 0Ss section properties. The
future wearing surface is exc site dead load acts on the 3n-
composite transformed section, ' acts on the n-composite
transformed section sin ulations (not shown) indicate that the

longitudinal tensile de
than 2f; (S6.13.6.1.4a

Service Il loads at the splice is smaller

il be computed using the gross section properties. The live
pnposite transformed section.

S6.13.6.1.4c
Case 25\Negative Live Load
S6.6.1.2.1

For this case, stresses will be computed using the gross section properties. The live
load acts on the n-composite transformed section.
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Section Properties:

The transformed effective area of the concrete flange of the steel girder is now
determined. This requires the modular ratio as follows:

3 Effective Slab Width
" Modular Ratio

c seff

For the n-composite beam:

Weff

te =117.00in’
n

A =

For the 3n-composite beam:

A _Wer ¢~ 39.00in?
3n 3n seff '

The section properties for the Left Girdel‘e C d withithe aid of Figure 4-3 shown

below:

Top longitudinal orcement
Bot ongitudinal reinforcement

Figure 4-3 Girder, Slab and Longitudinal Reinforcement

The following tables contain the section properties for the left (i.e., smaller) girder
section at the splice location. The properties in Table 4-2 are based on the gross area of
the steel girder, and these properties are used for computation of stresses for the
Strength |, Service Il and Fatigue load combinations.
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Gross Section Properties
Section Area,/-; Cenérmd, Axd lo , A*y?2 ) ltotal )
(Inches?) (Inches) (Inches®) | (Inches?®) | (Inches?) | (Inches*)
Girder only:
Top flange 10.500 55.250 580.1 0.5 8441.1 8441.6
Web 27.000 27.875 752.6 6561.0 25.8
Bottom flange 12.250 0.438 5.4 0.8 8576.1
Total 49.750 26.897 1338.1 6562.3 | 17043.0
Deck Steel:
Girder 49.750 26.897 1338.1 | 23605.3 | 3102.8
Top Steel 7.254 63.438 460.2 0.0 5951.6
Bottom Steel 7.254 60.313 437.5 0.0
Total 64.258 34.794 2235.8 | 23605.3
Composite (3n):
Girder 49.750 26.897 1338.1
Slab 39.000 62.375 2432.6
Total 88.750 42.487 3770.7
Composite (n):
Girder 49.750 26.89* 30829.0 | 54434.3
Slab 117.000 | 62.37 13108.9 | 13732.9
Total 166.750 | 51.790 43937.9 | 68167.2
. topmi Sto mid Sto web
SN > (Incr:)es3) (Incﬁes?’)
Girder only 832.5 843.7
Deck Steel 1827.5 1861.6
Composite (3n) 4021.9 4143.7
Composite (n) 19701.6 | 22096.4

Strength | Stress

this case have been calculated in Table 4-2. The stresses at
es are shown in Table 4-3, which immediately follows the

computed
wearing su
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Noncomposite DL:
Stress at the midthickness:

f=f

botgdr
Noncomposite DL moment:

M o =-51.8K - ft

Section modulus (girder only), from Table 4-2:

S =892.1in°

botgdr;

Stress due to the noncomposite dead load:

Footgar, = Mo = —0.70ksi
* T S ’
Composite DL: A
Stress at the midthickness: \
f =T,
Composite DL moment:
M ., =15.5K
ite
= n®

Section modul n-c m Table 4-2:

i
ite dead load:

—CPL = 0.15ksi

botgdr,
Future Weafing Surface:
Stress at the midthickness:

f = fbotgdr3

FWS moment:
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M =18.8K - ft
Section modulus (3n-composite), from Table 4-2:

S =1220.7in®

botgdr,
Stress due to the composite dead load:

f _Mews _ 0.18ksi

botgdr, S

botgdr,
Positive Live Load:
Stress at the midthickness:

f=f

botgdr,
Live load moment:
M, =1307.8K - ft
Section modulus (n-composite), fr

S =1327.4in°

botgdr,

Stress due to the positiv,

are now factored by their respective load factors for the
jon to obtain the final factored stress at the midthickness of the

table3.4.1-1 and STable 3.4.1-2)

focr = (0.90- footgar, 125 Fogugar, +1.50- figioq, +1.75- fbotgdu) footgar = 20.53Ksi

at the midthickness of the top flange for this load case are computed in a
. The section properties used to obtain the stresses in the top flange are
also from Table 4-2.

The top and bottom flange midthickness stresses are summarized in Table 4-3, shown
below.
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Strength | - Dead Load + Positive Live Load
Summary of Unfactored Values
Loading M(oKrEf)nt fazg;j fécl’(pg;')d
Noncomposite DL -51.80 -0.70 0.75
Composite DL 15.50 0.15 -0.05
FWS DL 18.80 0.18 -0.06
Live Load - HL-93 | 1307.80 11.82 -0.80
Summary of Factored Values
Limit State
Strength | | 2289.61 | 2053 | -0.86

The computation of the midthickness flange stresses for the
computed in a manner similar to what was shown in the sa
preceded Table 4-3.

Strength | - Dead Load + Negative Live I‘d_

The computed stresses in the following tabl uire section properties from
Table 4-2.

ive Load

fbotmid ftopmid
(ksi) (ksi)
-0.70 0.75
0.17 -0.10
-10.51 6.26

The computed stresses in the following table require the use of section properties from

Table 4-2.
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Service Il - Dead Load + Positive Live Load
Summary of Unfactored Values
Loading M(oKrE%nt fazg;;j fé?(pg;;j
Noncomposite DL -51.80 -0.70 0.75
Composite DL 15.50 0.15 -0.05
FWS 18.80 0.18 -0.06
Live Load - HL-93 | 1307.80 11.82 -0.80
Summary of Factored Values
Limit State
Service | | 1682.64 | 1501 | -0.39

Table 4-5 Service Il Flange Moments & Stresses for

Service Il - Dead Load + Negative Live Load:

The computed stresses in the following table require th ction erties from
Table 4-2.

Service Il - Dead L
Summary of Unfactored V:

Loading

Noncomp@ . ‘ 0.75
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L
L

Fatigue - Positive Live Load
Summary of Unfactored Values
. Moment footmid ftopmid
Lering (K-ft) (ksi) (ksi)
Live Load-Fatigue 394.30 3.56 -0.24
Summary of Factored Values
Limit State
Fatigue | 591.45 5.35 -0.36
Fatigue Il 295.73 2.67 -0.18

Table 4-7 Fatigue Flange Moments & Stresses for Positi

Fatigue - Negative Live Load:

The computed stresses in the following table require the use, gperties from

Table 4-2.
Fatigue - Negative Live Load
Summary of Unfactore*lues
. om
Loading (K
Live Load-Fatigue
Table 4-8 Fati ts & Stresses for Negative LL
Fatigue:
The computed st [ g table require the use of section properties from
Tabl
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Fatigue - Live Load
Summary of Unfactored Values
. Moment footweb ftopweb
Loading KA | (ksi) (si)
Live Load-Pos 394.3 3.53 -0.21
Live Load-Neg -284.00 -2.55 0.15
Summary of Factored Values
Limit State
Pos Fatigue | 591.45 5.30 -0.32
Neg Fatigue | -426.00 -3.82 0.23
Pos Fatigue Il 295.73 2.65
Neg Fatigue Il -213.00 -1.91
Table 4-9 Fatigue Web Moments & Stresses for Positive@nd Negaiti oad
A summary of the factored stresses at the midthickness of t bm flanges

for the Strength I, Service I, and Fatigue load combina below in

Tables 4-10 through 4-12. Table 4-12 also contains the

stresses. ‘

Limit State Dead + Neg. LL
-19.12
Strength |
11.80

ge Stresses

Stress (ksi)

Dead + Pos. LL Dead + Neg. LL
15.01 -11.75

-0.39 1.46

ble 4-11 Service Il Flange Stresses
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Stress (ksi)

Limit State Location Positive LL Negative LL
Bottom Flange 5.35 -3.85
. Top Flange -0.36 0.26

Fatigue |

Bottom of Web 5.30 -3.82
Top of Web -0.32 0.23
Bottom Flange 2.67 -1.93
=il Top Flange -0.18 0.13
Bottom of Web 2.65 -1.91
Top of Web -0.16 0.12

Table 4-12 Fatigue Flange and Web Stress

Strength Limit State Minimum Design Force - Controlling Fla

S6.13.6.1.4c

The next step is to determine the controlling flan ad case (l.e., positive and
negative live load). By inspection of Table™d-1 nge is the controlling
flange for both positive and negative live loa imit state.

r the

S6.13.6.1.4c

The minimum design force for , is taken equal to the design
stress, Fct, times the effective flan controlling flange. When the flange
is in compression, the effecti e flange s to be taken as Ae = Ag. When the
flange is in tension, the ef

€,

subtracting from the width of the flange the sum of the widths of all holes in the
assumed failure chain, and then adding the quantity s? /4g for each space between
consecutive holes in the chain. Since the bolt holes in the flanges are lined up
transverse to the loading direction (i.e. are not staggered), the governing failure chain is
straight across the flange (i.e., s? /4g is equal to zero).
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The net area of the bottom flange of the steel girder now follows:
An = (bebL -4 dhole)'tﬂbL =8.97in?

With the gross and net areas identified, the effective tension area of the bottom flange
can now be computed as follows:

F, = 65ksi
F,. =50ksi
¢, -F in2
A =|—%|-A =9.82in
¢y ’ Fyt

Check:

A =9.82in* < A, =12.25in? OK

Effective bottom flange area:
A, = 9.82in?

The calculation of the strength orceVs presented below for the load
case of dead load with positive liv

The strength limit state de controlling (bottom) flange is computed as

follows:

2075 a-¢; -F; R, SEquation 6.13.6.1.4c-1

flexural stress due to the factored loads at the midthickness of the
flange at the point of splice (from Table 4-10):

f, = 20.53ksi

Hybrid girder reduction factor. For homogeneous girders:

R, =1.0 S$6.10.1.10.1

4-20



FHWA LRFD Steel Bridge Desigh Example

Flange stress reduction factor:
a=1.0 (for I-girders)

Flange resistance modification factor:

r ARl g

9 _‘a'Ae'FYf‘ss

where:

|Aﬂ|Ls = (bebL -4 dhole)'tﬂbL =14.09in2

_ ¢u'Fu . — HY3
|’%|Ls _[¢y'Fytj A, =15.42in ’

A =15.42in* <|A |  =19.25in’

| Aot |, s =15.42in?

= 1935 =156>1.0 ~R
A FYf ‘ss '

factor for flexure (Design Step 4.1):
¢, =1.0
Minimum yield strength of the flange:

F,; = 50ksi
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cf
+a-¢ -F,-R
Rh ¢f yf g

Fy, = = 35.27ksi

2

Compute the minimum required design stress:
Fr, =0.75-a-¢, - F, - R, =37.50ksi

The controlling design stress for the bottom flange for this load case i

F, =max(F, ,F, )=37.50ksi

cfy 17 cf,

The design force now follows:

I:)cu = Fcf : Ae
Since the bottom flange force for this load case is a teénsile ffective area
of the controlling bottom flange of the Lkeft Girder will sed. This value was

computed previously to be:

Ay = 9.82in2

Therefore:

P, =F, A, =36825K

it state design forces for the controlling
load cases.

Table 4-13 presents the
flange for both the positi

Strength Limit State
Controlling Flange
. fot Fet Area Pcu
Location (ksi) (ksi) (in2) (kips)
ot. Flange 20.53 37.5 9.82 368.25
Bot. Flange -19.12 -37.5 12.25 -459.38
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L
L

Strength Limit State Minimum Design Force - Noncontrolling Flange:

S6.13.6.1.4c

The next step is to determine the minimum design forces for the noncontrolling flange of
each load case (i.e., positive and negative live load). By inspection of Table 4-10, the
top flange is the noncontrolling flange for both positive and negative live l@ad for the
strength limit state.

The minimum design force for the noncontrolling flange, Pncu, is taken eq
design stress, Fnct, times the effective flange area, Ae, of the noncontro
When the flange is in compression, the effective area of the flange is to
= Ag. When the flange is in tension, the effective flange area is calculatedias illustrate
previously.

The calculation of the strength limit state minimum design fo sernftéd below for
the load case of dead load with positive live load.

The strength limit state minimum design stress for the noR€ontro p) flange is
computed as follows:

ncf

F. =Ry >0.75-a-¢; -F R, Equation 6.13.6.1.4c-3

h
where:

tored loads at the midthickness of the
concurrent with fcr (See Table 4-10):

Maximum flexural stress

cf

R =

cf

=1.83

cf

Hybrid girder reduction factor:
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R, =1.00
Flange Resistance Modification Factor:

_‘a-A\E.FVf‘LS <1

= <1.0
9 ‘a'A“‘"FVf‘ss

For the positive live load case, the top flange is in compression. The effg
compression flange area for the larger flange at the point of the spli
as:

(Ae)Ls = (Ag )Ls = (bﬂtR Tow )LS =17.50in?

The effective compression flange area for the smaller fla
is taken as:

(A\e)ss = (Ag )35 = (betR Tow )SS =1O.‘Oin2

t of the splice

e ARy, 1.0-17.50-50

R = =
 la-A-Fyl, [1.0-10.50-50

=1.67 >1.

Therefore:

The mini

ncf Ae

For the positive live load case, the top flange is in compression. The effective
compression flange area is taken as:

A =A, =byg, -ty =10.50in’
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Therefore:

P

ncu

=F A =393.75K (compression)

Table 4-14 presents the strength limit state minimum design forces for the
noncontrolling flange for both the positive and negative live load cases.

Strength Limit State

Noncontrolling Flange
. frct Frct Area
Load Case Location (ksi) (ksi) (in?)
Dead + Pos. LL | Top Flange | -0.86 375 10.5
Dead + Neg. LL | Top Flange | 11.80 37.5 7.69

Table 4-14 Strength Limit State Noncontrolling Flan

In the above table, the design noncontrolling flange forcgy(Pn

negative live load.

Service Il Limit State Flange Forces:

S6.13.6.1.4c
Per the Specifications, bolted an lices are to be designed as slip-
critical connections for the ser sign¥orce. This design force for the
flange under consideration is to b vice Il design stress, Fs, multiplied
by the gross area of that flangesin th aller section at the point of the splice.

Fs is defined as follow:

SEquation 6.13.6.1.4¢c-5

imum flex ervice Il stress at the midthickness of the flange under

The fac d Servi design stresses and forces are shown in Table 4-15 below.

Service Il Limit State

. Fs Agross Ps
Load Case Location (ksi) (in?) (kips)
Bot. Flange | 15.01 12.25 183.87
+ .
Dead + Pos. LL Top Flange -0.39 10.50 -4.10

Bot. Flange | -11.75 12.25 -143.94
Top Flange 1.46 10.50 15.33

Dead + Neg. LL

Table 4-15 Service Il Flange Stresses & Forces
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S6.13.6.1.4a

It is important to note here that the flange slip resistance must exceed the larger of: (1)
the Service Il flange forces or (2) the factored flange forces from the moments at the
splice due to constructibility (erection and/or deck pouring sequence). However, in this
design example, no special erection procedure is prescribed and, per the Introduction in
Design Step 1, the deck is assumed placed in a single pour in this exa . Therefore,
the constructibility moment is equal to the noncomposite dead load mom
the beginning of this design step. By inspection, the Service Il load combin
control for checking of slip-critical connections for the flanges and the w
example.

Fatigue Stresses:

C6.13.6.1.4a
The final portion of this design step is to determine the stresS€s at the
midthickness of both flanges, and at the top and bottom Fatigue load
combinations. The ranges are calculated below and pre 4-16.
A typical calculation of the stress range for the,bot r the Fatigue Il load

combination is shown below.

From Tables 4-7 and 4-8, the factore s at
are:

idthickness of the bottom flange

Case 1 - Positive Live Load:

fo0s = 2.67ksi

spos

Case 2 - Negati
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Fatigue | Fatigue Il
Stress Range Stress Range
(ksi) (ksi)
Load Case Location Af (ksi) Af (ksi)
Bottom Flange 9.20 4.60
+ .

Dead + Pos. LL Top Flange 0.62 0.31
Bottom of Web 9.12 4.56

Dead + Neg. LL
Top of Web 0.55 0.28

Table 4-16 Fatigue Stress Ranges

Design Step 4.4 - Design Bottom Flange Splice

Splice Plate Dimensions:

narrowest
0 1/2" x 6"

The width of the outside plate should be at least as wid
flange at the splice. Therefore, try a 7/16" x 14" outsid
inside splice plates. Include a 1/2" x 14" fill plate on the
the initial bottom flange splice configurat‘

€

Inside Splice Plates
2 Plates - 2" x 6"

]
Flange/

13/8" x 14"

Outside Splice
Plate 7/16" x 14"
Figure 4-4 Bottom Flange Splice

The dimen s of the elements involved in the bottom flange splice from Figure 4-4

are:
Thickness of the inside splice plate:

t, =0.50in
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Width of the inside splice plate:
b,, =6in
Thickness of the outside splice plate:

t,, =0.4375in

Width of the outside splice plate:

b, =14in
Thickness of the fill plate:

t., =0.50in
Width of the fill plate:

b =14in
C6.13.6.1.4c

ten percent of the area of the
ice plates may be designed for

If the combined area of the in
outside splice plate, then both
one-half the flange design force.

Gross area of the inside a

Inside:

Agross in
———=— 1-100% = 2.04%

gross _ out

The combined areas are within ten percent.

S6.13.6.1.4c
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If the areas of the inside and outside splice plates had differed by more than ten
percent, the flange design force would be proportioned to the inside and outside splice
plates. This is calculated by multiplying the flange design force by the ratio of the area
of the splice plate under consideration to the total area of the inner and outer splice
plates.

Yielding and Fracture of Splice Plates:

For a detailed discussion on the resistance of connected elements, see R tion
6.6.4.2.5.6.

Case 1 - Tension:

P, = 368.25K \ 4

The factored tensile resistance for yielding on t

Po=¢, Py =0,-F-

0SS section is;

SEquation 6.8.2.1-1
F, = 50ksi

¢, =0.95

de splice plate takes half of the design load:

=184.13K

P, =290.94K > % =184.13K OK

For yielding of the inside splice plates:
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Ag = Agross_in
P.=¢,-F, -A, =285.00K
The inside splice plate takes half of the design load:

% _184.13K

P, =285.00K > % =184.13K OK

The factored tensile resistance for fracture on the net section is;

P=¢-Pu=¢ F A-R-U quétion 6.5.2.1-2
F, = 65ksi (Design Step 4.1)

¢, =0.80 (Design Steﬁl)

U=10 S6.13.5.2

R, =10

p

To compute the net area of the spli e four 7/8" bolts across the width of

the splice plate.
S6.8.3

ch chain of holes extending across the member
zag line. This is determined by subtracting from the
sum of the width of all holes in the chain and adding the

e between consecutive holes in the chain. For non-

his design example, the minimum net width is the width of
ber of bolt holes in a line straight across the width. For a

(he spacing and layout of bolt holes, refer to RM Section

d f

the outside splice plate:
The net width is:

b —4-d

n_out — hole

d,,. =0.9375in  (Design Step 4.1)

hole
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b =10.25in

n_out
The nominal area is determined to be:

A, o =Dy oy toy =4.48in?
S6.13.5.2

The net area of the connecting element is limited to 0.85 Ag:

A, <0.85A,

A =6.12in°

gross _out

A o = 4.48in” < 0.85- A =5.21in°

gross _out
P.=¢,-F, -An_out . Rp -U =232.96K

The outside splice plate takes half of% Si

P =232.96K > % —184.13K

For fracture of the inside splice p

The net width is:

S6.13.5.2
ea of the connecting element is limited to 0.85 Ag:

<0.85- A,

A =6.00in?

gross _in

A, , =4.125in <0.85-A . , =5.10in>  OK

gross _in

P =¢ F A ,R,-U=21450K
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The inside splice plate takes half of the design flange force:
P, =214.50K > % =184.13K  OK

S6.13.6.1.4c

Case 2 - Compression:

From Table 4-13, the strength limit state bottom flange compression des;j
P, =459.38K

This force is distributed equally to the inside and outside splic

The factored resistance of the splice plate is:

R, =¢,-F,-A 113.6.1.4c-4

¢, =0.95 (Design Steﬁl)
For yielding of the outside splice plate:

A =A

gross _ out

RF_OUt = ¢C ’ Fy ’ AS = 290'9

OK

ot = 285.00K > P;” = 229.69K OK

Block Sheatr:
S6.13.6.1.4c, S6.13.5.2, S6.13.4

All tension connections, including connection plates, splice plates and gusset plates, are
to be investigated to ensure that adequate connection material is provided to develop
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the factored resistance of the connection. Block shear rupture will usually not govern
the design of splice plates of typical proportion. However, the block shear checks are
carried out here for completeness. For a detailed discussion of block shear, refer to RM
Section 6.6.4.2.5.6.

From Table 4-13, the strength limit state bottom flange tension design force is:

P, =368.25K

The block shear resistance is given by:

R, =4, -(0.58-F,-A, +U, -F,-A,) SEquatio

< ¢bs (058 I:y ) Avg +Ubs ’ I:u A[n)
where from Design Step 4.1:

Minimum yield strength of the connected material:

\ 4

F, = 50ksi
Minimum tensile strength of the con
F, = 65ksi
Resistance factor for block.sheart
#,s =0.80

Reduction facto bl hear uniform tension stress):

assumed prior to checking an assumed block shear failure mode.
pattern for the bottom flange splice, along with an assumed failure mode
e splice plate, is shown in Figure 4-5. The outside splice plate will now be

checked forblock shear.
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¢ Field
Splice

Failire

plane

resisting

tensjon
I

Failure plane
5.00"| resisting shear

Figure 4-5 Outsi Block Shear Check

Applying the factored resis presented previously to the outside splice
plate:

Gross area alon

A, =2 00in)+1 “t,,, = 6.56in

the s resisting shear stress:

n)+1.50in-2.5-d,,,|-t,, =4.5%n?
Net are@along the planes resisting tension stress:
= 2[(3.00in +1.50in)-1.5-d,,, |- t,,; = 2.71in?

Factored resistance:

R, =0.80-(0.58-65-4.51+1.0-65-2.71) = 276.94K
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<0.80-(0.58-50-6.56+1.0-65-2.71) = 293.11K

368.25 =184.13K  OK

~ R, =276.94K >

Inside Splice Plates:

The inside splice plates will now be checked for block shear. See Figure r the
assumed failure mode:

¢ Field
| | | Splice
‘| 1.50" ==—3.00"—~——3.00"

1.50”

4-6 Inside Splice Plates - Block Shear Check

actored resistance equations presented previously to the inside splice
assumed failure mode:

along the planes resisting shear stress:
A, =2[2-(3.00in)+1.50in]-t,, = 7.50in’
Net area along the planes resisting shear stress:

A, = 2[2-(3.00in)+1.50in-2.5-d,,,] t,, =5.16in?
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Net area along the planes resisting tension stress:

A,, = 2[(3.00in +1.50in)-1.5-d,,, |-t,, = 3.09in?
Factored resistance:

R, =0.80-(0.58-65-5.16+1.0-65-3.09) = 316.31K

<0.80-(0.58-50-7.50+1.0-65-3.09) = 334.68K

368.25

~ R, =316.31K > =184.13K OK

Girder Bottom Flange:

e fl
Figu

The girder bottom flange will now be checked for block e, two
different failure modes are possible. One failure mode -7 and the
accompanying computations are shown immediately foll . The second
failure mode is similar to the failure modeginvestigated previgusly in this design example
for the inside splice plates. Since these c

inside splice plates, they will not be repeate
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¢
-—3.00——3.00—] 1.75" |1 Splice

Design Step 4 — Bolted Field Splice Design

Field

Failure
plane plane
resisting resisting
tension shear

the assumed failure mod

Gross area al e plan

+1.75in]-t,,, =27.12in?

Net areai@long the planes resisting tension stress:

A, =2[(3.00in)-1.0-d,,, ]-t;, =3.61lin?

Factored resistance:

sting shear stress:

anes resisting shear stress:

r Check (Failure Mode 1)

= 4[2-(3.00in)+1.75in — 2.5-d,, |- t,, =18.92in?

R, =0.80-(0.58-65-18.92+1.0-65-3.61) = 758.35K
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<0.80-(0.58-50-27.12+1.0-65-3.61) = 816.90K
~R, = 758.35K > 368.25K OK

It should be noted that although the block shear checks performed in this design
example indicate an overdesign, the number of bolts cannot be reduced prior to
checking shear on the bolts and bearing at the bolt holes. These checks performed
in what follows.

Net Section Fracture

following additional requirement is to be satisfied at all cross
containing holes in the tension flange:

A
f, < 0.84-(—”

Agj-Fust ‘

An = (bﬂbL _4' dho|e)'tf|b|_ = 897in2
Ag =t Do =12

F, = 65ksi

Flange

Determine number of bolts for the bottom flange splice plates that are required to
develop the Strength limit state minimum design force in the flange in shear assuming
the bolts in the connection have slipped and gone into bearing. A minimum of two rows
of bolts should be provided to ensure proper alignment and stability of the girder during
construction.
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The critical strength limit state flange design force to be used in this check was
previously computed (reference Table 4-13):

P, = 459.38K

The factored resistance of an ASTM A325 7/8" diameter high-strength bolt in shear

must be determined, assuming the threads are excluded from the shear es. For
this case, the number of bolts required to provide adequate shear strengt
determined by assuming the design force acts on two shear planes, know,
shear.

Threads in the Shear Plane

utis

nce of the
uded from
eter. For bolts greater
ar resistance of the
are excluded from

If the ply thickness (i.e. splice plate thickng§s)
greater than or equal to %2-in. thick, the no
bolts should be determined assuming the t
the shear planes for bolts | thaal iR, i

than or equal to 1 in. in diamet

to th

SEquation 6.13.2.7-1

esponding to the nominal diameter:
T .
= Z~dbo,t2 = 0.60in?

Specifiedminimum tensile strength of the bolt from Design Step 4.1:

F,, = Fypo =120ksi

Number of shear planes per bolt:
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N, =2
R, =2(0.48-A, -F,)=69.27K

The factored shear resistance now follows:

¢, =0.80 (Design Step 4.1)

R, = ¢, -R, =55.42K

When bolts carrying loads pass through fillers 0.25 inches or
loaded connections, including girder flange splices, either:

The fillers are to be extended beyond the gusset or spli to be
secured by enough additional bolts to distribute the tota ber uniformly
over the combined section of the member and the filler.

or,

vided that the factored resistance of
Article 6.13.2.2, is reduced by

The fillers need not be extended and develope
the bolts in shear at the stren
an appropriate factor:

In this design example, the reducti h will be used. The reduction factor

per the Specifications is:

(1+7)

= SEquation 6.13.6.1.5-1
(1+2

rea of the fillers on the top and bottom of the connected plate:
B i = 7.00in’

The smaller of either the connected plate area (i.e., girder flange) or the sum of the
splice plate areas on the top and bottom of the connected plate determines Ap.

Bottom flange area:
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b, =14in
ty,. =0.875in
A = (b flbL Xt flbL ) =12.25in’

Sum of splice plate areas is equal to the sum of the gross areas of the in nd
outside splice plates:

A = 6.00in?

gross _in

A =6.12in?

gross _ out

A,=A + A =12.12in?

p2 = gross_in gross _ out

The minimum of the areas is:
A, =min(A, A, )=1212in> €
Therefore:
Ar 0.58
7= =0

p

The reduction factor is det

The minimum number of bolts required on the side of the splice with the filler to resist
the critical strength limit state minimum flange design force in shear is twelve. For
practical reasons, use the same number of bolts on each side of the splice.
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Flange Bolts - Slip Resistance:

S6.13.6.1.4c

Bolted connections for flange splices are to be designed as slip-critical connections for
the Service Il flange design force, or the flange design force from constructibility,
whichever governs. In this design example, the Service Il flange force comtrols (see
previous discussion in Design Step 4.3).

splice plates, the slip resistance should always be determined by dividin
design force equally to the two slip planes regardless of the rai
areas. Slip of the connection cannot occur unless slip occurg

From Table 4-15, the critical Service Il bottom flange d
P, =183.87K L 6.13.2.2-1

The factored resistance for slip-critical coﬁe ion
R, =R, =K, -K,-N-PR, Equation 6.13.2.8-1

Determine the factored resista [ lass B surface condition for the

faying surface, standard holes (w
per bolt:

S$6.13.2.8

Class B surfaces ar, p d blast;€leaned surfaces and blast-cleaned surfaces with
Class B coatings

alanes bolt;

equired bolt tension:

P,"=39.0K STable 6.13.2.8-1

Hole size factor:

K, =10 STable 6.13.2.8-2
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L
L

Surface condition factor for Class B surface conditions:

K, =0.50 STable 6.13.2.8-3

R, =R, =K, -K, -N, - P, = 39.00K

r n
The minimum number of bolts required to prevent slip is:

N=T_47
R

r

Use:

N =5 < N =12 bolts determined previously to s hear
requirements.
Therefore, the number of bolts required for the bottom- eis rolled by the
bolt shear requirements. Arrange the bolts in three rows line with no
stagger. ‘
Friction Coef
Weathering steel ca Class B surface. Also, for
painted steel, Z) primers provide a Class B
surface.
Flange Bolts - Mi
S6.13.2.6.1

en centers of bolts in standard holes is to be no less than
of the bolt.

The

¢ = 0.875in (Design Step 4.1)
=3-d,,, =2.63in

For this example:
s =3.00in (see Figures 4-4 through 4-7)

The minimum spacing requirement is satisfied.
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Flange Bolts - Maximum Spacing for Sealing:

S$6.13.2.6.2

The maximum spacing of the bolts is limited to seal against an excessive penetration of
moisture in the joints.

For a single line adjacent to a free edge of an outside plate or shape (fo ample, the
bolts along the edges of the plate parallel to the direction of the applied force

s <(4.00+4.00-t)<7.00 SEquatio
where:
Thickness of the thinner outside plate or shape:
t-out = 0.4375in
Maximum spacing for sealing:

4.0in+4.0-t,, =5.75in < 7.00in‘

s <5.75in OK

Next, check for sealing along t een the splice plate. The bolts are
not staggered, therefore the app i :

s <(4.00+4.00-t

long the free

Maximum spacin e at the end of the splice plate (see Figures 4-4

through 4-7):

Therefore the requirement is satisfied.

Flange Bolts - Maximum Pitch for Stitch Bolts:

S6.13.2.6.3
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The maximum pitch requirements are applicable only for mechanically fastened built-up
members and do not apply to this example.

Flange Bolts — Edge and End Distance:

S6.13.2.6.6

Minimum:

The minimum required edge distance is measured as the distance from th
any bolt in a standard hole to an edge of the plate perpendicular to the
The end distance is measured parallel to the line of force. The require
same for both.

For a 7/8" diameter bolt measured to a gas-cut edge (assum ise ple), the
minimum edge and end distance is 1 1/8".

Referring to Figures 4-4 through 4-7, it is* um edge and end
distances specified for this example are 1%1/22 an the minimum
requirement.

Maximum:

The maximum edge and end di e more than eight times the

thickness of the thinnest outside p
8-t <5.00in
where:

t=t 375in

out

imum per edge and end distance is:

mum distance from the corner bolts to the corner of the splice plate or

girder fl@mge is equal to (reference Figure 4-7):

1.50in)* +(1.75in)* = 2.30in
and satisfies the maximum edge and end distance requirement.

2.30in<3.50in OK
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Flange Bolts - Bearing at Bolt Holes: S6.13.2.9

Check bearing of the bolts on the connected material under the critical strength limit
state minimum design force. The critical strength limit state minimum bottom flange
design force from Table 4-13 is:

P, =459.38K

The element of the bottom flange splice that controls the bearing chec
example is the outer splice plate.

To determine the applicable equation for the calculation of t
clear distance between holes and the clear end distance mu .
compared to the value of two times the nominal diamet . Thig'eheck yields:

dyo =0.875in (Design Step‘l)
2-d,,, =1.75in
For the bolts adjacent to the e

Therefore, the clear end dista
splice plate:

e edge distance is 1 1/2".
e hole and the end of the

dye =0.9375in

hole

istance between bolts in the direction of the force is three inches.
ce between edges of adjacent holes is computed as:

oles, where either the clear distance between holes or the clear end
ess than twice the bolt diameter:

12-L, -t-F, SEquation 6.13.2.9-2
For the outside splice plate:
Thickness of the connected material:

t,, =0.4375in
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Tensile strength of the connected material (Design Step 4.1):
F, = 65ksi
The nominal resistance for the end row of bolt holes is computed as follows:

R, =4-(1.2- L, -t,, - F,)=140.60K

The nominal resistance for the remaining bolt holes is computed as followss

R

n

=8-(L.2-L, -t,, -F,)=563.06K
The total nominal resistance of the bolt holes is:
R,=R, +R, = 703.66K
&, =0.80 (Design Step 4.1)
R, =@, R, =562.93K ‘

Check:

K

P;“ = 229.69K <R, =

Fatigue of Splice Plates: S6.6.1

SC6.13.6.1.4a

eb etal of the bottom flange splice plates adjacent
connections. Fatigue normally does not govern
lates, and therefore, an explicit check is not specified.

f the splice plates is recommended whenever the combined

flange splice plates is less than the area of the smaller

STable 6.6.1.2.3-1

The fatigue @etail category under the condition of Mechanically Fastened Connections
for checkingithe base metal at the gross section of high-strength bolted slip-resistant
connections with holes drilled full size is Category B (Condition 2.1). From Table
S6.6.1.2.3-2, since (ADTT)sL exceeds 860 trucks per day for a Category B detall, the
nominal fatigue resistance is computed for the Fatigue | load combination and infinite
life. From Table 4-16, the factored fatigue stress range due to the Fatigue | load
combination at the midthickness of the bottom flange is:
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y(Af ) =9.20ksi
For load-induced fatigue considerations, each detail shall satisfy:

y-(4f) < AF, SEquation 6.6.1.2.2-1

Nominal fatigue resistance:

AF, = AR,
Constant-amplitude fatigue threshold:
AF;,, =16ksi

S$6.10.5.2

The range of flange force in the bottom flange is comp
follows:

AP =9.20-0.875-14 =112.7K ‘

The flange force is equally distributed to the in nd oute ice plates due to the
areas of the flanges being within 10 p of e ther:

A check of the flexural stresses in the splice plates at the service limit state is not
explicitly specified in the specifications. However, whenever the combined area of the
inside and outside flange splice plates is less than the area of the smaller flange at the
splice (which is the case for the bottom flange splice in this example), such a check is
recommended.

The critical Service Il flange force in the bottom flange is taken from Table 4-15:
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P, =183.87K

The following criteria will be used to make this check. The equation presented is for
both steel flanges of a composite section assuming no lateral flange bending:

fi <0.95-R, -F SEquation 6.10.4.2.2-1

where:

Elastic flange stress caused by the factored loading:

fi
Specified minimum vyield strength of the flange (Design S

Fp = 50ksi

The flange force is equally distributed to the inner and o [ due to the
areas of the flanges being within 10 per of

P= % =91.94K

The resulting stress in the out

A =6.12in?

gross _out

OK

P 1530k

ross_in

f _in=15.32ksi <0.95-R, - F,; = 47.50ksi OK
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Design Step 4.5 - Design Top Flange Splice

The design of the top flange splice is not included in this design example (for the sake
of simplicity and brevity). However, the top flange splice is designed using the same
procedures and methods presented in this design example for the bottom flange splice.

Design Step 4.6 - Compute Web Splice Design Loads

Web splice plates and their connections are to be designed for shear, t
to the eccentricity of the shear at the point of splice, and the portion of
moment assumed to be resisted by the web at the point of the spli

Girder Shear Forces at the Splice Location:

erD n), any

n the design
O BrD software
from the initial trial of the

dynamic load allowance

Based on the girder properties defined in Design Step
number of commercially available software programs ca
dead and live loads at the splice. For this,design exampl
was used. A summary of the unfactored;e [
girder design are listed below. The live load
and distribution factors.

Dead Loads:
Noncomposite:

Vo, =—60.8K

Composite:

V,, =145K

HL-93 Negative:

V,, =-91.1K

4-50



FHWA LRFD Steel Bridge Design Example Design Step 4 — Bolted Field Splice Design

Fatigue Positive:
Ve =5.0K
Fatigue Negative:

Ve, =-33.4K

Web Moments and Horizontal Force Resultant:

Because the portion of the flexural moment assumed to be resisted.b

be applied at the mid-depth of the web to maintain equilibriu
horizontal force resultant are applied together to yield a com
equivalent to the unsymmetrical stress distribution in th Y
compressive and tensile stresses at the top and bottom | i with the neutral
axis located at the mid-depth of the web)

In the computation of the portion of the flexu
web, Muw, and the horizontal design force res
at the midthickness of the flanges are

web, the flange stresses
used (C6.13.6.2.4b). This allows

calculations. It is important to n streSSes are taken as signed
guantities in determining Muw and iti nsion; negative for compression).

The moment, Mw, due to i the design shear, Vuw, is resisted solely by
the web and always acts [
IS zero). This momeaiis

S6.13.6.1.4b

he distance from the centerline of the splice to the centroid of
e side of the joint under consideration. For this design example:

3.00in

1.9375in + =3.44in  (reference Figure 4-8)

The total web moment for each load case is computed as follows:

Myw =M, + M,

total
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In general, and in this example, the web splice is designed under the conservative
assumption that the maximum moment and shear at the splice will occur under the
same loading condition.

Strength Limit State:

Design Shear:

For the strength limit state, the girder web nominal shear resistance is r;
determining the design shear. Assume an unstiffened web at the splicellocation
(S6.10.9.2).

¢, =1.00 (Design Step 4.1)
V, <4, -V,
V,=C-V, SEquation 6.10.9.2-1

\ 4

V,=058-F,-D-t, quation 6.10.9.2-2

where:
S6.10.9.3.2
The ratio of the shear b the shear yield strength, C, is dependent
E-k
yw

S$6.10.9.2

29000ksi

inimum yield strength of the web (Design Step 4.1):

F . = 50ksi
Web Depth:
D =54in (Figure 4-1)
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Thickness of the web:

t, = 0.50in (Figure 4-1)
Compare:
tB =108.00

w

to the values for:

1.12. i—'k:60.31 and 1.40- E k

yw

Since D/tw is greater than the above two values, use the foll to determine

C:

= SEquation 6.10.9.3.2-6

yw

c_ 157.(E kJ 0.9

The nominal shear resistance

V, =058-F, -D-t,=7

V,=C-V, =30364K

SEquation 6.13.6.1.4b-1

SEquation 6.13.6.1.4b-2

The shear at the strength limit state at the point of splice, Vu, is computed from the
girder shear forces at the splice location listed at the beginning of this design step.
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For the strength limit state, the factored shear for the positive live load is (the shear due
to the future wearing surface is conservatively ignored):

V, .. =0.90- (Vo +Vep )+1.75-V,, =-37.18K

upos

For the strength limit state, the factored shear for the negative live load is:

Vo =1.25-(VyoL +Vep, )+1.50-Vys +1.75-V,, | = —262.20K
(controls)

uneg

Therefore:

Vu = Nuneg

Since Vu exceeds one-half of ¢vVn:

v Vet Va) g g

uw

¢

Web Moments and Horizontal Force Result

Case 1 - Dead Load + Positive Live Lo

For the loading condition with e li e controlling flange was previously
determined to be the bottom flan elastic flexural stress due to the

the controlling flange, Fecf, ' omputed for this loading condition. From
Design Step 4.3, Table 4483:

on, the concurrent flexural stress at the midthickness of the
2, fncu, Was previously computed. From Design Step 4.3, Table

Therefore, the portion of the flexural moment assumed to be resisted by the web is
computed as:

t .D?
=W ‘R, -F

uw 12 of R

- f

CEquation 6.13.6.1.4b-1

cf ncf
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where:
The hybrid girder reduction factor:
R, =1.00

The ratio Rer is computed as follows:

R. = cf

cf

=1.83

cf

Web Depth:
D =54in (Figure 4-1)
Thickness of the web:

t, = 0.50in (Figure 4-1)

Compute the portion of the flexural moment

t,-D?
Muw_st_pos =T' = 395.62K - ft
The total web moment is:
V,, =283
1
. i =477.01K - ft
12—

ft

H WD R E 4R, f

uw _str _ pos 2

ncf

): 485.12K CEquation 6.13.6.1.4b-2

The above value is a signed quantity, positive for tension and negative for compression.
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Case 2 - Dead Load + Negative Live Load:

Similarly, for the loading condition with negative live load, the controlling flange was
determined to be the bottom flange. For this case the stresses were previously
computed. From Design Step 4.3, Table 4-13:

f, =—-19.12ksi

F, =-37.50ksi

For the noncontrolling (top) flange, the flexural stress at the midthickne
from Design Step 4.3, Table 4-14:

f . =11.80ksi

The ratio, Rcr, is computed as follows:

cf

R =1.96

cf

cf

Therefore:

=613.86K - ft

Muw_str_neg +(Vuw 'e)' L =695.25K - ft

12.0
ft

Cstr_neg

Compute thé"horizontal force resultant:

t,-D

uw_str_neg — 2 )

H (R,-Fy +Ry - fri )= —194.02K

The above value is a signed quantity, positive for tension, and negative for
compression.
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Service Limit State:

S6.13.6.1.4b
Design Shear:

As a minimum, for checking slip of the web splice bolts, the design sheards to be taken
as the shear at the point of splice under the Service Il Load Combinationy@hthe shear
from constructibility, whichever governs. In this design example, the Service
controls (see previous discussion in Design Step 4.3).

beginning of this design step.

For Service I, the factored shear for the positive live load is ¢ .
future wearing surface is conservatively not included since it )ize the shear
for the positive live load.

V,, .. =100V, +1.00-Vg, +1.30-V,, =-50!

ser _ pos

For Service I, the factored shear for the negati iSeomputed below. The
future wearing surface is included since it he ' shear for the negative
live load.
Veer neg =1.00-V 5 + o +1. ws T830-V,, =-198.53K
governs)
Therefore:

Web Moments an [ Resultants:

C6.13.6.1.4b
The we and horizontal force resultant are computed using CEquation
6.13.6.1 d CEqatlon 6.13.6.1.4b-2, modified for the service limit state as

follows:

2
ser_tW.D |fs fos|
12
Huw ser — tw2D (fs + fos)
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In the above equations, fs is the maximum Service Il midthickness flange stress for the
load case considered (i.e., positive or negative live load). The Service Il midthickness
flange stress in the other flange, concurrent with fs, is termed fos.

Case 1 - Dead Load + Positive Live Load:

The maximum midthickness flange flexural stress for the load case with pesitive live
load moment for the service limit state occurs in the bottom flange. Fro

f =15.01ksi

s_bot_ pos

f =—0.39ksi

0s_top_ pos

Therefore, for the load case of positive live load:

2
M =ﬁ.f

uw_ser _ pos 12 s_bot_pos

f

os_top_ pos

The total web moment is:

\Y =198.53K

w_ser

e = 3.44in

. L =212.84K - ft

2.0
ft

M

compress
Case 2 - Dead Load + Negative Live Load:

The maximum midthickness flange flexural stress for the load case with negative live
load moment for the service limit state occurs in the bottom flange. From Table 4-11:

f =—11.75ksi

s_bot_neg —
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fos_mp_neg =1.46ksi
Therefore:
t,-D? 1
I\/luw_ser_neg :T' fs_bot_neg - fos_top_neg ’ —m =133.75K - ft
12.E

The total web moment is:

Vv =198.53K

w_ser

e = 3.44in

Mtot_ser_neg = Muw_ser_neg + (Vw_ser&

Compute the horizontal force resultant:

H

uw_ser_neg 2

The above value is a sign
compression.

Fatigue Limit State:

ea of the web to which they are attached (the case in this design
herefore, fatigue will generally not govern the design of the splice plates,
but is carriédhout in this example for completeness.

Design Shear:

For the fatigue limit state, the factored Fatigue | shear for the positive live load is
(Design Step 4.6):

Vv 1.5-Vor, =7.5K

fat _ pos =
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For the fatigue limit state, the factored Fatigue | shear for the negative live load is
(Design Step 4.6):

v 1.5V, =-50.1K

fat_neg =

Web Moments and Horizontal Force Resultants:

The portion of the flexural moment to be resisted by the web and the hori
resultant are computed from equations similar to CEquations 6.13.6.1.4b-

absolute value signs are removed to keep track of the signs. This yield
equations:

t -D?

_tw
uw ’ (fbotweb - ftopweb)

12

H w WTD : (fbotweb + ftopweb) ‘

Case 1 - Positive Live Load:

The factored Fatigue | stress
Limit State at the top and bott

f =—0.32ksi

topweb _ pos

f =5.30

botweb _ pos

Therefore:

1
'(fbotweb_ pos ftopweb_ pos)' - =5690K ft

12.10
ft

The total
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1
Mtot_fat_pos = Muw_fat_pos +<Vfat_pos 'e)' “in =59.05K - ft
12—
ft
Compute the horizontal force resultant:
t,-D
HUW_ fat_pos — WT (fbotweb_ pos T ftopweb_pos): 67.23K

The above value is a signed quantity, positive for tension, and negativ
compression.

Case 2 - Negative Live Load:

The factored Fatigue | stresses due to the negative live lead t for

Limit State at the top and bottom of the web, from Tabl

\ 4

Fatigue

f =—3.82ksi

botweb _ neg

f = 0.23ksi

topweb _neg

Therefore:

——— |=-41.01K - ft
The total web m
1
)t fat_neg Muw_fat_neg +(Vfat_neg 'e)' —m =-5537K - ft
12-—
ft
Compute the horizontal force resultant:
t,-D
Huw_ fat_neg — T (fbotweb_neg + ftopweb_neg ): —48.47K
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The above value is a signed quantity, positive for tension, and negative for
compression.

Design Step 4.7 - Design Web Splice

Web Splice Configuration:

Two vertical rows of bolts with sixteen bolts per row will be investigated. pical bolt

web is spliced symmetrically by plates on each side with a thickness no
half the thickness of the web. Assume 5/16" x 48" splice plates
web. No web fill plate is necessary for this example.

€ Splice

I
3.00" 3/8;_|i|+

Figure 4-8 Web Splice
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Web Splice Design

It is recommended to extend the web splice plates as near as practical
to the full depth of the web between flanges without impinging on bolt

assembly clearances (Refer to the AISC Manual for bolt a bly
clearances). Also, S6.13.6.1.4a specifies that there shall not
than two rows of bolts on each side of the joint.

Web Bolts - Minimum Spacing:

6.1

This check is only dependent upon the bolt diameter, and is
three-inch spacing per the check for the flange bolts froga De

Web Bolts - Maximum Spacing for Sealing:

\ 4

The maximum spacing of the bolts is limited to
moisture in the joints.

S6.13.2.6.2

| against'@xcessive penetration of

For a single line adjacent to a fr
bolts along the edges of the plate

ideplate or shape (for example, the
ction of the applied force):

s <(4.00+4.00-
where:

Thickness of inner ate or shape, in this case the web plate:

sealing:
in+4.0-t,, =5.25in <7.00in
.00in <£5.25in OK

Web Bolts - Maximum Pitch for Stitch Bolts:

S6.13.2.6.3

The maximum pitch requirements are applicable only for mechanically fastened built-up
members and do not apply to this example.
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Web Bolts - Edge and End Distance:

S6.13.2.6.6
Minimum:

The minimum required edge and end distance is measured as the distange from the

center of any bolt in a standard hole to an edge of the plate.

.6.6-1

For a 7/8" diameter bolt measured to a gas-cut edge, the minimum edg
distance is 1 1/8".

Referring to Figure 4-8, it is clear that the minimum edge and
this example is 1 1/2" and thus satisfies the minimum require

Maximum:

The maximum edge and end distance isgt to bgsmore t eight times the thickness

of the thinnest outside plate or five inches?

8-t <5.00in
where:

t=t,, =0.3125in

es the maximum edge and end distance requirement.
in<2.50in OK

Web Bolts - Shear:

Calculate the polar moment of inertia, Ip, of the bolt group on each side of the centerline
with respect to the centroid of the connection. This is required for determination of the
shear force in a given bolt due to the applied web moments.
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1 =252 (02 —1)+ g2 - (m? -1)] CEquation 6.13.6.1.4b-3

where:
Number of vertical rows of bolts:
m=2

Number of bolts in one vertical row:

n=16
Vertical pitch:

s =3.00in
Horizontal pitch:

g = 3.00in

The polar moment of inertia is:

The total number of web bolts
side with sixteen bolts per

plice, assuming two vertical rows per

N, =32

Strength Limit St

bination of the minimum design shear, moment and
d that the bolts in the web splice have slipped and gone

where:

Area of the bolt corresponding to the nominal diameter:
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A ==-d,,” =0.60in?

NG

Specified minimum tensile strength of the bolt from Design Step 4.1:
Fi = Fuor =120Kksi
Number of shear planes per bolt:

N, =2

R, =2(0.38- A, -F, )=54.72K
The factored shear resistance now follows:

¢, =0.80 (Design Step 4.1)

\ 4

R, = ¢, -R, =43.78K

R, = 43.78K

Case 1 - Dead Load + Positiv
The following forces were comp

V,, =283.92K

M =47E01K - ft

tot _str _ pos

H 485.1

uw_str §

Theertieal shear for the bolts due to the applied shear force:

The horizantal shear force in the bolts due to the horizontal force resultant:

H
P :%:15.16}(

H _str _ pos
b

Determine the horizontal and vertical components of the bolt shear force on the extreme
bolt due to the total moment in the web:
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M - X
total
P v L —

For the vertical component:
x =2 =1.50in
2

For the horizontal component:

y = 1573 — 22.50in

Calculating the components:

M

_ Wliot _str_pos
I:)Mv_str_ pos — | '

P -

Mh _str _ pos

Design Step 4 — Bolted Field Splice Design

r_str_pos — H _str _ pos

ing forces W

=695.25K - ft

tot _str _neg

=-194.02K

str_neg —

Mh _str _ pos

2 computed in Design Step 4.6:

JF =37.40K

The vertical shear force in the bolts due to the applied shear force:

P — VUW
N

v _str

=8.87K

b
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The horizontal shear force in the bolts due to the horizontal force resultant:

H

uw _str _neg

P, = 6.06K

_str_neg
b

Determine the horizontal and vertical components of the bolt shear force on the extreme
bolt due to the total moment in the web:

Calculating the components:

5 _M.(lg.i_;jzz.om

Mv_str_neg — I
p

Mh_str_neg — |
p

M : i
P _M.(H.%}:wsm

The resultant bolt force is:

r_str_neg — \/(Pv_str + PMv_str_neg)z + lPH neg +

P

The governing resultant bolt force is:

P

r_str

= max(P

r_str_ pos,

Check:

P

r_str

=37.97K

Service Limit Sta

The ored slip re

B, surface

ce, Ry, for a 7/8" diameter high-strength bolt in double shear
tandard holes was determined from Design Step 4.4 to be:

Case 1 - ad Load + Positive Live Load:

The followiRg\forces were computed in Design Step 4.6:
Vi, e =198.53K
Mugt ser pos = 212.84K - ft
H =197.37K

uw _ser _ pos

4-68



FHWA LRFD Steel Bridge Design Example Design Step 4 — Bolted Field Splice Design

The vertical shear force in the bolts due to the applied shear force:

VW ser
P, o =— =" =6.20K
N

s_ser
b

The horizontal shear force in the bolts due to the horizontal force resultant:

HUW ser 0S
P, = WS 616K
N

H _ser_ pos
b

Determine the horizontal and vertical components of the bolt shear for
bolt due to the total moment in the web:

For the vertical component:

X =1.50in

IVltot ser _ pos X in
PMV_ser_pos :]—‘(12# 06
p

For the horizontal component:

y = 22.50in

M

tot_ser_pos ~ Y
P = oser b 2

Mh _ser _ pos

The resultant bolt for

+P,

Mh _ser _ pos

2+ (P J} =16.88K

H _ser _ pos

=190.66K - ft

_ser_neg

H =-138.92K

uw_ser_neg

The vertical shear force in the bolts due to the applied shear force:
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Vw ser
P, o« =——=6.20K
N

S_ser
b

The horizontal shear force in the bolts due to the horizontal force resultant:

) _ Huw}\jser_neg — 434K

H _ser _neg
b

Determine the horizontal and vertical components of the bolt shear forc
bolt due to the total moment in the web:

For the vertical component:

M
P _ tot_ser_neg [12_nj O 55K

Mv _ser _ne
-5 I, ft

For the horizontal component:

P _ Mtot _tot_ser_neg J "y 12_

Mh_ser _neg —

The resultant bolt force is:

Pr_ser_neg = \/(Ps_ser +P _ Mh_ser_neg)2 =14.34K
The governing resultant
Check:
=39.00K OK
Thirty- igh-strength bolts in two vertical rows on each side of the

s sufficient resistance against bolt shear and slip.

Shear Yie and Shear Rupture of Splice Plates:

S6.13.6.1.4b

Check for shear yielding on the gross section of the web splice plates under the
strength limit state minimum design shear force, Vuw:

V,, =283.92K
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The factored resistance of the splice plates is taken as:

R, =4, R, SEquation 6.13.5.3-1
R,=058-A, -F, SEquation 6.13.5.3-2

The gross area of the web splice is calculated as follows:

Number of splice plates:

N,, =2

wp
Thickness of plate:

t,, =0.3125in

Depth of splice plate:
d,, =48in ’
A Nyp Ly - dyp = 30.00in? \

gross_wp

From Design Step 4.1:
Specified minimum yield stren the con ion element:
F, = 50ksi

Resistance fact r r:

4, =1

The hear res ce is then:

soss_wo ) (F, )= 870.00K
Check:
283.92K < R, =870.00K OK

Check for shear rupture on the gross section of the web splice plates under the strength
limit state minimum design shear force, Vuw:

Rr = ¢vu -0.58- Rp ' I:u'o\/n
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where:

Net Area Resisting Shear:
A, =2-[48-16-(0.9375)]-0.3125 = 20.625in?
The factored shear rupture resistance is then:
R, =0.80-0.58-1.0-65-20.625 = 622.05K
V,, = 283.92K < R, =622.05K OK

4b

Block Shear Rupture of the Web Splice Plates:

Strength limit state checks for block shear rupture nor
designs but are provided in this example for completene

govep for many

From Design Step 4.6, the strength Iimit&e shear force was

determined to be:

V,, = 283.92K

C6.13.4
Block Shear Rupture Resis

lates are to be investigated to ensure that
d to develop the factored resistance of the
connection.

Assume the block failure mode in the web splice plates shown in Figure 4-9. The
block's esistanc omputed as:

8°F,-A, +U, -F, -A,) SEquation 6.13.4-1

¢bs (058Fy 'Avg +Ubs 'Fu Atn)
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€ Splice
|
|
v
I [ °
1.50"
[9) [9)
e
300" |, . .
o 1o o 150"
— o o
3.00 _ﬁ o

o

o

o

o

o
o

o o o

o

o
o —6 —6——0— 90— 90— 6 —6 —0— —0— o — © — &
o

o

de - Web Splice Plate

tn = N, - (1.50in+3.0in—1.5-d, . )-t,,, =1.93in’

Check:
R, =0.80-1.0(0.58-65-19.98+1.0-65-1.93) = 702.96K
<0.80-1.0-(0.58-50-29.06 +1.0-65-1.93) = 774.55K

Vi, =283.92K < R, =702.96K OK
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Flexural Yielding of Splice Plates:

S6.13.6.1.4b

Check for flexural yielding on the gross section of the web splice plates at the strength
limit state due to the total web moment and the horizontal force resultant:

f — MSTotaI + AHuw S¢f . Fy

pl gross _wp

where:
Resistance factor for flexure (Design Step 4.1):

$, =1.0

Section modulus of the web splice plates:

1 .
S =5 Agus_up Gy = 240,001l

Case 1 - Dead Load + Positive Live Load:

M tot_str_pos 477.01
Huw s pos = 485.12
M
far pos = Ag—”’ = 40.02ksi
ross _wp
far pos = 4OM2KSI < ¢~ F, = 50ksi oK

tive Live Load:

w st neg = —194.02K
M i Huw str_ne .
fstr neg — ot _str_neg. (12£J+—‘ Sl . 41.23ksi
- SpI ft ross_ wp
For neq = 41.23Ksi < g - F, = 50ksi OK
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Control of Permanent Deflection - Splice Plates:

S6.10.4.2

Check the maximum normal stress on the gross section of the web splice plates at the
service limit state due to the total web moment and horizontal force resultant:

foMua, Fy 0.95F,
S pl Agross_wp
where:
S, = 240.00in°

Aross wp = 30.00in’

Case 1 - Dead Load + Positive Live Load:

Mo wr poe =21284K -1t @
H uw _ser _ pos = 197'37K
fser 205 = Mtot_ser_pos
_ Spl
f, o, =17.22Ksi

ser _ pos

Case 2 - Dead Load

H uw _ser _neg

=14.16ksi

ross _ wp

g =14.16ksi < 0.95Fy =47.50ksi  OK

Web Bolts - Bearing Resistance at Bolt Holes:

S$6.13.2.9

Since the girder web thickness is less than the sum of the thicknesses of the web splice
plates, the girder web will control for the bearing check.
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L
L

Check the bearing of the bolts on the connected material at the strength limit state
assuming the bolts have slipped and gone into bearing. The design bearing strength of
the girder web at the location of the extreme bolt in the splice is computed as the
minimum resistance along the two orthogonal shear failure planes shown in Figure 4-
10. The maximum force (vector resultant) acting on the extreme bolt is compared to
this calculated strength, which is conservative since the components of this force
parallel to the failure surfaces are smaller than the maximum force.

Shear Planes
— for Bearing

(Typ.)

=0.875in (Design Step 4.1)

=1.75in

bolt

S6.13.2.6.6
The edge distance from the center of the hole to the edge of the girder is taken as 1.75".

Therefore, the clear distance between the edge of the hole and the edge of the girder is
computed as follows:
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L —1.75in— e
: 2

d.,. =0.9375In  (Design Step 4.1)

hole

L, =1.28in

The center-to-center distance between adjacent holes is 3". Therefore, the
distance between holes is:

L., =3.00in—d,,, =2.0625in

hole

For standard holes, where either the clear distance between
the clear end distance is less than 2.0d:

R,=12-L,-t-F, ation £:13.2.9-2
Thickness of the connected material: ’

t, =0.50in (Design Step 4.

(Design Step 4.1)

P

r_str

=37.97K <R, =39.94K OK
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Bearing Resistance at Web Bolt Holes

N

Should the bearing resistance be exceeded, it is recommended that
the edge distance be increased slightly in lieu of increasing the number
of bolts or thickening the web.

Fatigue of Splice Plates:

For load-induced fatigue considerations, each detail is to satisfy:
y - (4f )< AF, S

Fatigue is checked at the bottom edge of the splice plates, spéetion are
subject to a net tensile stress.

tal positive and
orizontal force resultants

f — M Total H uw

+
S, A

gross _

negative fatigue-load web moments and‘ cor. ndin

are as follows: \
p

From previous calculations in this n ste

S, =240.00in°
Agross_wp 0
oad:

Case 1 - Positive

_ tot _ fat _ pos
fat _pos — S

f

in) H
-(12-%J+—“W—fa‘—p°s = 5.19ksi

pl ross _wp

Case 2 - Negative Live Load:

Mtot_fat_neg =-55.37K - ft
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H =-48.47K

uw_ fat _neg

- _ Mtotéfat_neg ‘(12‘%j+ HuW_ fat _neg — _438k3|
pl

f

ross _ wp

The total fatigue-load stress range at the bottom edge of the web splice plates is
therefore:

A =t +|f = 9.57ksi

fat _ pos fat _neg

From Design Step 4.4, the fatigue resistance was determined as:

AF, =16.0ksi

The fatigue check is now completed as follows:

yAf = 9.57ksi < AF, =16.0ksi OK

4

Design Step 4.8 - Draw Schematic of Fin Ite ice Design

0
Figure 4-11 shows the final bolted field splice a r

G

mined in this design example.
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¢ Bolted Field

| Splice
| |

i

1

[ ! ! !

1y
T Lrsar e

150" 1 |
(Typ)

O

Web Plate
54" x V5"
(Typ.)

—
3.00"
(Typ.)

2 - Web Splice
Plates

Z 48" x 5/16" x
127/8"

All Bolts -
7/8" Diameter
ASTM A325

15 Spa
(32 Bolts'To

OOOOOOLOOOO
© 0 0 0O O O0yO O O O O

O O O O O O O O O O Of

o 0O o o 0o O o O O

1.50"_
(Typ.)

2 - Inside
Plates
6" x %" x 18 7/8

f
4.50" ¢(Typ.)

1

|
T
'
|

‘\Flange Plate
L—" 14" x 1 3/8"
2 Spa. At 3"
12 Bolts

Total (Typ.)

| |
T T
' '
| |

e 4-11 Final Bolted Field Splice Design
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B
Miscellaneous Steel Design Example

Design Step 5

Table of Contents

Design Step 5.1 - Design Shear CONNECLOrS ..........ueveieeeeieeeiiiiiiiieeennn.
Design Step 5.2 - Design Bearing Stiffeners.........cccccevvvvveiciiiiic el
Design Step 5.3 - Design Welded Connections ....................

Design Step 5.4 - Design Cross-frames...........ccc.........

(It should be noted that Design Step 5.4 presents a narr
design computations.)

5-1



FHWA LRFD Steel Bridge Design Example Design Step 5 — Miscellaneous Steel Design

Design Step 5 consists of various design computations associated with the steel girder
but not necessarily required to design the actual plates of the steel girder. Such
miscellaneous steel design computations include the following:

1. Shear connectors
2. Bearing stiffeners
Welded connections

Diaphragms and cross-frames

Lateral bracing

o g &~ W

Girder camber

For this design example, computations for the shear connec
welded connection, and a cross-frame will be presente
be designed, but their design computations are not inclu

esign example.
ns, methodology, and

Refer to Design Step 1 for introductory in
Additional information is presented about th
criteria for the entire bridge, including the desi

S6.10.10.1
Since the steel girder has, [ composite section, shear connectors
must be provided at the i en the concrete deck slab and the steel section

ous composite bridges, shear connectors are
of the bridge. In the negative flexure region,

S6.10.10.1.1

els may be used as shear connectors. For this design example, stud
ctors are being used throughout the length of the bridge. The shear

ust permit a thorough compaction of the concrete to ensure that their

are in contact with the concrete. In addition, the shear connectors must
resisting both horizontal and vertical movement between the concrete and

be capable
the steel.

The following figure shows the stud shear connector proportions, as well as the location
of the stud head within the concrete deck.
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Design Step 5 — Miscellaneous Steel Design

~—

W 7/8"
@] ¢7 (O}
iy p—
IBE==
N 5
o™ — >
(Typ.
< ::14" >
E A

Figure 5-1 Stud Shear Connectors

Shear Connector Embedment

Flexure Region

Positive

Intermediate

Negative

e spacing requirements.

It is commo ud shear connectors per transverse row
along the t r. The number of shear connectors per
transvegse [ on the top flange width. Refer to

Shear Connector Length

shear connector embedment requirements.

he stud shear connector length is commonly set such that its head is
located near the middle of the deck slab. Refer to S6.10.10.1.4 for

The ratio of the height to the diameter of a stud shear connector must not be less than
4.0. For this design example, the ratio is computed based on the dimensions presented

in Figure 5-1, as follows:

5-3
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Height,,, = 6.0in

Diameter,, , = 0.875in

Lhtswd ~6.86 OK
Diameter,,,
10.10.1.2
The pitch of the shear connectors must be determined to satisfy the fatigie ate as

specified in S6.10.10.2 and S6.10.10.3, as applicable. The resulting n
connectors must not be less than the number required to satisfy the stre
as specified in S6.10.10.4.

The pitch, p, of the shear connectors must satisfy the followi

Equation 6.10.10.1.2-2

SEquation 6.10.10.1.2-3

(Radi igue shear range)

SEquation 6.40.40.1.2-4

SEquation 6.10.10.1.2-5

Since traight spans and has no skew, the radial fatigue shear range,
Ftat is ta

=V fat

According to S6.10.10.2, since the (ADTT)sL exceeds 960 trucks per day, the Fatigue |
load combination is to be used to design the stud shear connectors in combination with
the fatigue shear resistance for infinite life.

In the positive flexure region, the maximum fatigue live load shear range is located at
the abutment. The factored value for Fatigue | is computed as follows:
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V, =1.50-(41.45K +5.18K )=69.95K  (from live load analysis computer run)

The parameters | and Q are based on the short-term composite section and are
determined using the deck within the effective flange width.

In the positive flexure region:

n=3 (see Figure 5-1)

| =68167.2in* (see Table 3-4)

o- {(8-0"1)- E(3117-0"‘)} -(62.375in —51.790in) = 1238.4in

V .
V Q =1.27_5

fat — I in
K
V.=V, =127—
sr fat in ‘
Z,=55-d° \ $6.10.10.2

(see Figure 5-1)

d =0.875in
55.d> =421

Therefore:

.9in

C6.10.10.1.2

In the negative flexure region, the parameters | and Q may be determined using the
reinforcement within the effective flange width for negative moment, unless the concrete
slab is considered to be fully effective for negative moment in computing the longitudinal
range of stress, as permitted in S6.6.1.2.1. For this design example, | and Q are
assumed to be computed considering the concrete slab to be fully effective.

| =134304.1in*  (see Table 3-5)
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Q- {(8'Oin)'gll7'0in)](64.250in _ 47.832in) = 1920.9in°

V, =1.50-(0.00K +46.53K ) = 69.80K

(from live load analysis computer run)

V .
Q =1.oo,5
| in

Vfat =

V, =V, =100
In

Z =421K (see previous computation)

"2 _157in

p:

sr

Therefore, based on the above pitch con’tati tis e fatigue limit state, use
the following pitch throughout the entire gird ngth:

p=9in

doés not necessarily have to be the same
h of the girder. Many girder designs use a
n be economically beneficial.

S6.10.10.1.2

In additio e shear connectors must satisfy the following pitch requirements:

p¥ 24in OK
p>6-d

d =0.875in

6-d =5.25in OK
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For transverse spacing, the shear connectors must be placed transversely across the
top flange of the steel section and may be spaced at regular or variable intervals.

S6.10.10.1.3

Stud shear connectors must not be closer than 4.0 stud diameters center-to-center
transverse to the longitudinal axis of the supporting member.

4.d =3.5in

Spacing, e =2-0in (see Figure 5-1) OK

In addition, the clear distance between the edge of the top flange and th
nearest shear connector must not be less than 1.0 inch.

d

Distance, =147m—5in—5=1.56in (see Figure

clear

S6.10.10.1.4

The clear depth of concrete cover over the t nnectors should not be
less than 2.0 inches, and shear connectors s least 2.0 inches into the
deck. Based on the shear connector p [ rmation presented in Table 5-1,
both of these requirements ar. tisfj

The designer must detail any spli lon transitions to allow for the shear
connector layout.

S6.10.10.4.1
For the strength limj factored resistance of the shear connectors, Qr, is
computed as foll
S6.5.4.2
S$6.10.10.4.3

hear resistance of one stud shear connector embedded in a concrete slab
s follows:

The nomi
is computed

Qn =0'5'Asc'\l fcl'Ec < Asc'Fu

2

A, =7z-d7= 0.601in’
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f. =4.0ksi (see Design Step 3.1) S5.4.2.1
E. =3834ksi (see Design Step 3.3) S5.4.2.4
F, =60.0ksi S6.4.4

05-A, -/f,-E, =37.21K

A, -F, =36.06K

Therefore:

Q, =36.06K

Q, = ¢, -Q, =30.65K
$6.10.10.4.1

The number of shear connectors providezv th
be less than the following:

ing investigated must not

P
n=—
Q,
S$6.10.10.4.2
For continuous spans th i egative flexure in their final condition, the
nominal shear force, ted for the following regions:

where Py is taken as the lesser of:
P, =0.85-f -b -t

or
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P,, =F, Dty +F, bt +F bt

where:

f. =4.0ksi (see Design Step 3.1)
b, =117.0in (see Design Step 3.3)
t. =8.0in (see Design Step 3.1)
F . = 50ksi (see Design Step 3.1)
D =54in (see Design Step 3.18)
t, =0.50in (see Design Step 3.18)
F,. = 50ksi (see Design Step 3.1)
b, =14in (see Designge

t, =0.875in
F,, = 50ksi

b, =14in

P =P, = 2488K

5-9
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S5.4.2.1

STable 6.

STable 6.4.1-1

ans or segments, Fp may be taken equal to zero which gives:

S6.10.10.4.1
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Therefore, the number of shear connectors provided between the section of maximum
positive moment and each adjacent end of the member must not be less than the
following:

n=£=81.2
Q

r

For region 2:

P=\P’+F?

where Pt is taken as:

P, =P, +P,

and where Pn is taken as the lesser of:
Pn=Fp D-t, +F, by -ty + F‘-bfc -t
or

P,, =0.45-f/-b, -t,

where:
f/=4.0ksi S5.4.2.1
b, =117.0in (see De Step 3.3)
n Step 3.1)

(see Design Step 3.1) STable 6.4.1-1
(see Design Step 3.18)
(see Design Step 3.18)
(see Design Step 3.1) STable 6.4.1-1

(see Design Step 3.18)

(see Design Step 3.18)
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F,. =50ksi (see Design Step 3.1) STable 6.4.1-1
b, =14in (see Design Step 3.18)
t,. =2.75in (see Design Step 3.18)

Fo Dty +F,-bg -ty +F by -t =5025K

0.45- f/-b, -t, =1685K

Therefore:

P, =1685K

Py =P, +P, =4173K
For straight spans or segments, Fr may be taken equal t@zero

P =P =4173K
S6.10.10.4.1

ween the section of maximum
interior pier must not be less than

Therefore, the number of she
positive moment and the center
the following:

n=£=136

r

the
ly equa

The distance bet
moment is appro

rder and the location of maximum positive

(see Table 3-7)

Using y as previously computed for the fatigue limit state, and using
the abo th, the number of shear connectors provided is as follows:

L.(lz';j
3.~ Y _19 OK

P

Similarly the distance between the section of the maximum positive moment and the
interior support is equal to:

L=120.0ft—-48.0ft=72.0ft  (see Table 3-7)
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Using a pitch of 9 inches, as previously computed for the fatigue limit state, and using
the above length, the number of shear connectors provided is as follows:

L-(12'f:j
n=3——+=288 OK
p
Therefore, using a pitch of 9 inches for each row, with three stud shear co ors per

row, throughout the entire length of the girder satisfies both the fatigue linai
requirements of S6.10.10.1.2 and S6.10.10.2 and the strength limit sta
of S6.10.10.4.

Therefore, use a shear stud spacing as illustrated in the followi

160 Spaces @ 9" = 120'-0"
(3 Stud Shea‘u

—_—

€ pier—

F(E Beari butment

Fi

5- ear Connector Spacing

Bearing Stiffeners
S$6.10.11.2.1

rs are required to resist the bearing reactions and other concentrated
loads, ei in the final state or during construction.

rs, bearing stiffeners are required to be placed on the webs at all bearing
locations. Atall locations supporting concentrated loads where the loads are not
transmitted through a deck or deck system, either bearing stiffeners are to be provided
or the web must satisfy the provisions of SAppendix D6.5.

Therefore, for this design example, bearing stiffeners are required at both abutments
and at the pier. The following design of the abutment bearing stiffeners illustrates the
bearing stiffener design procedure.
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The bearing stiffeners in this design example consist of one plate welded to each side of
the web. The connections to the web will be designed to transmit the full bearing force
due to factored loads and is presented in Design Step 5.3.

The stiffeners extend the full depth of the web and, as closely as practical, to the outer
edges of the flanges.

Each stiffener will be milled to fit against the flange through which it recel
reaction. Since the stiffeners are attached to cross-frames at this location,
are positively attached by fillet welds to both flanges.

The following figure illustrates the bearing stiffener layout at the abutm

Bearing Stiffener

tw = 1/2"

«—— Bearing Stiffener

tp = 11/16"
(Typ.)

Section A-A

Figure 5-3 Bearing Stiffeners at Abutments
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Bearing Stiffener Plates

N

Bearing stiffeners usually consist of one plate connected to each side
of the web. This is generally a good starting assumption forthe
bearing stiffener design. Then, if this configuration does nd
sufficient resistance, two plates can be used on each side of

The projecting width, bt, of each bearing stiffener element must satisfy t
equation. This provision is intended to prevent local buckling

plates.
b, =0.48-t, - {i
Fe

11. )
t. =—in see Figure 5-3
» =16 ( g )
E = 29000ksi
Fi = 50ksi STable 6.4.1-1

S6.10.11.2.3

The b » ! be sufficient to resist the factored reaction acting on the
' actored bearing resistance, Rsbr, is computed as follows:

@, =1.00 S6.5.4.2

Part of the stiffener must be clipped to clear the web-to-flange weld. Thus the area of
direct bearing is less than the gross area of the stiffener. The bearing area, Apn, is
taken as the area of the projecting elements of the stiffener outside of the web-to-flange

5-14



FHWA LRFD Steel Bridge Design Example Design Step 5 — Miscellaneous Steel Design

fillet welds but not beyond the edge of the flange. This is illustrated in the following
figure:

Bearing
Stiffener
(Typ.) —

1" x 1" Clip for
Fillet Weld (Typ.)

r

Bearing Width =
Total Width =

by, =0, —1.0in =4.5in

brg

at the abutment is computed as follows, using load
le 3.4.1-1 and STable 3.4.1-2 and using reactions obtained
run:

=(1.25-68.7K )+(1.50-11.0K ) +(1.75-110.5K ) = 295.8K
<433.1K OK

Factored

Therefore, the bearing stiffener at the abutment satisfies the bearing resistance
requirements.

S6.10.11.2.4 and S6.10.11.2.4a
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The final bearing stiffener check relates to the axial resistance of the bearing stiffeners.
The factored axial resistance is determined as specified in S6.9.2.1. The radius of
gyration is computed about the midthickness of the web, and the effective length is
taken as 0.75D, where D is the web depth.

S6.10.11.2.4b

For stiffeners consisting of two plates welded to the web, the effective co section

Midthickness
of Web

ner Effective Section

Figur@5-5 Beari
S6.9.2.1
S6.5.4.2
The ernes 0 must be checked, as follows:

1.5in)+ (8.3125in - 0.5in ) = 12.06in?

l0.6875in- (11.5in)? |+ [8.3125in - (0.5in ']
12

=87.22in*

K-1=(0.75)- (54in)
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K-1_(0.75)-(54in)
., 2.69in

S

=15.1<120 OK

Next, the elastic critical flexural buckling resistance, Pe, is computed, as follows:

p="F A $6.9.4.1.2

2
p_7 (29,000)

Next the equivalent nominal yield resistance, Po, is computed ﬁ tder t

(12.06)=15,139 kips

reduction factor, Q, is taken equal to 1.0 for bearing stiffener,
Po = Q I:ys Ag

P, =(1.0)(50.0)(12.06) = 603 kips‘

R 18139 0515044
P, 603
Since Pe/Po is greater than 0.44; comp sing’the following equation:

PO
P = 0.658(PJ] ( S6.9.4.1.1
)] 60 Ips
ce is computed, as follows:
B, $6.9.2.1
0.95-(593 kips) = 563 kips > R, = 295.8 kips OK

Therefore, the bearing stiffener at the abutment satisfies the axial bearing resistance
requirements.

The bearing stiffener at the abutment satisfies all bearing stiffener requirements.
Therefore, use the bearing stiffener as presented in Figures 5-3 and 5-4.



FHWA LRFD Steel Bridge Design Example Design Step 5 — Miscellaneous Steel Design

Design Step 5.3 - Design Welded Connections
S6.13.3

Welded connections are required at several locations on the steel superstructure. Base
metal, weld metal, and welding design details must conform to the requirements of the
ANSI/AASHTO/AWS Bridge Welding Code D1.5.

For this design example, two fillet welded connection designs will be prese using
E70 electrodes:

1. Welded connection between the bearing stiffeners and the web.
2. Welded connection between the web and the flanges.

For the welded connection between the bearing stiffeners a fillet weld

must resist the factored reaction computed in Design Step 5.

Re act =295.8K

Factored
Assume a fillet weld thickness of 1/4 inches.

Thickness,,,; =0.25in

m Weld thickness, as specified in Table 5-2,
tion that satisfies all design requirements.
eld thickness is generally a good starting
fillet weld.

S6.13.3.2.4b

The re - weld in shear is the product of the effective area and the
ance of the weld metal. The factored resistance of the weld metal is
follows:

0.6-¢,,-F,,
., =0.80 S6.5.4.2
F,., = 70Kksi SC6.13.3.2.1
R =0.6-4,,-F,, = 33.60ksi $6.13.3.2.4b
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S$6.13.3.3

The effective area equals the effective weld length multiplied by the effective throat.
The effective throat is the shortest distance from the joint root to the weld face.

Lengthg, = 4-(54in—2in)=208.0in

Thickness,q

V2

Areag, = Length,, -Throatg, =36.77in?

Throat, = =0.177in

4b
The resistance of the fillet weld is then computed as follows:
Resistance =R, - Area., =1235K
‘ S6.13.3.4

e of the fillet weld is
unless the weld is designated on
at thickness.

For material 0.25 inches or more in thickness
0.0625 inches less than the thickness
the contract documents to beuilt o

For the fillet weld connecting the i ' to the web, the bearing stiffener
thickness is 11/16 inches an ' 1/2 inches. Therefore, the maximum

S6.13.3.4

resented in Table 5-2. In addition, the weld size
e thinner part joined.

STable 6.13.3.4-1

Minimum Size of Fillet Welds

Base Metal Thickness of Minimum Size of
Thicker Part Joined (T) Fillet Weld

(Inches) (Inches)
T<3/4 1/4
T>3/4 5/16

Table 5-2 Minimum Size of Fillet Welds
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In this case, the thicker part joined is the bearing stiffener plate, which is 11/16 inches
thick. Therefore, based on Table 5-2, the minimum size of fillet weld is 1/4 inch, and
this requirement is satisfied.

S$6.13.3.5

). case less
juirement is

The minimum effective length of a fillet weld is four times its size and in
than 1.5 inches. Since the length of each weld is 54 in — 2 in = 52 in, thi
also satisfied.

Since the stiffeners are located at an abutment, fatigue of the base me
these welds need not be checked.

Since all weld design requirements are satisfied, use a 1/4 inc
connection of the bearing stiffeners to the web.

S6.13.3

For the welded connection between the web and the flan Id must resist a

factored horizontal shear per unit length *ed

_VQ
|

\Y

This value is greatest at the pi ar has its highest value.

The following computations are for
flange. The welded conne
similar manner.

ection between the web and the top
e web and the bottom flange is designed in a

The shear is comp on the

each loading, as

ividual section properties and load factors for
teps 3.3 and 3.6:

ction, the factored horizontal shear is computed as follows:

7K ) =143.4K

= (14in - 2.5in)-(58.00in — 28.718in) = 1024.9in°

{oncomp

o = 65426.6in*

_ VNoncomp ’ QNoncomp _9 255

v Noncomp | in

Noncomp

For the composite section, the factored horizontal shear is computed as follows:
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Vegmy = (1.25:16.4K )+ (1.50-19.8K )+ (1.75-131.4K ) = 280.2K
Qcomp = (14in-2.5in)- (58.00in —33.137in) = 870.2in°

| =80985.1in*

Comp

VComp ) QComp _ 3015
in

Veomp = |
Comp

Based on the above computations, the total factored horizontal shear is
follows:

K
Viotal = VNoncomp +VComp = 526H

Assume a fillet weld thickness of 5/16 inches.

\ 4

Thickness,,,; =0.3125in

S6.13.3.2.4b

The resistance of the fillet welghi of the effective area and the
factored resistance of the wel red istance of the weld metal was

S6.13.3.3
The effective are e’ weld length multiplied by the effective throat.
The effective thro Istance from the joint root to the weld face. In this

computed per unit length, based on the use of one weld on

in?2

in
g = 2-Throaty, =0.442—

in
The resistance of the fillet weld is then computed as follows: S6.13.3.2.4b
. K
Resistance =R, - Areag, =14.85? OK
i
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S6.13.3.4

For material 0.25 inches or more in thickness, the maximum size of the fillet weld is
0.0625 inches less than the thickness of the material, unless the weld is designated on
the contract documents to be built out to obtain full throat thickness.

0.5 inches,
1ess is 2.75

For the fillet weld connecting the web to the flanges, the web thickness i
the minimum flange thickness is 0.75 inches, and the maximum flange th
inches. Therefore, the maximum fillet weld size requirement is satisfied.

In this case, the thicker part joined is the flange, which has a iCkness of 0.75
inches and a maximum thickness of 2.75 inches. Ther 3 e 5-2, the

S6.13.3.5
The minimum effective length of a fillet weld [ e and in no case less
than 1.5 inches. Therefore, this requirement is
Since all weld design require /16 inch fillet weld for the
connection of the web and the t . ded connection between the web and
the bottom flange is designed in a

S6.6.1.2.5
Load-induced fatigu considered in the base metal at a welded connection.
The specific fati pend on the unique characteristics of the girder

details and detail categories are explained and illustrated in
ntinuous fillet welded connections parallel to the direction of
-to-web fillet welds), the fatigue category is Category B.

. e positive moment region, the fatigue check is illustrated for
fled connection of the transverse intermediate stiffeners to the girder. A
dure must be followed for checking the base metal at all welded

bject to a net tensile stress according to the criteria given in S6.6.1.2.1.

similar pr@
connectio

Additional weld connection requirements are presented in S6.13.3 and in
ANSI/AASHTO/AWS Bridge Welding Code D1.5.
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Design Step 5.4 - Design Cross-frames

S6.7.4.1

Diaphragms and cross-frames may be placed at the following locations along the
bridge:

e At the end of the structure

e Across interior supports

¢ Intermittently along the span

Diaphragm or Cross-frame Spaci

N

A common rule of thumb, based on previo diti AASHTO
Specifications, is to use a imumydi or cross-frame spacing
of around 25 feet. Based oiWwC6.7.4% ary requirement for a
strict 25 foot maximum spacin

For this design ex es are used at a spacing of 20
feet.

The need for diaphragms ust be investigated for:
e All stages of n procedures

e The final

The difference between diaphragms and cross-frames is that
diaphragms consist of a transverse solid web member, while cross-
ames consist of a transverse truss framework.

Both diaphragms and cross-frames connect adjacent longitudinal
flexural components.

When investigating the need for diaphragms or cross-frames and when designing them,
the following must be considered:
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e Transfer of lateral wind loads from the bottom of the girder to the deck and from
the deck to the bearings

e Stability of the bottom flange for all loads when it is in compression
e Stability of the top flange in compression prior to curing of the deck
o Consideration of any flange lateral bending effects

o Distribution of vertical dead and live loads applied to the structure

o Sufficient stiffness in the cross-frames to provide the necessary
girder system

At a minimum, the Specifications require that diaphragms a
designed for the following:

e Transfer of wind loads according to the provision
e Applicable slenderness requireme’ in
S6.7.4.1 & S6.13.1

When diaphragms or cross-fr [ structural model used to

' ' culated force effects from the
results of a separate investigatio d end connections are to be
designed for the calculated fa

s-frame Types

mes are as shown in Figure 5-6, while X-type cross-
n X-shape configuration of angles or structural tees
a K-shape configuration of angles or structural tees.

For guidelines on when to use each cross-frame type, see RM Section
.3.2.9.5.

For this design example, K-type cross-frames will be used.

The geometry of a typical K-type cross-frame for an intermediate cross-frame is
illustrated in Figure 5-6.

5-24



FHWA LRFD Steel Bridge Design Example Design Step 5 — Miscellaneous Steel Design

As illustrated in Figure 5-6, the intersection of the centroidal axes of the two diagonals
coincides with the centroidal axis of the bottom strut. In addition, the intersection of the
centroidal axis of each diagonal and the centroidal axis of the top strut coincides with
the vertical centerlines of the girders.

gl_gll
4'-10 1/2" 4'-10 1/2"

| ] | A

] ; Intersection

[ AN

L e
Steel Single Angle e (
Figure 5-6 Kﬁpe

Based on previous computations in Design S
the unfactored wind load is computed lows?

slra

.17 for gative moment region,

y-Pp-d

w =1 C4.62.7.1

S1.3

for Strength 1l Limit State - controls) STable 3.4.1-1

ign Step 3.17)
(maximum value)

= 0.1125
ft

C4.6.2.7.1
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L, =20 ft
P, =W L, = 225K

For the design of the cross-frame members and their connections, the reader is referred
to RM Sections 6.6.3 and 6.6.4 for a more detailed discussion along with jllustrative

%)
N
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Bearing Design
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Design Step 6.1 - Obtain Design Criteria

For this bearing design example, an abutment bearing was chosen. It was decided that
the abutment would have expansion bearings. Therefore, the bearing design will be for
an expansion bearing.

Refer to Design Step 1 for introductory information about this design ex e.
Additional information is presented about the design assumptions, metho , and
criteria for the entire bridge, including the bearing design.

The following units are defined for use in this design example:

K =1000lb ksi =
In

For bearing design, the required design criteria includes;

1. Longitudinal and transverse movement
2. Longitudinal, transverse, and vertical tion
3. Longitudinal, transverse, and vertical loads

Most of the above information is typically obtal
software output, which is the case for ri

rom the erstructure design
ign (first trial of girder design):

ptimum Bearing Type
S14.6.2

optimum bearing type depends on the load, movement capabilities, and
efer to STable 14.6.2-1 and SFigure 14.6.2-1 for guidance on selecting
ical bearing type. For the abutment bearing design, a steel-reinforced
elastomeric Bearing was selected. If the loads were considerably larger, pot bearings,
which are more expensive than elastomeric bearings, would be an option.
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Design Step 6.3 - Select Preliminary Bearing Properties

Once the most practical bearing type has been selected, the preliminary bearing
properties must be defined. The bearing properties are obtained from the Specifications,
as well as from past experience. The following preliminary bearing properties were
selected:

Bearing Pad Configquration

Pad length (bridge longitudinal direction):

L e = 14in

Pad width (bridge transverse direction):

W,y =15in

Elastomer cover thickness:
hrcover = 0'25in ‘
Elastomer internal layer thickness: \

h =0.375in

rinternal
Number of steel reinforcement lay

N =9

stlayers
Steel reinforcement k :
6in

S14.7.6.2 & S14.7.5.2

STable 14.7.6.2-1

Elastomer specified shear modulus (as described in S14.7.6.2, use the least favorable
value from the range):
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G = 0.095ksi — 0.130ksi
STable 14.7.6.2-1
Elastomer creep deflection at 25 years divided by the initial deflection:
C, =0.25

Steel reinforcement yield strength:

F, = 50ksi

Design Step 6.4 - Select Design Method (A or B)

C14.75.1
For this design example, Method A will be used. Metho es n a bearing
with a lower capacity than a bearing designed with Meth , Method B

requires additional testing and quality ¢ l. scribed in S14.7.6, while

Method B is described in S14.7.5.

Design Step 6.5 - Compute Shape F
S14.7.6.1 & S14.7.5.1

The shape factor for individu st iIS"the plan area divided by the area of
perimeter free to bulge.

S14.7.6.1 & S14.7.5.1

gs, the following requirements must be met prior
factor:

1. A mer must be the same thickness.

ver layers cannot exceed 70 percent of the
e internal layers.

From Design\Step 6.3, all internal elastomer layers are the same thickness, which

satisfies Reguirement 1. The following calculation verifies that Requirement 2 is
satisfied:

0.70-h, ;e = 0.26iN

h =0.25in  OK

rcover
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For rectangular bearings without holes, the shape factor for the it layer is:

L-W

== S14.7.5.1
2-h,-(L+W)

The shape factor for the cover layers is then:

Lo W

S = pad VY pad
cov
2 hrcover ’ (Lpad +Wpad )

S, =14.48

The shape factor for the internal layers is then:

L4 W

S- — pad pad
" 2- hrinternal ’ (Lpad +Wpad )
S, =9.66 ‘
Check if: S14.7.6.1
52 Q

— <22
since each exterigmla of elastomer is thicker than one-half of the interior
ne ey

S, =9.66
n=9

n
count as an additional one-half layer for this

<22 OK

Design
Rotation)

.6 - Check Compressive Stress or Combined Compression,
d Shear

S14.7.6.3.2

The compressive stress check limits the compressive stress in the elastomer at the
service limit state as follows:

o, <1.25ksi and o0,<125-G-S;
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The compressive stress is taken as the total reaction at one of the abutment bearings
for the service limit state divided by the elastomeric pad plan area. The service limit
state dead and live load reactions are obtained from the BrD superstructure output. The
shape factor used in the above equation should be for an interior elastomer layer.

Service | load combination dead load:

DL, = 78.4K
DLserv
O-d =
Lpad 'Wpad
o, = 0.373ksi

Service | load combination live load (including dynamic I w

LL,,, =110.4K
I-Lserv ‘

o, =77 —

Lpad 'Wpad

o, = 0.526ksi

oy =0, +0,
o = 0.899Ksi

1.25-G-S, g2 1. i OK

S14.7.5.3.6

CTable 14.7.6.3.3-1
For this design example, the compressive strains were approximated from CTable

14.7.6.3.3-1 for 50 durometer reinforced bearings using compressive stresses of 0.526
ksi (live load) and 0.373 ksi (dead load) and shape factors of 9.66 for the interior layers
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and 14.48 for the cover layers. The compressive strain for the cover layer is
approximated using a shape factor of 12 since Scov > 12.

& =0.025(live),0.015(dead)
=0.0225(live),0.015(dead)

gCOV

The deflections are then:

5L,d =2 Eeov hrcover +8- Eint Iﬂlrinternal
5, = 0.086in
5, = 0.052in

The effects of creep should also be considered. For thi
specific data is not available. Therefore, calculate the cr

\ 4

mplegmaterial-
[ e as follows:

Ocreep = 8¢r Oy Equation 14.7.5.3.6-3
a, =0.25 Table 14.7.6.2-1
Ogreep = 0.013in

creep
The total deflection is then:

o,

total — 5L + §d +

ep

C14.7.5.3.6

he maximum relative deflection across a joint be limited to
0.125 : , If we performed the above deflection computations just for
ous deflection would be 0.086 in, much less than 0.125 in. This
eant to limit the small step that occurs when the elastomeric bearing
instantan@ously deflects due to live load passage.

S14.7.6.3.3

The compressive deflection in an internal layer of a steel-reinforced elastomeric bearing
at the service limit state without dynamic load allowance shall not exceed 0.09hri.

In order to reduce design steps, the above requirement will be checked using the
deflection calculated for the service limit state including dynamic load allowance. If the
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compressive deflection is greater than 0.09hi, then the deflection without dynamic load
allowance would need to be calculated.

Oppayer =€ 1,

S itager = 0.015in

0.09h,; 1o =0.034in - OK
Oovertiayer = 0-009iN

0.09h =0.022in OK

rcover

Design Step 6.8 - Check Shear Deformation

S .3 d C14.7.5.3.2

The shear deformation is checked to en th is capable of allowing the
anticipated horizontal bridge movement. Als ation is limited in order

longitudinal direction. The
thermal movement is taken fro controlling movement, which is
contraction. For this particular ex ia that could add to the shear
deformation include constructi ces, braking force, and longitudinal wind if
factor that can reduce the amount of shear
deformation is the abutm the abutment height is relatively short and
the shear deformation.i , the abutment deflection will not be taken into
account. Refer to C 55 detailed description of substructure deflections

=2-h +8-h

rcover rinternal

3.50in

A =0.636in  from Design Step 7.6 for thermal contraction
71y =1.20 for the service limit state STable 3.4.1-1 & S3.4.1
As =7t " Acontr
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A, =0.76in
2-A, =1.53in

3.50in>1.53in  OK

Design Step 6.9 - Check Rotation or Combined Compression, Rotatigajand Shear

From C14.7.6.3.5a, "design for rotation in Method A is implicit in the ge
stress limits given." Because of this, Method A no longer has a separate
for steel-reinforced elastomeric bearings.

Design Step 6.10 - Check Stability
S14.7.6.3.6

The total thickness of the pad shall not e‘ed to or W/3.

W
— _500in

L
P4 _ 4.67in
3

The total thickness of the pa
dimensions is:

N =2-N

total rcover

Now =45

total

S14.7.6.3.7 and S14.7.5.3.5
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For the service limit state:

hS > 3hri ) CTS
Fy
h,; =0.375in

o, =0899%si  F, =50ksi

“F—G —0.0202in

y

iy =0.1196in  OK

reinf

For the fatigue limit state:
hs > 2h|’i .O-L
AFTH ‘
From Design Step 6.6, the service averag pressi ess due to live load only

is:

o, = 0.526ksi

AF;,, = 24.0ksi [ ory A)

2-hi-o _ -

01
ARy,
I

STable 6.6.1.2.5-3

n

Desi or Extreme Event Provisions

S14.7.6.3.8

In accordanee with S14.7.6.3.8, expansion bearings designed using Method A shall be
provided adequate seismic and other extreme event resistant anchorage to resist
the horizontalforces in excess of those accommodated by shear in the pad, unless the

bearing is intended to act as a fuse or unless irreplaceable damage is permitted.

In addition, the sole plate and the base plate must be wider than the bearing pad to
accommodate the anchor bolts. Inserts through the elastomer are not permitted, unless
approved by the Engineer.
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For this design example, neither seismic loads nor other extreme event loads are
provided. However, this step must be considered during bridge design.

Design Step 6.13 - Design for Anchorage

Design Method A no longer requires an anchorage check for the deformed pad.

Design Step 6.14 - Design Anchorage for Fixed Bearings

The abutment bearings are expansion in the longitudinal direction but fi
transverse direction. Therefore the bearings must be restrained in the

event load combinations. However, based on S3.10.9.2, the | :
in the restrained direction cannot be less than 0.15 times the pn due to the
tributary permanent load and the tributary live loads as
earthquake (which controls over Strength | and Il). In a
[ i irecti ermanent load can be
taken as the reaction at the bearing. AISQEQi e zero. Therefore, no
tributary live loads will be considered. This tramsve be used to design the
bearing anchor bolts for this design example.

For the controlling girder (int

DL, =78.4K

The maximum transverse ale ake load per bearing is then:

C14.8.3.1

Base : astomeric bearings may be left without anchorage if adequate
friction le. A design coefficient of friction of 0.2 may be assumed between

d clean concrete or steel.” This can be interpreted to mean that if the
rizontal force is less than 20% of the applied vertical force, the engineer
hat anchorage is not necessary. For the purposes of this example, it is
assumed that anchorage is necessary and the anchor bolts will be designed.

The factored shear resistance of the anchor bolts per bearing is then:

S6.4.3.1
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Assume two 1.0" diameter ASTM F1554 or ASTM A307 Grade C anchor bolts with a
minimum tensile strength of 60 ksi:

R,=0.48-A -F,-N, forthreads included in shear plane S6.13.2.12
¢, =0.75 resistance factor for ASTM A307 bolts in shear S6.5.4.2

7 -(1.00in)?

A=

A, = 0.785in?
F,, = 60ksi
N, =2 (number of bolts)

R,=048-A -F,-N, R =452K

n

Although not checked in this ex resiStance at bolt holes must also be
checked in accordance with S6.13" bending stress in the anchor bolt
should also be checked.

S14.8.3.1 and C14.8.3.1

Once the anchor b nd si re determined, the anchor bolt length must be

earing stress may be assumed to vary linearly
he embedded length to its maximum value at the top surface of
resistance of the concrete is based on S5.7.5.

S5.7.5

Stress,,, = ¢,-0.85- f.m

Assume

m=0.75 (conservative assumption)
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¢, =0.70 for bearing on concrete S5.54.2.1
Stress,,, = ¢, -0.85-(4ksi)-m
Stress,,, =1.78ksi

The total transverse horizontal load is:

Heo =11.8K

The transverse load per anchor bolt is then:

_HEQ

P = <
1bolt 2

Plbolt =5.9K

Using the bearing stress approximation f ab the reguired anchor bolt area

resisting the transverse horizontal load can be ¢

A;]_ _ Plbolt

~ Stress,,, +0
2

A =6.6in

A1 is the product of the a iame nd the length the anchor bolt is
embedded into the cgacr am seat. Since we know the anchor bolt
diameter, we can n ol ired embedment length.

Individual'states and agencies have their own minimum anchor bolt embedment
lengths. F@Rthis design example, a minimum of 12 inches will be used.

Use:

L =12.0in

embed
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Design Step 6.15 - Draw Schematic of Final Bearing Design

(il:_ Girder (longitudinal axis)
15.00 in.

Design Step 6 — Bearing Design

14.00 in.

T
Pad width

kness (Typ. - internal layers)

15.00 in.

Figure 6-2 Bearing Pad Elevation View
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FHWA LRFD Steel Bridge Desigh Example

Longitudinally
Slotted Hole
(Detailed to

meet movement
requirements
and geometric
requirements in
S6.13)

1.00" Diameter
ASTM A307

4.5764 in.

Embedment

Figure nchor
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Design Step 1 - Introduction Prestressed Concrete Bridge Design Example

1.0 INTRODUCTION

This example is part of a series of design examples sponsored by the Federal Highway

intermediate multicolumn bents and integral end abutments. The
for use by designers who have knowledge of tt‘equi
d conc

Specifications and have designed at least one prest er bridge, including the bridge

substructure.  Designers who have not desi ed concrete bridges, but have used the
e able to follow the design example,

the basic concepts of prestressed concrete

Reference™s made to AASHTO-LRFD specifications article numbers throughout the design
example. To distinguish between references to articles of the AASHTO-LRFD specifications and
references to sections of the design example, the references to specification articles are preceded by the
letter “S”. For example, S5.2 refers to Article 5.2 of AASHTO-LRFD specifications while 5.2 refers to

Section 5.2 of the design example.
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Two different forms of fonts are used throughout the example. Regular font is used for

calculations and for text directly related to the example. Italic font is used for text that represents

commentary that is general in nature and is used to explain the intent of some spe ations provisions,

explain a different available method that is not used by the example, provide an over of general

acceptable practices and/or present difference in application between different jurisg
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2.0 EXAMPLE BRIDGE
2.1 Bridge geometry and materials

2.1.1 Bridge superstructure geometry

Superstructure type: Reinforced concrete deck supported on simple span pre irders made
continuous for live load.

Spans: Two spans at 110 ft. each

Width: 55’-4 " total
52’-0” gutter line-to-gutter line (Three lanes 12’- 0” wi
ft. left shoulder. For superstructure design, th
anywhere on the structure. For substructure desi
lanes, i.e., 4 lanes, is considered) ‘

ght shoulder and 6
ving lanes can be
mber of 12 ft. wide
Railings: Concrete Type F-Parapets, 1'- 8 ¥4” wi
Skew 20 degrees, valid at each suppor.
Girder spacing: 9'-8”

Girder type:  AASHTO Type VI
flange (AASHTO

eep, 42 in. wide top flange and 28 in. wide bottom

Strand arrangement: strands debonded near the ends of the girders

Overhang: " from t ine of the fascia girder to the end of the overhang

calculations, one intermediate diaphragm, 10 in. thick, 50 in. deep, is
at the middle of each span.

Figures 2-1
through 2-6 s
locations.

ow an elevation and cross-section of the superstructure, respectively. Figure 2-3
he girder dimensions, strand arrangement, support locations and strand debonding

Typically, for a specific jurisdiction, a relatively small number of girder sizes are available to select from.
The initial girder size is usually selected based on past experience. Many jurisdictions have a design aid
in the form of a table that determines the most likely girder size for each combination of span length and
girder spacing.
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The strand pattern and number of strands was initially determined based on past experience and
subsequently refined using a computer design program. This design was refined using trial and error until
a pattern produced stresses, at transfer and under service loads, which fell within the permissible stress
limits and produced load resistances greater than the applied loads under the strength limit states. For
debonded strands, S5.11.4.3 states that the number of partially debonded strands shquld not exceed 25
percent of the total number of strands. Also, the number of debonded strands in any hQFizontal row shall

debonded. This is slightly higher than the 25 percent stated in the specifications, butfis’acceptable since
the specifications require that this limit “should” be satisfied. Using the word “sho
signifies that the specifications allow some deviation from the limit of 25 percent.

Typically, the most economical strand arrangement calls for the strands (@ oe1oe §'possible
to the bottom of the girders. However, in some cases, it may not be pog all specification

e Increase the size of the girder to reduce the¥ange i.e the difference between the stress at
transfer and the stress at final stage.

e Increase the number of strands and shift the cen

ravity of the strands upward.

Either solution results in some loss 0 uld consider specific site conditions
the available under-clearance and cost of
raising the approach roadway to accommo i ) when determining which solution to adopt.

End abut ents supported on one line of steel H-piles supported on bedrock. U-
are cantilevered from the fill face of the abutment. The approach slab is
supported on the integral abutment at one end and a sleeper slab at the other end.
See Figure 2-8 for the integral abutment geometry
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2.1.3 Materials

Concrete strength
Prestressed girders: Initial strength at transfer, f'ci = 4.8 ksi
28-day strength, f'c = 6 ksi

Deck slab: f'e=4.0ksi
Substructure: f'c = 3.0 ksi
Railings: f'c = 3.5 ksi

Concrete elastic modulus S5.4.2.4
W, = 0.150kcf

K, =1

In the absence of measured data, the modulus of elasticity, Ec, fo ithu

0.090 and 0.155 kcf and for normal weight concrete with specified
may be taken as: ‘

eights between
gths up to 15 ksi

Deck slab: E, =120,000-K, - (w,°). % $5.4.2.4-1
Girder at 28-day strength: E, =120, 0% =4877ksi  S5.4.2.4-1
Girder at transfer: E, =12 Oksi $5.4.2.4-1
However, for normal weight concrete and speeifi ive strengths up to 10 ksi, Ec may be taken
as
f . =3834Kksi SC5.4.2.4-2
0K, W2*) /T =4696ksi  SC5.4.2.4-2
1), 1 = 4200ksi SC5.4.2.4-2

= 3,834 ksi
Girder final e = 4,696 ksi
Girder elastic ulus at transfer, Eg; = 4,200 ksi

Reinforcing steel
Yield strength, fy = 60 ksi

Prestressing strands

0.5 inch diameter low relaxation strands Grade 270
Strand area, Aps =0.153in?
Steel yield strength, fpy =243 ksi
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Steel ultimate strength, fpu =270 ksi
Prestressing steel modulus, Ep = 28,500 ksi
2.1.4 Other parameters affecting girder analysis

Time of Transfer =1 day
Average Relative Humidity =70%

110-0"

110-0"

Abutment

Prestressed Concrete Bridge Design Example

Figure 2-2 — Bridge Cross-Section
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2.2 Girder geometry and section properties

2.2.1 Basic beam section properties

Beam length, L =110ft. - 6in.
Depth =721n.

Thickness of web =8in.

Area, Aq =1,085in?
Moment of inertia, Iy = 733,320 in*

N.A. to top, yt =35.62in.

N.A. to bottom,y, ~ =36.38in.

Section modulus, Stop = 20,588 in®
Section modulus, SgoTt = 20,157 in®

CGS from bottom, at O ft. =5.375in.
CGS from bottom, at 11 ft. =5.158 in.
CGS from bottom, at 54.5 ft. =5.0in.

P/S force eccentricity at 0 ft., eo’ =31.005in

P/S force eccentricity at 11 ft., e;rr  =31.222 in.
P/S force eccentricity at 54.5 ft, ess5* = 31.380 in. \

Task Order DTFH61-11-D-00046-T-13007
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2.2.2 Interior beam composite section properties

Effective slab width =116 in. (see calculations in Section 2.3)

Deck slab thickness =8 in. (includes %2 in. integral wearing surface which is not i ded in the
calculation of the composite section properties)
Haunch depth =4 in. (maximum value - notice that the haunch depth varieg

length and, hence, is ignored in calculating section properti
when determining dead load)

Moment of inertia, I¢ =1,402,024 in*
NL.A. to slab top, ysc =27.54in.
N.A. to beam top, Vic =20.04 in.

N.A. to beam bottom, yuc =51.96in.

Section modulus, Stop sLas = 50,902 ind

Section modulus, Stop sBeam = 69,949 in®

Section modulus, Sgot seam = 26,985 in® ‘

2.2.3 Exterior beam composite sectj

Deck slab thickness =8in. (in in. i wearing surface which is not included in the

Haunch depth - notice that the haunch depth varies along the beam
ored in calculating section properties but is considered

ermining dead load)

N.A. to slab
N.A. to bea g
N.A. to beam 0m, Ybc =50.61in.

Section modulu§;Stor stas = 46,510 in®
Section modulusySyor Beam = 62,815 in®
Section modulus, Sgot seam = 26,556 in’
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Prestressed Concrete Bridge Design Example

N 42" >

9

0ss-Section Showing 44 Strands

CL of Bearing

CL Intermediate Pier

«Q

b

©Q
]

I

109'-0" = Span for Noncomposite Loads

110'-0" = Span for Composite Loads

Figure 2-4 — General Beam Elevation
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Design Step 2 - Example Bridge
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N

Location of
P/S Force
i
N~
™
[Te)

Section A-A

N

Location of
P/S Force

Section C-C

o
0

For location of Sections A-A, B-B and C-C, see Figure 2-5

Figure 2-6 — Beam at Sections A-A, B-B, and C-C

Task Order DTFH61-11-D-00046-T-13007
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5 spa @ 10'-7 7/16" along the skew

Cap 4' x 4'\‘

: _

2'/1

—> <—3'-6" Dia.

(TYP)
12'x 12'
footing (TYP.)\
Y Y

22'-0"

18-0"

CL Exterior Girder
CL Exte

4-85/8"

Approach Expansion
Slab / Joint |
i T
Highway
Sleeper Pavement
Slab

Bedrock

Figure 2-8 — Integral Abutment
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2.3 Effective flange width (S4.6.2.6)

The effective flange width is calculated using the provisions of S4.6.2.6. According to S4.6.2.6.1, the
effective flange width may be calculated as follows:

For interior girders:
The effective flange width is taken as:

The average spacing of adjacent beams =9ft.-8in.or 116 in.

For exterior girders:
The effective flange width is taken as:

One-half the distance to the adjacent interior girder plus th
The width of the overhang =3 ft.-6 % in. or 4& in.
Therefore, the effective flange width for the exterior gi

(116/2) + 42.25 = 100.25 in.

site barriers when analyzing for service and fatigue

of including the effect of the continuous composite
overhang. Traditionally, the effect of the continuous
design of new bridges and is ignored in this example.
isting bridges with structurally sound continuous

S4.5 allows the consideration of cg
limit states. S4.6.2.6 includes an
barriers on the section by modi
composite barrier on the s
This effect may be consj
composite barriers.
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3.0 FLOWCHARTS

Main Design Steps

Start

\ J
Determine bridge materials, span

arrangement, girder spacing,
barrier type, bearing types,
substructure type, backfill soil
properties and geometry, and
foundation type

Section in Example

Design Step 2.0

Assume deck slab
thickness based on girder
spacing and anticipated
girder top flange

Design Step 4.2

<

y

Analyze interior and exterior
girders, determine which
girder controls

i

Is the assumed
thickness of the slab
adequate for the girder
spacing and the girder
op flange width?

Design Step 4.0

Design Steps 5.6
and 5.7

Y

Design Design Step 6.0
bearings

@
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Main Design Steps (cont.)

Section in Example

Design integral _
abutments Design Step 7.1

A

Design intermediate _
pier and foundation Design Step 7.2

. A
\
>
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Deck Slab Design

Start

/
Assume a deck slab
thickness based on

girder spacing and width
of girder top flange

/

Determine the location of the
critical section for negative
moment based on the girder
top flange width (S4.6.2.1.6)

/
Determine live load
positive and negative

moments (A4)

Determine dead load
positive and negative

Determine longitudinal
distribution reinforcement
(89.7.3.2)

Task Order DTFH61-11-D-00046-T-13007

Prestressed Concrete Bridge Design Example

Section in Example

Design Step 4.2

Step 4.7

Design Steps 4.8
and 4.9

Design Step 4.8

Design Step 4.12
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Deck Slab Design (cont.)

Section in Example

For Slabs on Continuous Beams:
Concrete Simple Spans Made Continuous for Live Load -
Determine the longitudinal slab reinforcement at intermediate
pier areas during the design of the girders (S5.14.1.4.8)

Determine strip width for overhang (54.6.2.1.3)

or where applicable, use S3.6.1.3.4 4.10

Determine railing load resistanc! an
moment resistance at its base (SA

overhang for veh
railing + DL (Case

'

Design overhang
reinforcement for DL + LL

A
Detail

reinforcement

Design Step 4.11

\
End
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General Superstructure Design
(Notice that only major steps are presented in this flowchart. More detailed flowcharts of the
design steps follow this flowchart)

Start

) J

Assume girder size

based on span and
girder spacing

Section in Ex

<
el

y

Determine noncomposite dead load
(girder, haunch and deck slab) for t
interior and exterior girders

y

Design Step 5.2

Design Step 5.1

nfactored Design Step 5.3
force effects

Determine the controlling girder
(interior or exterior) and continue
the design for this girder
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General Superstructure Design (cont.)

Determine long-term and
short-term prestress

Design Step 5.4
losses

Design for flexure under
Service Limit State

y

Design for flexure under
Strength Limit State

Design for shear und

Strength Lim ate Design Step 5.7

ig the girder

pass all design
checks and the calculations
indicate the selected girder size
leads to an economical
design?

Select a different
girder size or
change strand
arrangement

Task Order DTFH61-11-D-00046-T-13007 3-6



Design Step 3 — Design Flowcharts

Live Load Distribution Factor Calculations

Start

A

Determine the type of cross-
section, Table S4.6.2.2.1-1

A
Determine the
longitudinal
stiffness
parameter, K4
(S4.6.2.2.1)

v

For skewed bridges, determine
the skew correction factor for
moment (if allowed by the

owner) (S4.6.2.2.2e)and for

shear (S4.6.2.2

A
Determine LL distg
for moment for t
under single lane

loadi 4\

and multi-lane
loading (S4.6.2.2.3a)

y

Apply the skew
correction factor

Task Order DTFH61-11-D-00046-T-13007
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Section in Example

Design Step

ign Step 5.1.6

Design Step 5.1.5

Design Step 5.1.7

Design Step 5.1.8
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Live Load Distribution Factor Calculations (cont.)

Section in Example

Determine the controlling

(larger) distribution factors

for moment and shear for
the interior girder

v

Divide the single lane distribution factors by the multiple presence

factor for one lane loaded, 1.2, to determine the fatigue distri

factors (Notice that fatigue is not an issue for conventional

girders. This step is provided here to have,a complete gener
reference for distribution factor lati

Design Step 5.1.10

Design Step 5.1.15
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Creep and Shrinkage Calculations

Start

'

Calculate the creep coefficient, y(t, t),
for the beam at infinite time according
to S5.4.2.3.2.

v

Calculate the creep coefficient, y(t,t), in the
beam at the time the slab is cast according
to S5.4.2.3.2.

Is age when continuity
established 90 days or

Calc
prestresse

end slope, 6.

Calculate dead load creep
fixed end actions

/

Determine creep
final effects

3

Task Order DTFH61-11-D-00046-T-13007
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Section in Example

Design Step

Design Step C1.4

Design Step C1.5

Design Step C1.6

Design Step C1.7
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Creep and Shrinkage Calculations (cont.)

Section in Example

Calculate shrinkage strain in beam at

T . Design Step
infinite time according to S5.4.2.3.3.

Y

Calculate shrinkage strain in the beam at
the time the slab is cast (S5.4.2.3.3).

'@

Calculate the shrinkage strain in the s
infinite time (S5.4.2.3.3).

Design Step C2.3

Design Step C2.5

! ) X Design Step C2.6
nkage fixed end actions

Y

culate the correction Design Step C2.7
factor for shrinkage

Y

Calculate the shrinkage Design Step C2.8
final moments

End
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Prestressing Losses Calculations

Start

Y
Determine the stress limit
immediately prior to transfer in the
prestressing strands for the
prestressing steel used (S5.9.3)

A

Prestressed Concrete Bridge Design Example

Section in Example

Determine Instantaneous Losses
(55.9.5.2) for pretensioned members,
only Elastic Shortening (S5.9

considered

. Will the appre
Approximate

&3a)is

Step 5.4.3

Refined

/
Detesmine the
appr i e -

depe

Refer to Design Step C1.2

Determine

creep coefficients Design Step 5.4.6.1

Ref

Determine
shrinkage strain
er to Design Step C2.1

Design Step 5.4.6.2

Task Order DTFH61-11-D-00046-T-13007
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Prestressing Losses Calculations (cont.)

Section in Example

Determine
Determine relaxation loss shrinkage, creep and

between stressing and relaxation losses

transfer (55.9.5.4.2¢) (S5.9.5.4.2 and S5.9.5.4.3)
Determine time-dependent losses Determine total time-depe )

after transfer as the total time- after transfer by addi Design Step 5.4.7
dependent losses minus relaxation shrinkage and refa
losses at transfer

ress in strands
ediat ter transfer as Design Step 5.4.4
ress prior to transfer
stantaneous losses

\ 4
Determine final stress in strands as stress
immediately prior to transfer minus sum of
instantaneous loss and time-dependent
losses after transfer

Design Step 5.4.8

End
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Flexural Design

Start

/

Design controlling girder
(interior)

Section in Example

/

Detemine compression and
tension stress limits at transfer

A

Detemine final compression and
tension stress limits

B

A J

Calculate initial service mom
stress in the top and bottom of th
prestressed girde

Design Step 5.6.1.2

Design Step 5.6.2.2

Are service
stresses within
stress limits?

Select a different
girder size or change
| strand arrangement
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Flexural Design (cont.)

Design the longitudnal
steel at top of girder

A

Calculate factored flexural
resistance, M, at points of
maximum moment
(S5.7.3.2)

Check the nominal
capacity versusgth
maximum app
factored momen

Prestressed Concrete Bridge Design Example

@ Section in Example

Design Step 5.6.

or Design Step 5.6.4.1
0 and 5.6.4.2

Check negative moment
connection at
intermediate pier
(contingent on design for

continuity)

Task Order DTFH61-11-D-00046-T-13007
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Flexural Design (cont.)

Section in Example

Check moment capacity versus the

maximum applied factored Design Step 5.6.5.1

moment at the critical location for
negative moment.

A

Check service crack controlin
negative moment region
(55.5.2)

Design

Provide positive moment
connection atintermediate pie
orminimum connection,
§5.14.1.4.4 and S5.14.1.4.9

Check fatigue in pres
(Notice that for conven

; Design Step 5.6.6
beams, fatigue does no

Design Step 5.6.7.1

ine the haunch

. Design Step 5.6.7.2
thickness

/

Calculate required camberin )
the beams to determine Design Step 5.6.7.3
probable sag in bridge
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Flexural Design (cont.)

Section in Example

Optional live load
deflection check
(S2.5.2.6.2)

T
N
>

?S
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Shear Design — General Procedure, Angle 0

Section in Example
Start

Determine b, and d, Design Step 5.7.2.1
Eqg. S5.8.2.9

Calculate V,

!

If the section is within the
transfer length of any
strands, calculate the

average effective value of fy,

tep 5.7.2.4

If the section is with
development length of

. . Design Step 5.7.2.4
reinforcing bar 8 P

Task Order DTFH61-11-D-00046-T-13007 3-17



Design Step 3 — Design Flowcharts Prestressed Concrete Bridge Design Example

Shear Design (cont.)

Section in Example

Calculate B using
Eqg. S5.8.3.4.2-1

'

Calculate 6 using
Eqg. S5.8.3.4.2-3

NO

Determine transverse

reinforcement to en Design Step 5.7.2.4

Design Step 5.7.2.2
and 5.7.2.3

Can longitudinal
reinforcement resist
required tension?
S5.8.3.5

Design Step 5.7.6
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Shear Design (cont.)

Section in Example

Check splitting resistance
(§5.10.10.1)

YES Can transverse steel be

added to reduce longitudinal
steel requirements?

y
Provide additional

transverse reinforcement to
satisfy $5.8.3.5-1

/

Check confinement
reinforcement (S5.10.10.2)

Design Step 5.7.5

4
Check horizontal shea
interface between

and deck (S5.8.4

Design Step 5.7.7
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Steel-Reinforced Elastomeric Bearing Design — Method A (Reference Only)

Start

A

Determine movements and loads
at pier support (S14.4)

A

Calculate required plan area
based on compressive stress
limit (514.7.6.3.2)

Determine dimensions L and W oft)’zring,
W is taken to be slightly less than the Width of

the girder bottom flange

Determine the sha for steel-

ive stress. Determine the maximum
actor using total load and live load
stresses for the assumed plan area (5S14.7.6.3.2)

A
Assume elastomer layer
maximum thickness and
number of layers
(S14.7.6.3.4)
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Steel-Reinforced Elastomeric Bearing Design — Method A (Reference Only) (cont.)

@

<

'

Recalculate the
shape factor

A

Determine maximum stress associated
with the load conditions inducing the
maximum rotation (S14.7.6.3.5)

/

Check stability of the

elastomeric bearing
(514.7.6.3.6)

/

Reinforcement for steel-r
elastomeric bearings is de
according to $14.7.5.3.5

rced

Change plan
dimensions, number of
layers, and/or
thickness of layers
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Prestressed Concrete Bridge Design Example

Steel-Reinforced Elastomeric Bearing Design — Method B

Start

\J

Determine movements and
loads at pier support (514.4)

v

Determine dimensions L and W of the
bearing, W is taken to be slightly less than
the width of the girder bottom flange
(S14.7.5.1)

y
Assume trial interior and

cover layer thicknesess
(514.7.5.3.2)

hear deformation
4.7.5.3.2)

A

Check combined compression,
rotation, and shear (514.7.5.3.3)

Task Order DTFH61-11-D-00046-T-13007

Section in Example

Design Step 6.1

Design Step 6.1.2.3

Design Step 6.1.2.4
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Steel-Reinforced Elastomeric Bearing Design — Method B (cont.)

@ Section in Example
Check stability of elastomeric Design Step 6.1.2.5

bearings (514.7.5.3.4)

/

Determine steel reinforcement
thickness, hs (S14.7.5.3.5)

'

Compute vertical deflection
(S14.7.5.3.6)

ign Step 6.1.2.2

Did bearing pass all
checks?

thickness of layers
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SUBSTRUCTURE

Integral Abutment Design

Section in Example
Start

/

Generate applied dead
load and live load for the
abutment components.

l

Determine controlling limit state.
Factor the loads according to Table
S3.4.1-1 to be applied for pile design

I

Check pile compressive resistan
(S6.15 and S6.9.2). Determine numbé Design 7.13.1
of piles and corresponding_spacing.

Design Step 7.1.1

Design pile cap re Design Step 7.1.4

Design Step 7.1.4.1

Design wingwall Design Step 7.1.5

/

Design approach
slab for flexure

Design Step 7.1.6

End
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Intermediate Bent Design

Section in Example
Start

Y

Generate the loads
applied to the intermediate
bent components.

v

Determine maximum loads
transferred from the superstructure

Design Step 7.2.1

A

Analyze the pier cap. Determine the
locations of maximum positive ent, De Step 7.2.2
negative moment and she

distribution (S5.7.3.4)

eck fatigue (S5.5.3.2)

\

Check minimum temperature
and shrinkage steel (S5.10.8)

Design Step 7.2.2.4
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Intermediate Bent Design (cont.)

Section in Example

Check skin reinforcement in
components where d_
exceeds 3.0 ft. (S5.7.3.4)

Design Step 7.2.2.5

/

Design the columns. Determine
the maximum moments and
shears in the column

Design Step 7.2.3.1

termine transverse
reinforcement for a compressive Design Step 7.2.3.2
member (S5.10.6)

v
Design the footing. Determine
applied moments and shears Design Step 7.2.4
transmitted from the columns
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Intermediate Bent Design (cont.)

Check flexural resistance
(S5.7.3.2)

l

Check minimum reinforcement
(S5.7.3.3)

cracking in the concrete (S5.7¢

Check distribution of reinforc!me for

Prestressed Concrete Bridge Design Example

Section in Example

Design Step 7.2.4.1

Design footing fo
longitudinal and transv
shear and punching

Design Step 7.2.4.4

Task Order DTFH61-11-D-00046-T-13007
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4.0 DESIGN OF DECK

Design Step 4.1 Deck slab design

In addition to designing the deck for dead and live loads at the strength limi
LRFD specifications require checking the deck for vehicular collision wit
the extreme event limit state. The resistance factor at the extreme event limit s
This signifies that, at this level of loading, damage to the structural componeg awed and the
goal is to prevent the collapse of any structural components.

state, the AASHTO-

The AASHTO-LRFD Specifications include two methods of deck design.
called the approximate method of deck design (S4.6.2.1) andg 3 erked to as the

e The truck axle loads duce the moment envelopes. Multiple
presence factors and t i lowance are included. The total moment is
divided by the strip distrib i ine the live load per unit width.

e The loads transmi
are determined.

and fatigue of the reinforcement need not be investigated.

al Design Method is based on laboratory testing of deck slabs. This testing indicates
that the 1@agls on the deck are transmitted to the supporting components mainly through arching
action in the deck, not through shears and moments as assumed by traditional design. Certain
limitations on the geometry of the deck are listed in S9.7.2. Once these limitations are satisfied,
the specifications give reinforcement ratios for both the longitudinal and transverse reinforcement
for both layers of deck reinforcement. No other design calculations are required for the interior
portions of the deck. The overhang region is then designed for vehicular collision with the railing
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system and for dead and live loads acting on the deck. The Empirical Design Method requires
less reinforcement in the interior portions of the deck than the Approximate Method.

For this example, the Approximate Method (Strip Width Method) is used.

55'-41/2"
52' Roadway Width

1-8 114"
/ 110" 5spaat9 - 8"

1\

L

a

r 8" Reinforced Concrete Deck

e

Figure4-%Brid Cross-Sgetion

Required information:
Girder spacing
Top cover

in. integral wearing surface)
Bottom cover

Steel yield strength

Slab conc. compressive s
Concrete density
Future wearing sur

Design Deck thic

1/20 of &
in order

design span, consideration should be given to prestressing in the direction of that span
ontrol cracking.

Most jurisdictions require a minimum deck thickness of 8 in., including the % inch integral
wearing surface.

In addition to the minimum deck thickness requirements of S9.7.1.1, some jurisdictions check the
slab thickness using the provisions of S2.5.2.6.3. The provisions in this article are meant for slab-
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type bridges and their purpose is to limit deflections under live loads. Applying these provisions
to the design of deck slabs is not the common practice.

For this example, a slab thickness of 8 in., including the % inch integral wearing surface, is
assumed. The integral wearing surface is considered in the weight calculations. However, for
resistance calculations, the integral wearing surface is assumed to not conttibute to the section
resistance, i.e., the section thickness for resistance calculations is assumed to 5in.

Design Step 4.3 Overhang thickness

For decks supporting concrete parapets, the minimum overhang thicknes
unless a lesser thickness is proven satisfactory through crash testi
a deck overhang thickness of approximately % to 1 thicker
to be beneficial in past designs.

3.1.2),
. Using
as proven

For this example, an overhang thickness of 9 in., includin

the design. ‘

layer is assumed in

Design Step 4.4 Concrete parapet

A Type-F concrete parapet is a
The railing crash resistance was
of the parapet and its crash resj

f the parapet are shown in Figure 4-2.
provisions of SA13.3.1. The characteristics

1ft-8%in.

17.83 k-ft/ft

=42 in.

echanism, L =235.21in.
=137.22 k

parapet be calculated once and used for all deck slabs.
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C.G.—]
of
parapet

ross-Section

The load capacity of this
overhang region is i

the minimum required by the Specifications. The deck
d to have a resistance larger than the computed resistance

for a deck transverse strip assuming rigid supports at web centerlines.
ment is the same in all deck bays. The overhang is designed for cases of DL + LL at
the Strength | Limit State and for collision with the railing system at the Extreme Event Il Limit
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Design Step 4.5.1 Design dead load moments

Strength I load factors (S3.4.1):

Slab and parapet:
Minimum = 0.9
Maximum = 1.25

Future wearing surface:
Minimum = 0.65
Maximum = 1.5

It is not intended to maximize the load effects by applying the
bays of the deck and the minimum load factors to othe
maximum load factor controls the design and the minimu

Dead loads represent a small fraction of the deck
determine the deck dead load effects will result in a

be ignored.

ence in the total (DL +

LL) load effects. Traditionally, dea’ad and Negative moments in the deck, except

for the overhang, for a unit width strigyof t

approach:

M =wléc

ght of the deck = 8(150)/12 = 100 psf

= 0.93 k-ft/ft

Future wearing surface = 30 psf

Unfactored FWS positive or negative moment = (30/1000)(9.66)%/10
= 0.28 k-ft/ft

Task Order DTFH61-11-D-00046-T-13007
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Design Step 4.6 Distance from the center of the girder to the design section for negative moment

For precast I-shaped and T-shaped concrete beams, the distance from the centerline of girder to
the design section for negative moment in the deck should be taken equal to one-third of the flange
width from the centerline of the support (S4.6.2.1.6), but not to exceed 15 in.

Girder top flange width = 42 in.
One-third of the girder top flange width = 14 in. < 15in. (Use 14 in.)

Design Step 4.7 Determining live load effects

Using the approximate method of deck analysis (S4.6.2), live loa ined by
modeling the deck as a beam supported on the girders. One or ced side by
side on the deck (representing axles from trucks in differe ) and move them
transversely across the deck to maximize the moments ( mine the live load
moment per unit width of the bridge, the calculated tota divided by a strip
width determined using the appropriate equation from The following
conditions have to be satisfied when detern‘ng li

Minimum distance from center of wheel to the i

Minimum distance between th i ks = 4 ft.

Single lane
Two lanes
ation never controls for girder spacings up to 16 ft.)

oved laterally to determine extreme moments (S4.6.2.1.6)

not be investigated for concrete slabs in multi-girder bridges (S9.5.3 and S5.5.3.1)

Resistance factors, ¢, for moment: 0.9 for strength limit state (tension-controlled) (S5.5.4.2)
1.0 for extreme event limit state (S1.3.2.1)

In lieu of this procedure, the specifications allow the live load moment per unit width of the deck to

be determined using Table SA4-1. This table lists the positive and negative moment per unit width
of decks with various girder spacings and with various distances from the design section to the
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centerline of the girders for negative moment. This table is based on the analysis procedure
outlined above and will be used for this example. In addition, some states use their own slab design
charts and tables.

Table SA4-1 does not include the girder spacing of 9-8”. It does include girder spacings of 9'-6”
and 9'-9”. Interpolation between the two girder spacings is allowed. However, due to the small
difference between the values, the moments corresponding to the girder spacing of 9'-9” are used
which gives slightly more conservative answers than interpolating. Furth )re, the table lists
results for the design section for negative moment at 12 in. and 18 in. from the center of the girder.
For this example, the distance from the design section for negative moment tg erline of the
girders is 14 in. Interpolation for the values listed for 12 in. and 18 in. is ; . However, the
value corresponding to the 12 in. distance may be used without interpolat :
conservative value. The latter approach is used for this example.

Design Step 4.8 Design for positive moment in the deck

The reinforcement determined in this section is based on max ositive moment in the
deck. For interior bays of the deck, axi ositive, moment typically takes place at
approximately the center of each bay. For thedi ay adjacent to the overhang, the
location of the maximum design positive mome on the overhang length and the
value and distribution of the dead loa einforcement is typically used for all deck
bays.

Factored loads

Live load
From Table S acing of 9'-9” (conservative):
Unfactored li nt per unit width = 6.74 k-ft/ft

positive moment per unit width = 1.75(6.74)
=11.80 k-ft/ft

pplicable to all positive moment regions in all bays of the deck (54.6.2.1.1).

193) = 1.16 k-ft/ft

Future wearing surface

1.5(0.28) = 0.42 k-f/ft
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Dead load + live load design factored positive moment (Strength | limit state)

MprL+L =11.8+1.16 +0.42
= 13.38 k-ft/ft

Notice that the total moment is dominated by the live load.

applicable to reinforced concrete and prestressed concrete sections. Dep
reinforcement, the terms related to prestressing, tension reinforcing
reinforcing steel, are set to zero. The following text is furtheg
provisions to reinforced concrete sections and the possible simg

case.
For rectangular section behavior, the depth of the sectio co ioAf’c; is determined using
Eq. S5.7.3.1.1-4: ‘

ATt AT AT s

tension reinforcement (in?)

f compression reinforcement (in?)

strength of tension reinforcement (ksi)

f{ =yield strength of compression reinforcement (ksi)
b = width of rectangular section (in.)

dp = distance from the extreme compression fiber to the centroid of
the prestressing tendons (in.)

c = distance between the neutral axis and the compressive
face (in.)
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o1 = stress block factor specified in S5.7.2.2 where «1 shall be taken as 0.85 for
specified concrete compressive strengths not exceeding 10.0 ksi.

p1 = stress block factor specified in S5.7.2.2

f
(- 2[1.04 _j
f o

For reinforced concrete sections (no prestressing) without reinforcement o Ompression side
of the section (or if the compression reinforcement is ignored), the above equé ;

Aty
a, fc,ﬂlb

The depth of the compression block, a, may be calculated

a =ch

0 th
n to det

ally used in reinforced concrete
the reinforcement ratio,p, and

These equations for ““a” and ““c’” are identic
design. Many text books use the following eq
area of reinforcement, As:

K = Md(gbd?)

p =0.85 de 1.0- -
f, 0.85f,

etermine the required area of steel is based on using the above equation for
S5.7.3.2.2-1 as shown below. The nominal flexural resistance, M,, may

Adf,(ds — a/2) — A% 5(d s — al2) + an Fa(b — bu)h(@l2 — hd2)
(S5.7.3.2.2-1)

fos —average stress in prestressing steel at nominal bending resistance specified in
Eq. S5.7.3.1.1-1 (ksi)

ds =distance from extreme compression fiber to the centroid of nonprestressed
tensile reinforcement (in.)

d's =distance from extreme compression fiber to the centroid of compression
reinforcement (in.)
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b = width of the compression face of the member (in.)
bw = web width or diameter of a circular section (in.)
ht = compression flange depth of an I or T member (in.)

o1 = stress block factor specified in S5.7.2.2

For rectangular reinforced concrete sections (no prestressing) withou on the

compression side of the section, the above equation is reduced to:

_ a
w=at, (6. 2)

From the equations for “c’” and ““a’ above, substituting f

AT,
'b

c

a=ch= in the equationrfor

a, f

Ma = Asfy(ds—%j = f,

Only As is unknown in thi
reinforcement per unit wi

By substituting for b = 12 in., the required area of
ed by solving the equation.

Both methods outli
following calculati

same answer. The first method is used throughout the

psitive mo ection:

, b, from the compression fiber to the centroid of the tensile
2 in the tensile reinforcement (in.)

otal thickness — bottom cover — Y2 bar diameter — integral wearing surface
-1-%(0.625)-0.5

9in.

k' = Mu/(pbd?)
= 13.38/[0.9(1.0)(6.19)?]
=0.388 k/in?
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p =085 |10~ 1o- 2K
f, 0.85f,

=0.00688

Therefore,
Required As = pde = 0.00688(6.19) = 0.0426 in?/in.

Required #5 bar spacing with bar area 0.31 in? = 0.31/0.0426 = 7.28 in.

Use #5 bars at 7 in. spacing

Check maximum and minimum reinforcement

Based on past experience, maximum and minimum reinf irem never control the
deck slab design. The minimum reinforcement requirem e S5.7.3.3.2. These
provisions are illustrated later in this example.

Maximum reinforcement requirements were d .1in 2005. However, reinforced
concrete sections in flexure should be check ccordance with S5.7.2.1. The
strain in the tension steel should be reater than 0.005 just as the concrete in
compression reaches a strain . iti called “tension-controlled™.

Calculate depth of compression b

T = tensile f
=0.31(60

=0.78/0.85
=0.918in.

Calculate the strain in the tension steel:

& =0.003 (d—e—lj
C
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=0.003 ﬂ _
0.918

=0.017 > 0.005 OK

Prestressed Concrete Bridge Design Example

Check for cracking under Service | Limit State (S5.7.3.4)

Maximum spacing of tension steel using Eq. S5.7.3.4-1:

700
< e | 2dc
B.f,
in which:
d
= 1+ ———¢
bs 0.7(h—d,)
where:
Ye = exposure factor
= 1.00 for Class 1 exposure con(‘n
dc = thickness of concrete cover measu
flexural reinforcement locate
= 1.3125in.
fss tensile stress in steel r

Maximum stress =

" (1.303)(36)

7in.<123in. OK

Task Order DTFH61-11-D-00046-T-13007

loses

- 2(1.3125) = 12.3in.

m extr sion fiber to center of the

eto (in.)

ervice limit state (ksi)
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#5 @ 7 in.
(bar diameter = 0.625 in.,
bar area = 0.31 inz)X

Figure 4-3 - Bottom Transverse Reinforcement

Stresses under service loads (S5.7.1)

In calculating the transformed compression steel area, the Specmcatlons
different values for the modular ratio when calculating the servi
and live loads, 2n and n, respectively. For deck design, it is c
steel in the calculation of service load stresses and, therefor
For tension steel, the transformed area is calculated usingfthe

Ne compression
is not applicable.
Modular ratio for 4 ksi concrete, n =8
Assume stresses and strains vary linearly
Dead load service load moment = 0.93
Live load service load moment

Dead load + live load servic

stress calculations)

Neutral
Axis /
Steel stress =/ﬁ( alculated

stress based/on fransformed
/

section)

#5 @ 7 in.
/ +

N+
() % >
0 0
Strain Stress Based on
7 Transformed Section
e

Figure 4-4 - Crack Control for Positive Moment Reinforcement Under Live Loads
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The transformed moment of inertia is calculated assuming elastic behavior, i.e. linear stress and
strain distribution. In this case, the first moment of area of the transformed steel on the tension
side about the neutral axis is assumed equal to that of the concrete in compression. The process
of calculating the transformed moment of inertia is illustrated in Figure 4-4 and by the
calculations below.

For 4 ksi concrete, the modular ratio, n = 8 (56.10.1.1.1b or by dividing the snodulus of elasticity
of the steel by that of the concrete and rounding to the nearest integer ntmber as required by
S5.7.1).

Assume the neutral axis is at a distance “y” from the compression face of t
Assume the section width equals the reinforcement spacing = 7 in.
The transformed steel area = (steel area)(modular ratio) = 0.31(

By equating the first moment of area of the transformed¢teel 10t oncrete, both about
the neutral axis:

2.48(6.19 - y) = 7y(y/2) L 3
Solving the equation results in y = 1.77 in.

ltransformed = 2.48(6.19 —
=61.4in*

Stress in the steel, fs = (Mc/ is the momient acting on 7 in. width of the deck.

Allowable serv > 32.05 ksi OK

From Table S
moment to the

-1, for girder spacing of 9’-9” and the distance from the design section for negative
nterline of the girder equal to 12 in. (see Design Step 4.7 for explanation):

Unfactored live load negative moment per unit width of the deck = 4.21 k-ft/ft

Maximum factored negative moment per unit width at the design section for negative moment =
1.75(4.21) = 7.37 k-ft/ft
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b. Dead load

Factored dead load moments at the design section for negative moment:

Dead weight
1.25(0.93) = 1.16 k-ft/ft

Future wearing surface

1.5(0.28) = 0.42 k-ft/ft

Dead Load + live load design factored negative moment =1.16 + 0.
= 8.95 k-ft/ft

d =distance from compression face to centroid of tensio
= total thickness — top cover — % bar %meter

Assume #5 bars; bar diameter = 0.625 in., bar area@0.31 |

d =8- 2% —%(0.625)
=5.19in.

Required area of steel = 0.0339 in%/in.
Required spacing = 0.31/0.03

Use #5 at 9 in. spacing

As indicated earlier, and maximum reinforcement is not expected to control in

deck slabs.

ing the

Check fo i ice limit state (S5.7.3.4)

As explainedigarlier, service load stresses are calculated using a modular ratio, n = 8.

Dead load serviCe load moment at the design section for negative moment near the middle = -1.21 k-

ft/ft.
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2.81"

~#5 @ 9in.

Prestressed Concrete Bridge Design Example

5.19"
3.75"

Neutral

Steel stress = n(calculated
stress based on transformed
section)

Axis

La4"

0 0
Strain

o

Figure 4-5a - Crack Control for Negative Moment Reinfor

Live load service load moment at the design section in the firs
-4.21 k-ft/ft.

Transformed section properties may be calculated as
Step 4.8. Refer to Figure 4-5a for the section
calculations are shown below.

Maximum dead load + live load se
n=8

ltransformed = 43.83 in4

Total DL + LL service |g8fhst 5.42(9)(3.75)]/43.83](8)

el:
- 2dc

Concrete coveF=.2 2 in. — Y2 in. integral wearing surface = 2 in.
where:
dc = clear cover + %2 bar diameter
=2 +%(0.625)
=2.3Llin.

Task Order DTFH61-11-D-00046-T-13007

Stress Based on
Transformed Section

ds

near gZhe first interior girder

sitive moment section in Design
ation of the neutral axis.

The
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fs =33.39 ki
'Ye :100
h =75in.
B =1+ 23 163
0.7(7.5-2.31)
_grs TO0L00)  hh o gigr NG
(1.636)(33.39)

To satisfy the crack control provisions, the most economical change is
by smaller bars at smaller spacing (area of reinforcement per unit wi

minimum bar size for deck main reinforcement. Therefore, t
spacing is reduced.

Assume reinforcement is #5 at 8 in. spacing (r’to
lransformed = 42.77 in*
Total DL + LL service load stress
g 700(1.00)
(1.636)(29.85)

Use main negative mo

>
/
+ +
// Steel stress = n(calculated
/ stress based on transformed
// section)
Neutral /
Axis
0 0
}4% Strain Stress Based on

Transformed Section

Figure 4-5b - Crack Control for Negative Moment Reinforcement Under Live Loads
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Design Step 4.10 Design of the overhang

Task Order DTFH61-11-D-00046-T-13007

» 3'-6 1/4"

1-8 1/4"

C.G.

761" of
parapet

Wheel Load

_—

«—— design section
in first span

ign section
overhang

-6 - Overhang Region, Dimensions and Truck Loading

he bottom of the deck in the overhang region is 1 inch lower than the bottom of other

own in Figure 4-6. This results in a total overhang thickness equal to 9 in. This is

ficial in resisting the effects of vehicular collision. However, a section in the first bay
here the thickness is smaller than that of the overhang, must also be checked.

bays a
usually

Assumed loads

Self weight of the slab in the overhang area = 0.1125 k/ft? of the deck overhang surface area

Weight of parapet =0. 650 k/ft of length of parapet
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Future wearing surface = 0.030 k/ft? of deck surface area

As required by SA13.4.1, there are three design cases to be checked when designing the deck
overhang regions.

Design Case 1: Check overhang for horizontal vehicular collision load (SA13.4.1, Case 1)

n Sections in the Overhang Region

to resist an axial tension force from vehicular collision acting
ollision + dead load moment.

ance factor, ¢ = 1.0 for extreme event limit state (S1.3.2.1). The Specification requires
fects in the extreme event limit state be multiplied by 7 > 1.05 for bridges deemed

mi = 0.95 for bridges deemed not important. For this example, a value of n; = 1.0
was used.

a. At inside face of parapet (Section A-A in Figure 4-7)

(see Design Step 4.4 for parapet characteristics)
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M. = moment capacity of the base of the parapet given as 17.83 k-ft/ft.
When this moment is transmitted to the deck overhang it subjects the deck to
negative moment.

For a complete railing design example that includes sample detailed calculations of
railing parameters, see Lecture 16 of the participant notebook of the National
Highway Institute Course No. 13061.

Mo slab = 0.1125(20.25/12)%/2
=0.16 k-fu/ft

MopL, parapet = 0.65(20.25 — 7.61)/12
=0.68 k-ft/ft

Design factored moment =-17.83 — 1.25(0.16 + 0.68) = -

Design axial tensile force (SA13.4.2) =

hslab =9 in.
Assuming #5 reinforcement bar

d =overhang slab thic er — % bar diameter

=9-2%-1%(0.6
=6.19in.

ment and axial tension, P, the nominal resistance, Mn, may be calculated as:
d-a/2) - P(h/2 - a/2)
einforcement, T = 0.70(60) = 42.0 k/ft
Compression in concrete, C = 42.0 - 5.16 = 36.84 k/ft
a =C/bpf

= 36.84/[12(0.85)(4)]
=0.90in.
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c =a/f1=0.90/0.85=1.05in.

M, = 42.0[6.19 — (0.9/2)] - 5.16[(6.19/2) — (0.9/2)]
= 227.43/12
= 18.95 k-ft/ft

Notice that many designers determine the required reinforcement for sectio der moment and

axial tension, P, as the sum of two components:
1) the reinforcement required assuming the section is subjected to mo
2) PIfy
This approach is acceptable as it results in more conservative reg reinforcement.

The ductility check is not expected to control. However, einforcement in the

overhang, it is prudent to perform this check using the pro
Resistance factor = 1.0 for extreme event ’it st

Mr = (PMn
= 1.0(18.95) = 18.95 k-ft/ft >

&=0. 003[9— j 0.003
C
Steel has sufficiently yiel ushes, i.e., the section is ductile.

m haunch thickness is at least equal to the difference between the
jons of the slab and the overhang thickness, i.e., 1 in. This means that
in the overhang at 14 in. from the center of the girder, the total
|s point can be assumed to be 9in. For thinner haunches engineering

face of the parapet, the collision forces are distributed over a distance L. for the
moment, Where L. is the cricital length of the yield line failure pattern, and L. + 2H for axial
force. It is reasonable to assume that the distribution length will increase as the distance from the
section to the parapet increases. The value of the distribution angle is not specified in the
specifications and is determined using engineering judgment. In this example, the distribution
length was increased using a 30° angle from the base of the parapet (see Figure 4-8). Some
designers assume a distribution angle of 45°, this angle would have also been acceptable.
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36 1/4"
L1814 . 110"

\2814"‘

—design section in

8" |
the overhang
\

o 577(8 in.) = 4.616 in.

30°

\

Figure 4-8 - Assumed Distribution of Collision Moment Load in the Overhang

= McLo/[Lc + 2(0.577)X]
= -17.83(235.2)/[235.2 + 2(0.577)(8)]
= -17.16 k-ft/ft

Collision moment at the design section
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Dead load moment at the design section:

Mo slab = 0.1125(28.25/12)%/2
=0.31 k-fu/ft

MopL, parapet = 0.65(28.25 - 7.61)/12
=1.12 k-ft/ft

MoL, rws = 0.03(8/12)%/2
=0.007 k-ft/ft

Factored design M =-17.16 — 1.25(0.31 + 1.12) — 1.5(0.007) = -18.96 k-ft/

Design tensile force = Rw/[L¢ + 2H + 2(0.577)X]
= 137.22/[[235.2 + 2(42) + 2(0.577)
=5.01 k/ft
hslab =9in.
By inspection, for Section A-A, providi’an teelN=, 0.70 in?/ft resulted in a moment

resistance of 18.95 k-ft/ft = the design momegitifor Se

Therefore, the required area of steel for ion B- 70 in%ft (2)

c. Check dead load + collision ign section in first span (Section C-C in

Figure 4-7)

an applied moment at the end of a continuous strip.
re 4-9) can be calculated for the transverse design strip.

The total collision mom
The ratio of the mo

n at the first interior girder is restrained. Since this rotation
lue of M2 will be less than 0.5M:. Thus, the assumption that M2/M; = 0.4
he collision moment per unit width at the section under consideration

span due t0'the dead loads acting on the overhang (see Figure 4-10), and (2) the effect of the dead
loads acting on the first span of the deck (see Figure 4-11).
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MZ
]
A

iy

9'-8" = 116"

A
A

— " [—design
section

L —1 M=0.83Mm,
exterior
girder

R 2

Figure 4-10 - Dead Load Moment at Desi ectio ead Loads on the Overhang

first interior
girder

exterior
girder

X = 14"

0.4wéx-wx2/2

A \
04}W€ 9-g"

Figure 4-11 - Dead Load Moment at Design Section Due to Dead Loads on the First Deck
Span

Collision moment at exterior girder, My = -17.83 k-ft/ft

Collision moment at first interior girder, M2 = 0.4(17.83) = 7.13 k-ft/ft
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By interpolation for a section in the first interior bay at 14 in. from the exterior girder:
Total collision moment = -17.83 + 14(17.83 + 7.13)/116 = -14.81 k-ft/ft

Using the 30° angle distribution, as shown in Figure 4-8:

Design collision moment = -14.81L¢/[Lc + 2(0.577)(22 + 14)] = -12.59 k-ft/ft

where L =235.2 in.

Dead load moment at the centerline of the exterior girder:

-0.1125(42.25/12)%/2
-0.70 k-ft/ft

MbL, siab

M DL, Parapet

-0.65 (42.25 — 7.61)/12
-1.88 k-ft/ft L 3

MbL rws = -0.03[(42.25 — 20.25)/12]%2
=-0.05 k-f/ft
Factored dead load moment at t i xtertor girder:
MepL 1.25(-0.70

-3.3 k-ft/

Based on Figure 4-

at the design section due to loads on the overhang is:

Total design dead load + collision moment:

MpL+c=-12.59-2.74 + 0.71
=-14.62 k-ft/ft
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Resistance factor = 1.0 for extreme event limit state (S1.3.2.1)
Assuming the slab thickness at this section equals 8 in. and the effective depth equals 5.19 in.;

Required area of steel = 0.62 in?/ft 3

Design Case 2: Vertical collision force (SA13.4.1, Case 2)

For concrete parapets, the case of vertical collision never controls

Design Case 3: Check DL + LL (SA13.4.1, Case 3)

Except for decks supported on widely spaced girders (apprg . 4 ft. girder
spacing for girders with narrow flanges and wide flanges, res c 3 does not control
the design of decks supporting concrete parapets. Wide )w the use of wider
overhangs which in turn may lead to live load moments th eXcee ollision moment and,
thus, control the de5|gn The deck of this_example is hlgh i 0"De controlled by Case 3.

The live load distribution width eq
the distance from the desig
that the concentrated loa
than the design section.
load on the overh i
overhang. This
was not intende

ck wheel is located closer to the face of the parapet
4-12, the concentrated load representing the wheel
inside of the design section for negative moment in the
"X" in the distribution width equation is negative which
uation. This situation is becoming common as prestressed
langes are being used more frequently. In addition, Figure 4-6 may be
t there is no live load negative moment acting on the overhang. This
e wheel load is distributed over the width of the wheels in the axle.
hese situations is small and is not expected to control design. For such
the live load design moment in the overhang, either of the following two

2) The wheel load may be distributed over the width of the wheels as shown in Figure 4-12
and the moments are determined at the design section for negative moment. The
distribution width may be calculated assuming "X" as the distance from the design section
to the edge of the wheel load nearest the face of the parapet.
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The latter approach is used in this example. The wheel load is assumed to be distributed over a
tire width of 20 in. as specified in S3.6.1.2.5.

36 1/4"

1'-8 1/4" 1-10"

Y

center of

¢ EXTERIOR GIRDE
|
|
|
|
wheel load !

sign section in —
e overhang

re 4-12 — Overhang Live Load - Distributed Load

Using t ultiple presence factor for a single truck = 1.2 (S3.6.1.1.2) and dynamic load
allowanc truck loading = 1.33 (S3.6.2.1), live load moment may be determined.

Equivalent strip width for live load =45 + 10(6/12)
=50in. (S4.6.2.1.3)

Design factored moment:
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My = -1.25(0.1125)[(42.25 — 14)/12]%/2
-1.25(0.65)(42.25 — 14 — 7.61)/12
-1.5(0.03)[(42.25 — 20.25 — 14)/12]%2

-1.75(1.33)(L.2)[16/(20/12)[((6/12)2/2)/(50/12)]

= -2.60 k-ft/ft

d =6.19in.
Required area of steel = 0.09 in?/ft (4)

b. Check dead load + live load moments at design secti

(Section C-C in
Figure 4-7)

9.8
(center to center of girders) |

design—
section

Figure 4-13 — Overhang Live Load
thickness at this section = 8 in. (conservative to ignore the haunch)

Based on the earlier calculations for this section under collision + DL, DL factored moment at the
section = -2.74 k-ft/ft.

Determining live load at this section may be conducted by modeling the deck as a beam supported
on the girders and by moving the design load across the width of the deck to generate the moment
envelopes. However, this process implies a degree of accuracy that may not be possible to achieve
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due to the approximate nature of the distribution width and other assumptions involved, e.g., the
girders are not infinitely rigid and the top flange is not a point support. An approximate approach
suitable for hand calculations is illustrated in Figure 4-13. In this approximate approach, the first
axle of the truck is applied to a simply supported beam that consists of the first span of the deck
and the overhang. The negative moment at the design section is then calculated. The multiple
presence factor for a single lane (1.2) and dynamic load allowance (33%) are also applied. Based
on the dimensions and the critical location of the truck axle shown in Figures4-13, the unfactored
live load moment at the design section for negative moment is 3.03 k-ft.

Live load moment (including the load factor, dynamic load allowance presence

factor) = 3.03(1.75)(1.33)(1.2) = 8.46 k-ft
Since the live load negative moment is produced by a load on the e the ang strip
width at the girder centerline.
Equivalent strip width = 45 + 10(10/12) = 53.3 in. (54.6.2.

Design factored moment (DL + LL) = 2.‘ 8.
=4.65

Required area of steel = 0.19 in?/ft

From the different design cas
of steel in the overhang is eq

nd the adjacent region of the deck, the required area
, (2), 3), (4) and (5) = 0.7 in?/ft

The provided top rein me n regions other than the overhang region is: #5 at 8 in. =
0.31(12/8) = 0.465 i

jurisdictions require a #5 minimum bar size for the top transverse reinforcement. In
this case, the #4 bars used in this example would be replaced by #5 bars. Alternatively, to reduce the
reinforcement area, a #5 bar may be added between the alternating main bars if the main bar spacing
would allow adding bars in between without resulting in congested reinforcement.
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Check the depth of the compression block:

T =60(0.76)
= 45.6 Kips

a = 45.6/[0.85(4)(12)]
=1.12in.

B1 =0.85forf'c=4ksi (S5.7.2.2)
c =112/0.85
=1.32in.

Among Sections A, B and C of Figure 4-7, Section C has the least s
is more critical at this section, making the strain in the reinforcing s

ence, the ratio de/c

de at Section C-C =5.19 in.

4
5.19

Minimum & = 0.003 (dT —1j: 0.003 [E_ 88> 0. K (S5.7.2.1)

The above calculation shows that tiie secti lled.

Cracking under service load in the be checked. The reinforcement area in the
overhang is 65% larger than the i rcement in the interior portions of the deck,
5.77 k-ft/ft) is 6% larger than the service moment at
interior portions of the deck p 4.9). By inspection, cracking under service load

does not control.

Negative
strength li

t resistance of the deck slab reinforced with #5 bars at 8 in. spacing is 10.15 k-ft/ft for
ate (resistance factor = 0.9), or 11.27 k-ft/ft for the extreme event limit state (resistance
factor = 1.0)% By calculating the moments at different points along the deck first span in the same
manner they wWere calculated for Section C-C for (DL + collision), it was determined that the design
negative moment is less than 11.27 k-ft/ft at a point approximately 25 in. from the centerline of the
exterior girder.

The theoretical termination point from the centerline of the exterior girder is 25 in.
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Extend the additional bars beyond this point for a distance equal to the cut-off length. In addition,
check that the provided length measured beyond the design section for moment is larger than the
development length (S5.11.1.2.1).

Cut-off length requirement (S5.11.1.2.1)

Checking the three requirements of S5.11.1.2.1, the cut-off length is controlle 15 times the bar
diameter.

Cut-off length = 15(0.625) = 9.375 in.
Required length past the centerline of the exterior girder =25+9.375

=34,
Development length (S5.11.2)

The basic development length, i, is taken as the larger of:

1.25A,f, _ 1.25(0.31)(60)

NE V4

0.4dwfy = 0.4(0.625)(60) = 15 i
OR
12 in.

=11.625in.

OR

Therefore, the basic develop

Correction factors:

Required length’of the additional bars past the centerline of the exterior girder = 14 + 14.4 = 28.4 in. <
34.375 in. (needed to be satisfy cut off requirements) OK

Extend the additional bars in the overhang a minimum of 34.375 in. (say 3 ft.) beyond the centerline of
the exterior girder.
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design
section

< 14" 14.4" -
development

length

cut-off
length

375" needed
provided)

Overhang Additional Bars

Figure=14 - Leng

Design Step 4.12 Lon inal rei

ent (S9.7.3.2)

220
= 22 < 67%
vs

the effective span length taken as equal to the effective length specified in S9.7.2.3
(ft.); the distance between sections for negative moment and sections at the ends

of one deck span
= (116 - 14 -14)/(12)
=7.33ft.

4-32
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Percentage = (220 81% > 67%

N7.33

Use 67% of transverse reinforcement

Transverse reinforcement = #5 at 7 in. spacing = 0.53 in%/ft
Required longitudinal reinforcement = 0.67(0.53) = 0.36 in?/ft
Use #5 bars; bar diameter = 0.625 in., bar area = 0.31 in?

Required spacing = 0.31/0.36 = 0.86 ft. (10.375 in.)

Use #5 bars at 10 in. spacing

Top longitudinal reinforcement

There are no specific requirements to determ@his reinforcem Many jurisdictions use #4 bars at

12 in. spacing for the top longitudinal reinforcement.

Design Step 4.13 Deck top longitudi tin irder negative moment region

This design step computes the deck top
region, i.e., over the intermedia

rcement in the girder negative moment

t area is determined during girder design. See Section 5.6 for the

Design Step 4.14%Check shrinkage and temperature reinforcement according to S5.10.8

Reinforcement for shrinkage and temperature stresses is provided near surfaces of concrete
exposed to daily temperature changes. Shrinkage and temperature reinforcement is added to
ensure that the total reinforcement on exposed surfaces is not less than the following:
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As > (1.30bh)/(2(b+h)fy) (S5.10.8-1)
0.11 < As<0.60 (S5.10.8-2)

For members less than 18.0 in. thick, temperature and shrinkage reinforcement is not required.

21"

additional bars in the overhang:
#4 @ 8 in., bundle to main reinforce!

®
[ ]
#5@7in./

bottom reinforcement
across the entire, deck

rcement at Midspan of Girders
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additional bars in the overhang:
#4 @ 8 in., bundle to main reinforcement

218"

3|_6u

#5 @ 8in.
¢ top main reinforcement
| across the entire deck
I
I
I

30"

25"cl.
!

—e ® ] ]

#5@ 7 in. /

bottom reinforcement
across the entire deck

Figure 4-16 - De at Intermediate Pier
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Design Step 5 — Design of Superstructure Prestressed Concrete Bridge Design Example

Design Step 5.1 LIVE LOAD DISTRIBUTION FACTORS (S4.6.2.2)

The AASHTO-LRFD Specifications allow the use of advanced methods of analysis to determine
the live load distribution factors. However, for typical bridges, the specifications list equations to
calculate the distribution factors for different types of bridge superstructures. The types of
superstructures covered by these equations are described in Table $4.6.2.2: From this table,
bridges with concrete decks supported on precast concrete | or bulb-tee girde designated as
cross-section “K”. Other tables in S4.6.2.2.2 list the distribution factors ford and exterior
girders including cross-section “K”. The distribution factor equations are

already included in the distribution factor equations except whe
lever rule. In these cases, the computations need to account
Notice that the distribution factor tables include a colu
applicability””. The ranges of applicability listed for e
each parameter used in the study leading to the develop
spacing exceeds the listed value in the *““range of applicabi
the use of the lever rule (S4.6.2.2.1).
listed range of applicability In this case, the

eading ““range of
d on the range for
an. When the girder
e specifications require
r parameters may be outside the
remain valid, particularly when
However, if one or more of the

: eam-slab bridge cross-sections with
dlaphragms or cross-frames, the ibuti or the exterior beam shall not be taken less
than that which would be o suming tRat the cross-section deflects and rotates as a
rigid cross-section”. Thi ded to the specifications because the original study
that developed the dis
Application of thi the presence of a sufficient number of intermediate
to force the cross section to act as a rigid section. For
prestressed gi I ctions use different types and numbers of intermediate
diap ragms ing on the number and stiffness of the intermediate diaphragms, the
ay not be applicable. For this example, one deep reinforced concrete
midspan of each span. The stiffness of the diaphragm was deemed

For this € ple, the distribution factors listed in S4.6.2.2.2 will be used.

Notice that fatigue in the prestressing steel need not be checked for conventional prestressed
girders (S5.5.3) when maximum stress in the concrete at Service 11 limit state is taken according
to Table S5.9.4.2.2-1. This statement is valid for this example. The fatigue distribution factors
are calculated in the following sections to provide the user with a complete reference for the
application of the LRFD distribution factors.
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Required information:

AASHTO Type I-Beam (28/72)
Noncomposite beam area, Aq
Noncomposite beam moment of inertia, Ig
Deck slab thickness, ts

Span length, L

Girder spacing, S

Modulus of elasticity of the beam, Eg
Modulus of elasticity of the deck, Ep
C.G. to top of the basic beam

C.G. to bottom of the basic beam

Design Step 5.1.1

Calculate n, the modular ratio between the beam and the deck.

n = Eg/Ep
=4,696/3,834
=1.225

Design Step 5.1.2

Ignore the thickness of the haunch in
wearing surface, i.e., use ts S5
minimal.

99 = NAYT + ts/2
=35.62 + 8/2
=39.62 in.

Design Step 5.1.3

085(39.62)2]

Design Step 5.€4 Interior girder

\ 4

Calculate eg, the distance between the center

Prestressed Concrete Bridge Design Example

= 1,085 in?
=733,320 in*
=8in.

=110 ft.
=9ft.-8in.

4,696 ksi (S5.4.2.4)
= 3,834 ksi (refer to Design Exam
=35.62in.
=36.38 in.

ction 2.1.3)

ncomposite beam and the deck.
It is also possible to ignore the integral
erence in the distribution factor will be

S parameter.

(S4.6.2.2.1-1)

e moment distribution factor for an interior beam with two or more design lanes
loaded usifg Table S4.6.2.2.2b-1.

gm =0.075 + (5/9.5)%° (S/L)%? (Kg/12.0Lt3)%1
=0.075 + (9.667/9.5)°° (9.667/110)°2 [2,984,704/[12(110)(8)*]]**
=0.796 lane 1)
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Design Step 5.1.5

According to S4.6.2.2.2e, a skew correction factor for moment may be applied for bridge skews
greater than 30 degrees. The bridge in this example is skewed 20 degrees, and, therefore, no skew
correction factor for moment is allowed.

Calculate the moment distribution factor for an interior beam with one design lane loaded using
Table S4.6.2.2.2b-1.

gm = 0.06 + (S/14)°* (S/L)°® (K¢/12.0Lt3)°*
=0.06 + (9.667/14)°* (9.667/110)°2 [2,984,704/[12(110)(8)*]]°*
=0.542 lane 2)

Notice that the distribution factor calculated above for a singlgia Iready includes the
1.2 multiple presence factor for a single lane, therefore, this value séd for the service and
strength limit states. However, multiple presence factor
state. Therefore, the multiple presence factor of 1.2 for thelsinglelane, isd®quired to be removed
from the value calculated above to determx the factor use

For single-lane loading to be used for fatigue deésign, ultiple presence factor of 1.2.

According to S4.6.2.2.3c, factor for support shear at the obtuse corner must be
applied to the distributi ed bridges. The value of the correction factor is
calculated using Ta

gv =0.2 + (S/12) — (S/35)?
=0.2 + (9.667/12) — (9.667/35)?
=0.929 lane
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Apply the skew correction factor:

gv =1.047(0.929)
=0.973 lane (4)
Design Step 5.1.8
Calculate the shear distribution factor for an interior beam with one desigm lane loaded using
Table S4.6.2.2.3a-1.
gv =0.36 + (S5/25.0)
=0.36 + (9.667/25.0)
=0.747 lane

Apply the skew correction factor:

gv =1.047(0.747)
=0.782 lane . (5)

For single-lane loading to be used for fatigue design, ultiple presence factor of 1.2.

gv

Design Step 5.1.9

From (1) and (2), the servic
girder is equal to the larg
0.796 lane.

From (3):
The fatigue limi
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Design Step 5.1.10 Exterior girder

Design Step 5.1.11

Calculate the moment dis
Table S4.6.2.2.2d-1.

an exterior beam with two or more design lanes using

=0.772lane  (7)

Design Step 5.1.12

Calculate the moment distribution factor for an exterior beam with one design lane using the lever
rule as per Table S4.6.2.2.2d-1.
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gm =[(3.5 + 6) + 3.5]/9.667
= 1.344 wheels/2
=0.672 lane (8) (Fatigue)

Notice that this value does not include the multiple presence factor, therefore, it is adequate for
use with the fatigue limit state. For service and strength limit states, the multiple presence factor
for a single lane loaded needs to be included.

gv =0.672(1.2)
=0.806 lane 9) (Strength and Service)

Design Step 5.1.13

Calculate the shear distribution factor for an exterior beam with
using Table S4.6.2.2.3b-1.

Ov = €Qvinterior
where:
e =0.6 +de/10
=0.6 +1.83/10
=0.783

gv =0.783(0.973)

Design Step 5.1.14

Calculate the s
lev

(11) (Fatigue)

(12)  (Strength and Service)

Notice that S4.6.2.2.2d includes additional requirements for the calculation of the distribution
factors for exterior girders when the girders are connected with relatively stiff cross-frames that
force the cross-section to act as a rigid section. As indicated in Design Step 5.1, these provisions
are applied to this example; the calculations are shown below.
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Design Step 5.1.15 Additional check for rigidly connected girders (S4.6.2.2.2d)
The multiple presence factor, m, is applied to the reaction of the exterior beam (Table S3.6.1.1.2-

1)
mi1 =1.20
m2 =1.00
m3 = 0.85

R = NuU/Nb + Xex(Z€)/EX? (SC4.6.2.2.2d-1)

where:
R =reaction on exterior beam in terms of lanes

N_ = number of loaded lanes under consideration

e = eccentricity of a design truck or a design
center of gravity of the pattern of girders (

X = horizontal distance from&c nte
of girders to each girder (ft.)

ctor of 1.2 for a single lane:

(Strength)

R =2/6+24.167(21 + 9)/[2(24.167? + 14.5% + 4.833?)]
=0.333 +0.443
=0.776
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Add the multiple presence factor of 1.0 for two lanes loaded:

R =1.0(0.776)
=0.776 (Strength)

Three lanes loaded:

R =3/6+24.167(21 + 9 — 3)/[2(24.1672 + 14.52 + 4.8332)]
= 0.5+ 0.399
= 0.899

Add the multiple presence factor of 0.85 for three or more lanes loaded:

R =0.85(0.899)
=0.764 (Strength)

These values do not control over the distribution factors summa

—

Figure/§J1-2 - General Dimensions

Design Step 5.1.16

vice and strength limit state moment distribution factor for the exterior
of 0.772 and 0.806 lane. Therefore, the moment distribution factor is

o the |
limit state moment distribution factor is 0.672 lane

d (12), the service and strength limit state shear distribution factor for the exterior
girder is equal to the larger of 0.762 and 0.845 lane. Therefore, the shear distribution factor is
0.845 lane.

From (11):
The fatigue limit state shear distribution factor is 0.704 lane
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Prestressed Concrete Bridge Design Example

Table 5.1-1 — Summary of Service and Strength Limit State Distribution Factors

Table 5.1-2 — Summary ofgti

Load Case| \joment | Moment | Shear Shear
Distribution interior | exterior interior | exterior
Factor Method beams beams beams beams
o Multiple
Distribution  |j5neq 0796 | 0772 | 0973
factors from loaded
Tables in Single |
$4.6.2.2.2 ngle 1an€| o542 | 0.806 | 0.782
loaded
Additional Multiple
check for lanes NA 0.776 NA
rigidly loaded
connected Single lane
girders loaded NA 0.572
Design value 0.796 0.806

Shear Shear
Distribution interior | exterior
Factor Method beams beams
Distribution NA NA
factors from
Tables in
0.672 0.652 0.704
NA NA NA
connecte®
0.477 NA 0.477
0.672 0.652 0.704
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Design Step 5.2 DEAD LOAD CALCULATION

Calculate the dead load of the bridge superstructure components for the interior girder, which is
designed in this example. Values for the exterior girder have also been included for reference.
The girder, slab, haunch, and exterior diaphragm loads are applied to the noncomposite section;
the parapets and future wearing surface are applied to the composite section.

Interior girder

Girder weight

DCgirder (1) = Ag(Ygirder)

where:
Ay = beam cross-sectional area (in?)
=1,085 in?

vy = unit weight of beam concrete (kcf
=0.150 kcf ‘

DCgirder mn= (1,085/144)(0150)
= 1.13 k/ft/girder

Deck slab weight
The total thickness of the slab is u

Girder s g
Slab thieknhess

DCsiap (% 9.6 2)(0
= 0.967

DCgirder £y = 1.13 k/ft/girder

Deck slabWweight

Slab width = overhang width + % girder spacing
=3.521 + %4(9.667)
=8.35ft.

Slab thickness = 8 in.
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DCsiab ) = 8.35(8/12)(0.150)
= 0.835 k/ft/girder

Haunch weight

Width =42in.
Thickness =4 in.

DChaunch :[42(4)/144](0.150)
= 0.175 k/ft/girder

Notice that the haunch weight in this example is assumed as a uniform Ioa ength
of the beam. This results in a conservative design as the hg variable
thickness that decreases toward the middle of the span length ictions calculate the
haunch load effects assuming the haunch thickness to vary p g the length of the
beam. The location of the minimum thickness varies
surface at bridge location and the presence of a vertica . Ot either approach is
acceptable and the difference in load effects is ty |caIIy igible. owever, when analyzing
existing bridges, it may be necessary tofUse t nch thickness in the analysis to
accurately represent the existing situation

Concrete diaphragm weight
A concrete diaphragm is placed at posite span length.

Location of the diaphrag
Span 1 =545 ft.

For this examp
from beam

at the thickness of the diaphragm is 10 in. The diaphragm
m minus the web thickness and has a depth equal to the distance from the
ttom of the web. Therefore, the concentrated load to be applied at the

=0.15(10/12)[9.667 — (8/12)](72 — 18)/12
=5.0625 k/girder

The extef@k girder only resists half of this loading.

Parapet weight
According to the S4.6.2.2.1, the parapet weight may be distributed equally to all girders in the
Cross section.
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Parapet cross-sectional area = 4.33 ft2
DCparapet = 433(0150) = 0.650 k/ft
= 0.650/6 girders
= 0.108 k/ft/girder for one parapet

Therefore, the effect of two parapets yields:

DCrarapet = 0.216 k/ft per girder
Note that some jurisdictions distribute parapet loads to the 2 or 3 most exter

side of the cross section.

Future wearing surface

Interior girder

Weight/ft2 = 0.030 k/ft?
Width = 9.667 ft.

DWFrws ) = 0.030(9.667)
= 0.290 k/ft/gird

Exterior Girder

Task Order DTFH61-11-D-00046-T-13007 5-12



Design Step 5 — Design of Superstructure Prestressed Concrete Bridge Design Example

Design Step 5.3 UNFACTORED AND FACTORED LOAD EFFECTS
Design Step 5.3.1 Summary of loads

The dead load moments and shears were calculated based on the loads shown in Design Step 5.2.
The live load moments and shears were calculated using a generic live load analysis computer
program. The live load distribution factors from Design Step 5.1 are appliedd®, these values.

Table 5.3-1 - Summary of Unfactored Moments
Interior girder, Span 1 shown, Span 2 symmetric

Noncomposite Moments
Girder Slaé) iaoh Total Negative

Location* | ** el H::nch Diaphragm Noncomp. HL-93

(ft.) (k-ft) | (k-ft) | (k-ft) (k-ft) (k-ft)
0 47 0 0 0 0

1.0 108 61 62 3 -11
55 368 | 322 325 14 -58
11.0 28 -116
16.5 -174
22.0 144 193 1,509 -233
275 164 220 1,724 -291
33.0 177 237 1,882 -349
38.5 183 246 1,994 -407
44.0 183 246 2,047 -465
495 177 237 2,045 -523
545 165 222 2,015 -576
55.0 164 220 2,010 -581
60.5 144 194 1,927 -640
66.0 118 159 1,794 -698
86 115 1,613 -756

46 62 1,388 -814

1 1 1,124 -872

-52 -69 825 -1,124

-110 | -148 524 -1,223

-176 | -236 297 -1,371

-248 | -332 113 -1,663

-297 -398 33 -1,921

-311 | -418 15 -2,006

-326 | -438 0 -2,095

*  Distance from the centerline of the end bearing

** Based on the simple span length of 110.5 ft. and supported at the ends of the girders. These values are used to
calculate stresses at transfer.

*** Based on the simple span length of 109 ft. and supported at the centerline of bearings. These values are used to
calculate the final stresses.
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Table 5.3-2 — Summary of Factored Moments
Interior girder, Span 1 shown, Span 2 symmetric

Service | Moments** |Service 111 Moments **

Location™ | Strength | NC Comp. NC Comp.

(ft.) (k-ft) (k-ft) (k-ft) (k-ft) (k-ft)

0 0 0 0 0 0

1.0 346 125 112 125 94

55 1,809 661 584 661 488

11.0 3,394 1,252 1,085 1,252 908

16.5 4,756 1,776 1,506 1,776

22.0 5,897 2,230 1,846 2,230

27.5 6,821 2,616 2,108 2,616

33.0 7,536 2,933 2,296 )
385 8,063 3,181 2,423 3§18
44.0 8,381 3,360 2,477
495 8,494 3,471 2,459 0
545 | 8456 3,51‘ 2,46 1,999
55.0 8,440 3,511
60.5 8,163 1,880
66.0 1,712
715 1,490
77.0 1,219
82.5 901
88.0 2,152 -1,020
93.5 1,686 -1,237
99.0 -1,783 1,150 -1,509
-2,242 546 -1,910
-2,616 125 -2,232
-2,734 0 -2,333
-2,858 0 -2,439
B)+ 1.5(DW) + 1.75(LL + IM)
= 1.0[DC*+ DW + (LL + IM)]
=1.0(DC + DW) + 0.8(LL + IM)
* rom the centerline of the end bearing
**  For service limit states, moments are applied to the section of the girder, i.e. noncomposite or composite, that
resists these moments. Hence, noncomposite and composite moments have to be separated for service load

calculations.
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Table 5.3-3 - Summary of Unfactored Shear
Interior girder, Span 1 shown, Span 2 symmetric

Noncomposite Shear Composite Shear |Live Load + IM Shear
. . Slab and | .. Total Positive | Negative
Location*| Girder Haunch Diaphragm Noncomp. Parapet FWS HL-93 HL-93
(ft.) (k) (k) (k) (k) (k) (k) (k) (k)

0 61.6 62.2 2.5 126.4 8.9 12.0 113.

1.0 60.5 61.1 2.5 124.1 8.7 11.7 111.7

55 55.4 55.9 2.5 113.9 7.7 10.4 104,

11.0 49.2 49.7 25 101.4 6.5 8.8 95

16.5 43.0 43.4 2.5 88.9 5.4 7.2

22.0 36.7 37.1 2.5 76.4 4.2

27.5 30.5 30.8 2.5 63.9 3.0

33.0 24.3 24.6 2.5 51.4 1.8

38.5 18.1 18.3 2.5 38.9 0.6 .

44.0 11.9 12.0 2.5 26.4 -46.8

495 5.7 5.7 2.5 13.9 -54.0

54.5 0 0 -2.5 -60.5

55.0 -0.6 -0.6 -2.5 -61.2

60.5 -6.8 -6.9 -2.5 -68.4

66.0 -13.0 -13.1 -2.5 -75.7

715 -19.2 -19.4 -2.5 . -82.9

77.0 -25.4 -25.7 -2.5 -10.4 15.4 -90.1

82.5 -12.0 11.3 -97.3

88.0 -13.6 8.2 -104.3

93.5 -15.1 5.5 -111.3

99.0 -16.7 3.2 -118.0

104.5 -18.3 1.2 -124.7

108.0 -19.4 0.4 -128.7

109.0 -19.6 0.2 -129.9
Span2-0 -19.9 0 -131.1

* Distance from the ¢ ine of the end bearing
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Table 5.3-4 — Summary of Factored Shear
Interior girder, Span 1 shown, Span 2 symmetric

Location* Strength | | Service I | Service IlI
Shear Shear Shear
(ft) (k) (k) (k)
0 385.4 260.6 237.9
1.0 379.0 256.2 233.8
5.5 350.0 236.2 215.4
11.0 315.1 212.1 193.0
16.5 280.7 188.3 170.9
22.0 246.8 164.8 149.1
275 213.4 141.6 127.5
33.0 180.6 118.7 106.1
38,5 148.3 96.2 85.0
44.0 116.7 74.0 64.2
49.5 85.7 52.1
54.5 -118.4 -69.7
55.0 -121.3 -71.8
60.5 -153,
66.0 -185.
715 -217.9
77.0
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Table 5.3-5 - Summary of Unfactored Moments
Exterior girder, Span 1 shown, Span 2 symmetric

. Composite Live Load + IM
Noncomposite Moments Moments Moments
Girder Slab and Total Positive | Negative

Diaphragm Parapet | FWS

Location*| ** **% | Haunch Noncomp. HL-93 | HL-93

(ft) | (kf) | (kFD) | (kF) | (kD) (kf) | (kf) | (kF) | (kFD)

0 47 0 0 0 0 0 0 0
1.0 108 61 55 1 117 9 8
55 368 322 288 7 616 46 41

11.0 656 609 545 14 85
16.5 909 863 771 21
22.0 1,128 | 1,082 967 28
27.5 1,313 | 1,267 | 1,132 35
33.0 1,464 | 1,417 | 1,267 42
38.5 1,580 | 1,534 | 1,371 49
44.0 1,663 | 1,616 | 1,445 56
49.5 1,711 | 1,664 | 1,488 63
54.5 1,725 | 1,679 | 1,501 69
55.0 1,725 | 1,678 | 1,501 68

60.5 1,705
66.0 1,650
715 1,562
77.0 1,439
82.5 1,282
88.0 1,091
93.5 865

107 1,816 -706
7 1,633 -765
42 1,406 -824
1 1,139 -883
-47 836 -1,138
-100 531 -1,238

99.0 606 -159 300 -1,389
104.5 312 -224 114 -1,683
108.0 110 -268 33 -1,945

47 -281 15 -2,031

-294 0 -2,121

* ine of the end bearing

e simple span length of 110.5 ft. and supported at the ends of the girders. These values are used to
stresses at transfer.

*** Base the simple span length of 109 ft. and supported at the centerline of bearings. These values are used to
e final stresses.
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Table 5.3-6 — Summary of Factored Moments

Exterior girder, Span 1 shown, Span 2 symmetric

Service | Moments** |Service |1l Moments**
Location* | Strength | NC Comp. NC Comp.
(ft.) (k-ft) (k-ft) (k-ft) (k-ft) (k-ft)
0 0 0 0 0 0
1.0 331 117 110 117
5.5 1,734 616 570 616
11.0 3,251 1,168 1,059 1,168
16.5 4,554 1,655 1,469 1,655
22.0 5,644 2,076 1,801 2,076
27.5 6,524 2,434 2,057 2,434
33.0 7,203 2,726 2,242 2,726
38.5 7,702 2,954 2,368 2,954
44,0 8,001 3,117 2,422 3,117
49.5 8,103 3,215 2,407 2
54.5 8,061 3,248 2,355
55.0 8,047 3,247
60.5 7,793 3,20‘
66.0 7,351 3,092
715 6,727 2,917
77.0
82.5
88.0
93.5
99.0
104.5
108.0

ese moments.

om the centerline of the end bearing
ice limit states, moments are applied to the section of the girder, i.e. noncomposite or composite, that
Hence, noncomposite and composite moments have to be separated for service load
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Table 5.3-7 - Summary of Unfactored Shear

Exterior girder, Span 1 shown, Span 2 symmetric

Live Load + IM
Noncomposite Shear Composite Shear Shear
Slab . .
Location* | Girder and Diaphragm No-;?:gaer. Parapet FWS P|_? i'_téve NHegLe}g\S/e
Haunch
(ft.) (k) (k) (k) (k) (k) (k)
0 61.6 55.1 1.3 117.9 8.9 8.1
1.0 60.5 54.1 1.3 115.8 8.7 7.9
5.5 55.4 495 1.3 106.2 7.7 7.0
11.0 49.2 44.0 1.3 94.4 6.5 5.9
16.5 43.0 38.4 1.3 82.6 5.4
22.0 36.7 32.8 1.3 70.8 4.2
27.5 30.5 27.3 1.3 59.1 3.0
33.0 24.3 21.7 1.3 47.3
38.5 18.1 16.2 1.3 35.5 -34.5
44.0 11.9 10.6 1.3 23.7 -40.7
495 5.7 5.1 1.3 12.0 -46.9
54.5 0 0 -1.3 -52.6
55.0 -0.6 -0.5 -1.3 -53.1
60.5 -6.8 -6.1 -1.3 -59.4
66.0 -13.0 -11.6 -1.3 . -65.7
71.5 -19.2 -17.2 -1.3 -5.9 17.4 -72.0
77.0 -25.4 -22.7 -7.0 13.4 -78.3
82.5 -31.7 -28.3 -8.0 9.8 -84.5
88.0 -33.9 -9.1 7.2 -90.6
935 -10.2 4.8 -96.6
99.0 -11.3 2.8 -102.5
104.5 -12.3 1.0 -108.3
108.0 -13.0 0.4 -111.8
109.0 -13.2 0.2 -112.8
-13.4 0 -113.8
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Table 5.3-8 — Summary of Factored Shear
Exterior girder, Span 1 shown, Span 2 symmetric

Strength | | Service | |Service I11

Location* Shear Shear Shear
(ft.) (k) (k) ()

0 342.9 233.3 213.7

1.0 337.2 229.4 210.0

5.5 311.3 211.4 193.3

11.0 280.1 189.7 173.2
16.5 249.3 168.3 153.2
22.0 219.0 147.1 1334
275 189.1 126.2 113.9
33.0 159.7 105.5 94.6
38.5 130.9 85.2 75.5
44.0 102.5 65.1

49.5 74.8 45.4
54.5 -101.0 -59.3
55.0 -103,

60.5 -132.

66.0 -161.3

(DW) + 1.75(LL + IM)
+(LL + IM)]
DW) + 0.8(LL + IM)

analysis results, the interior girder controls the design. The remaining sections
covering the superstructure design are based on the interior girder analysis. The exterior girder
calculations would be identical.
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Design Step 5.3.2 ANALYSIS OF CREEP AND SHRINKAGE EFFECTS
Design Step 5.3.2.1 Creep effects

The compressive stress in the beams due to prestressing causes the prestressed beams to creep.
For simple span pretensioned beams under dead loads, the highest compression in the beams is
typically at the bottom, therefore, creep causes the camber to increase, i.e, causes the upward
deflection of the beam to increase. This increased upward deflection of th&immple span beam is
not accompanied by stresses in the beam since there is no rotational restrain
When simple span beams are made continuous through a connection at the g jate support,

are restrained by the continuity connection. This results in the developme
(FEM) that maintain the ends of the beams as flat. As shown schematical

connection is established. If the beams were left as simple sp;
increase; the deflected shape would appear as shown in part . However, due to
equired to restrain
the end rotations after the continuity connection is establi
The beam is analyzed under the effects of the fixed end gdetermine the final creep

effects.

Similar effects, albeit in the opposite directio
application, the effect of the dead load
Figures 5.3-2 and 5.3-3 sh
Notice that the creep due to
moments of opposite sign. The ¢
creep from dead loads.

restressing creep are analyzed separately.
two-span bridge with straight strands.
due to dead load result in restrained
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a) Initial Deformation

o o
b) Final "Free" Deformation (simple-span)

o

c¢) Final Deformation and Associated Restraint Momen
Spans Made Continuous

o

w

Figure 5.3-1 - Prestressed C‘) D tions\@hd Restraint Moments

Dead Load Creep -composite DL)

wlL?

ad Creep "Restraint” Moment

7277

Figure 5.3-2 - Dead Load Creep Moment
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- App.lied P/S Crgep Moment,‘ M°P’S |

P/S Creep "Restraint" Moment

Design Step 5.3.2.2 Shrinkage effects

The shrinkage of the pretensioned beams is di
due to the difference in the age, conc
Unlike creep, differential shri el
simple spans. The larger shri
Figure 5.3-4. The restraint and fi

inkage of the deck slab. This is
d method of curing of the two concretes.
prestressed composite beams, including
e composite beams to sag as shown in
0 shown schematically in the figure.
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Applied Shrinkage "Driving" Moment, M

A7 e

Design Step ffect of beam age at the time of the continuity connection application

The age @fithe beam at the time of application of the continuity connection has a great effect on
the final p and shrinkage moments. AASHTO LRFD 5.14.1.4.4 through 5.14.1.4.10 provides
further discussion on this subject.

For this example, creep and shrinkage effects were ignored.

Task Order DTFH61-11-D-00046-T-13007 5-24



Design Step 5 — Design of Superstructure Prestressed Concrete Bridge Design Example

Design Step 5.4 LOSS OF PRESTRESS (S5.9.5)
Design Step 5.4.1 General

Loss of prestress can be characterized as that due to instantaneous loss and time-dependent loss.
Losses due to anchorage set, friction and elastic shortening are instantaneous. Losses due to
creep, shrinkage and relaxation are time-dependent.

For pretensioned members, prestress loss is due to elastic shortening, s
concrete and relaxation of steel. For members constructed and prestre
relative to the stress immediately before transfer, the loss may be taken as:

\' Ing oF €xtension at

e, creep of
ingle stage,

Afpr = Afpes + AfpLr (5§5.9.5.1-1)

where:
Afpes = sum of all losses or gains due to elastic

Practices differ from sta
The Specifications assu
before transfer.
relaxation loss

ner will determine the stress in the strands immediately
onsible for determining the jacking force by adding the

magnitude of the jacking and seating losses depends on the
nchorage hardware used in the precasting yard. It is recommended that
inary calculations to determine the anticipated jacking stress.

om creep and relaxation are interdependent. If required, rigorous calculation of the
osses should be made in accordance with a method supported by research data.

Thus, three methods of estimating time-dependent losses are provided in the LRFD Specifications:
(1) the approximate estimate, (2) a refined estimate, and (3) the background necessary to perform
a rigorous time-step analysis.

The Approximate Method for calculating the time-dependent losses is presented in S5.9.5.3. The
values obtained from this method include the loss due to relaxation at transfer, Afpri. TO
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determine the time-dependent loss after transfer for pretensioned members, Afpr1 needs to be
estimated and deducted from the total time-dependent losses calculated using S5.9.5.3. The
refined method of calculating time-dependent losses is presented in S5.9.5.4. The method
described above is used in this example.

Design Step 5.4.2 Calculate the initial stress in the tendons immediately prior to transfer (S5.9.3).

fpbt = O75fpu
- 0.75(270)
=202.5 ksi

Design Step 5.4.3 Determine the instantaneous losses (S5.9.5.2)

Friction (S5.9.5.2.2)

The only friction loss possible in a pretensioned member W ices for draping or
harping tendons. The LRFD Specifications only specify the these losses.

For this example, all strands are straight strandg,and vices are not used.

Elastic Shortening, Aspes (S5.

ensioned members is taken as the concrete
steel at”transfer, fegp, multiplied by the ratio of the
el and the concrete at transfer. This is presented in

The prestress loss due to elastic
stress at the centroid of th
modulus of elasticities of
Eqg. S5.9.5.2.3a-1.

Afpes = ( (S5.9.5.2.3a-1)

where:
m of concrete stresses at the center of gravity of prestressing tendons
the prestressing force immediately after transfer and the self-weight
he member at the sections of maximum moment (ksi)

modulus of elasticity of the prestressing steel (ksi)

modulus of elasticity of the concrete at transfer (ksi)

Applying this equation requires estimating the stress in the strands after transfer. Proposed
estimates for pretensioned members are given in S5.9.5.2.3a. For information on additional
elastic shortening gains/losses due to strand elongation/shortening caused by external loading
and discussion on non-transformed vs. transformed beam sections, see SC5.9.5.2.3a.

Alternatively, the loss due to elastic shortening may be calculated using Eqg. C5.9.5.2.3a-1:
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s =P T (lg TesisA ) —esis Mg A,

, Al E,
Aps(lg +e54.5'Ag)+ E

p

(SC5.9.5.2.3a-1)

where:
€545’ = average prestressing steel eccentricity at midspan (i
foot = stress in prestressing steel immediately prior to transf 5fpu (ksi)
Mg

= midspan moment due to member self-weight (k-in)

The alternative approach is used for this example.

Afpes = 13.7 ksi

¢

Design Step 5.4.4 Calculate the prestressing stress i

foi = Stress immediat
= fpbt - AprS

=202.5-13.7
= 188.8 ksi

The variables used in these calculations and their values are repeated or calculated here for
convenience:

fC' = 6.0ksi = concrete compressive strength of beam at 28 days
f., = 4.8ksi = concrete compressive strength of beam at transfer

Task Order DTFH61-11-D-00046-T-13007 5-27



Design Step 5 — Design of Superstructure Prestressed Concrete Bridge Design Example

A, =1085 in? = gross area of beam

I, =733,320in* = moment of inertia of beam

e, s =31.380in. = prestressing eccentricity at 54.5 ft.

A. =1,795in? = area of composite section

|, =1,402,024 in* = moment of inertia of composite section

e,. =46.96in. = prestressing eccentricity in composite section

(V/s), =A, /perimeter = 1085/246.2 = 4.406 in. = volume-to-surface ratio of

(V/S), = 4.0in. = volume-to-surface ratio of deck

t, =1day = equivalent age at transfer (steam cure)

t, =90days = age at deck placement

t; =10,000 days = final time

e, = 23.79in. = eccentricity of deck with respect to gross comp
typical construction where deck is above

M, = 20,142 k-in. = mid-span moment due to member sel

44 -0.5in. diameter, low relaxation, Gradey270 strands

A, =0.153 in? = area per strand (based on'8” slab earing surface used for

shrinkage calculations later)
f,, =243 ksi = prestressing steel yield st

f,, =270ksi = prestressing s
E, =28,500ksi = prestressing st
A, =928in’ = area of deck
f.. = 4.0ksi = slab concr
f.. =3.2ksi = slab cgnc
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6 70

HONOLULU &=,

R

Figure S5.4.2.3.3-1 — Annual Agage Ambient tive F dity in Percent

For the Atlanta, Georgia area, where th ple e is assumed, the average relative humidity
may be taken as 70%.

The creep coefficients ar
are calculated from

n for creep and shrinkage losses in S5.9.5.4 and

(S5.4.2.3.2-1)
(S5.4.2.3.2-2)
he =1.56 —0.008H (55.4.2.3.2-3)
5
= , S5.4.2.3.2-4
"1+ f. ( )
K, = L (S5.4.2.3.2-5)
12((100—-4f ) /(f,; +20))+t
where:
k, = factor for the effect of the volume-to-surface ratio of the component

K. =humidity factor for creep
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k. = factor for the effect of concrete strength
k, = time development factor

For the girder concrete,

k, =1.45-0.13(4.406)=0.877 (Must be > 1.0; therefore, use k, = 1.0)
k,. =1.56-0.008(70)=1.00
5

k, =——=0.862
1+4.8

For final age, t = tf - tj = 10,000 days - 1 day = 9,999 days,

9,999
Ky = =1.0
12((100 — 4(4.8)) /(4.8 + 20)) +9,999

For age at deck placement, t = tq - tj = 90 - 1 = 89 days,

89 ‘

o = 12((100 - 4(4.8)) /(4.8 + 20)) + 89

age at deck placement, t, =90days and final age, t; =10,000 days,

t,)=1.9(1.00)(1.00)(0.862)1.0)90) **** = 0.963

For the deck concrete,

k, =1.45-0.13(4.0) = 0.93( Must be > 1.0; therefore, use k_ = 1.0)
k,. =1.56-0.008(70)=1.00
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kK = S =1.19
1+3.2

For final age, ts =t - ta = 10,000 - 90 = 9910 days,

9,910
= =1.0
12((100 - 4(3.2)) /(3.2 + 20)) + 9,910

Between age of deck at deck placement, t, =1day and final age, t, =9,91

W, (tg.t, )=1.9(1.00)1.00)1.19)L.O)Y1) *** = 2.261

Design Step 5.4.6.2 Shrinkage Strain (S5.4.2.3.3)

The shrinkage strains are used in the expressions for shrin 29.5.4 and are
calculated from Eq. S5.4.2.3.3-1: ‘

g4 = kK. Kk k,0.48x107° 3.3
in which the equations for k the s s those given in the previous step for

creep coefficient calculations, a

K, =2.00-0.014 (S5.4.2.3.3-2)

ctor for shrinkage

0)=1.02

g the above factor and the values for k., k; and k., previously calculated

k; =0.862, k,, =1.0 for t, =10,000days and k, =0.695for t, =90 days) results in
g values for shrinkage strain:

Between age at transfer, t; =1day and final age, t, =10,000 days,

£y = (1.00)(1.02)(0.862)(1.0)(0.48 10" ) = 0.000422
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Between age at transfer, t; =1day and age at deck placement, t, =90days,
£y = (1.00)(1.02)(0.862)(0.695)0.48 x10*) = 0.000293

Between age at deck placement, t, =90 days and final age, t, =10,000 days,

&y = 0.000422 —0.000293 = 0.000129

For the deck concrete, between age of deck at deck placement, t, =1day a
t,, =9,910days, the previously calculated values for the factors may be usé

ki, =1.02, k, =1.19, and k,, =1.0 for t, =10,000 days). This re
shrinkage strain:

£4r =1.00(1.02)(1.19)(1.0)(0.48 x10") = 0.000583

The prestress loss due to shrinkage of the gir ncrete time of transfer and deck
placement is given as Eq. S5.9.5.4.2a-1:
Af o =€ngE, Kig (S5.9.5.4.2a-1)

in which:

(S5.9.5.4.2a-2)

9

A 2
g;eng[l-‘r 07\Pb (tf ' 1:i )]

transformed section coefficient that accounts for time-dependent

interaction between concrete and bonded steel in the section being
sidered for time period between transfer and deck placement

g the values given previously in this section,

1

, 28,500 44(0.153) 1 1,085(31.38)°
4,200 1,085 733,320

=0.818

Kid -

j[1+ 0.7(1.638)]
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The loss due to shrinkage of girder concrete between transfer and deck placement is, therefore
Af i =(0.000293)(28,500)(0.818) = 6.831ksi

The prestress loss due to shrinkage of the girder concrete between time of deck placement and
final time is given as Eq. S5.9.5.4.3a-1:

A 1o = €0 E, Ky (S5.9.5.4.3a-1)

in which:

1

Ky = (S5.9.5.4.3a-2
o0 Al Acy [L=0.7%,(t,,t,)]
Eci Ac Ic P
where:
Ky = transformed ﬁztion coefficie or time-dependent
interaction between concret el in the section being

considered for time peri twee ement and final time

=0.827

14285002 [1+0.7(1.638)]

The loss due to i rete between deck placement and final time is, therefore

Af 55 = (0. 9)(28,500)(0.827) = 3.040 ksi

e to Shrinkage of the deck composite section is given as Eq. S5.9.5.4.3d-1:

Ep
ss — E_Afcdf K [1"' 0.7, (tf L )] (55.9.5.4.3d-1)

[+

2 o N B (55.9.5.4.3d-2)
“ oo AT

where:
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Af 4 = change in concrete stress at centroid of prestressing strands due to shrinkage of deck
concrete

Substituting the values given previously in this section,

_(0.000583)(928)(3,834)( 1 (46.96)23.79)

Afey = — = -0.192 ksi
[1+0.7(2.261)] \1795 1,402,024

The loss due to shrinkage of the deck is, therefore

s = %(— 0.192)(0.827 )1+ 0.7(0.963)] = —1.613 ksi

The negative sign implies a gain in tension in the strands, offsetti
time causing bottom fiber tensile stress increases.

Design Step 5.4.6.4 Creep Losses (S5.9.5.4.2b and S5.9.5.4.3b)

The prestress loss due to creep of girder (’crete i f transfer and deck placement is
given as Eq. S5.9.5.4.2b-1:

E
Af o = E—pfcgp\}fb (t4 (S5.9.5.4.2b-1)

ci
in which:
stresses at the center of gravity of prestressing

tressing force after jacking and the self-weight of
sections of maximum moment

31.38)" 20,142(31.38)
733,320 733,320

2.016 ksi
The losSdue to creep of the girder between transfer and deck placement is, therefore

_ 28,500 (

i
PR 4,200

2.016)(1.138)(0.818)=12.734 ksi

The prestress loss due to creep of girder concrete between time of deck placement and final time
is given as Eq. S5.9.5.4.3b-1:
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E E
Afpep = E_p fegp [le (tf ae )_\Pb(td 4 )]de +E_pAfcleb (tf A )de

ci c

(S5.9.5.4.3b-1)

in which:
Af , = change in concrete stress at centroid of prestressing strands due to

long-term losses between transfer and deck placemen bined with deck
weight and superimposed loads

Assuming relaxation loss, Af ., =1.2ksi as allowed by $5.9.5.4.2c, the to
between transfer and deck placement are

AF (1, t) = Af o + Af o + Af o =6.831+12.734+1.2=

The loss of force in the strands is, therefore

Prss (1) = ALAT (1) = 44(0.15%20.765) =139,

As previously calculated,

Mdeck:M b+M

slal diaph

M soL — M parapet T M FWs —

Therefore, the change in

pc

M deck 545 _ M soL©

Af =
cd | |

g c
9.8(31.38)" 1,834(12)(31.38) (387)(12)(46.96)
733,320 733,320 1,402,024
ksi
Thel ue to creep of the girder between deck placement and final time is, therefore

28,500 28,500
———(2.016)(1.638-1.138)0.827 )+ ———(-1.413)0.9630.827
4,200 ( X X J* 4,696 ( X X )

-1.175 ksi
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Design Step 5.4.6.5 Relaxation Losses (S5.9.5.4.2c and S5.9.5.4.3c)

The prestress loss due to relaxation of prestressing strands between time of transfer and deck
placement is given as Eq. S5.9.5.4.2c-1:

fo(f.
Afj = 2| -2 055 (S5.9.5.4.2¢-1)
K (T,

in which:
K. = 30 for low-relaxation strands

The loss due to relaxation between transfer and deck placement is,

Af :@(@_ossj 1.428ksi

PR30 | 243

The prestress loss due to relaxation of prestressing strands section between time

of deck placement and final time is given‘Eq.

Af o, = Af o =1.428ksi 4.3c-1)

040 - 1.175 + 1.428 — 1.613)
(S5.9.5.4.1-1)

(S5.9.5.1-1)

used, Afyt is approximately equal to 37.37 ksi. The approximate
eraIIy valldates the more refined method The refmed method is likely

Design Step 5.4.8)Calculate the final effective prestress responses

Max fpe = 0.80fpy (Table S5.9.3-1 — Stress Limits for Prestressing Tendons at the
Service Limit State after all losses)
=0.8(243)
=194.4 ksi
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Calculate the actual effective prestress stress after all losses

fpe = 075fpu — Apr
= 0.75(270) — 36.37
=166.13 ksi < 194.4 ksi OK

Calculate the actual effective prestress force after all losses

Pe = Nstrands(Aps)(fpe)
= 44(0.153)(166.13)
= 1,118 kips (total loss = 18%)

Design Step 5.4.9 Calculate jacking stress, fpj

As indicated earlier, the Fabricator is responsible for
calculations presented below are for reference purposes.

f thefjacking force. The

As shown earlier, the stress in the prestre’g str ly prior to transfer is 202.5 ksi.
The Jacking Stress, fpj = Stress immediately pr transfer xation loss at transfer
Relaxation at transfer was ca ted j tep 5 and is as follows:

Afprr = 1.428 ksi

Therefore, the jacking str

f,j = 202.5 + 1428'£203.93 ksi
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Design Step 5.5 STRESS IN PRESTRESSING STRANDS
Design Step 5.5.1 Stress in prestressing strands at nominal flexural resistance

The stress in prestressing steel at nominal flexural resistance may be determined using stress
compatibility analysis. In lieu of such analysis a simplified method is presented in S5.7.3.1.1.
This method is applicable to rectangular or flanged sections subjected to fléxure about one axis
where the Whitney stress block stress distribution specified in S5.7.2.2 is us d for which fpe,
the effective prestressing steel stress after losses, is not less than 0.5fp. The age stress in
prestressing steel, fos, may be taken as:

fos = fou[1 — k(c/dy)] ($5.7.3.1.1-1)

where:
k = 2(104 — fpy /fpu) (857311-2)

The value of “k” may be calculated using the above equa
prestressing steel used or it may be obtaingd from

consideredifectangular sections.

From Table SC5.7.3.1.1-1:

k =0.28 for low relaxation strands
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Assuming rectangular section behavior with no compression steel or mild tension reinforcement:
C = Apsfpu/[ou FcPib + kAps(fou/dp)]

For the midspan section

Total section depth, h = girder depth + structural slab thickness
=72+75
=79.5in.

dp = h - (distance from bottom of beam to location of P/S steel force)
=795-50
=745in.

B1 =0.85 for 4 ksi slab concrete (S5.7.2.2)

b = effective flange width (calculated in Section 2 0
=116in.

¢ =6.73(270)/[0.85(4)(0.85)(116) +Q8(6. _

Notice that if ““c”” from the calculaii greater than the structural slab thickness (the
integral wearing surface is ignore for *“c” would have to be repeated assuming
a T-section behavior followj

1) Assume t
calculate “

within the precast girder flange thickness and
on, the girder flange width and area should be converted

e contribution of the deck to the composite section flange and the second refers to the
ibution of the precast girder flange to the composite girder flange.

fos = fou[L - K(c/dp)] ($5.7.3.1.1-1 )

= 270[1 — 0.28(5.31/74.5)]
= 264.6 Ksi
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Design Step 5.5.2 Transfer and development length

Transfer Length = 60(Strand diameter) (S5.11.4.1)
=60(0.51in.)
=30in.

Development Length = lg > «[fys — (2/3)fpe]db (S5.11.4.2-1)
From earlier calculations:

fos = 264.6 ksi (Design Step 5.5.1)
foe =166.13 ksi (Design Step 5.4.8)

From S5.11.4.2, x = 1.6 for fully bonded strands
From S5.11.4.3, x = 2.0 for partially debonded strands

For fully bonded strands (32 strands):

ls > 1.6[264.6 - (2/3)166.13](0.5) =28.08 ifffd0.26 ey 10"-4”)

For partially debonded strands (two groups of nds eac

la > 2.0[264.6 — (2/3)1 . in. (@282 ft. or 12°-9 13/16”)

According to S5.11. ing\force, fre, may be assumed to vary linearly from 0.0 at the
i effective stress after losses, fpe, at the transfer length.

2-6, each beam contains three groups of strands:
bonded, i.e., bonded length starts 9 in. outside the centerline of
e noncomposite beam (note that the bond length starts at the end of the

Group 206 strands. Bonded length starts 10 ft. from the centerline of bearings of the

oncomposite beam, i.e., 10’-9” from the end of the beam

Group 3: 6 strands. Bonded length starts 22 ft. from the centerline of bearings of the
noncomposite beam, i.e., 22°-9” from the end of the beam

For each group, the stress in the prestressing strands is assumed to increase linearly from 0.0 at the
point where bonding commences to fye, Over the transfer length, i.e., over 30 inches. The stress is
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also assumed to increase linearly from fpe at the end of the transfer length to fys at the end of the
development length. Table 5.5-1 shows the strand forces at the service limit state (maximum
strand stress = fpe) and at the strength limit state (maximum strand stress = fps) at different sections
along the length of the beams. To facilitate the calculations, the forces are calculated for each of
the three groups of strands separately and sections at the points where bonding commences, end of
transfer length and end of development length for each group are included in the tabulated values.
Figure 5.5-1 is a graphical representation of Table 5.5-1.

'Q
\
™
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Table 5.5-1 — Prestressing Strand Forces

Dist. from | Dist. from Initial Prestressing Force at Transfer
Grdr End [CL of Brg| Group 1 Group 2 Group 3 Total
(ft) (t) (K) (k) (k) (k)
0" -0.75" 0.0 0.0
0.75 0.00 2773 2773
250 1.75 924.4 924.4
7.75 7.00 924.4 924.4
10.39 9.64 924.4 924.4
10757 | 10.00™ | 9244 0.0 924.4
11.75 11.00 924.4
13.25 12.50 924.4
17.25 16.50 924.4
22757 | 22,007 | 9244
23.73 22.98 924.4
25.25 24.50 924.4
28.25 27.50 924.4
33.75 33.00 924
35.73 34.98 924.4
39.25 38.50 924.4
44.75 44.00
50.25 1,271.0
55.25 1,271.0
55.75 1,271.0
61.25 173.3 1,271.0
173.3 1,271.0
1733 1,271.0
1733 1,271.0
173.3 1,271.0
173.3 1,271.0
. 173.3 173.3 1,271.0
86.02 : 173.3 67.9 1,165.6
87.007* 924.4 173.3 0.0 1,097.7
88.00 924.4 1733 1,097.7
93.50 924.4 173.3 1,097.7
97.25 96.50 924.4 173.3 1,097.7
99.75*" | 99.00"* 924.4 0.0 924.4
100.11 99.36 924.4 924.4
103.25 | 102.50 924.4 924.4
108.00 | 107.25 924.4 924.4
109.75 | 109.00 2773 277.3
1105" | 109.75* 0.0 0.0

* ** *** _Point where bonding commences for strand Groups 1, 2, and 3, respectively
+, ++, +++ - Point where bonding ends for strand Groups 1, 2, and 3, respectively
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Table 5.5-1 (cont.) — Prestressing Strand Forces

Dist. from | Dist. from Prestressing Force After Losses Force at the Nominal Flexural Resistance
Grdr End | CLof Brg | Group 1 Group 2 Group3 | Total | Groupl | Group2 | Group 3 Total
(ft) (ft) (k) (k) (k) (k) (k) (k) (k) (k)
0" -0.75 0.0 0.0 0.0 0.0
0.75 0.00 244.0 244.0 244.0 244.0
2.50 1.75 813.4 813.4 813.4 813.4
7.75 7.00 813.4 8134 | 11321 1
10.44 9.69 813.4 813.4 1295.5
10.75™ 10.00™* 813.4 0.0 8134 | 12955 0.0 1295.

11.75 11.00 813.4 61.0 8744 | 12955 61.0 1356.5
13.25 12.50 813.4 152.5 965.9 | 1295.5 152.5 1448.0
17.25 16.50 813.4 152.5 965.9 | 1295.5

2275 | 22,00 813.4 152.5 0.0 965.9 | 1295.5 3.9 1
23.80 23.05 813.4 152.5 64.1 1029.9| 1295.5 42.9 64. 1602.4
25.25 24.50 813.4 152.5 152.5 1118.4 5 152. 1690.9
28.25 27.50 813.4 152.5 152.5 11184 1 1716.6
33.75 33.00 813.4 152.5 52.5 11184 129 242. 5.3 1763.7
35.80 35.05 813.4 152.5 ‘ 2429 2429 1781.3
39.25 38.50 813.4 152.5 242.9 242.9 1781.3
44.75 44.00 813.4 152.5 42.9 2429 1781.3
50.25 49.50 813.4 242.9 242.9 1781.3
55.25 54.50 813.4 2429 2429 1781.3
55.75 55.00 813.4 2429 2429 1781.3
61.25 60.50 813.4 2429 2429 1781.3
66.75 66.00 813.4 242.9 242.9 1781.3

242.9 242.9 1781.3
242.9 242.9 1781.3

72.25 71.50
74.70 73.95

77.75 242.9 216.8 1755.2
83.25 11184 12955 242.9 169.6 1708.0
85.25 11184 12955 242.9 1525 1690.9
1029.9| 12955 242.9 64.1 1602.4
965.9 | 12955 233.9 0.0 1529.4
965.9 | 12955 2253 1520.8
965.9 | 12955 178.2 1473.7
965.9 | 12955 1525 1448.0
8134 | 12955 0.0 12955
8134 | 12955 12955
8134 | 1101.8 1101.8
108.00 . 813.4 813.4 813.4
109.75 109.00 2440 244.0 2440 244.0
1105 109.75* 0.0 0.0 0.0 0.0

* ** *** _Point where bonding commences for strand Groups 1, 2, and 3, respectively
+, ++, +++ - Point where bonding ends for strand Groups 1, 2, and 3, respectively
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Symmetric
55'-3"
i i gl
CL Bearing 220 Half Length of the Prestressed Girder .
10'-0" |
—» <9 :
Group 1, Group 2, Group 3, |
_— Debonded Length 32 Strands / 6 Strands / 6 Strands i
- ———— .A//_ ____________ 7 |
I 7 :
|
1
2'-6" i
1
] |
924.4 kips i
g A
2-6"

| 1

P/S Force in
Group 3 |
1
l
1
1,087.7 kips 1,271.0 kips |
924.4 kips U i
]
Total |
P/S Force !

Figure 5.5-1 — Pregtressing St ces Shown Graphically (Service Limit State)
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Symmetric
553"
Half Length of the Prestressed Girder

CL Bearing

10'-0"

_—Debonded Length Group 1, Group 2, Group 3,

1

|

|

/ 32 Strands 6 Strands 6 Strands |
1 — e e o o — ]
7] 7 |

]

|

|

|

|

26"

'

813.4 kips

t

26"

2.6

965.9 kips {

813.4 kips |

P/S Force in
Group 3 |

1,118.40 kips

Total
P/S Force

Service Li te Condition

Lo
e |

1295.5 kips

Force at Nominal Flexural
¢ Resistance (FNFR) in Group 1

10-9" 12'-9 13/16”

242.9 kips

12-9 13/16" ‘ t FNFR in
‘ ‘ Group 2

242.9 kips

*  ENFRin
Group 3

—

1,690.9 kips 1,781.3 kips 1,781.3 kips,
1,529.4 kips |
|

1,448.0 kips
b kips

‘ Total FNFR|
Strength Limit State Condition I

Transfer length = 30 in.
Development length, fully bonded = 123.08 in.
Development length, debonded = 153.85 in.

Figure 5.5-1 (cont.) — Prestressing Strand Forces Shown Graphically
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Design Step 5.5.4 Sample strand stress calculations

Prestress force at centerline of end bearing after losses under Service or Strength

Only Group 1 strands are bonded at this section. Ignore Group 2 and 3 strands.

Distance from the point bonding commences for Group 1 strands = 0.75 ft <#fansfer length

Percent of prestressing force developed in Group 1 strands = 0.75/transfer len
=(0.75/2.5)(10

Stress in strands = 0.3(166.13) = 49.8 ksi

Force in strands at the section = 32(0.153)(49.8) = 244.0 kips

Prestress force at a section 11 ft. from the centerline 0
conditions

g afteglosses under Service

Only strands in Group 1 and 2 are bonded?th' S Group 3 strands.

The bonded length of Group 1 strands before i greater than the transfer length.
Therefore, the full prestressinggforce exd

n Group 2 strands = 1.0/transfer length
= (1.0/2.5)(100) = 40%

= force in Group 1 + force in Group 2
=813.4 + 61.0= 874.4 kips

Strands imum resistance at nominal flexural capacity at a section 7.0 ft. from the centerline of

Only Group 1 strands are bonded at this section. Ignore Group 2 and 3 strands.

Distance from the point bonding commences for Group 1 strands, i.e., distance from end of beam
=7.75ft. (7-9")

Task Order DTFH61-11-D-00046-T-13007 5-46



Design Step 5 — Design of Superstructure Prestressed Concrete Bridge Design Example

This distance is greater than the transfer length (2.5 ft.) but less than the development length of the
fully bonded strands (10.26 ft.). Therefore, the stress in the strand is assumed to reach fpe, 166.13
ksi, at the transfer length then increases linearly from fpe to fos, 264.6 ksi, between the transfer
length and the development length.

Stress in Group 1 strands =166.13 + (264.6 — 166.13)[(7.75 — 2.5)/(10.26 — 2.5)]
=232.70 ksi

Force in Group 1 strands = 32(0.153)(232.70)
=1,139.5 kips

Strands maximum resistance at nominal flexural capacity at a section 22 ft.
bearing

¢ of end

Only strands in Group 1 and 2 are bonded at this section. |

The bonded length of Group 1 strands before this section A :
for Group 1 (fully bonded) strands. Therefore, the full forcelgxists in'Grotp 1 strands.

Stress in Group 2 strands . A3)[(12 - 2.5)/(12.82 — 2.5)]

Force in Group 2 strands . 235.7 kips
Total prestressing fonge i i = force in Group 1 + force in Group 2

=1,295.5 + 235.7
= 1,531.2 kips
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Design Step 5.6 FLEXURE DESIGN
Design Step 5.6.1 Flexural stress at transfer
Design Step 5.6.1.1

Stress limits at transfer

Compression stress:

The allowable compression stress limit for pretensioned concrete comipe alculated

according to S5.9.4.1.1.

= -0.60(F'c)
= -0.60(4.8 ksi)
= -2.88 ki

fCompression

Tension stress:

nforcement sufficient to resist the

From Table S5.9.4.1.2-1, the stress limit l’r
uncracked section is calculated

tension force in the cracked concrete comput
as:

eas ondedrei
on t i

Frension =0.24
= 0.2444.

=0.53 f:
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Design Step 5.6.1.2 Stress calculations at transfer

Table 5.6-1 — Stresses at Top and Bottom of Beam at Transfer

Sample Calcul

Girder Stress at Transfer
Location Self Weight Fps at Top of Bottom of
Moment Transfer Beam Beam
(ft.) @ (k-ft) @ (kips) @ (Kksi) (ksi)
0 47 277.3 0.135 -0.654
1.75 153 924.4 0.451 -2.183
55 368 924.4 0.326 -2.055
11.0 656 993.7 0.209
16.5 909 1,097.7 0.123
22.0 1,128 1,097.7 -0.005
27.5 1,313 1,271.0
33.0 1,464 1,271.0
38.5 1,580 1,271.0
44.0 1,663
495 1,711 -2.132
54.5 1,725
55.0 1,725 -2.123
60.5 -2.135
66.0 -2.168
715 -2.220
77.0 . -2.284
82.5 0.009 -2.377
88.0 0.017 -2.063
935 0.149 -2.197
99.0 0.197 -1.923
0.358 -2.105
0.451 -2.200
0.135 -0.660

ns for Flexural Stresses at Transfer

Definitions:

Pi = Initial prestressing force taken from Table 5.5-1 (kips)

Ay = Gross area of the basic beam (in?)
e = Distance between the neutral axis of the noncomposite girder and the center of gravity
of the prestressing steel (in.)
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Design Step 5 — Design of Superstructure Prestressed Concrete Bridge Design Example

St = Section moduli, top of noncomposite beam (in®)
Sp = Section moduli, bottom of noncomposite beam (in®)
Mg = Moment due to the girder self weight only (k-ft)

See Section 2.2 for section properties.

Sample Calculations at 1 ft. — 9 in. From CL of Bearing (2 ft. — 6 in. From G End)

Girder top stress:

ftop = ‘Pi/Ag + PieO’/St — Mg/St

—9244 924.4(31.005) 153(12)
1,085 20,588 20,588

0.451 ksi < Stress limit for tension (0.53 @)

Girder bottom stress: ‘

foottom= -PilAg — Pieo'/Sp + Mg/Sp

_ —924.4 924.4(31.005)
1,085

=-2.183 ksi < Stress ion (-2.88 ksi) OK

earing (11 ft. — 9 in. From Girder End)

foottom= -Pi/Ag — Pie11:/Sp + My/Sp

_ —993.7 993.7(31.222) . 656(12)
1,085 20,157 20,157

=-2.064 ksi < Stress limit for compression (-2.88 ksi) OK
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Sample Calculations at 54 ft. — 6 in. From the CL of Bearing (55 ft. — 3 in. From Girder End) —
Midspan of Noncomposite Beam

Girder top stress:
fiop = -PilAg + Piesa.5:/St — My/St

_ -12710 1271.0(31.38) 1,725(12)
1,085 20,588 20,588

=-0.239 ksi < Stress limit for compression (-2.88
Girder bottom stress:
foottom= -Pi/Ag — Piesa.5:/Sp + Mg/Sp

_ -1271.0 1271.0(31.38) +,&5(12
1,085 20,157 20,

=-2.123 ksi < ss limd (-2.88 ksi) OK

sing gross section analysis. The difference between
hat Service | has a load factor of 1.0 for live load while

5.3, many jurisdictions do not include creep and shrinkage restraint
a pretensioned girder bridge. The calculations presented herein do
kage moments. If creep and shrinkage are required by a specific
effects should be included. See Section 53 and Appendix C for
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Design Step 5.6.2.1

Stress limits

Compression stress:

From Table S5.9.4.2.1-1, the stress limit due to the sum of the effectiv tress, permanent
loads, and transient loads and during shipping and handling is taken as 0.6¢w
1.0 for solid sections such as pretensioned I-beams).

For prestressed concrete beams (f'c = 6.0 ksi)

fComp, beaml = -0.6(6.0 kSi)
=-3.6 ksi

For deck slab (f'c = 4.0 ksi)

-0.6(4.0 ksi)
-2.4 ksi

fComp, slab

From Section 5.5.
the compressive

mponents in other than segmentally constructed bridges,
e | load combination and one-half the sum of the effective
sses shall not exceed:

S5.9.4.2.2-1, the stress limit in prestressed concrete at the service limit state after
losses forfully prestressed components in bridges other than segmentally constructed, which
include bonded prestressing tendons and are subjected to not worse than moderate corrosion
conditions shall be taken as the following:

Trensile = 0.19 fc'

= 0.19/6
=0.465 ksi
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Table 5.6-2 — Stresses in the Prestressed Beam

Girder Fpos Composite Live load
Location Noncomposite After Dead Load Positive

Moment Losses Moment Moment
(ft) @ (k-ft) @ (kips) @ (k-ft) @ (k-ft) @
0 0 244.0 0 0
1.75 217 813.4 36 170
5.5 661 813.4 108 476
11.0 1,252 874.4 886

16.5 1,776 965.9
22.0 2,230 965.9

271.5 2,616 1118.4

33.0 2,933 1118.4

38.5 3,181 11184

44.0 3,360 11184

49.5

54.5

55.0

60.5

66.0

71.5 1,613

77.0 1,388

82.5 1,124

88.0 825

93.5 524

99.0 297

104.5 -580 113
813.4 -670 58
244.0 -729 15
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Table 5.6-2 — Stresses in the Prestressed Beam (cont.)

Final Stress under PS & DL | Stress Under Final Stress Under All Loads
Location Top of Bottom of | 1/2 (DL + P/S) Top of Bottom of Top of
Beam Beam + Live Load Beam Beam Slab

(ft.) @ (ksi) @ (ksi) @ (ksi) @ (ksi) @ (ksi) ® (ksi) @
0 0.143 -0.600 0.071 0.143 -0.600
1.75 0.343 -1.856 0.142 0.313 -1.795
5.5 0.071 -1.559 -0.046 -0.010 -1.390
11.0 -0.244 -1.326 -0.274 -0.396 -1.011
16.5 -0.508 -1.206 -0.465 -0.719 -0.769

22.0 -0.783 -0.909 -0.650 -1.042

27.5 -0.917 -1.044 -0.754 -1.213
33.0 -1.107 -0.842 -0.876 -1.430
38.5 -1.254 -0.687 -0.969
44.0 -1.358 -0.581 -1.030
495 -1.420 -0.521 -1.061
54.5 -1.440 -0.509 -1.065

55.0 -1.438 -0.511 .064

60.5 -1.399 -0.564

66.0 -1.316 -0.664

71.5 -1.191 .
77.0 -1.023 -0.515 -0.288
82.5 -0.813 -0.852 -0.217
88.0 -0.659 -0.865 -0.135
93.5 -0.364 -1.311 -0.051
99.0 -0.117 -1.411 0.030
104.5 0.257 -1.893 0.090
107.25 -2.149 0.118

-0.919 0.137

Final prestressing force taken from Design Step 5.4 (kips)
Stc = Section moduli, top of the beam of the composite section — gross
section (in)
Sbe = Section moduli, bottom of the beam of the composite section — gross section (in)
Sisc = Section moduli, top of slab of the composite beam (in®)
Mbpnc = Moment due to the girder, slab, haunch and interior diaphragm (k-ft)
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Mbc = Total composite dead load moment, includes parapets and future wearing
surface (k-ft)
Mric = Live load moment (k-ft)

All tension stresses and allowables use positive sign convention. All compression stresses and
allowables use negative sign convention. All loads are factored according tg, Table 3.4.1-1 in the
AASHTO LRFD Specifications for Service I and Service Il limit states as appliéa

Design Step 5.6.2.2

Sample Calculations at 11 ft. From the CL of Bearing (11 ft. — 9 in. From G

Girder top stress after losses under sum of all loads (Service I):

fiop = -Pe/Ag + Pee11'/St — Mpnc/St— Mpc/Sic—

_ -8744 874.4(31.222) _’52(1
1,085 20,588 2

=-0.806 +1.326 - 0.73

=-0.396 ksi < imi ressfon under full

Girder top stress under pfestressing anfhdeadload after losses:

+ Pe /St— Mpc/Ste

ftop =

874.4(31.222) 1,252(12) 199(12)
20,588 20,588 69,949

. .326 - 0.730 - 0.034

=-0.244 ksi <  Stress limit for compression under permanent

load (-2.7 ksi) OK

Girder top stress under LL + %2(PS + DL) after losses (Fatigue | with 1.5 Load Factor):
fiop = -PelAg + Pee11°/St — Mpnc/St— Mpc/Stc — MLL/Ste

_ —874.4+874.4(31.222)_1,252(12)_ 199(12)  886(12)
1,085(2)  20588(2)  20,588(2) 69,949(2) 69,949
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-0.403 + 0.663 - 0.365 - 0.017 - 0.151
-0.273 ksi * 1.5 =-0.410 < Stress limit for compression under LL + %2(DL + PS)
load (-2.4 ksi) OK

Girder bottom stress under all loads (Service I11):

foottom = -Pe/Ag — Pee11/Sp + Mpnc/Sp + Mpc/She + MiLc/She

_ —874.4 874.4(31.222) . 1,252(12) . 199(12) s 0.8(886)(12)
1,085 20,157 20157 26985 26,9

=-0.806 — 1.354 + 0.745 + 0.088 + 0.315

=-1.012 ksi < Stress limit for compressi
load (-2.7 ksi) OK

e typically used for the stress
calculations due to all load components. Howe J ions use the transformed section

A 1,252(12) .\ 199(12)
20157 26,985

< Stress limit for compression under prestress and permanent loads
(-2.7 ksi) OK

Sample ulations at 54 ft. — 6 in. From the CL of Bearing (55 ft. — 3 in. From Girder End) —
Midspan oncomposite Girder

Girder top stress after losses under sum of all loads (Service I):

fiop = -PelAg + Peesas/St — Mpne/St— Mpc/Ste — MLiLc/Ste
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_ -11184 1118.4(31.38) 3512(12) 387(12) 2,015(12)
1,085 20,588 20,588 69,949 69,949

=-1.031 +1.705-2.047 — 0.066 — 0.346

=-1.785 ksi < Stress limit for compression
under full load (-3.6 ksi) OK

Girder top stress after losses under prestress and permanent loads:

fiop = -PelAg + Peesas/St — Mpne/St— Mpc/Ste

_ -11184 1118.4(31.38) 3512(12) 387(12)
1,085 20,588 20,588 69,949

=-1.031 +1.705 - 2.047 — 0.066

=-1.439 ksi < Stress limit for
(-2.7 ksi) OK

mp prestress and permanent loads

Girder top stress under LL +% gue | with 1.5 Load Factor):
ftop = 'Pe/Ag + Pe6s

) 387(12) 2,015(12)
20,588(2) 69,949(2) 69,949

Stress limit for compression under LL + %(DL + PS) load (-2.4
ksi) OK

stress
ttom= -Pe/Ag — Pe€54.5'/Sp + Mpnc/Sb + Mpc/Sbe + Mirc/She

_ —11184 1118.4(31.38) . 3,512(12) s 387(12) . 0.8(2,015)12)
1,085 20,157 20157 26,985 26,985

=-1.031-1.741+2.091 +0.172 + 0.717

=0.208 ksi < Stress limit for tension (0.465 ksi) OK
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Notice that the stresses are calculated without including creep and shrinkage. Jurisdictions that
do not include creep and shrinkage typically design the girders for a reduced tensile stress limit or
for zero tension at final condition. Including creep and shrinkage would normally result in
additional tensile stress at the bottom of the beam at the midspan section.

Girder bottom stress after losses under prestress and dead load:

foottom = -Pe/Ag — Pe€sa.5:/Sp + Mpnc/Sb + Mpc/She

_ -11184 1118.4(31.38) . 3,512(12) . 387(12)
1,085 20,157 20157 26,985

=-1.031-1.741+ 2.091 + 0.172

=-0.509 ksi < Stress limit for compressio

Deck slab top stress under full load: ‘

50,902

_ ( 387(12)

Stresses at service lim te for se the negative moment region

oment region may crack under service limit state loading due to high
live loads. The cracking starts in the deck and as the loads increase
; yard into the beam. The location of the neutral axis for a section subject
to ex sing compressive stress at the side where the prestressing force is located

Stume a value for the compressive strain at the extreme compression fiber (bottom of the
beam). Calculate the tensile strain in the longitudinal reinforcement of the deck assuming
the strain varies linearly along the height of the section and zero strain at the assumed
location of the neutral axis.

3. Calculate the corresponding tension in the deck reinforcement based on the assumed
strain.
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Calculate the compressive force in the concrete.

Check the equilibrium of the forces on the section (prestressing, tension in deck steel and

compression in the concrete). Change the assumed strain at the bottom of beam until the

force equilibrium is achieved.

6. After the forces are in equilibrium, check the equilibrium of moments on the section
(moment from prestressing, external moment and moment from internal compression and
tension).

7. If moment equilibrium is achieved, the assumed location of the neutra

correct. If the moments are not in equilibrium, change the assumed loca

axis and go to Step 2 above.

ok

is and strains are
n of the neutral

8. After both force and moment equilibriums are achieved, calculate stress in
the concrete as the product of the maximum concrete strain and t lus of
elasticity.

Notice that when additional compression is introduced into th ie due to external applied

the modular ratio
The change in the
ulations.

multiplied by the additional compressive stress in the s
prestressing steel force is typically small and was ignored

ion Under Service Limit State,
Girder End)

Sample Calculations for a Section in the N ive
Section at 107 ft. — 3 in. From the CL of End B

(108

From Table 5.3-1,

Composite Live Load + IM
Moments Moments

Positive | Negative
Parapet | FWS HL-93 | HL-93

(k-ft) (k-ft) (k-ft) (k-ft) (k-ft)
546 -248 -332 113 -1,663
-297 -398 33 -1,921

Location |Girder*

(ft)
104.5

=546 - 248 — 332 - 1,663
=-1,697 k-ft

=125-297-398-1,921
=-2,491 k-ft

By interpolation, the maximum Service | negative moment at the section under consideration is:

Mineg -2,491 — (-2,491 + 1,697)[(108 — 107.25)/(108 — 104.5)]

-2,321 k-ft
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Trial and error approach (see above) was applied to determine the location of the neutral axis. The
calculations of a cycle of the process is shown below.

Referring to Figure 5.6-1:

Assume neutral axis at 32.5 inches from the bottom of beam
Assume maximum concrete compressive strain = 0.00079 in./in.

Tensile strain in deck reinforcement = 0.00079(75.52 — 32.5)/32.5 = 0.0010

Modulus of elasticity of concrete beam = 4,696 ksi (see Section 2)

or galculation)

Concrete stress at bottom of beam = 0.00079(4,696) = 3.71 ksi

Area of deck longitudinal reinforcement = 15.31 in? (see Sectio
Force in deck steel = 15.31(0.001046)(29,000) = 464.5 k

Force in prestressing steel = 813.4 k (see‘)le ;

Compressive forces in the concrete:

Considering Figure 5.6-1, by ¢ acting on different areas as the volume of the
stress blocks for areas Al, A2 an f a wedge, prism or pyramid, as appropriate,
the forces in Table 5.6-3 m . Recall'that the centers of gravity of a wedge, a prism
with all rectangular face jangular vertical face and a pyramid are at one-third,
one-half, one-third and , respectively. The location of the centers of gravity
shown in the figur lated. The moment from internal compressive concrete
forces shown in e force multiplied by the distance from the neutral axis to
the location of
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Table 5.6-3 — Forces in Concrete Under Service Load in Negative Moment Regions (Section
at 107°-3” from the end bearing)

Distance .
Area_ F_orce_ Area Stress Force from bot. Distance | Moment
Designation | Designation to N/A at N/A
of beam
(@in?) (ksi) (Kips) (in) (in)
Al P1 260 3.71 482.3 10.83
A2 P2 a 160 2.80 448.0 4.00
A2 P2 b 160 0.91 72.8 2.67
A3 * Psa 100 1.66 166.0 11.33
A3 * Psb 100 10.50

0

0.00079

Strain in Stress in
Concrete and in Deck Concrete (ksi)
Steel (in./in.)

Figure 5.6-1 — Compressive Force in the Concrete

Task Order DTFH61-11-D-00046-T-13007 5-61



Design Step 5 — Design of Superstructure Prestressed Concrete Bridge Design Example

: ‘ 5
=1 NG
'\"66
B 10"
a) Rectangular Stress Distribution b) Triangular Stress

Sample force calculations for area A3.

ar stress distribution
iangular stress distribution with an

Two components of stress act on area A3. The first comp
with an intensity of 1.66 ksi. The secowomp ent is
intensity of 1.14 ksi.

Force due to the rectangular stress distribution:

Frectangular = 2[0.5(10)(1

The volume used to deternai
geometry of a pyramid.

of the triangular stress distribution is calculated using

/3 pyramid/ base)(pyramid height)

Ftriangular

Check fo
Net P/S steel force + concrete compressive force + deck steel force
—8134+(1245 1) +464.5
= 32.8 kips OK (Sightly unbalanced but based on the concrete compressive force of
1245 kips, the engineer decided not to do another iteration and proceeded.)

Check moment equilibrium:
Net M on the section = external moment + prestressing force moment + deck slab force
moment + concrete compression moment

= 2,321 + 813.4 (32.5-5.375)/12 — 464.5(75.52 — 32.5)/12 — 2,548.2
=-53.8k-ft=0 OK
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From Table 5.6-3, the maximum stress in the concrete is 3.71 ksi. The stress limit for
compression under all loads (Table S5.9.4.2.1-1) under service condition is 0.6f'¢c (where f'¢ is the
compressive strength of the girder concrete). For this example, the stress limit equals 3.6 ksi.

The calculated stress equals 3.71 ksi or is 3% overstressed. However, as explained above, the
stress in the prestressing steel should decrease due to compressive strains imathe concrete caused
by external loads, i.e., prestressing steel force less than 813.4 k and the actuakistkess is expected to

1 and the resulting applied stress is compared to the respective st
all loads applied typically controls. Strain compatibility softy
above calculations which would simplify the task but the ent
completeness.

0 perform the
as shown here for

Design Step 5.6.3 Longitudinal steel at top of g‘er

The tensile stress limit at transfer used in this
of the beam to resist the tensile force i

le requ e use of steel at the tension side
calculated based on an uncracked section
using a stress of 0.5fy, not to exceed 30
able 5.6-1 with the highest tensile stress
ine of the end bearing.

ksi. The sample calculations ar
at transfer, i.e., the section at 1.7

By integrating the tensil i .6-2 over the corresponding area of the beam, the
tensile force may be calc

2/(0.5)(60)
3.310n2

umber of #5 bars =3.31/0.31
=10.68 bars

Use 10 #5 bars as shown in Figure 5.6-3, for a stress in the reinforcement of 99.2/(10)(0.31) = 32
ksi, a slight overstress.
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n
) " I
i 0.451 ksi
o
R A S .
mi ; ) 0.268 ksi
T _— 0.158 ksi
v e 0121
i 0.0 ksi
N
- <
N
~
Y
Y
o
—
Y
Y
%
v v -2.183 ksi

Stress at Transfer

ess at Lacation of Maximum Tensile Stress at Transfer
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7|l
Proj.
3 #5 bars 3 3#5 bars;
#4 bars
4 #5 bars

Figure 5.6-3 — Longitudinal Reinforcement of
Design Step 5.6.4 Flexural resistance at the strength limit state osi

Sample calculations at midspan

c = distance between the neutral_axis an compressive face at the nominal flexural
resistance (in.)
¢ = 5.31in., which is less ess, therefore, the neutral axis is in the slab

and section is lar section. (See Design Step 5.5.1 for
roceed if “c” is greater than the deck thickness.)

exural resistance in flanged sections (S5.7.3.2.2)

ApsFos(dy — a12) + Adfy(ds — &/2) — A'ef'y(d's — /2) + o1 F'e(b — bu)he(a/2 — hil2)
(S5.7.3.2.2-1)

The definition of the variables in the above equation and their values for this example are as
follows:

Aps = area of prestressing steel (in?)
=6.73in?
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fos =  average stress in prestressing steel at nominal bending resistance specified in Eq.
$5.7.3.1.1-1 (ksi)
= 264.6 ksi
dp =  distance from extreme compression fiber to the centroid of prestressing tendons
(in.)
=745in.

As = area of nonprestressed tension reinforcement (in?)
=0.0in?

fy = specified yield strength of reinforcing bars (ksi)
=60 ksi

ds =  distance from extreme compression fiber to the nonprestressed tensile
reinforcement (in.), NA

A's = area of compression reinforcement (in?)

=0.0in?
2

f'y = specified yield strength of comp

jon re t (ksi), NA

ds = com ion fiber to the centroid of compression

te at 28 days, unless another age is specified

ression block of the member (in.)

lange = 116 in. (See Design Step 5.5.1 for commentary
of the effective width, b, when the calculations indicate that
pression block depth is larger than the flange thickness.)

n equal to the section width “b” for a rectangular section (in.), NA

stress block factor specified in S5.7.2.2 where a1 shall be taken as 0.85 for
specified concrete compressive strengths not exceeding 10.0 ksi.

stress block factor specified in S5.7.2.2, NA
ht+ = compression flange depth of an | or T member (in.), NA
a = Pac; depth of the equivalent stress block (in.)

= 0.85(5.31)
=451 in,
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The second, third and fourth terms in Eq. S5.7.3.2.2-1 are equal to zero for this example.

Substituting,

Ma = 6.73(264.6)[74.5 — (4.51/2)]
= 128,651/12
= 10,721 k-ft

Therefore, the factored flexural resistance, My, shall be taken as:

M = (PMa
where:
[0) = resistance factor as specified in S5.5.4.2 for fle drestressed concrete,
tension-controlled sections
=10

M, = 1.0(10,721 k-ft)
= 10,721 k-ft

\ 4

The maximum factored applied moment for Str

I limits s 8,456 k-ft (see Table 5.3-2)

r=10,721 k-ft > 8,

Design Step 5.6.4.1

The section is tens i rain in the reinforcement is greater than or equal to 0.005
when the concr es a strain of 0.003.

=5.31in. (see Section 5.5.1)

de =74.5 in. (Conservatively use dp although S5.7.2.1 states that the
distance can be to the extreme tension steel)

& = 0.003 145 _ =0.039 >0.005 OK
5.31
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Design Step 5.6.4.2

Check minimum required reinforcement (S5.7.3.3.2)

Critical location is at the midspan of the continuous span = 54.5 ft. from the end bearing.

All strands are fully bonded at this location.

According to S5.7.3.3.2, unless otherwise specified, at any section of a f
amount of prestressed and nonprestressed tensile reinforcement shall be
factored flexural resistance, My, at least equal to the lesser of:

1.33 times the factored moment required by the appli
specified in Table 3.4.1-1.

AND
The cracking moment strength as determined by S

I\/Icr =73 (}/lfr +7/2fcpe)sc_Mdnc(

nc

where:

Mpnc = factored u
= 3,511 k-ft

Sh

=1.6 for all concrete structures
v, =1.1 for bonded tendons
v, =1.0for prestressed concrete structures

M, =1.0{(1.6*0.906 +1.1%0.545) 26,985—3,511*12(%— ﬂ

Mcr = 3,418 k'ft
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The applied factored moment, My, taken from Table 5.3-2 is 8,456 k-ft (Strength I)
1.33(8,456) = 11,246 k-ft

M has to be greater than the lesser of M¢r and 1.33My, i.e., 3,418 Kk-ft.

M:; also has to be greater than the applied factored load M, = 8,456 k-ft (stre equirement)

r = 10,697 k-ft, therefore, both provisions are OK

Design Step 5.6.5 Continuity connection at intermediate support
Design Step 5.6.5.1

Negative moment connection at the Strength limit state

Determine the deck steel at the intermediate pier.

inal reinforcement of the deck are
ing, respectively.

Based on preliminary calculations, the toﬂnd b
assumed to be #6 bars at 5.5 in. spacing and #:

As

For top row of bars: A

For bottom row of

0.08 + 0.052
=0.132 in%in.

gravity of the slab steel from the top of the slab. Calculations are made

from of the total thickness and include the integral wearing surface in the total thickness of
slab.
CGStop = Coveriop + Diags main rein. + ¥2 Diass
=2.5+0.625 + % (0.75)
=3.5in.

Bot. mat (B2): CGShot = tstab — COVerbot — Did#s main rein. — %2 Diass
=8-1-0.625-% (0.75)
=6in.
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Center of gravity of the deck longitudinal reinforcement from the top of the deck:

CGS = [As top(CGStop) + Asbot(CGShot)J/As
=[0.08(3.5) + 0.052(6)]/0.132

= 4.48 in. from the top of slab (3.98 in. from the top of the structural thickness)

Calculate the depth to the slab steel from the bottom of the beam. The haunch is ignored in
the following calculations.

ds =girder +slab - CGS
=72+8-4.48
=75.52in.

The specification is silent about the strength of the concre Many
jurisdictions use the girder concrete strength for these . isfreflects observations
made during girder tests in the past. In these tests, the fai
behavior is due to the confinement of the di

the surrounding concrete. This confine&
concrete compared to the unconfined stre
cylinders.

ction zone provided by
arent strength of the diaphragm
ing typical testing of concrete

Assume the neutral axis is in

fe= f'c, peam = 6.0 Ksi
B1 = B1,beam = 0.75 the 6.0 ksi concrete, S5.7.2.2)
o1 = o1, beam = 0.8 6.0 ksi concrete, S5.7.2.2)
ottom flange = 28 in.

Calculate c,

= Asfyloupi (S5.7.3.1.1-4, modified)

reinforcement within the effective flange
width of 116 in. (in?)

= Asbsian
= (0.132)(116)
=15.31in?

f, =60 ksi

f’c =6.0 kS'

Bl =0.75

ar =0.85

b =28in.
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¢ = 15.31(60)/[0.85(0.75)(6.0)(28)]

=8.58 in., which is approximately equal to the thickness of the bottom flange of the beam (8
in.), therefore, the section is checked as a rectangular section. If “c” was
significantly larger than the thickness of the bottom flange, a reduction in the section
width should be considered.

Calculate the nominal flexural resistance according to S5.7.3.2.1 and rovisions for a
rectangular section.

Mn = Asfy(ds - a/2)

where:
a = B1C
= 0.75(8.58)
=6.43in.
ds =75.52in.

M, = 15.31(60)[75.52  (6.43/2))12 ‘@
= 5,535 k-ft

The factored flexural resistance, M, is

M: = @iMn (S5.7.3.2.1-1)
where:
of . flexure in reinforced concrete (55.5.4.2.1)
M =0.9(5,535
Check mom s the maximum applied factored moment at the critical location

= 4,729 k-ft (see Table 5.3-2) < M;=4,982 k-ft OK

Task Order DTFH61-11-D-00046-T-13007 5-71



Design Step 5 — Design of Superstructure Prestressed Concrete Bridge Design Example

Check service crack control (S5.5.2)

Actions to be considered at the service limit state are cracking, deformations, and concrete
stresses, as specified in Articles S5.7.3.4, S5.7.3.6, and S5.9.4, respectively. The cracking stress is
taken as the modulus of rupture specified in S5.4.2.6.

The maximum spacing of the mild steel reinforcement for control of cracking at the service limit
state shall satisfy:

s< M—2dc

BSf,

in which:

d
= 14+ —C
bs " 07(h—d,)

where:

Ye exposure factor

1.00 for Class 1 exposure Qiitio

dc = thickness of concrete cover mea from e tension fiber to
center of the flexural rei ted closest thereto (in.)
= 24+0625+%
h overall thickness o

72+75=179
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<

0.75" N
(#8 bar) /
Centroid of continuity

connection reinforcement

\ 4

#6 bar ed at 5.5"

rC tion of the Area, A

Assuming: Section width om flange width = 28 in.
Modular rati i

in the steel = fs = 33.74 ksi

700(1.00)

Sprovided= 55in.<13.6in. OK
So, use #6 bars @ 5.5 in. to satisfy crack control.

Total area of steel per unit width of slab:
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0.44 - o
Astop = E: 0.080 in?/in.

Asbot = o4 0.052 in%/in.
8.5

Therefore,

As = 0.080 +0.052 = 0.132 in%/in.

As = areaof reinforcement within the effective flange width of 116 in.
= Asbsian

= (0.132)(116) = 15.31 in?

Center of gravity of the deck longitudinal reinforcement f

CGS [As top(CGStop) + As bot(CGSbot)]‘

[0.080(3.5) + (0.052)(6)]/0.132 = 4. ' the top of the
structural thicknes

Design Step 5.6.5.2

Positive moment connecti

For jurisdictions that co shrinkage in the design, it is likely that positive moment
will develop at int I I the effect of prestressing, permanent loads and creep and
reinforcement at the bottom of the beams at intermediate

se locations. This suggests that there is no need for the positive moment
However, in recognition of the presence of creep and shrinkage effects, most
s specify some reinforcement to resist positive moments.

Two form the connection have been in use:

1) Figure 5.6-5 shows one alternative that requires extending some of the prestressing
strands at the end of the girder into the intermediate diaphragm. Due to the small space
between girders, these strands are bent upwards into the diaphragm to provide adequate
anchorage. Only strands that are fully bonded are used for the positive moment
connection.
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2) The second alternative requires adding mild reinforcement bars as shown in Figure

5.6-6. This alternative may lead to congestion at the end of the beam due to the presence
of the prestressing strands at these locations.

Typical details of the top of the pier cap for expansion and fixed bearings are shown schematically
in Figures 5.6-7 and 5.6-8.

deck main reinforcement

#6 @ 5.5"

" } Continuity reinforceme
haunch #6 @85

G
imits of

not shown for

—————g - - g

clarity)
strands used for positive
moment connection
strands teminated
strands |
] at end of beam
extended I
into diaphra |
= — F — =P gr —_ e —————— — ]
—_— = _i. [
|

bearing pads

_—l\l—_

Figure 5.6-5 — Continuity Connection Alternative 1: Strands Used for Positive Moment
Connection
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deck main reinforcement

#6 @ 5'5,, }Continuity reinforcement
#6 @ 8.5
haunch
o) I} el F o o) Fo) o)
() (e} / / () () (e} ()

———— g~ —— 11

Mild steel reinforcement

bars for positive moment |

connection :
|
1

strands
terminated at
end of girder

pier cap \

Qearing pa

column

n Alternative 2: Reinforcement Bars Used for Positive
Moment Connection

Figure 5.6-6
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Threaded inserts

|
/ Extprior girder

Max 12" C-C
spacing

\ e breaker

N

Figure 5.6-7 — Typical Diaphragm r (Expansion Bearing)

Threaded inserts

Max 12" C-C
spacing

C N
— o ] .':I:'.'l' I I
= L Pedistal J
BN N
Dowels and

confinement
reinforcement

Figure 5.6-8 — Typical Diaphragm at Intermediate Pier (Fixed Bearing)
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Design Step 5.6.6 Fatigue in prestressed steel (S5.5.3)

Article S5.5.3 states that fatigue need not be checked when the maximum tensile stress in the
concrete under Service Il limit state is taken according to the stress limits of Table S5.9.4.2.2-1.
The stress limit in this table was used in this example and, therefore, fatigue of the prestressing
steel need not be checked.

Design Step 5.6.7 Camber (S5.7.3.6)

The provisions of S2.5.2.6 shall be considered.
Deflection and camber calculations shall consider dead load : , erection

loads, concrete creep and shrinkage, and steel relaxation. iming deflection and

Instantaneous deflections are computed using the modulus (1€ oncrete as specified in
S5.4.2.4 and taking the gross moment of i*{ia, I

Deflection due to initial prestressin
Aps = -(Piesl? cilg)

+ 2L)?

Ecilg) (for debonded strands)

load acting on the section (Kips)
ity of the prestressing force with respect to the

t+ = transfer length of the strands (in.)

Lx = distance from end of beam to point where bonding commences (in.)
¢i =modulus of elasticity of concrete at transfer (ksi)

= moment of inertia (in%)

The negative sign indicates upward deflection.

Computer software is generally used to determine the deflections due to each loading. However,
sample calculations are provided for this example.
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See Table 5.5-1 for prestressing forces.

Group 1 strands: 32 fully bonded strands
Initial prestressing force = 924.4 k

Distance from bottom of the beam to the neutral axis = 36.38 in.

Distance from the bottom of the beam to the centroid of Group 1 strands = 5.
Deflection due to Group 1 strands:
'(Pi@sLZ)/(SEcilg)

-[924.4(36.38 — 5.375)[109(12)]%]/[8(4,200)(733,320
-1.99 in. (upward deflection)

Apis1

Group 2 strands: 6 strands debonded for 10 ft. from centerline
Transfer length = 30 in.
Initial prestressing force = 173.3 k
From Figures 2-5 and 2-6, the distance ﬂ’the of t
4.0in.

eam to the centroid of Group 2 is

Deflection due to Group 2 strands:

= -173.3(36.38 — 4.0) (10)(12)]?1/[8(4,200)(733,320)]

debonded for 22 ft. from centerline of bearings
nsfer length = 30 in.
ial prestressing force = 173.3 k

-6, the distance from the bottom of the beam to the centroid of Group 3 is

strands:

= -Pies[L? — (Lt + 2Lx)?)/(8Ecilg)

=-173.3(36.38 — 4.0)[[109(12)]? - [30 + 2(22)(12)]4)/[8(4,200)(733,320)]
=-0.32 in. (upward deflection)

Total initial deflection due to prestressing:

ApisTot =-1.99-0.37-0.32
=-2.68 in. (upward deflection)
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Notice that for camber calculations, some jurisdictions assume that some of the prestressing force
is lost and only consider a percentage of the value calculated above (e.g. Pennsylvania uses 90%
of the above value to compute beam seat elevations and 85% to compute probable beam sag). In
the following calculations the full value is used. The user may revise these values to match any
reduction required by the bridge owner’s specification. The reader may also refer to the PCI
Bridge Design Manual for additional methods for estimating long term deflections.

Using conventional beam theory to determine deflection of simple span bea der uniform load
or concentrated loads and using the loads calculated in Section 5.2, using omposite and
composite girder properties for loads applied before and after the slab is h spectively,
the following deflections may be calculated:

Asw = deflection due to the girder self-weight
=1.16in.

As = deflection due to the slab, formwork, and exterior
=1.12in.

AspL = deflection due to the super@)osed ead loa ight
=0.104 in.

All deflection from dead load is positive (down
Design Step 5.6.7.1

Camber to determine bridge

Initial camber, Ci:

Ci

= constant to account for creep in camber  (S5.4.2.3.2)
= 1.9k K, K Kkt (S5.4.2.3.2-1)

Cr =1.436 from Section 5.4.6.1
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Therefore, the initial camber, Cia is:

Cia=-1.52(1.436)
=-2.18 in. (upward deflection)

Final camber, Ck:
Cr =Cia+ As + AspL

=-2.18+1.12+0.104
=-0.96 in. (upward deflection)

This camber is used to determine bridge seat elevation.

Design Step 5.6.7.2

Haunch thickness

The haunch thickness is varied along th’ngt gir to provide the required roadway
elevation. For this example, the roadway grade i e 0.0. Therefore, the difference
between the maximum haunch thickness at th inimum haunch thickness at the
center of the beam should equal the fin 0.96 in. in this example. Minimum haunch
pically specified by the bridge owner.
Figure 5.6-9 shows schemati i nch thickness. Haunch thickness at

intermediate points is typically ca i puter program.

Roadway
/ Elevation

um haunch = minimum haunch + final camber + change in roadway
ffect of difference in seat elevation at the ends of the beam

Concrete girder /

Figure 5.6-9 — Schematic View of Haunch
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Design Step 5.6.7.3

Camber to determine probable saqg in bridge

To eliminate the possibility of sag in the bridge under permanent loads, some jurisdictions require
that the above calculations for Cr be repeated assuming a further reduction in the initial P/S
camber. The final Cr value after this reduction should show upward deflecti€

Design Step 5.6.8 Optional live load deflection check

Service load deformations may cause deterioration of wearing surfaces racking in
concrete slabs and in metal bridges which could impair service urab en if self
limiting and not a potential source of collapse.

As early as 1905, attempts were made to avoid these effe
trusses and girders, and starting in the 1930's, live load
same purpose. In a study of deflection limitations of brid
found numerous shortcomings in these tra‘ona

e prescribed for the
an ASCE committee,

no evidence of serious
to excessive deflection. The few
cracked concrete floors could
nges in design than by more
other hand, both the historical study
early that unfavorable psychological
bly the most frequent and important source of
concern regardi ridges. However, those characteristics of
brldge vibration Whi dered objectionable by pedestrians or passengers

"The limited survey conducted by the
structural damage that could
examples of damag
probably be correcte
restrictive limitations on
and the results from

ghway Bridge Design Code of 1983 contains the most comprehensive provisions
ibrations tolerable to humans.

this criteria if desired. If an Owner chooses to invoke deflection control, the following principles
may apply:

e when investigating the maximum absolute deflection for straight girder systems, all design

lanes should be loaded, and all supporting components should be assumed to deflect
equally,
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e for curved steel box and I-girder systems, the deflection of each girder should be
determined individually based on its response as part of a system,

o for composite design, the stiffness of design cross-section used for determination of
deflection should include the entire width of the roadway and the structurally continuous
portions of the railings, sidewalks and median barriers,

e when investigating maximum relative displacements, the number paded
lanes should be selected to provide the worst differential effe
including the dynamic load allowance, IM

o the live load shall be taken from S3.6.1.3.2,

e the provisions of S3.6.1.1.2 shoulo&pl ,

o for skewed bridges, a right cross-secti y be used; for curved and curved skewed

If the Owner invokes the optiona criteria, the deflection should be taken as the

larger of:

ed live load deflection determined by using computer software is 0.324 in.

in. < 1.65in. OK
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Design Step 5.7 SHEAR DESIGN (S5.8)

Shear design in the AASHTO-LRFD Specifications is based on the modified compression field
theory. This method takes into account the effect of the axial force on the shear behavior of the
section. The angle of the shear cracking, 6 and the shear constant, 5, are both functions of the
level of applied shear stress and the axial strain of the section. Figure S5.8,3.4.2-1 (reproduced
below) illustrates the shear parameters.

. tension
A, side {f’ }'(f (r/
Section Sectional Diagonal Longitudinal
Forces Crachs Strains

¢

Figure S5.8.3.4.2-1 - Illustration of Shearfarame tion Containing at Least the
Minimum Amount of Tra se Rein ent, Vp=0.

The transverse reinforcement (s shown in Figure 5.7-1. Table 5.7-1 lists
the variables required to be calcula ns along the beam for shear analysis.

Notice that many eg@ati [ erm Vp, the vertical component of the prestressing force.
Since draped str ist i example beams, the value of Vp, is taken as zero.
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Table 5.7-1 Shear Analysis at Different Sections

Dist.® | Aps@ | As® | CGS® | de® (Rect:ngular (T-secction de— 0.9de | dv® | Vy®@ [V,010 v, A1) M, 12 My/dy
behavior)® |behavior)? Pic/2

@) | @ |@?d]| @n) | @n) @in.) @in.) @ny | Gn) | Gn) | kips) | kips) | (ksi) | (kip-f) | (kips)
7.00 4.90 5.375 |74.125 3.89 N/A 72.5 66.7 72,5 | 340.4 0.0 2,241 | 370.92
11.00 | 5.26 5.279 |74.221 4.17 N/A 72.4 | 66.8 72.4 | 315.1 0.0 .6€ 8,393 | 562.38
16.50 5.81 5.158 |74.342 4.60 N/A 72.4 66.9 72.4 | 280.7 0.0 0.539 788.12
22.00 | 5.81 5.158 |74.342 4.60 N/A 72.4 | 66.9 72.4 | 246.7 0.0

27.50 6.73 5.000 |74.500 5.31 N/A 72.2 67.1 72.2 | 213.4 0.0

33.00 | 6.73 5.000 |74.500 5.31 N/A 72.2 67.1 72.2 | 180.6 0.0

38.50 6.73 5.000 |74.500 5.31 N/A 72.2 67.1 72.2 0.0

44,00 | 6.73 5.000 |74.500 5.31 N/A 72.2 67.1 72.2

49.50 6.73 5.000 |74.500 5.31 N/A 72.2 67.1 72.2

5450 | 6.73 5.000 |74.500 5.31 N/A 72.2 67.1 72.2

55.00 6.73 5.000 |74.500 5.31 N/A 1402.77
60.50 | 6.73 5.000 |74.500 5.31 N/A 1356.73
66.00 6.73 5.000 |74.500 5.31 N/A 1278.12
7150 | 6.73 5.000 |74.500 5.31 1167.92
77.00 6.73 5.000 |74.500 5.31 1027.15
82.50 | 6.73 5.000 |74.500 5.31 857.29
88.00 5.81 5.158 |74.342 4.60 657.35
93.50 | 5.81 (15.31| 3.980 |75.520 8.58 -65.23
99.00 490 (15.31| 3.980 |75.520 376.8 0.0 0.724 |-1,535 |-254.77
102.50 | 4.90 |15.31| 3.980 |75.520 396.6 0.0 0.762 | -2,489 |-413.11
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Table 5.7-1 Shear Analysis at Different Sections (cont’d)

) Aot v Nom. | Nom.

Dist.®® (233*;0 £ (14 015 pas Ve |Sreqd®]| Sprova@? (corr?p.) OVn [ OVa/Vu| TUO | Flex. |Flex.>
Res. T?

(ft.) (kips) (strain) (deg) (kips) | (in.) (in.) (kips) | (kips) (kips) | (kips)

7.00 | 926.1 | 0.00000 29.00 4.80 |215.41| 19.3 6.0 196.2 | 370.5| 1.09 N/A |1147.1] N/A

11.00 | 994.1 | 0.00000 29.00 4.80 |215.34| 23.3 16.0 1959 (370.0| 1.17 {1017.3|1357.3| OK

16.50 |1,098.1| 0.00000 29.00 4.80 (215.16| 32.4 18.0 174.2 |350.4| 1.25 [1193.7 OK

22.00 (1,098.1| 0.00076 31.67 3.05 [136.91| 20.5 20.0 1409 |[250.1| 1.01 |1307.7

27.50 (1,272.0| 0.00039 30.36 3.72 [166.31| 41.8 20.0 147.8 |282.4| 1.32 [1412.2

33.00 (1,272.0| 0.00084 31.92 2.95 [132.01| 40.5 24.0 115.8 |222.8| 1.23 [1481.4

38.50 (1,272.0| 0.00112 32.94 2.60 [116.49| 55.4 24.0 111.4 |204.9| 1.38 [1508.4

44.00 (1,272.0( 0.00123 33.32 2.49 (111.47| 145.0 24.0 109.8 [198.9| 1.70

49.50 (1,272.0| 0.00117 33.10 2.56 (114.31| 139.3 24.0 110.7 | 202.3

54.50 (1,272.0| 0.00131 33.58 2.42 |(108.36( 112.6 24.0 108.7 | 195.1

55.00 (1,272.0| 0.00131 33.59 2.42 |108.31| 98.6 24.0 108.7

60.50 (1,272.0| 0.00124 33.33 2.49 |(111.34| 445 24.0 109.7 . OK

66.00 (1,272.0| 0.00100 32.49 2.75 |122.90| 32.6 24.0 113. A . OK

71.50 (1,272.0| 0.00059 31.07 3.33 [148.86| 30.9 24.0 R OK

77.00 (1,272.0| 0.00002 29.08 4.72 [210.95| 46.6 24.0 129.7 1 OK

82.50 (1,272.0| 0.00000 29.00 4.80 |214.73 1305.1|1709.7| OK

88.00 (1,098.1| 0.00000 29.00 4.80 [215.16 1029.3|1523.6| OK

93.50 (1,098.1»| 0.00092 32.24 2.83 [126.89 N/A [1476.0| N/A

99.00 (926.1@| 0.00142 33.98 2.32 [103.98 N/A [1295.5| N/A

102.50 |926.1@| 0.00182 35.38 2.03 |90.7 448.2| 1.13 N/A |1106.1| N/A

Notes:

(1) Distance measured fro e end support. Calculations for Span 1 are shown. From
symmetry, Span 2 is a

(2)  Prestressing steel is o side of the section in the negative moment region of the girder
(intermediate pi io ng steel is ignored where the area of steel in an equation is defined as
the area of st section.

(3) Area of co 7, the longitudinal reinforcement of the deck slab within the effective

(6)

U]
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e compression fiber of the section. In the positive moment region, this is the distance from the centroid
prestressing strands to the top of the structural deck slab (ignore the thickness of the integral wearing
In the negative moment region, this is the distance from the centroid of the longitudinal deck slab
ement the bottom of the prestressed beam. The effective depth is calculated as the total depth of the
sectio® (which equals the depth of precast section, 72 in. + structural deck thickness, 7.5 in. = 79.5 in.) minus
the quantity defined in note (4) above.

Distance from the extreme compression fiber to the neutral axis calculated assuming rectangular behavior using
Eq. S5.7.3.1.1-4. Prestressing steel, effective width of slab and slab compressive strength are considered in the
positive moment region. The slab longitudinal reinforcement, width of the girder bottom (compression) flange
and girder concrete strength are considered in the negative moment region.

Distance from the extreme compression fiber to the neutral axis calculated assuming T-section behavior using
Eg. S5.7.3.1.1-3. Only applicable if the rectangular section behavior proves untrue.
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(8)  Effective depth for shear calculated using S5.8.2.9.

(9) Maximum applied factored load effects obtained from the beam load analysis.

(10) Vertical component of prestressing which is 0.0 for straight strands.

(11) The applied shear stress, vy, calculated as the applied factored shear force divided by the product of the web
width, b, and effective shear depth, dv.

(12) Only the controlling case (positive moment or negative moment) is shown.

(23) In the positive moment region, the parameter fy, is taken equal to 0.7y, of the prestressing steel as allowed by
S5.8.3.4.2. This value is reduced within the transfer length of the strands to account for the lack of full
development.

(14) Value of the parameter ¢ calculated using Eq. S5.8.3.4.2-4. The quantity & is always t3
& IS negative, it shall be taken as 0.

(15) The values of  and 8 as calculated according to the general procedure in S5.8.3.4.2.

(16) Force in longitudinal reinforcement including the effect of the applied shear (S5.8.3

(17)  Sreqa is the theoretical required spacing of the shear stirrup reinforcement at each
Sprovid 18 the chosen stirrup spacing at each analysis location, in inches. In cases
exceeds 24”, the maximum spacing allowed of 24”controls.

(18) Since a crack must cross through the height of the girder, it must cros e ess. At this
analysis point the chosen stirrup spacing changes from 7 in to 11 in efage spacing of 9 in is used to
investigate shear strength at this location, the capacity is computed as e

the applied shear introduces
compression into the end region of a member, i itical section for shear shall be

the loads on each side of the reac

eir respective contribution to the total
reaction introduces tension or i

d region.

ort is taken as dv.

effective depth for shear, dv

= effective shear depth taken as the distance, measured perpendicular to the neutral
axis, between the resultants of the tensile and compressive forces due to flexure; it
need not be taken to be less than the greater of 0.9de or 0.72h (S5.8.2.9)

h = total depth of beam (in.)
= depth of the precast beam + structural slab thickness
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= 72 + 7.5 = 79.5 in. (notice that the depth of the haunch was ignored in this
calculation)

de =distance from the extreme compression fiber to the center of gravity of the
prestressing steel at the section (in.). From Figure 2-6,
=79.5-5.375=74.125in.

Assuming rectangular section behavior with no compression steel or mild
the distance from the extreme compression fiber to the neutral axis, ¢, may be c

ion reinforcement,

c = Apsfpu/[au F'efib + KAps(fou/dp)] (S5.7.3.1)
o = 0.85 for 4 ksi slab concrete (not exceeding 10 ksi) (S5.7.2.2

B1 =0.85 for 4 ksi slab concrete (not exceeding 4 ksi) (S5.

b = effective flange width
=116 in. (calculated in Section 2.2)

Area of prestressing steel that is bonded a’e se er ideration (see Figure 2-5) =
32(0.153) = 4.896 in?

¢ =4.896(270)/[0.85(4)(0.85)(11 8(4.898)(270/74.125)]

ctangular section is correct.

= 0.72(79.5)
=57.24in. (3)

dv = largest of (1), (2) and (3) = 72.5in.

Notice that 0.72h is always less than the other two values for all sections of this beam. This value
is not shown in Table 5.7-1 for clarity.
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Design Step 5.7.2.2
Minimum required transverse reinforcement

Limits on maximum factored shear stresses for sections without transverse reinforcement are
presented in S5.8.2.4. Traditionally, transverse reinforcement satisfying the minimum transverse
reinforcement requirements of S5.8.2.5 is provided along the full length of t am.

Minimum transverse reinforcement, Ay:

A, > 0.0316,/f',

by 5 (S5.8.2.5-1)

fy
f'c = compressive strength of the web concrete = 6.0 ksi
fy =yield strength of the transverse reinforcement =

Assume that #4 bars are used for the stim’ Av of a #4 bar = 0.4 in
Substitute 0.4 in? to determine “s”, the maxi allo g of #4 bars (2-leg stirrups).

0.4 > 0.0316(2.449)(8/60)s
s <38.771n.

Design Step 5.7.2.3

Maximum spacing for tr

The maximum
D ding on the
i i as:

ing of t reinforcement is determined in accordance with S5.8.2.7.
of applied factored shear stress, vy, the maximum permitted spacing, Smax,

0.125f', then:

Smax = 0.8dy < 24.0 in. (S5.8.2.7-1)
If vy > 0.125f¢, then:
Smax = 0.4dy < 12.0 in. (S5.8.2.7-2)

For the section under consideration, vy is determined using Equation S5.8.2.9-1. v, = 0.653 ksi =
0.109f'c. Therefore, the maximum permitted spacing,
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Smax =0.8dv
=0.8(72.5)
=58.0in. > 24.0 in. Use maximum permitted stirrup spacing of 24 in.

Design Step 5.7.2.4

Shear strength

The shear strength provided by the concrete, V., is calculated using the follow
Ve = 0.0316,/f. b, d. (S5.8.3.3-3)

The values of g and the shear cracking inclination angle, 6, arg
outlined in S5.8.3.4.2.

The parameter & is the net longitudinal tensile strain in troid of the tension
reinforcement. For sections containing at least the m|n|m etnforcement calculated
above, & may be calculated using the foll‘qg e

)/12 = 2,057 k-ft. Use My = 2,241 k-ft

he maximum live load moment and the maximum live load shear at any section are
It from two different locations of the load along the length of the bridge. Conducting
the shear analysis using the maximum factored shear and the concurrent factored moment is
permitted. However, most computer programs list the maximum values of the moment and the
maximum value of the shear without listing the concurrent forces. Therefore, hand calculations
and most design computer programs typically conduct shear analysis using the maximum moment
value instead of the moment concurrent with the maximum shear. This results in a conservative
answer.
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According to S5.8.3.4.2, fpo is defined as follows:

foo = a parameter taken as the modulus of elasticity of the prestressing tendons
multiplied by the locked-in difference in strain between the prestressing tendons and the
surrounding concrete (ksi). For the usual levels of prestressing, a value of 0.7fpy will be
appropriate for both pretensioned and posttensioned members.

For pretensioned members, multiplying the modulus of elasticity of the prestress endons by the
locked in difference in strain between the prestressing tendons and the ing concrete
yields the stress in the strands when the concrete is poured around the >
strands immediately prior to transfer. For pretensioned members, SC5.¢
taken equal to the jacking stress. This value is typically larger than 0.7fyu.
IS more conservative since it results in a larger value of &.

For this example, fpo is taken as 0.7fpy.
fpo = 0.7(270) = 189 ksi

Nu=0.0k L 3

Notice that, as required by Article S5.8.3.4.2, in the t r length, fyo shall be increased
linearly from zero at the location wher ond en the strands and concrete commences to
its full value at the end of the

2)

As, Es, Aps and Eps are the area o rcement (0.0), modulus of elasticity of mild
reinforcement (29,000 ksi) ssing steel (4.896 in?) and modulus of elasticity of the

29 +35006=29 +0=29°

Aps = area of prestressed steel at the section on the flexural side of the member
=32(0.153)
= 4.896 in?

dy =72.5in. (6.04 ft)
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The value of B is found using S5.8.3.4.2-1:

4.8

= ————=4
P 1+750¢,

(S5.8.3.4.2-1)

Calculate the shear resistance provided by the concrete, V..

Ve = 0.0316,/f/b,d, (S5.8.3.3-3)

V. =0.0316(4.8)(2.449)(8)(72.5) = 215.5k
Calculate the shear resistance provided by the transverse reinforcement (stir
Vs = [Avfydy(cot O + cot a)sin ac}/s

Assuming the stirrups are placed perpendicular to the be
are comprised of #4 bars, each having two legs:

16 in. spacing and

Ay = area of shear reinforcement witlﬁ dis
= 2(area of #4 bar)
=2(0.2)
=0.4in?

s =16in.

o = angle between the st longitudinal axis of the beam
=90 degrees

Vs = [0.4(60)(

The nominal sh istance, etermined as the lesser of:
=Vc+Vs+Vp (S5.8.3.3-1)
= 0.25f"chvdy + Vp (S5.8.3.3-2)

the purpose of the limit imposed by Eq. S5.8.3.3-2 is to ensure that the concrete in the

web wilknet crush prior to yield of the transverse reinforcement.
Vp = for straight strands
Vn = lesser of:

Ve+ Vs +Vp=2155+196.2+0.0=411.7k
and
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0.25f'cbydy + Vp = 0.25(6)(8)(72.5) + 0.0 = 870.0 k
Therefore, Vi =411.7 k
The resistance factor, ¢, for shear in normal weight concrete is 0.9. (S5.5.4.2.1)
Shear factored resistance, V.
Vi =o@Vh (S5.8.2.1-2)

=0.9(411.7)
=370.5 k > maximum applied factored shear, V, = 340.4 k OK

Check if transverse reinforcement is required (S5.8.2.4):

Transverse reinforcement shall be provided in prestressed concr,
V> 0.50(Ve + Vp)

All of the terms have been defined above,&refor '

0.5(0.9)(215.5+0) =97.0 k < 340.4 k svers ment is required

Design Step 5.7.3 Shear analysis fo oment region

pier may be determined using the same
5.7.2 for a section near the end support.
ent region are illustrated below for the section at 99
is section is not the critical section for shear and is

The critical section for shear ne
procedure as shown in Dgsi

ysis in the positive and negative moment reqgions

For the pier (negative moment) regions of precast simple span beams made
continuous for live load, the prestressing steel near the piers is often in the compression
side of the beam. The term Aps in the equations for & is defined as the area of prestressing
steel on the tension side of the member. Since the prestressing steel is on the compression
side of the member, this steel is ignored in the analysis. This results in an increase in &
and, therefore, a decrease in the shear resistance of the section. This approach gives
conservative results and is appropriate for hand calculations.

Task Order DTFH61-11-D-00046-T-13007 5-93



Design Step 5 — Design of Superstructure Prestressed Concrete Bridge Design Example

The first appro

A less conservative approach is to calculate & as the average longitudinal strain in the
web. This requires the calculation of the strain at the top and bottom of the member at the
section under consideration at the strength limit state. This approach is more appropriate
for computer programs.

The difference between the two approaches is insignificant in terms ofghe cost of the beam.
The first approach requires more shear reinforcement near the en the beam. The
spacing of the stirrups in the middle portion of the beam is often rolled by the
maximum spacing requirements and, hence, the same stirrup spaci equired by
both approaches.

It is beneficial to use the second approach in the following situations

o Heavily loaded girders where the first appr;
reinforcement

e Analysis of existing structures where the
shear resistance.

S in congested shear

t a ch indi€ates a deficiency in

2) In calculating the distance’m th
*““c”, the following factors need to be I

the extreme compression fiber

e The compression side i f the beam. The concrete strength used to
determine ““c’ i
e The width of the beam is substituted for ““b’*, the width of the
member
e The area itudinal reinforcement over the intermediate pier
represent the tension side of the member. The area and yield
strength is rei ent'should be determined in advance.

depth for shear, dy

7.5=79.5in. (notice that the depth of the haunch was ignored in this
calculation)

The center of gravity of the deck slab longitudinal reinforcement from the top of the structural
thickness of the deck = 3.98 in. (see Design Step 5.6.5.1)

de

=79.5-3.98 =75.52 in.
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The area of longitudinal slab reinforcement within the effective flange width of the beam is 15.31
in? (see Design Step 5.6.5.1)

Yield strength of the slab reinforcement = 60 ksi

Assuming rectangular section behavior with no compression or prestressing steel, the distance
from the extreme compression fiber to the neutral axis, ¢, may be calculated

¢ =Adfy/(ou Feib) (S5.7.3.1.1-4)

where:
o1 = 0.85 for 6 ksi beam concrete (S5.7.2.2)

B1 =0.75 for 6 ksi beam concrete (S5.7.2.2)

b = precast beam bottom (compression) flange wi
=28in.

f'c =6Kksi ‘

c =15.31(60)/[0.85(6)(0.75)(28)]
= 8.58 in. = thickness of the beam botto ge (8 in.

Therefore, the assumption of angular section is considered correct.

Notice that if the value of *““c” i r than the beam bottom flange thickness, a
rectangular behavior may be beam bottom flange width to account for the
actual beam area in co . er, if ““c’” is not significantly larger than the beam
bottom flange thickness, ts will be minor and the analysis may be continued
without adjusting th

= 0.9(75.52)
=67.97in.(2)

= 0.72(79.5)
=57.24in.(3)

dv = largest of (1), (2) and (3) = 72.30 in.

Notice that 0.72h is always less than the other two values for all sections of this beam. This value
is not shown in Table 5.7-1 for clarity.
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Design Step 5.7.3.3

Shear stress on concrete

From Table 5.3-4, the factored shear stress at this section, VVy = 376.8 kips
¢ =0.9 (shear) (S5.5.4.2.1)

by = width of web =8 in.

From Article S5.8.2.9, the shear stress on the concrete is:
Vu = (Vu = ¢Vp)/(ebydy)

Vo = (376.8 — 0)/[0.9(8)(72.30)] = 0.724 ksi

w/f'c =0.724/6.0=0.1207
Design Step 5.7.3.4 ‘
Minimum required transverse reinforcement

Maximum allowable spacing fo tirrups wo legs per stirrup was calculated in Design

Step 5.7.2.2.

nsverse reinforcement

s < 38.771in.

Design Step 5.7.3.5

lRaUM spacing

ransverse reinforcement is determined in accordance with S5.8.2.7.
of applied factored shear stress, vy, the maximum permitted spacing, Smax,

f vu < 0.125f, then:
Smax = 0.8dy < 24.0 in. (S5.8.2.7-1)
e Ifvy>0.125f, then:

Smax = 0.4dy < 12.0 in. (S5.8.2.7-2)
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For the section under consideration, vy = 0.1207f',
Therefore, the maximum permitted spacing,
Smax = 08dv
=0.8(72.30)
=57.84in.>24.0in. NG

Assume maximum permitted stirrup spacing = 24 in.
Design Step 5.7.3.6

Shear resistance

For sections in the negative moment region of the beam, calc g. S5.8.3.4.2-4 and

assume there is no prestressing steel.

("Z:V“|+o.5Nu N, —vp\—Aij

(ES'A\S + EpAps)

& —

(S5.

For this example, the value o cto ial load, Ny, and the vertical component
of prestressing, Vp, are taken eq

Vu = maximum applied

= 376.8 kips
My = maximu actored ent from Table 5.3-2
=-1,535

that the te u/dv represents the force in the tension reinforcement due to the applied

ore, Muy/dy is taken as a positive value regardless of the sign of the

ocation (prestressing force ignored)

ea of longitudinal reinforcement in the deck at this section
1in?

Notice that the area of deck longitudinal reinforcement used in this calculation is the area of the
bars that extend at least one development length beyond the section under consideration. If the
section lies within the development length of some bars, these bars may be conservatively ignored
or the force in these bars be prorated based on the ratio between the full and available
development length. Consideration should also be given to adjusting the location of the center of
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gravity of the reinforcement to account for the smaller force in the bars that are not fully
developed.

dv =72.30in. (6.03 ft.)
Es =29,000 ksi
Eps = 28,500 ksi

Aps = area of prestressing steel on the tension side of the member
=0.0in?

Substitute these variables in Eq. S5.8.3.4.2-4 to determine &s:

&s =[1,535(12)/72.30 + (376.8 — 0) — 0]/[(29,000)(15.31)
= 0.001422

Determine the values of 6 and 3 using Equations S5.8.3.4.
B =4.8/[1+750(0.001422)] = 2.32‘
0 =29 +3500(0.001422) = 33.98 °

Calculate the shear resistance

Ve = 0.0316B,/f/b,d,

Calculate the she i y the transverse reinforcement (stirrups), Vs:

+ cot a)sin a]/s (S5.8.3.3-4)

area of #4 bar)
0.2)
in?
s =7in.

a =90 degrees

Vs = 0.4(60)(72.30)(cot 33.98)/7 = 367.8 k
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The nominal shear resistance, Vy, is determined as the lesser of:

Vh =V +Vs+V, (S5.8.3.3-1)
Vn = O.25f'cbvdv + Vp (85833‘2)
Notice that the purpose of the limit imposed by Eq. S5.8.3.3-2 is intended iminate excessive

shear cracking.

Vp =0.0 for straight strands

V is taken as the lesser of:

Ve+Vs+Vp=103.9 +367.8+0.0=471.7k
and
0.25fchvdy + Vp = 0.25(6)(8)(72.30) + 0.0 = 867.6

Therefore, Vn=471.7 k ‘

The resistance factor, ¢, for shear in normal ht co 0 (S5.5.4.21)
Factored shear resistance:
Vr = (PVn
=0.9(471.7)
=424.6 k > max.

shear, Vy, = 376.8 k OK
(S5.10.10.1)

oned anchorage zones is calculated according to S5.10.10.1

(S5.10.10.1-1)

fs = stress in the steel not exceeding 20 ksi

= total area of vertical reinforcement located within the distance h/4 from the end
of the beam (in?)

H = overall depth of the precast member (in.)

The resistance shall not be less than 4% of the prestressing force at transfer.
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From Design Step 5.4.4:

Prestressing force at transfer at end of beam =32(0.153)(188.8)
=924.4 Kips

Determine the required area of steel to meet the minimum resistance using fs = 20 ksi (max).

Therefore,

0.04(924.4) = 20(As)
A =1.85 in?

Since one stirrup is 0.4 in? (includes 2 legs), determine the number of stirrupSireg
1.85/0.4 = 4.63 Say 5 stirrups required

These stirrups must fit within h/4 distance from the end ofghe b

h/4 =72/4
=18in.

Design Step 5.7.5 Confinement rein

ft.] from'the end of the beam, reinforcement shall be
e bottom flange. The reinforcement is required to be
ng not exceeding 6.0 in. and shaped to enclose the
t the applied shear and to satisfy the maximum stirrup
for different sections. The maximum required spacings
of the beam are greater than 6 in. For a beam where all

For the distance of 1.5d [1
placed to confine the pre
not less than No. 3 defo
strands. The stirr
requirements are
shown in Tabl

e stirrup spacing in the end zone (1.5d) to not greater than 6 in.

Place the main vertical bars of the stirrups at the spacing required by vertical
r analysis. Detail the vertical bars in the bottom of the beam to enclose the
ressing and place these bars at a spacing not greater than 6 in. within the end zones.
tirrups and the confinement bars in this approach will not be at the same spacing and
pouring of the concrete may be difficult.

For a beam where some strands are located in the web approach (1) should be used.

For this example, approach (1) was used. This is the basis for the stirrup distribution shown in
Figure 5.7-1.
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7
Proj.

(] [
3 #5 bars 3 #5 bars
#4 bars

™

4 #5 bars

#4
(6"s

|1

57-2-S A-A from Figure 5.7-1, Beam Cross Section Near the Girder Ends

Design Stef
(S5.8.3.5)

g Jongitudinal reinforcement including the effect of the applied shear

to the applied moment, My, the following force effects contribute to the force in the
reinforcement:

Applied shear forces, Vy

Vertical component of the prestressing force

Applied axial force, Ny

The shear force resisted by the transverse reinforcement, Vs
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To account for the effect of these force effects on the force in the longitudinal reinforcement,
S5.8.3.5 requires that the longitudinal reinforcement be proportioned so that at each section, the
tensile capacity of the reinforcement on the flexural tension side of the member, taking into
account any lack of full development of that reinforcement, is greater than or equal to the force
(Apsfps + Asfy) calculated as:

M
Apsfos + Asfy = u+O.5m+(v—“—vp —0.5V5Jcot6? (S5.8.3.5-1)
d,o, N
where:
Vs = shear resistance provided by the transverse reinfo ection

under investigation as given by Eq. S5.8.3.3- taken as

greater than Vu/¢ (Kips)

0 =angle of inclination of diagonal c ressesitsed in determining
the nominal shear resistance of the s ation as determined
by S5.8.3.4 (degrees) ‘

Q =resistance factors takegfficom appropriate for moment, shear,

and axial resistance

less a distance equal to dvcot 6 from the
near the end support are substituted for dv and

(Apsfps ¥ Afy) = %w H%—o‘—o.sa%.g)} cot29.00
=1017.3 kips

From Table 5.5-1, the maximum strand resistance at this section at the nominal moment resistance
is 1,2955 klpS > (Apsfps + Asfy) =1017.3 klpS OK
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Design Step 5.7.7 Horizontal shear between the beam and slab

Table 5.7-2 - Interface Shear Calculations

Max. |Interface| Horiz. | Nominal | Factored| Resist./

Dist. | dv |Vi=Vu|Stirrup| Reinf., | Shear, |Resistanc

Spacing Av Vh e

(ft.) | (in.) | (kips) | (in.) | (in%in.) | (k/in.) | (k/in.) (k/in.)

7.00 70.4 340.4 16.0 0.050 4.84 14.8 13.3

11.00 70.5 315.1 18.0 0.044 4.47 14.4 13.0

16.50 70.6 280.7 21.0 0.038 3.98 14.0 12.6

22.00 70.6 246.7 20.0 0.040 3.49 14.2

27.50 70.8 213.4 24.0 0.033 3.02 13.7,

33.00 70.8 180.6 24.0 0.033 2.55

38.50 70.8 148.3 24.0 0.033 2.10 OK

44.00 70.8 116.7 24.0 0.033 OK

49.50 70.8 85.7 24.0 0.0 OK

54.50 70.8 118.4 24.0 0.‘ OK

55.00 70.8 121.3 24.0 0.033 OK

60.50 70.8 153.5 24.0 0.033 OK
13.7 12.4 OK
13.7 12.4 OK
13.7 12.4 OK
13.7 12.4 OK
14.3 12.9 OK
16.1 14.5 OK
17.8 16.0 OK
18.6 16.7 OK

e to the classical elastic strength of materials approach, the value of these forces per
of the girders at the strength limit state can be taken as:
Vhi = Va/dy (SC5.8.4.2-7)

where:
Vhi = factored horizontal shear per unit length of the girder (kips/length)

V1 = the factored vertical shear (kips)
=315.1 k (From Table 5.7-2)
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dv = distance between the centroid of the tension steel and the mid-thickness of the
slab to compute a factored interface shear (in.)
=72+ 75/2-5.279=70.47 in. (see Table 5.7-2)

Vhi = 315.1/70.47
=4.47 K/in.

Stirrup spacing at this location = 18 in.

Assume that the stirrups extend into the deck. In addition, assume that ther 4 bar with
two legs extending into the deck as shown in Figure 5.7-2.

Area of reinforcement passing through the interface between the

Avt = 4 #4 bars
=4(0.2)
=0.8in?

At per unit length of beam = 0.8/18 = O.0‘in2/i

Check if the minimum interface shear rei v be waived (55.8.4.4)

For cast-in-place concrete deck irdePsurfaces free of laitance, the minimum
interface shear reinforcement requ ived provided that the beam top flange
surface is roughened to an amphi 5 inches Where the interface stress vui (Eq. S5.8.4.2-1)

81gn, the minimum shear interface reinforcement requirement would be waived. For this
n order to provide a complete reference, the minimum reinforcement requirement will
not be waived, and calculation will continue.

Check the minimum interface shear reinforcement

Avf > 005Acv/fy = 005bv/fy (85844-1)

= 0.05(42)/60
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=0.035 in%/in. of beam length < A provided OK

Note that the minimum interface shear reinforcement, Avf, also need not exceed the lesser of the
amount determined using Eq. S5.8.4.4-1 (0.035 in%/in) and the amount needed to resist 1.33Vui/¢
as determined using Eq. S5.8.4.1-3.

Factored interface shear resistance (S5.8.4.1)

The interface shear resistance of the interface has two components. The fir ent is due to

the adhesion between the two surfaces. The second component is d In
calculating friction, the force acting on the interface is taken equal to the cc on the
interface plus the yield strength of the reinforcement passing through the i . ominal

shear resistance of the interface plane, Vi, is calculated using S5,
Vi = CAcv + p(Avefy + Pc) (S5.8.4.1-1)

where:
Vni = nominal shear friction res"tance ips)

Ay = area of concrete engaged in r tran
Avs = area of shear reinforce
fy =yield strength

(The strength of r i sing the interface shall not be
taken as

ear resistance per unit length of beam.

-place concrete slab on clean concrete girder surfaces, free of laitance with surface
0 an amplitude of 0.25 in.:

8 ksi, pn=1.0, K1 =0.3, Kz = 1.8 ksi (S5.8.4.3) (S5.8.4.3)
Ignore compression on the interface from loads on the deck: Pc = 0.0

Acv = 42 in?/in. of beam length
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Ayt = 0.044 in?/in. of beam length
fy =60 ksi
Therefore,

Vi = 0.28(42) + 1.0[0.044(60) + 0.0]
= 14.4 k/in. of beam length

According to S5.8.4.1, the nominal shear resistance, Vi, used in the design

Vni < Klf'cAcv (35.8.4.1-4)
OR

Vii < KoAey (S5.8.4.1-5)

where:

f'c = the specified 28-day compressive strengt crete on
either side of the interfacg,(ksi)

= 4.0 ksi for slab concrete

Vi < 0.3 fcAcv =0.3(4.0)(42) =50.4 k/in. 0
OR
Vni < 1.8Acv = 18(42) =

Therefore, Vnj used for desj
Vi = (PVni

=0.9(14.4)
= 13.0 klmfof bea plied force, Vh = 4.47 k/in. OK

Task Order DTFH61-11-D-00046-T-13007 5-107



Design Step 5 — Design of Superstructure Prestressed Concrete Bridge Design Example
This page intentionally left blank.

‘N
\
™

Task Order DTFH61-11-D-00046-T-13007 5-108



Design Step 6 — Design of Bearings Prestressed Concrete Bridge Design Example

6.0 DESIGN OF REINFORCED ELASTOMERIC BEARINGS

Design Step 6 - steel-reinforced elastomeric bearing design (S14)

Design requirements (S14.5.3)
Movements during construction

Where practicable, construction staging should be used to delay constructio abutments and
piers located in or adjacent to embankments until the embankments h placed and
consolidated. Otherwise, deck joints should be sized to accommodate the Qutment and
pier movements resulting from embankment consolidation after their construgti

Closure pours may be used to minimize the effect of prestress-i pagthe width of
seals and the size of bearings.

Characteristics (S514.6.2)

The bearing chosen for a particular application _has to app te load and movement
capabilities. Table S14.6.2-1 may be use g aring different bearing systems.
Force effects resulting from restraint of movement .6.3)

Restraint forces occur when
include dead load of the bri

prevented. Forces due to direct loads

to traffic, earthquakes, water and wind. The

promotes problems of ¢ ation. As a result, bearings should be designed and
installed to have theam protection against the environment and to allow easy
access for inspecti

es of 60+5 are common, and they lead to shear modulus values in the
si. The shear stiffness of the bearing is its most important property since
nsmitted between the superstructure and substructure. Some states use a
erent common range than stated above. See S14.7.5.2 and S14.7.6.2 for material
1ts of neoprene bearing pads.

ay be used as a plain pad (PEP) or may be reinforced with steel. Steel reinforced
elastomeric bearings are composed of layers of elastomer and steel plates bonded together with
adhesive.

Elastomers are flexible under shear and uniaxial deformation, but they are very stiff against
volume changes. This feature makes the design of a bearing that is stiff in compression but flexible
in shear possible. Under uniaxial compression, the flexible elastomer would shorten significantly
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and, to maintain constant volume, sustain large increases in its plan dimension, but the stiff steel
layers of the steel reinforced elastomeric bearings restrain the lateral expansion.

Elastomers stiffen at low temperatures. The low temperature stiffening effect is very sensitive to
the elastomer compound, and the increase in shear resistance can be controlled by selection of an
elastomer compound which is appropriate for the climatic conditions.

The design of a steel reinforced elastomeric bearing requires an appt@priate balance of
compressive, shear and rotational stiffnesses. The shape factor, taken as the plania
the area of the perimeter free to bulge, affects the compressive and rotationa
no impact on the translational stiffness or deformation capacity.

The bearing must be designed to control the stress in the steel reinforceme
elastomer. This is done by controlling the elastomer layer thickg D€ or of the
bearing. Fatigue, stability, delamination, yield and rupture of t [
the elastomer, and geometric constraints must all be satisfied.

Design methods

Two design methods are allowed by the‘SH ifications. Method A, specified in
S14.7.6, is applicable to plain, steel reinforce I inforced elastomeric pads as well
as cotton duck pads. Method B, specified in S to steel reinforced elastomeric
bearings. The following sections an xample below are based on Method B.

Flowcharts for the bearing d us d Method B are included in Section 3.

General elastomer material prop

Commonly used elasto dulus between 0.080 and 0.175 ksi and a nominal
hardness between e A scale. The shear modulus of the elastomer at 73°F is
used as the basi er may be specified by its shear modulus or hardness. If
its shear modulus, that value is used in design, and other
from Table S14.7.6.2-1. If the material is specified by its hardness, the
the least favorable value from the range for that hardness given in
tate values may be obtained by interpolation.
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Table S14.7.5.2-1 — Low-Temperature Zones and Minimum Grades of Elastomer

Low-Temperature Zone A B C D E
50-year low temperature (°F) 0 -20 -30 -45 <-45

Maximum number of consecutive days when the
temperature does not rise above 32°F

NA

Minimum low-temperature elastomer grade 0 2 3

Minimum low-temperature elastomer grade
when special force provisions are incorporated

0 S14.7.5.2, any of the three design options listed below may be used to specify the

1) Specify the elastomer with the minimum low-temperature grade indicated in Table
S14.7.5.2-1 and determine the shear force transmitted by the bearing as specified in
S14.6.3.1;
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2) Specify the elastomer with the minimum low-temperature grade for use when special force
provisions are incorporated in the design but do not provide a low friction sliding surface,
in which case the bridge shall be designed to withstand twice the design shear force
specified in S14.6.3.1; or

3) Specify the elastomer with the minimum low-temperature grade for use when special force
provisions are incorporated in the design but do not provide a low frigtion sliding surface,
in which case the components of the bridge shall be designed to resis times the design
shear force as specified in S14.6.3.1.

Design Step 6.1 Design a steel reinforced elastomeric bearing for the interior g
intermediate pier

A typical elastomer with hardness 60 Shore A Durometer a ma@ulus of 0.150 ksi is
assumed. The bearing reaction at the Service | limit state j e sheaFat the end of Span 1
as shown in Tables 5.3-3 and -4. These values are shown i

\ 4

Table 6-1 — Design Forces on Bearings terior at the Intermediate Pier
Reaction due to DL
(k)
Service | 160.6
Notice that:
The live reactio aring is taken equal to the maximum girder live load end

ing that the girder, which is continuous for live load, has two bearings on
ler, another acceptable procedure is to divide the maximum live load
equally between the two bearings. This will result in lower bearing
0 using the girder end shear to design the bearings. This approach was
aken in this example, rather, the girder end shear was applied to the bearing.
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Design Step 6.1.1 Determine the minimum bearing area

The bearing at the intermediate pier is fixed and is not subject to shear deformation due to the lack
of movements.

The corners of the bottom flanges of the girder are usually chamfered. The bearing should be
slightly narrower than the flat part of the flange unless a stiff sole plate is used to insure uniform
distribution of the compressive stress and strain over the bearing area. The beasing should be as
short along the length of the girder as practical to permit rotation about the tra i
requires the bearing to be as wide as possible which is desirable when stabili der during

erection. For a first estimate, choose a 24 in. width [28 in. wide girder

chamfer + 1 in. edge clearance)] and a 7.5 in. longitudinal dimension. The gitudi anslation
is 0 in. for a fixed bearing. Notice that for a bearing subject to trag bearing,
the shear strains due to translation must be less than 0.5 in./ig 1 and excess
fatigue damage. This means that the total elastomer thickness, € gieater than two times
the design translation, As, where applicable. A prelimi apef Fac ould be calculated

according to S14.7.5.1.

For this example, assume two interior ela?er I
cover elastomer layers, each with a thickne

grade and, therefore, eac
layers of elastomer shal e thickness. For bearings with more than two elastomer

ould be no thicker than 70 percent of the internal layers.

(S14.7.5.1-1)

= length of a rectangular elastomeric bearing (parallel to the longitudinal
bridge axis) (in.)

W = width of the bearing in the transverse direction (in.)

hri = thickness of i elastomeric layer in elastomeric bearing (in.)
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The shape factor for the ith interior layer is:

Si =7.5(24)/[ 2(0.5)(7.5+24)]
=571

Design Step 6.1.2.1

Design Requirements (S14.7.5.3)
Compressive stress:
Design Method B no longer has a separate compressive stress check. It

combined compression, rotation and shear check described in S1
Step 6.1.2.4.

Design Step 6.1.2.2 Compressive deflection (514.7.5.3.6)

t on the bridge. Since this design
rovided below, but no design is

This provision need only be checked if joi
example is a jointless bridge, commentary fogethis
investigated.

Deflections of elastomeric b long-term dead load will be considered

separately.

Instantaneous live load deflecti

o = 2aihi

(S14.7.5.3.6-2)

4 = initial dead load compressive strain in i elastomer layer of a
laminated bearing
hri = thickness of i elastomeric layer in a laminated bearing (in.)

Values for & are determined from test results or by analysis when considering long-term
deflections. The effects of creep of the elastomer are added to the initial deflection:
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Ot = &+ acrd (514.7.5.3.6-3)

where:
acr = creep deflection divided by initial dead load deflection

Creep effects should be determined from information relevant to the elastome

ic compound used.
In the absence of material-specific data, the values given in STable 14.7.6.2-1\ma

be used.

Design Step 6.1.2.3 Shear deformation (S14.7.5.3.2)

This provision need only be checked if the bearing is a movable bearing. Siqaee Fing under
consideration is a fixed bearing, this provision does not apply. hisgrovision is
provided below, but no design checks are performed.

The maximum horizontal movement of the bridge sup i en as the extreme
displacement caused by creep, shrinkage, and posttensi i
design thermal movement range. ‘

The maximum shear deformation of the be
modified to account for the substructure stiffn on procedures. If a low friction
sliding surface is installed, As need no larger than the deformation corresponding
to first slip.
The bearing is required to satisfy:

he > 24 (S14.7.5.3.2-1)

to hickness (sum of the thicknesses of all elastomer layers)

This hrt ensures that rollover at the edges and delamination due to fatigue will not take
SC14.7.5.3.2 for more stringent requirements when shear deformations are due to high
g such as braking forces and vibrations.
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Design Step 6.1.2.4 Combined compression, rotation, and shear (S14.7.5.3.3)

Combinations of axial load, rotation, and shear at the service limit state shall satisfy:

(7a,st +7/r,st + ys,st)+1'75(}/a,cy + J/r,cy + ys,cy)S 50 (8147533'1)

The static component of ya shall also satisfy:

Yast 3.0 (S14.7.5.3.3-2)

where:
Ja = shear strain caused by axi
" = shear strain caused by rg
% = shear strain caused by s

Subscripts "st" and "cy" indicate static and cyclic loadin loads shall consist

of loads induced by traffic. All other Ioad*ay be consider

The shear strain due to axial load may be take

sive stress due to total static or cyclic load from applicable
binations (ksi)

ses in bearing pad:

160.6 / ( 24(7.5) )
0.892 ksi

Oscy = 129.9/ ( 24(75) )
=0.722 ksi

and the shear strain:
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Yast= 1.4 (0.892/(0.150 (5.71) ) )
=1.45

Yacy =1.4(0.722/(0.150 (5.71) ) )
=1.18

Next, calculate the shear strain due to rotation:

2
y = D{Lj o (514.7.5.3.3-6)
h,) n
where:
Dr = dimensionless coefficient used to determi rotation,
taken as 0.5 for a rectangular bearing
L = plan dimension of the bearing perpend s of rotation under
consideration (generally parallel to t pridge axis) (in.)
hri = thickness of the i internal elastome
0s = maximum static or ¢yclic service rota
For this example, will otations due to live load and
construction load (assu s a result of camber under the
prestressing force and pe ds, prestressed beams typically
have end rotation t dead loads in the opposite direction than
nservatively assume the end rotations to
Os st =V
Os,cy live load analysis program)
n rs of elastomer, where interior layers are defined as

are"bonded on each face. Exterior layers are defined as
re bonded only on one face. When the thickness of the

=0.5(7.5/0.5)2(0.000944 /2)
0.0531

Finally, calculate the shear strain due to shear deformation:

y =t (S14.7.5.3.3-10)
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where:
As = maximum total static or cyclic shear deformation of the elastomer from
applicable service load combinations (in.)
hrt = total elastomer thickness (in.)

Since the bearing under consideration is a fixed bearing, there is no shear deformation or shear
strain due to shear deformation.

Check total strains:

(o + 705+ Vo )P LT aey + 700y + 755 ) <50 (S147.5.3.3-1)

(1.45+0.281+0.00) +1.75(1.18 + 0.0531 + 0.00 ) = 3.8
also check static component of ya:

Yast <3.0

145<3.0 OK

Use 2 interior layers 0.5 in. thick each. Use in. thick each (< 70% of the

thickness of the interior layer).

Bearings are investigated ili he service limit state load combinations specified in
Table S3.4.1-1.

Bearings satisfyi
stability is requi

(S14.7.5.3.4-1)

(S14.7.5.3.4-2)

(S14.7.5.3.4-3)
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where:
L=75in.

W =24in.
hrt = total thickness of the elastomer in the bearing (in.)

=2(0.25) + 2(0.5)
=15in.

For a rectangular bearing where L is greater than W, stability will be investj hanging

L and W in Egs. S14.7.5.3.4-2 and -3.

1.92[1'5j
_ 7.5

1+ 2.0(7.5
24
=0.301 ‘

(5.71+ 2.0)(1+ 75
24)

=0.321
Check 2A < B

2(0.301) = 2 .321, therefore, the bearing is not stable and

S14.7.5.3.4-4 and -5 need to be checked.

against translation, the following equation needs to be satisfied to ensure

(S14.7.5.3.4-5)

0.301-0.321
=-0.02

Therefore, the bearing is stable.
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Design Step 6.1.2.6 Reinforcement (S14.7.5.3.5)

The reinforcement should sustain the tensile stresses induced by compression on the bearing. With
the present load limitations, the minimum steel plate thickness practical for fabrication will
usually provide adequate strength. The minimum thickness of steel reinforcement, hs, shall be
0.0625 in, as specified in Article 4.5 of AASHTO M 251.

At the service limit state:

hs > 3hios/Fy (S14.7.5.3.5-1)
where:
hri = thickness of i" internal ¢
=0.5in.
Os = 0.%+ 0.722
Fy = yield
=36 ksi

hs@ervy = 3(0.5)(1.614
>0.067 in.

At the fatigue limit state:
hs > 2.0hricL/AFTH 14.7.5.3.5-2)

where:
hri

=0.5in.

=0.722 ksi

= constant amplitude fatigue threshold for Category A
as specified in Table S6.6.1.2.5-3 (ksi)

=24 ksi

> 2(0.5)(0.722)/24
>0.030 in.

Use hs = 0.120 in. thick steel reinforcement plates; this is an 11 gage shim.
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If holes exist in the reinforcement, the minimum thickness is increased by a factor equal to twice
the gross width divided by the net width. Holes in the reinforcement cause stress concentrations.
Their use should be discouraged. The required increase in steel thickness accounts for both the
material removed and the stress concentrations around the hole.

The total height of the bearing, h:
hrt = cover layers + elastomer layers + shim thicknesses

= 2(0.25) + 2(0.5) + 3(0.120)
=1.86in.

l

irection of traffic

L=75"

2 - 1/4" Cover layers
3-0.120" Shims
2 - 1/2" Interior layers

A4

ELEVATION

Figure 6-2 — Dimensions of Elastomeric Bearing

steel shim thickness is held constant for all bearings

2. All coves layers and edge covers are to be 1/4-inch thick.

ng thickness will include the summation of a masonry plate, a sole
plate, and the laminated elastomeric pad thickness.

4. Elastomer in all bearings shall have grade 60 Shore A Durometer hardness.

5. Pad shall be vulcanized to masonry plate and sole plate in the shop

6. Pad thickness shown is uncompressed.
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A shear key between the bent cap and the concrete diaphragm will provide the movement restraint
in the longitudinal direction. See Figure 6-3.

haunch deck
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Design Step 7.1 INTEGRAL ABUTMENT DESIGN (This section has not been updated in 2015.)

General considerations and common practices

Integral abutments are used to eliminate expansion joints at the end of a bridge. They often result
in “Jointless Bridges’™ and serve to accomplish the following desirable objectives:

e Long-term serviceability of the structure

e Minimal maintenance requirements

e Economical construction

e Improved aesthetics and safety considerations
A jointless bridge concept is defined as any design procedure th he goals
listed above by eliminating as many expansion joints as possi al jointless bridge, for

Integral abutments are generally founded on one row of gel’or concrete. The use
of one row of piles reduces the stiffness of the Ne abutment to translate
parallel to the longitudinal axis of the brigge. e elimination of expansion joints
and movable bearings. Because the earth 0 end abutments is resisted by

compression in the superstructure, the piles s gral abutments, unlike the piles
supporting conventional abutments, d designed to resist the earth loads on the
abutments.

When expansion joints are comple imi a bridge, thermal stresses must be relieved
or accounted for in some : e integral abutment bridge concept is based on the
assumption that due to
substructure by way of
abutment to trans
considered as a Li

i.e. the uniform temperature change causes the
The concrete abutment contains sufficient bulk to be

e backwall. This provides for full transfer of forces due to
live load rotational displacement experienced by the abutment piles.

ASHTO-LRFD Specifications nor the AASHTO-Standard Specifications contain
sign criteria for integral abutments. In the absence of universally-accepted design
ny states have developed their own design guidelines. These guidelines have evolved
over timeg@and rely heavily on past experience with integral abutments at a specific area. There
are currently two distinctive approaches used to design integral abutments:

e One group of states design the piles of an integral abutment to resist only gravity loads
applied to the abutment. No consideration is given to the effect of the horizontal
displacement of the abutment on the pile loads and/or pile resistance. This approach is
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simple and has been used successfully. When the bridge is outside a certain range set by
the state, e.g. long bridges, other considerations are taken into account in the design.

e The second approach accounts for effects of different loads, in additional to gravity loads,
when calculating pile loads. It also takes into account the effect of the horizontal
movements on the pile load resistance. One state that has detailed design procedures
following this approach is Pennsylvania.

The following discussion does not follow the practices of a specific state; it ides a general
overview of the current state-of-practice.

Bridge length limits

Most states set a limit on the bridge length of jointless bridge
considered a ““typical bridge” and more detailed analysis is t .
bridge length is based on assuming that the total increase o gth under uniform
temperature change from the extreme low to the extreme nches. This means
that the movement at the top of the pile at each end IS2i pridge is constructed
at the median temperature, a 1 inch displ i IS results in a maximum
bridge length of 600 ft. for concrete bri el brldges at locations where the
climate is defined as ““Moderate” in accorda e maximum length is shorter for
regions defined as having a “cold” climate.

ypically, the

to S3.

Soil conditions

The above length limits assume I itions at the bridge location and behind the
abutment are such that the translate with relatively low soil resistance. Therefore,
most jurisdictions specify, for use behind integral abutments. In addition, the
fill within a few feet beh ent is typically lightly compacted using a vibratory
plate compactor (jumpi edrock, stiff soil and/or boulders exist in the top layer of
the soil (approxi ft.), it is typically required that oversized holes be drilled
.; the piles are then installed in the oversized holes.
are filled with sand. This procedure is intended to allow the piles to

8Sure acts in a direction perpendicular to the abutments. For skewed bridges, the earth
)rces on the two abutments produce a torque that causes the bridge to twist in plan.
skew angle reduces this effect. For skewed, continuous bridges, the twisting torque
in additional forces acting on intermediate bents.

Limiting
also resul
In addition, sharp skews are suspected to have caused cracking in some abutment backwalls due

to rotation and thermal movements. This cracking may be reduced or eliminated by limiting the
skew. Limiting the skew will also reduce or eliminate design uncertainties, backfill compaction
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difficulty and the additional design and details that would need to be worked out for the abutment
U-wingwalls and approach slab.

Currently, there are no universally accepted limits on the degree of skew for integral abutment
bridges.

Horizontal alignment and bridge plan geometry

With relatively few exceptions, integral abutments are typically used for stralf
curved superstructures, the effect of the compression force resulting from
the abutment is a cause for concern. For bridges with variable width, the
of the abutments results in unbalanced earth pressure forces if the two ab

expected movement of the two abutments as well as in the de
joints at the end of the approach slabs (if used).

Grade

between abutments. These limits
forces on the abutment vertical

Some jurisdictions impose a limit on the r’imu
are intended to reduce the effect of the abutm@nt ea
reactions.

lg

Girder types, maximum de

Integral abutments have been use
tees and concrete spread bo

eel I-beams, concrete I-beams, concrete bulb

Deeper abutments are
Girder depth limit:
and are meant t

arth pressure forces and, therefore, less flexible.
by some jurisdictions based on past successful practices
vel of abutment flexibility. Soil conditions and the length
en determining maximum depth limits. A maximum girder
used in the past. Deeper girders may be allowed when the soil conditions
length of the bridge is relatively short.

the past, H-piles have been placed both with their strong axis parallel to the girder’s
axis and in the perpendicular direction. Both orientations provide satisfactory

results.
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Consideration of dynamic load allowance in pile design

Traditionally, dynamic load allowance is not considered in foundation design. However, for
integral abutment piles, it may be argued that the dynamic load allowance should be considered
in the design of the top portion of the pile. The rationale for this requirement is that the piles are
almost attached to the superstructure, therefore, the top portions of the piles do no benefit from
the damping effect of the soil.

Construction sequence

Typically, the connection between the girders and the integral abutment i ae deck is
poured. The end portion of the deck and the backwall of the abutment a at the
same time. This sequence is intended to allow the dead load rotation of i
place without transferring these rotations to the piles.

Two integral abutment construction sequences have been used
e One-stage construction:

cent to each girder, one pile on

In this construction sequence, tw‘les
i wo piles and the girder is seated

each side of the girder. A steel angle
on the steel angle. The abutment pier
the end diaphragm or backwall i asing the ends of the beams) are poured at
the same time. The at the time the deck in the end span is
poured.

Stage 1:
A pile cap of vertical piles is constructed. The piles do not have to
line up wi p of the pile cap reaches the bottom of the bearing pads

under th the pile cap is required to be smooth in the area directly
s and a strip approximately 4 in. wide around this area. Other areas are

(i.e. rake finished).

pouring the entire deck slab, except for the portions of the deck immediately adjacent
e integral abutment (approximately the end 4 ft. of the deck from the front face of the
ment) the end diaphragm (backwall) encasing the ends of the bridge girders is poured.
end portion of the deck is poured simultaneously with the end diaphragm.

Negative moment connection between the integral abutment and the superstructure
The rigid connection between the superstructure and the integral abutment results in the

development of negative moments at this location. Some early integral abutments showed signs of
deck cracking parallel to the integral abutments in the end section of the deck due to the lack of
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proper reinforcement to resist this moment. This cracking was prevented by specifying additional
reinforcement connecting the deck to the back (fill) face of the abutment. This reinforcement may
be designed to resist the maximum moment that may be transferred from the integral abutment to
the superstructure. This moment is taken equal to the sum of the plastic moments of the integral
abutment piles. The section depth used to design these bars may be taken equal to the girder
depth plus the deck thickness. The length of the bars extending into the deck is typically specified
by the bridge owner. This length is based on the length required for the superstructure dead load
positive moment to overcome the connection negative moment.

Wingwalls

Typically, U-wingwalls (wingwalls parallel to the longitudinal axis of t
conjunction with integral abutments. A chamfer (typically 1 ft.) is used bet
the wingwalls to minimize concrete shrinkage cracking caused
at the connection.

Approach slab

Bridges with integral abutments were constructed in the with ithout approach slabs.
Typically, bridges without approach sl are ondary roads that have asphalt
pavements. Traffic and seasonal movement tments cause the fill behind the
abutment to shift and to self compact. ment of the pavement directly
adjacent to the abutment.

Providing a reinforced concret e bridge deck moves the expansion joint
away from the end of the bridge. roach slab bridges cover the area where the
fill behind the abutment set ic compaction and movements of the abutment. It also
prevents undermining of o0 drainage at the bridge ends. Typically, approach
slabs are cast on polyet ize the friction under the approach slab when the
abutment moves.

of the integral abutment. The sleeper slab should be placed outside the area where the
ected to be affected by the movement of the integral abutment. This distance is a
e type of fill and the degree of compaction.

soil is &
function @

Due to the difference in stiffness between the superstructure and the approach slab, the interface
between the integral abutment and the approach slab should preferably allow the approach slab
to rotate freely at the end connected to the abutment. The reinforcement bars connecting the
abutment to the approach slab should be placed such that the rotational restraint provided by
these bars is minimized.
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A contraction joint is placed at the interface between the approach slab and the integral abutment.
The contraction joint at this location provides a controlled crack location rather than allowing a
random crack pattern to develop.

Expansion joints

ch slab and the
uses flexible

Typically, no expansion joints are provided at the interface between the a
roadway pavement when the bridge total length is relatively small and the ro
pavement. For other cases, an expansion joint is typically used.

Bearing pads

Plain elastomeric bearing pads are placed under all girders tment is
constructed using the two-stage sequence described above. T : ended to act
as leveling pads and typically vary from %2 to % in. thick. Thefpad le 3
longitudinal axis varies depending on the bridge owner’
perpendicular direction varies depending on the width of tRe\girde pdflange and the owner’s
specifications. It is recommended to block the area under at is not in contact with
the bearing pads using backer rods. BI gt is nded to prevent honeycombing of
the surrounding concrete. Honeycombing wij the cement paste enters the gap
between the bottom of girder and the top of area under the girders not in
contact with the bearing pads.

ile cap

Design Step 7.1.1 Gravity loads

Interior girder: unfactoredloads
(See Table 5.3-3 forgirderend shears

=61.6 k
=62.2k
=25k

=126.4 k

=8.9k
FutureWearing surface =12.0k

Live load:

Maximum truck per lane (without impact or distribution factors) =64.42k
Minimum truck per lane (without impact or distribution factors) =-6.68 k
Maximum lane per lane =30.81 k

Minimum lane per lane =-4.39 k
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Exterior girder: unfactored loads
(See Table 5.3-7 for girder end shears)

Noncomposite:

Girder =616k
Slab and haunch =551k
Exterior diaphragm =13k
Total NC =1179k
Composite:

Parapets =89k

Future wearing surface =8.1k

Live load:
Maximum truck per lane (without impact or distributi
Minimum truck per lane (without impact or distributio
Maximum lane per lane =30.81 k

Minimum lane per lane =-4.39 k ’
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| sol L .
- -/ |
end section of slab Approach Slab
/ poured with end diaphragm /
N | avd L6
h P .|
______ ‘: <]
|
|
2-0 1. 1-0
|

/ Back face of abutment

| — End diaphragm

Z Front face of abutment —\

Figure 7.1-1 - ralMbiew of apiIntegral Abutment Showing Dimensions Used for the

Example
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8spa @ 6-11"
58'- 11" =58.93'

Figure 7.1-2 — Plan View of the Integr

140"

L 2

2.0"

7-3/4"*

10'-3 3/4"

3.3

in. girder haunch
tions

ure 7.1-3 — Elevation View of Integral Abutment and Tapered Wingwall

In the next section, “w” and “P” denote the load per unit length and the total load, respectively.

The subscripts denote the substructure component. Dimensions for each component are given in
Figures 7.1-1 through 7.1-3.
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Pile cap: unfactored loading

Pile cap length along the skew = 55.354/cos 20
= 58.93 ft.

Weap = 3.25(3)(0.150)

=1.46 k/ft
OR
Pcap = 146(5893)
=86.0k
Concrete weight from the end diaphragm (approximate, girder volume ng tored
loading

Assuming bearing pad thickness of % in., girder height of 72 of 4 in., and

deck thickness of 8 in.:

@ hickne

Wend dia = 3[(075 +72+4+ 8)/12](0150)

=3.18 k/ft
4

OR

Pend dia = 318(5893)
=187.4k

Wingwall: unfactored load

Awing = (123.75/12)(15 75/12)

in Section 4)

123.75/12)(1.0)(1.0)(0.150)/2
=0.77k

the chamfer weight is insignificant and is not equal for the two sides of the bridge due
to the skew For simplicity, it was calculated based on a right angle triangle and the same weight
is used for'both sides.

Weight of two wingwalls plus chamfer =2(24.43 +0.77)
=50.4 k

Parapet weight = 0.65 k/ft (given in Section 5.2)
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Parapet length on wingwall and abutment =15 + 3/sin 70
=18.19 ft.

Pparapet = 2(0.650)(18.19)
= 23.65 k total weight

Approach slab load acting on the integral abutment: unfactored loading

Approach slab length = 25 ft.

Approach slab width between parapets = 58.93 — 2[(20.25/12)/sin 70]
=55.34 ft.

Self weight of the approach slab:

Wapproach slab= ¥2 (25)(1.5)(0.150)
= 2.81 k/ft
OR
Papproach slab = 2.81(55.34)

= 1555k L 3

Future wearing surface acting on the approach assumin sf):

Wrws =% (0.025)(2

=0.31 k/ft
OR
Prws = 0.31(55.34
=172k
Live load on the ap ioRton integral abutment:

(S3.6.1.2.4)

Design Step 7.1.2Pile cap design

The girder reactions, interior and exterior, are required for the design of the abutment pile cap.
Notice that neither the piles nor the abutment beam are infinitely rigid. Therefore, loads on the
piles due to live loads are affected by the location of the live load across the width of the integral
abutment. Moving the live load reaction across the integral abutment and trying to maximize the
load on a specific pile by changing the number of loaded traffic lanes is not typically done when
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designing integral abutments. As a simplification, the live load is assumed to exist on all traffic
lanes and is distributed equally to all girders in the bridge cross section. The sum of all dead and
live loads on the abutment is then distributed equally to all piles supporting the abutment.

The maximum number of traffic lanes allowed on the bridge based on the available width (52 ft.
between gutter lines) is:

Nianes =52 ft./12 ft. per lane = 4.33 say 4 lanes

Factored dead load plus live load reactions for one interior girder, Strength
(assume the abutment is poured in two stages as discussed earlier):

Maximum reaction Stage I:

Psigy = 1.25(girder + slab + haunch)
=1.25(126.4)
=158 k

Notice that construction loads should be add
allowed on the bridge before pouring the back

the tion if construction equipment is
tage I1).

Maximum reaction for Final

= 1.25(117.9)
=147.4k

Notice that construction loads should be added to the above reaction.

Maximum reaction for Final Stage:
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Including the dynamic load allowance:
PFNL(E) = 125(DC) + 150(DW) + 175(LL + IM)(NIanes)/Ngirders
=1.25(117.9 + 8.9) + 1.5(8.1) + 1.75[1.33(64.42) + 30.81](4)/6
= 306.6 k

Without the dynamic load allowance:

Pen) = 281.8 k

Design Step 7.1.3 Piles

Typically, integral abutments may be supported on end bearing
and prestressed concrete piles, concrete-filled steel pipe
H-piles will be used in this example.

Typically, the minimum distance between the plles and the
the skew, is taken as 1'-6” and the maxi
from one jurisdiction to another. The piles
Maximum pile spacing is assumed to be 1
$10.7.1.5 shall apply.

piles. Reinforced
ay be used. Steel

d of apttment, measured along
2’-6". These distances may vary
bedded 1’-6” into the abutment.
pile spacing requirements of

e From S10.7.1.5, the cen acing’shall not be less than the greater of 30.0
in. or 2.5 pile dlameters i ge dlstance from the side of any pile to the
nearest edge of the f

e According to S1 . rced concrete beam is cast-in-place and used as a

bent cap su i concrete cover at the sides of the piles shall be greater
I for permissible pile misalignment, and the piles shall
cap. This provision is specifically for bent caps, therefore,
I’OjECtIOI’] for integral abutment to allow the development of moments in the
ents of the abutment without distressing the surrounding concrete.

project
keep 1-6”

gl H-piles are shown to be driven with their weak axis perpendicular to the
. As discussed earlier, piles were also successfully driven with their strong

with the provisions of Sections S5, S6, and S8 respectively. Articles S5.7.4, S5.13.4,
S6.15, S8.4.13, and S8.5.2.2 contain specific provisions for concrete, steel, and wood piles.
Design of piles supporting axial load only requires an allowance for unintended eccentricity. For
the steel H-piles used in this example, this has been accounted for by the resistance factors in
S6.5.4.2 for steel piles.
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Design Step 7.1.3.1 ‘

General pile design

As indicated earlier, piles in this example are designed for gravity loads only.

Generally, the design of the piles is controlled by the minimum capacity as determined for the
following cases:

e Case A- Capacity of the pile as a structural member according to the p ures outlined
in S6.15. The design for combined moment and axial force will be
that takes the effect of the soil into account.

e Case B- Capacity of the pile to transfer load to the ground.

e Case C- Capacity of the ground to support the load.

For piles on competent rock, only Case A needs to be inv at

Pile compressive resistance (S6.15 and S6.9.2)

The factored resistance of co is taken as:

Pr =P 6.9.2.1-1)

where:
Pn =nomina

(S6.9.4.2-1)

where:

k = plate buckling coefficient as specified in Table S6.9.4.2-1
= 0.56 for flanges and projecting legs or plates

b = width of plate equals one-half of flange width as specified in
Table S6.9.4.2-1 (in.)
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=12.045/2
=6.02in.

t = flange thickness (in.)
=0.435in.

b - 6020435
=138

« [E = o6 [29.000
F, 36

=159 > 138

Therefore, use S6.9.4.1 to calculate the compressive resistance.

(Notice that the b/t ratio for the webs of HP sections is al el of Table S6.9.4.2-1

for webs and, therefore, need not be checked.)

For piles fully embedded in soil, the section i idere ously braced and Eg. S6.9.4.1-1
is reduced to Pn = FyAs.

Pn = 36(15.5)
= 558 k

Therefore, the factored resi fco ents in compression, Py, is taken as:

In determining the load at the top of the pile or not (notice that the dynamic load
is not considered in determining the load at the bottom of the pile).
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Design Step 7.1.3.2

Determine the number of piles required

Maximum total girder reactions for Stage | (detailed calculations of girder reactions shown
earlier):

Psi(totay = 2(147.4) + 4(158)
=926.8k

Maximum total girder reaction for final stage not including the dynamic I ceN(detailed
calculations of girder reactions shown earlier):

PenL(rotay = 2(281.8) + 4(298.3)
=1,756.8 k

Maximum factored DL + LL on the abutment, Strength | it st ntrols;

Pst.1 = Prnw(Totan) + 1.25(DC) +
=1,756.8 + 1.25(86.0 + 187 + 50.
+1.75(8.0)(4)
=1,756.8 + 710.5
=2,467 k

)(Nlanes)
5.5) + 1.5(17.2)

where:

“Nianes” 1S the maximum number of traffic lanes that fit on the approach slab, 4
lanes.

Thereforejthe number of piles required to resist the applied dead and live loads is:
Npiles = Pstr. /Py

=2,467/279
= 8.84 piles, say 9 piles
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Design Step 7.1.3.3

Pile spacing
Total length of the pile cap = 58.93 ft.

Assume pile spacing is 6’-11” (6.917 ft.) which provides more than the r mended edge
distance of 1’-6” for the piles.

Pile end distance = [58.93 — 8(6.917)]/2
=1.80ft. (1'-9%")

Design Step 7.1.4 Backwall design

The thickness of the abutment backwall is taken to be 3 ft.

Design of the pier cap for gravity loads

For an integral abutment constructed in
loads as follows:

is designed to resist gravity

e Case A - The first sta . e part of the abutment below the bearing
pads, is designed to r utment, including the diaphragm, plus
the reaction of the gird weight of the girder plus the deck slab and
haunch.

locations, the fo ing si n is common in conducting these calculations and is used in
thiSlexample:

assuming the abutment beam acting as a simple span between piles

takig80% of the simple span moment to account for the continuity. The location
girder reaction is often assumed at the midspan for moment calculations and near
end for shear calculations. This assumed position of the girders is meant to produce
imum possible load effects. Due to the relatively large dimensions of the pile cap, the
ed reinforcement is typically light even with this conservative simplification.

Required information:
Concrete compressive strength, f'c = 3 ksi
Reinforcing steel yield strength, Fy = 60 ksi
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Pile spacing = 6.917 ft.
CASE A
The maximum factored load due to the girders and slab (from the interior girder):

Py = 1.5(126.4)
=189.6 k

Factored load due to the self weight of the pile cap and diaphragm:

Wy = 1.5(1.46 + 3.18)
= 6.96 k/ft

Notice that only dead loads exist at this stage. The 1.5 load f ie"above equations is for
Strength 111 limit state, which does not include live loads.

Flexural design for Case A

The maximum positive moment, My, ass’ng a span @irder, is at midspan between piles.
The simple span moments are reduced by 20%gte acco inuity:

Mu = Pu€/4 + Wu€2/8
- 0.8[189.6(6.917)/4
= 295.6 k-ft

Determine the required rei ttom of the pile cap.
Mr = eMn (S5.7.3.2.1-1)
The nominal fle resis alculated using Eq. (S5.7.3.2.2-1).

b = Asfy(ds — (S5.7.3.2.2-1)

presstressed tension reinforcement (in?), notice that available room will
onIy allow four bars, two on either side of the piles. Use 4 #8 bars.

=4(0.79)

3.16 in?

fy "= specified yield strength of reinforcing bars (ksi)
=60 ksi

ds = distance from the extreme compression fiber to the centroid of the nonprestressed

tensile reinforcement (in.)
= depth of pile cap — bottom cover — % diameter bar
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= 3.25(12) — 3 - %(1.0)
=355in.

A =P, depth of the equivalent stress block (in.)

= Asfy/0.85'ch (S5.7.3.1.1-4)
= 3.16(60)/[0.85(3)(3.0)(12)]
=2.07 in.
Mn = 3.16(60)(35.5 — 2.07/2)/12
= 5445 k-ft
Therefore,

M =0.9(544.5)
=490 k-ft > My =295.6 k-ft OK

Negative moment over the piles is taken equal to Use the same

reinforcement at the top of the pile cap as determined for t
By inspection: ‘

e M > 4/3(My). This means the minimu inforcement¥equirements of S5.7.3.3.2 are
satisfied.

e The depth of the compr
means that the maximum re

| relative to the section effective depth. This
ments of S5.7.3.3.1 are satisfied.

Shear design for Case A

(S5.8.2.1-2)
The nominal shear resistance, Vh, is calculated according to S5.8.3.3 and is the lesser of:
Vn = Vc + Vs (85833‘1)

OR
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Vn = 0.25f'cbydy (S5.8.3.3-2)
where:
Ve = 0.0316B,/f/b,d,  (S5.8.3.3-3)
B = factor indicating ability of diagonally cracked concrete to transmit tension
as specified in S5.8.3.4
=20
e = specified compressive strength of the concrete (ksi)
= 3.0 ksi
by = effective shear width taken as the minimu depth dv
as determined in S5.8.2.9 (in.)
=36in.
dv = effective shear depth as determined

S5.8.2.9 states that dy is not to’take reater of 0.9de or 0.72h

dv = de —al2
= 35,5 - (2.07/2)
=344

0.9de
0.72h

Therefore, dv s

= 0.0316

3(36)(34.47)

rcement is #5 @ 10 in. spacing perpendicular to the pier cap longitudinal

Aufydy/s (S5.8.3.3-4)
where
Ay = area of shear reinforcement within a distance “s” (in?)
=2 legs(0.31)
=0.62 in?
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S = spacing of stirrups (in.)
=10in.

Vs =0.62(60)(34.47)/10
=128.2k

The nominal shear resistance, Vh, is taken as the smaller of:

Vo =135.8 + 128.2
= 264 k
OR
Vi = 0.25(3)(36)(34.47)
=930.7 k

Therefore, use the shear resistance due to the concrete and trans

Vr = (PVn
= 0.9(264)
=237.6k > V,;=213.7k OK ‘

CASE B

The maximum factored load due to al i nd live loads which include the approach
wingwalls is not included since its load
minimally affects the responses er reactions are applied.

Point load:

Notice that the the live load is distributed equally to all girders. This
imati table since this load is assumed to be applied at the critical location for
nately, the maximum reaction from the tables in Section 5.3 may be

= 1.25(cap self wt. + end diaph. + approach slab) + 1.5(approach FWS) +
1.75(approach slab lane |Oad)(NIanes)/Labutment

=1.25(1.46 + 3.18 + 2.81) + 1.5(0.31) + 1.75(8.0)(4)/58.93

=10.73 k/ft
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Flexural design for Case B

The maximum positive moment is calculated assuming the girder reaction is applied at the
midspan between piles and taking 80% of the simple span moment.

M, = 0.8[323(6.917)/4 + 10.73(6.917)%/8]
= 498.2 k-ft

Determine the required reinforcing at the bottom of the pile cap.
Mr = eMn (S5.7.3.2.1-1)

and
Mn = Asfy(ds - a/2) (55.7.3.2.2-1)

where:
As = use 4 #8 bars
=4(0.79)
=3.16in°

fy =60 ksi ‘

ds = total depth of int. abut. (no ha
=119.75 -3 -%(1.0)
=116.25in.

— botto er — ¥ bar diameter

a = Ady/0.85f b (S5.7"
= 3.16(60)/
=2.07in.

M, = 3.16(60) (1d.25552.07/2)/1
=1,820

u=498.2 k-ft OK

oment over the piles is taken equal to the positive moment. Use the same
ent at the top of the abutment beam as determined for the bottom (4 #8 bars).

o M > 4/3(My).

e The depth of the compression block is small relative to the section effective depth.
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Shear design for Case B

Assume the girder reaction is adjacent to the pile.

The maximum factored shear due to all applied loading:

Vu = Pu + WuZ/Z
= 323 + 10.73(6.917)/2
=360.1k

The factored shear resistance, Vy, is calculated as:

Vi = o¢Vh (55.8.2.1-2)

The nominal shear resistance, Vh, is calculated according tq S5. is the'lesser of:

Vn = Vc + Vs (85833'1)

OR
Vn = 0.25f’cbvdv

where:
Ve

e
by

dv

lated earlier)

9(116.25)
104.6 in.

=0.72(119.75)
=86.22 in.

Therefore, dv should be taken as 115.2 in.

The nominal shear resistance, Vh, is taken as the lesser of:
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Ve = 0.0316(2.0)v/3(36)(115.2)
= 454.0 k

Notice that V. is large enough, relative to the applied load, that the contribution of the transverse
shear reinforcement, Vs, is not needed.

OR
Vi = 0.25(3)(36)(115.2)
=3,110.4 k

Therefore, use the shear resistance due to the concrete, V.

Vi = (PVn
= 0.9(454.0)
=408.6 k > V;,=360.1k OK

7.1-4 through 7.1-7.
and/or piles at the section.

Typical reinforcement details of the abutment beam are
Notice that bar shapes vary depending on epres
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|
#6 @ 10"
(TYP.)

2

I 3" cover

3
Threaded inserts <

cast in webs for
#6 rebar (TYP.)

N

4 spaces

3-3"

Ground line n
3" cover (TYP.)

4 #8 bars

Figure 7.1-4 — Integrali/Abutment forcement, Girder and Pile Exist at the Same Section
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Figure 7.1-5 — Integral Abutment Reinf

1'-0" min.
(TYP.) M ¥

2'-1" overlap
(TYP.)
i3
Ground line

(TYP.)

M #5 @ 10" (TYP.)

Figure 7.1-6 — Integral Abutment Reinforcement, Girder, No Pile at the Section
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4 - #8 bars

: .../\

#6 @ 10" #6 @ 10"
(TYP) [ (TYP.)
2'-1" overlap
(TYP.)
—2-1" min.
o overlap (TYP.)

énd line

(TYP.)

Figure 7.1-7 - In ent, Pile Without Girder
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Design Step 7.1.4.1

Design the backwall as a horizontal beam resisting passive earth pressure

passive earth pressure

10-7 7/16‘0.28

Pr e Applied to Backwall

Figure 7.1+

Calculate the adequacy of th
material.

(S3.11.5.1-1)

Ive earth pressure per unit length of backwall (k/ft)

= unit weight of soil bearing on the backwall (kcf)
=0.130 kcf

= height of the backwall from the bottom of the approach slab to the bottom of the
pile cap (ft.)

= slab + haunch + girder depth + bearing pad thickness + pile cap depth — approach
slab thickness

=(8/12) + (4/12) + 6 + (0.75/12) + 3.25-1.5

=8.81ft.
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¢ = internal friction of backfill soil assumed to be 30°

wWp =% (0.130)(8.81)2[(1 + sin 30)/(1 - sin 30)]
= 15.1 k/ft of wall

Notice that developing full passive earth pressure requires relatively large displacement of the
structure (0.01 to 0.04 of the height of the structure for cohesionless 4ill). The expected
displacement of the abutment is typically less than that required to develop passive pressure.
However, these calculations are typically not critical since using full passivepressure is not
expected to place high demand on the structure or cause congestion of reinfg

No load factor for passive earth pressure is specified in the LRFD specifica load

factor is equal to that of the active earth pressure (¢ = 1.5).

Wu = QEHWp
=1.5(15.1)
= 22.65 k/ft of wall

The backwall acts as a continuous horizo@l beam, supportedien the girders, i.e., with spans equal
to the girder spacing along the skew.

Mu = Wué/8
= 22.65(9.667/cos 20)?
= 300 k-ft/ft
Calculate the nominal flexural resis ackwall.
Mr = oMn (55.7.3.2.1-1)
and
Mn = Asfy(ds — (857322'1)

where:
ea of the longitudinal reinforcement bars at front face (tension side) of

th tment (9 #6 bars)
0.44)
6 in?

f, =60 ksi

= width of backwall — concrete cover — vertical bar dia. — %2 bar dia.
=3.0(12) - 3-0.625 - % (0.75)
=32.0in.

A = Asfy/0.85f'cb (S5.7.3.1.1-4)
where “b” is the height of the component
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= 3.96(60)/[0.85(3)(119.75)]
=0.781in.

M, = 3.96(60)(32.0 — 0.78/2)/12
= 626 k-ft/ft

Therefore, the factored flexural resistance, where ¢ = 0.9 for flexure (S5.5.4.21), is taken as:

M, = 0.9(626)
= 563 k-ft/ft > My = 300 k-ft/ft OK

By inspection:
L] Mr > 4/3(Mu)
e The depth of the compression block is small relative to t

Check shear for the section of backwall between girders:

\ 4

Vu = Pué/2

= 22.65(9.667/sin 20)/2
=116.5 k/ft

The factored shear resistance,

Vr = (PVn

The nominal shear resist , Vi, Is calcu according to S5.8.3.3 and is the lesser of:

Vn = Vc + Vs (85833'1)

OR

Vi = 0.25fcb (S5.8.3.3-2)

0316,/f/b,d,  (55.8.3.3-3)

=20
= 3.0 ksi

= effective horizontal beam width taken as the abutment depth (in.)
=119.75in.

dv =de—a/2

=32.0-(0.78/2)
=31.61in.
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0.9de =0.9(32.0)
=28.8in.

0.72h =0.72(36)
=25.92in.

Therefore, dy should be taken as 31.61 in.

Ignore the contribution of the transverse reinforcement to the shear resistan =0), Vnis
taken as the smaller of:

Ve = 0.0316(2.0)/3(119.75)(31.61)
= 414.4 k/ft
OR
Vi =0.25(3)(119.75)(31.61)
= 2,839 k/ft

Therefore, use the shear resistance due to &conc , Ve

Vr = (PVn
= 0.9(414.4)
=373.0k/ft > Vy=1

Design Step 7.1.5 Wingwall design

mining design loads for the wingwalls of integral
abutments. The followi will result in a conservative design as it takes into

account maximum ib

ected to passive earth pressure. This case accounts for the possibility
g laterally and pushing the wingwall against the fill. It is not likely that

Load Case"2:

The wingwall is subjected to active pressure and collision load on the parapet. Active

pressure was considered instead of passive to account for the low probability that a collision

load and passive pressure will exist simultaneously. This load case is considered at the
extreme event limit state, i.e. ¢ = 1.0 (Table S3.4.1-1)
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Required information:

Angle of internal friction of fill, ¢ = 30 degrees
Coefficient of active earth pressure, ka = (1 -sin ¢)/(1 + sin ¢)
=0.333

Coefficient of passive earth pressure, kp (1 +sin ¢)/(1 —sin ¢)
3

KalKp =0.333/3
=0.111

Load Case 1
From Figure 7.1-9 and utilizing properties of a rig ramid /fvolume = 1/3(base
area)(height) and the center of gravity (applied at a distan e vertical leg of the
right angle pyramid) = ¥ base length]. ‘

Moment at the critical section for moment un

M,  =0.2(14)(0.5)(14/2) + O 31 13) + (1/3)[3.24(8.31)(14/2)](14/4)
= 284 k-ft

Minimum required factored flexur
M = oMn (55.7.3.2.1-1)

where:

ce (k-ft)

for flexure at the strength limit state (S5.5.4.2)

=284/0.9
= 316 k-ft

Moment on the critical section for moment under active pressure:

M.  =0.111(284)
= 31.5 k-ft

Moment from collision load on the parapet:
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From SA13.2 for Test Level 5, the crash load on the parapet is equal to 124 kips and is applied
over a length of 8 ft.

Maximum collision moment on the critical section:

M =124(14-8/2)
= 1,240 k-ft

Total moment for Load Case 2, Mta= 1,240 + 31.5
=1,271.5 k-ft

The minimum required factored flexural resistance, My = 1,271.5 k-ft

[0) = 1.0 for flexure at the extreme even

Min. required My = 1,271.5/1’
=1,271.5 k-ft

From the two cases of loading:

Mn required =1,

Develop a section that pr es nominal flexural resistance

Required informati

inal flexural resistance, My, is taken as:
Mn = Asfy(ds — a/2) (S5.7.3.2.2-1)

where:
ds = section thickness — cover — ¥ bar diameter
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= 20.25 — 3 - %(1.0)
=16.75 in.

As =22(0.79)
=17.38 in?

a = Adf,/0.85fch (S5.7.3.1.1-4)
= 17.38(60)/[0.85(3)(123.75)]
=3.30in.

Mn = Asfy(ds — a/2)
=17.38(60)(16.75 — 3.30/2)/12
=1,312 k-ft > 1,271.5 k-ft required OK

Secondary reinforcement of the wingwall is not by design, it is or shrinkage. Use #6
@ 12 in. spacing as shown in Figure 7.1-10.

140"

on for moment

Guitter Line

A
r»

1-6" / Bottom of approach slab

§ 0.2 kift?

>

8'-3 3/4"

3.24
3.44 k/ft?

0.2—» |

Passive Earth
Pressure

Figure 7.1-9 — Wingwall Dimensions
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N

#8 @ 6" max #8 @ 6" max

Figure 7.1-10 — Wingwall Reinfo

Design Step 7.1.6 Design of approach slab

\ 4

Approach slab loading for a 1 ft. wide strip:

Weelf = 015(15)
=0.225 k/ft

wrws = 0.025 k/ft

Factored distributed dea

ingle lane loaded
E =10 + 5 /LW, (54.6.2.3-1)

e For multiple lanes loaded
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E =84.0 +1.44,/LW, < 12.0W (54.6.2.3-2)
L
where:

E =equivalent width (in.)

L1 = modified span length taken equal to the lesser of the actual span or 60.0 ft.
(ft.)

Wy = modified edge-to-edge width of bridge taken to be equal tg esser of the
actual width or 60.0 ft. for multilane lading, or 30.0 ft. pe loading
(ft.)

W = physical edge-to-edge width of bridge (ft.)

NL = number of design lanes as specified in S3.6.1.

Esinge =10 + 5 25(30)

Emut. = 84.0 + 1.44,/25(55.34)

=137.6in.

12055.34) _ 166 02 in,

Therefore, the equivalent
E =137.6in.
Live load maxi

t =0.64(25)%8
= 50 k-ft

ment = 207.4 k-ft (from live load analysis output for a 25 ft. simple span)

=50 + 1.33(207.4)
= 325.8 k-ft

Total LL + IM moment per unit width of slab = 325.8/(137.6/12)
= 28.4 k-ft/ft

Maximum factored positive moment per unit width of slab due to dead load plus live load:
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My = wé/8 + 1.75(LL + IM moment)
= 0.32(25)%/8 + 1.75(28.4)
=74.7 k-ft

The factored flexural resistance, M, is taken as:

M = oMy (S5.7.3.2.1-1)
and

Mn = Asfy(d — a/2) (55.7.3.2.2-1)

where:

As =use #9 bars at 9 in. spacing
= 1.0(12/9)
= 1.33 in? per one foot of slab

fy =60 ksi
d =slab depth — cover (cast against soil) — %2
=1.5(12) -3 -%(1.128)
=14.4in. ‘
a = Asfy/085f'cb
=1.33(60)/[0.85(3)(12
=2.61in.

Mp = 1.33(60)(14.4 — 2.61/2)/1
= 87.1 k-ft

Therefore,

M, = 0.9(87

pution reinforcement (S9.7.3.2)

einforcement parallel to traffic, the minimum distribution reinforcement is taken as a
percentag the main reinforcement:

100/+/S < 50%

where:
S =the effective span length taken as equal to the effective length specified in
$9.7.2.3 (ft.)
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Assuming “S” is equal to the approach slab length,

100/+/25 =20%

Main reinforcement: #9 @ 9 in. =1.0(12/9)
= 1.33 in?/ft

Required distribution reinforcement =0.2(1.33)
=0.27 in’/ft

Use #6 @ 12 in. = 0.44 in?/ft > required reinforcement OK

Trowel smooth and plac
polyethylene sheeting as

2 1/2" clear Expansion joint

1=

Sleeper slab /

Detail A #6 @ 12" N
\ ||

oV .

. t
#6 @ 10 a/ #5 @ 12" 3" clear

Approved joint
sealing material

Detail ontraction Joint

7.1-11 - Typical Approach Slab Reinforcement Details
Design Ste

No des provisions are available for sleeper slabs. The reinforcement is typically shown as a
etail. If desired, moment in the sleeper slab may be determined assuming the wheel
ied at the midpoint of a length assumed to bridge over settled fill, say a 5 ft. span
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Strip seal expansion joint

Rigid pavement Bridge approach slab
\« / |
N
#5 @ 9" g g
X @ #8 @ 12"

3" clear Sliding surface*
v

. ’ .
e <Y
3"(?Iear

A
v

* Trowel smooth and place 2 layers of 4 mil. polyéth €

sheeting as bond breaker
Figure 7.1-12 — Sleeper Slab D\‘s U the sylvania Department of
Trangport
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Design Step 7.2 INTERMEDIATE PIER DESIGN (This section has not been updated in 2015.)

Design Step 7.2.1 Substructure loads and load application

In the following sections, the word “pier” is used to refer to the intermediate pier or intermediate
bent.

Dead load

Notice that the LRFD specifications include a maximum and minimum log
The intent is to apply the maximum or the minimum load factors to all dead
It is not required to apply maximum load factors to some dead lg i
simultaneously to other dead loads to obtain the absolute maxi

Live load transmitted from the superstructure to the substr;

Accurately determining live load effects on mtermedlate p , presented an interesting
problem. The live load case of loadi aximum girder reactions on the
substructure varies from one girder to anothe
live load effects at any section of the substru om one section to another. The
equations used to determine the girder li ibution produce the maximum possible live
load distributed to a girder i live load distributed concurrently to the
surrounding girders. This is but is not sufficient for substructure
design. Determining the concurr
structure. For typical struc
accurate results, is not j
simplifications in the ap
mdependent of the

bersome and the return, in terms of more
ast, different jurisdictions opted to incorporate some

fications is to allow the substructure to be analyzed as a
rocedure is as follows:

on the intermediate pier from one traffic lane is determined. This
load uniform load is distributed over a 10 ft. width and the reaction

entrated loads 6 ft. apart. The loads are assumed to fit within a 12 ft. wide traffic
. The reactions from the uniform load and the truck may be moved within the width of
affic lane, however, neither of the two truck axle loads may be placed closer than 2 ft.
the edge of the traffic lane.

e The live load reaction is applied to the deck at the pier location. The load is distributed to
the girders assuming the deck acts as a series of simple spans supported on the girders.
The girder reactions are then applied to the pier. In all cases, the appropriate multiple
presence factor is applied.
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e First, one lane is loaded. The reaction from that lane is moved across the width of the
bridge. To maximize the loads, the location of the 12 ft. wide traffic lane is assumed to
move across the full width of the bridge between gutter lines. Moving the traffic lane
location in this manner provides for the possibility of widening the bridge in the future
and/or eliminating or narrowing the shoulders to add additional traffic lanes. For each
load location, the girder reactions transmitted to the pier are calculated and the pier itself

is analyzed.
e Second, two traffic lanes are loaded. Each of the two lanes is moved s the width of
the bridge to maximize the load effects on the pier. All possible combif@ of the traffic

lane locations should be included.

e The calculations are repeated for three lanes loaded, fo : so forth
depending on the width of the bridge.

e The maximum and minimum load effects, i.e. moment, and axial force, at
each section from all load cases are determine er concurrent load
effects, e.g. maximum moment and concurrent s i Ads. When a design
provision involves the combined effect of load effect, e.g. moment and axial
load, the maximum and minimum values fect and the concurrent values of
the other load effects are considere cases. This results in a large
number of load cases to be checked. ore conservative procedure that
results in a smaller nuber of e used. In this procedure, the envelopes of

i xcept for the columns and footings, the

This procedure is best
would be cumbers
in the past may lized.

programs. For hand calculations, this procedure
ngthy process, a simplified procedure used satisfactorily

Temperature and shrinkage forces

The effects of the change in superstructure length due to temperature changes and, in some cases,
due to concrete shrinkage, are typically considered in the design of the substructure.
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In addition to the change in superstructure length, the substructure member lengths also change
due to temperature change and concrete shrinkage. The policy of including the effects of the
substructure length change on the substructure forces varies from one jurisdiction to another.
These effects on the pier cap are typically small and may be ignored without measurable effect on
the design of the cap. However, the effect of the change in the pier cap length may produce a
significant force in the columns of multiple column bents. This force is dependant on:

e The length and stiffness of the columns: higher forces are developed inghort, stiff columns

e The distance from the column to the point of equilibrium of the pier hat does not
move laterally when the pier is subjected to a uniform tempera
column forces develop as the point of interest moves farther a int of
equilibrium. The point of equilibrium for a particular pier va ing on the
relative stiffness of the columns. For a symmetric pier, th i es on the
axis of symmetry. The column forces due to the pier cap'le ghanggs are higher for the
outer columns of multi-column bents. These forces inc rease in the width

of the bridge.
Torsion ‘
pier design is the torsion in the
d torque at the girder locations.
The magnitude of the torque at each gi is calculated differently depending on the
source of the torque.

e Torque due to horizonta
longitudinal axis: T i is often taken equal to the horizontal load on the bearing

dead load on simple spans made continuous for live load:
irder location is taken equal to the difference between the product of the

moments pically small relative to the torsional cracking moments and, therefore, is typically
ignored in‘hand calculations.

For the purpose of this example, a computer program that calculates the maximum and minimum

of each load effect and the other concurrent load effects was used. Load effects due to
substructure temperature expansion/contraction and concrete shrinkage were not included in the
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design. The results are listed in Appendix C. Selected values representing the controlling case of
loading are used in the sample calculations.

Superstructure dead load

These loads can be obtained from Section 5.2 of the superstructure portion of this design example.

Summary of the unfactored loading applied vertically at each bearing (1

girder line):

Girders (E/I) =616k
Deck slab and haunch (E) =55.1k
Deck slab and haunch (1) =62.2k
Intermediate diaphragm (E) =1.3k
Intermediate diaphragm (I) =25k

Parapets (E/I) =148k
Future wearing surface (E) =13.4Kk
Future wearing surface (I) =199k
(E)  —exterior girder
M — interior girder

Substructure dead load

5 spa @ 10-7

6" along the skew

ings total, 2 per

12'x 12
footing (TYP.)\

[«—3'-6" Dia.
(TYP)

CL Exterior Girder

3 spa @ 14'-1" along the skew

4'-8 5/8"

Figure 7.2-1 — General Pier Dimensions

Task Order DTFH61-11-D-00046-T-13007

7-43



Design Step 7 — Design of Substructure Prestressed Concrete Bridge Design Example

Pier cap unfactored dead load

Weap = (cap cross-sectional area)(unit weight of concrete)
Varying cross-section at the pier cap ends:

Weapr = Varies linearly from  2(2)(0.150) = 0.6 k/ft
to 4(4)(0.150) = 2.4 k/ft

Constant cross-section:

Weap2 = 4(4)(0150)
= 2.4 k/ft
OR
Pup = 2.4(45.75) + [(2 + 4)/2](0.150)(13.167)
=115.7k

Single column unfactored dead load

Weolumn = (Column cross sectional area’uit
= 1(1.75)%(0.150)
= 1.44 k/ft

OR
Pcolumn = 1.44(18)
=259k

Single footing unfactored d

Wrooting = (footing croSsi sectional weight of concrete)
=12(12

Summary of HL-93 live load reactions, without distribution factors or impact, applied vertically to
each bearing (truck pair + lane load case governs for the reaction at the pier, therefore, the 90%
reduction factor from S3.6.1.3.1 is applied):

Maximum truck =595k
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Minimum truck =00k
Maximum lane =4398 k
Minimum lane =00k

Braking force (BR) (S3.6.4)

According to the specifications, the braking force shall be taken as the greateg of:

25 percent of the axle weight of the design truck or design tandem
OR
5 percent of the design truck plus lane load or 5 percent of the design t3

The braking force is placed in all design lanes which are considered to be\0g
with S3.6.1.1.1 and which are carrying traffic headed in the sa jor
assumed to act horizontally at a distance of 6 ft. above the roag
direction to cause extreme force effects. Assume the exampl
bridge in the future. The multiple presence factors in S3.

BR: =0.25(32 + 32 + 8)(4 lanes)(0.65)/1 fixed suppo
=46.8 k
OR

BRza = 0.05[72 + (110 + 110)(0.6
=10.6 k

BRss = 0.05[(25 + 25) + 220
=9.54 k

where the subscripts are
1 - use thegdesigmitruck to maxXimize the braking force

= 6 ft. + deck thickness + haunch + girder depth
=6+0.667 +0.333 +6
= 13.0 ft. above the top of the bent cap

Apply the moment 2(3.9)(13.0) = 101.4 k-ft at each girder location.
Wind load on superstructure (S3.8.1.2)

The pressures specified in the specifications are assumed to be caused by a base wind velocity,
Vg., of 100 mph.
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Wind load is assumed to be uniformly distributed on the area exposed to the wind. The exposed
area is the sum of all component surface areas, as seen in elevation, taken perpendicular to the
assumed wind direction. This direction is varied to determine the extreme force effects in the
structure or in its components. Areas that do not contribute to the extreme force effect under
consideration may be neglected in the analysis.

Base design wind velocity varies significantly due to local conditions. o For small or low
structures, such as this example, wind usually does not govern.

Pressures on windward and leeward sides are to be taken simultaneously in d direction
of wind.

The direction of the wind is assumed to be horizontal, unless otherwise spg
design wind pressure, in KSF, may be determined as:

Pp = Pg(Vpz/Vs)? (83.8.1.2.1-1)
= Pg(Vbz%/10,000)

where:

Ps = base wind pressure speci‘l in

Since the bridge component heights are less tha ft. abov
100 mph.

round line, Vg is taken to be

Wind load transverse to the sup

Fr super = Pwr(Hwind)[(Lb

where:

= span length to the deck joint, or end of bridge, back station from pier

10

Lanead = span length to the deck joint, or end of bridge, ahead station from pier
10

Fr super = 0.05(10.5)[(110 + 110)/2]=57.8 k (0 degrees)
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=0.044(1,155) =50.8 k (15 degrees)
=0.041(1,155) =474k (30 degrees)
=0.033(1,155) =38.1k (45 degrees)
=0.017(1,155) =19.6 k (60 degrees)

Wind load along axes of superstructure (longitudinal direction)

The longitudinal wind pressure loading induces forces acting parallel to th
the bridge.

gitudinal axis of

FL super = Pw(Hwind) (Lback +Lanead)/Nfixed piers

where:
Huwind =10.5 ft.

PwL = Longitudinal wind pressure values (ks
= Pg (use Table S3.8.1.2.2-1)

Lback =110 ft.

Lahead =110 ft. ‘

FL super = 0.0(10.5)[(110 + 110)]/1

]
o
>

(0 )

=0.006(2,310)/1 (15 degrees)
=0.012(2,310)/1 0 degrees)
=0.016(2,310)/1 5 degrees)
=0.019(2,310)/1 (60 degrees)

The transverse and longitu@ina uld be applied simultaneously.

Resultant wind |

FL pier ¥=0 cos 20 + 57.8 sin 20

=19.8k
At 60 degrees:
FLpier =43.9 cos 20 + 19.6 sin 20
=48.0k
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Load in the plane of the pier (parallel to the line connecting the columns):
Frpier = FL super SIN(Oskew) + FT super COS(Oskew)
At 0 degrees:

Frpier =0sin 20 +57.8 cos 20
=543k

At 60 degrees:
Frpier =43.95sin20 + 19.6 cos 20
=334k

The superstructure wind load acts at 10.5/2 = 5.25 ft. from the t cap.

The longitudinal and transverse forces applied to each i ound py'dividing the forces
above by the number of girders. If the support bearing i earings, the FL super
component in the above equations is zero‘

Wind load on substructure (S3.8.1.2.3)

The transverse and longitudinal force ap directly to the substructure are calculated
from an assumed base wind . 2.3). For wind directions taken skewed
to the substructure, this force i mponents perpendicular to the end and front
elevations of the substructures. pendicular to the end elevation acts on the
exposed substructure area i levation, and the component perpendicular to the front
elevation acts on the ex pplied simultaneously with the wind loads from the
superstructure.

Wwind ons

Traasverse wind e pier cap (wind applied perpendicular to the longitudinal axis of the

= 0.16 k/ft of cap height

wind on the pier cap (wind applied parallel to the longitudinal axis of the
superstructure):

Weap = 0.04(cap length along the skew)

= 0.04(58.93)
= 2.36 k/ft of cap height
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Transverse wind on the end column, this force is resisted equally by all columns:

W coumn = 0.04(column diameter)/Ncoumns
=0.04(3.5)/4
= 0.035 k/ft of column height above ground

Longitudinal wind on the columns, this force is resisted by each of the columps individually:

WL, column = 0.04(column diameter)
= 0.04(3.5)
= 0.14 k/ft of column height above ground
There is no wind on the footings since they are assumed to be below ground
Total wind load on substructure:

WT wind on sub = 0.16 + 0.035 =0.20 k/ft

WLwind onsub = 2.36 +0.14 = 2.50 k/ft

Wind on live load (S3.8.1.3)

When vehicles are present, t
Wind pressure on vehicles is
normal to, and 6.0 ft. above, the r

plied to both the structure and vehicles.
ptible, moving force of 0.10 klIf acting
itted to the structure.

al to the structure, the components of normal and
parallel force applied t e taken as follows with the skew angle taken as

referenced normal

=11k (O degrees)
=9.68 k (15 degrees)
=0.082(110) =9.02k (30 degrees)
= 0.066(110) =7.26 k (45 degrees)
0.034(110) =3.74k (60 degrees)

Fo Super = FWL(Lback + Lahead)/nfixed piers
FLsuper = 0(110 +110)/1 =0k (0 degrees)

=0.012(220) =2.64k (15 degrees)
=0.024(220) =5.28k (30 degrees)
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=0.032(220) =7.04k (45 degrees)
=0.038(220) =8.36 k (60 degrees)
Fwie = 11k (transverse direction, i.e., perpendicular to longitudinal axis of the
superstructure)

Temperature force (S3.12.2)

Due to the symmetry of the bridge superstructure, no force is developed at th
due to temperature expansion/shrinkage of the superstructure.

rmediate bent

Shrinkage (S3.12.4)

Due to the symmetry of the bridge superstructure, no force is d late bent
due to shrinkage of the superstructure.

Load combinations

Figures 7.2-2 and 7.2-3 show the unfacto@loads applied e ben the superstructure and

-~
™
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Superstructure Dead Loads

Prestressed Concrete Bridge Design Example

58'-11 1/8" out-to-out

265.8 k 282.6 k
13.4 k (FWS) 19.9 k (FWS)

10.287" (along skew)

282.6 k 282.6 k 282.6 k 265.8 k
19.9 k (FWS) 19.9 k (FWS) 19.9 k (FWS) 13.4 k (FWS)

Substructure Dead Loads

0.6 k/ft

'
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1.44 k/ft

7.2-2 — Super- and Substructure Applied Dead Loads
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Transverse Wind on Structure

TWLive =11k
=}
| W ey = 543k
in
N
)
y
wep=0644 N
2
WCqumn =252k
9

\ 4

Longitudinal Wind on Structure

W,

Braking

= 7.8 k (per girder)

Figure 7.2-3 — Wind and Braking Loads on Super- and Substructure
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Design Step 7.2.2 Pier cap design

Required information:

General (these values are valid for the entire pier cap):

f'c =3.0 ksi

B1 =0.85

fy =60 ksi

Cap width = 4 ft.

Cap depth =4 ft. (varies at ends)

No. stirrup legs = 6

Stirrup diameter = 0.625 in. (#5 bars)
Stirrup area = 0.31 in? (per leg)

Stirrup spacing = varies along cap length
Side cover = 2 in. (Table S5.12.3-1)

Cap bottom flexural bars: ‘
No. bars in bottom row, positive region =
Positive region bar diameter = 1.0 |n
Positive region bar area,
Bottom cover = 2 in. (Tab

Cap top flexural bars:

7 sets of 2 #9 bars bundled horizontally)

s€'1oad effects are listed in Table 7 2-1. The maximum factored positive
rs at 44.65 ft. from the cap end under Strength I limit state.
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Table 7.2-1 — Strength I Limit State for Critical Locations in the Pier Cap (Maximum
Positive Moment, Negative Moment and Shear)

Unfactored Responses

Location* DC DW LL+1IM BR Str-1
Max Pos M (k-ft) 44.65 ft. 1475 37.1 437.9 5.2 1,015.5
[Max Neg M (k-ft) 6.79 ft. -878.5 -84.9 -589.0 -1.9 259.4
[Max Shear (k) 34.96 ft. 292.9 39.5 210.4 2.8 :

*measured from the end of the cap

Notes:

DC: superstructure dead load (girders, slab and haunch, diaphrag plus
the substructure dead load (all components)

DW: dead load due to the future wearing surface

LL + IM: live load + impact transferred from the superstru

BR: braking load transferred from the superstr

Str-I: load responses factored using Strength | li

\ 4

Design Step 7.2.2.1

Pier cap flexural resistance (S5.7.3.2)

it one axis, where approximate stress distribution specified in S5.7.2.2 is
ere the compression flange depth is not less than “c”” as determined in accordance
.7.3.1.1-3, the flexural resistance Mn may be determined by using Eq. S5.7.3.1.1-1
7.3.2.2-1, in which case “by’ is taken as “b”’.

section behavior is used to design the pier cap. The compression reinforcement is
neglected in the calculation of the flexural resistance.
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Design Step 7.2.2.2

Maximum positive moment

Applied Strength I moment, My = 1,015.5 k-ft

Applied Service | moment, Ms = 653.3 k-ft (from computer software)

Axial load on the pier cap is small, therefore, the effects of axial load is neglect this example.

Check positive moment resistance (bottom steel)

Calculate the nominal flexural resistance according to S5.7.3.2.3.
Mn = Asfy(ds — a/2) (85.7.3.2.2-1)

Determine ds, the corresponding effective depth from the eXtre to th
tensile force in the tensile reinforcement.

ntroid of the

ds = cap depth — CSGp

where:

CGSp = distance from e bottom bars to the bottom of the cap (in.)

iameter
=3.1251in.

ds =4(12) -3.125
=44.8751n.

(S5.7.3.1.1-4)

Calculate the nominal flexural resistance, My
Mn = Asfy(ds - a/2) (55.7.3.2.2-1)

= 7.1(60)[44.875 — (3.48/2)]/12
= 1,531 k-ft
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Therefore, the factored flexural resistance, My, can be calculated as follows:

M, = 0.9(1,531)
=1,378 k-ft > My = 10155 k-ft OK

Limits for reinforcement (S5.7.3.3)

Check if the section is over-reinforced.

The maximum amount of nonprestressed reinforcement shall be such that:

c/de < 0.42 (S5.7.3.3.1-1)

where:
c =afs
= 3.48/0.85
=4.1in.

de = ds
=44.875in.

c/de =4.1/44.875
=0.091 < 0.42

Check the minimum reinfor.

Unless otherwise specifi
tensile reinforcem
to the lesser of:

a flexural component, the amount of nonprestressed
o0 develop a factored flexural resistance, My, at least equal

Mcr = 12fr

= 02 4
= 0.2443
= 0.42 ksi

(S5.4.2.6)

= bh?/6
= 4(12)[4(12)]%/6
= 18,432 in®
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1.2Me = 1.2(0.42)(18,432)/12
= 774.1 k-ft
OR
1.33M,= 1.33(1,015.5)
= 1,351 k-ft

Minimum required section resistance = 774.1 k-ft

Provided section resistance =1,378 k-ft > 774.1 k-ft OK

Check the flexural reinforcement distribution (S5.7.3.4)

Check allowable stress, fs
fs,allow = Z/[(dcA)Y¥] < 0.6y (S5.7.3.4-1)

where:
Z = crack width parameter (k’
= 170 k/in (moderate exposure

dc = distance from the extre [ to the center of the closest bar (in.)
= clear cover +

The cover on the bar i [ cannot exceed 2.0 in., therefore, the stirrup
diameter is n i [

A = sa entroid as the principal tensile reinforcement and bounded
the cross-section and a straight line parallel to the neutral
is, divided by the number of bars (in?)

= 2dc(cap width)/npars

=2(2.5)(48)/9

=26.7 in?

41.9Kksi > 0.6(60) = 36 ksi therefore, s aiow = 36 Ksi

Check service load applied steel stress, fs, actual

For 3.0 ksi concrete, the modular ratio, n = 9 (see S6.10.3.1.1b or calculate by dividing the steel
modulus of elasticity by the concrete and rounding up as required by S5.7.1)
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Assume the stresses and strains vary linearly.

From the load analysis of the bent:
Dead load + live load positive service load moment = 653.3 k-ft

The transformed moment of inertia is calculated assuming elastic behavior, i.e., linear stress and
strain distribution. In this case, the first moment of area of the transformed,steel on the tension
side about the neutral axis is assumed equal to that of the concrete in compre

Assume the neutral axis at a distance “y” from the compression face of the s
The section width equals 48 in.
Transformed steel area = (total steel bar area)(modular ratio) = 7.

By equating the first moment of area of the transformed steel a th@e€oncrete, both about
the neutral axis:

63.9(44.875 —y) = 48y(y/2)
Solving the equation results in y = 9.68 in.
ltransformed = Ars(ds — Y)z + by2
=63.9(44.875

= 93,665 in*

Stress in the steel, fs actual =

fs,actual = [6533(
= 26,5pksi
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3
o Neutral
Axis /
/
- //
- K) = /
@ g 9 Steel stresé = n(¢alculated
< — stress based on fransformed
g section),
/
/ #8 (TYP.) +
bt Y o000 00000
Y .
mT Strain
ed Section

48"

Figure 7.2-4 — Crack Control for Positive Reinforce

Design Step 7.2.2.3

Maximum negative moment ‘

From the bent analysis, the maximum factore tive moment occurs at 6.79 ft. from the cap

edge under Strength I limit st

reinforcement. The compressive reinforcement is neglected in the
al flexural resistance.

= distance from the centroid of the top bars to the top of the cap (in.)
= cover + stirrup diameter + % bar diameter

=2+0.625 + % (1.128)

=3.189in.
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ds =4(12)-3.189
= 44.81 in.

As = (Nbars Tension)(As bar)
=14(1.0)
=14.0in?
Determine “a” using Eq. S5.7.3.1.1-4

a = Asfy/0.85fcb (S5.7.3.1.1-4)
=14.0(60)/[(0.85(3)(4)(12)]
=6.86 in.
Calculate the nominal flexural resistance, My

M, = 14.0(60)[44.81 — (6.86/2)]/12
= 2,897 k-ft

Therefore, the factored flexural resistance’r:
M = 0.9(2,897)
=2,607 k-ft > My =|-

Limits for reinforcement (S5.7.3.3

Check if the section is ov

The maximum am reinforcement shall be such that:

c/de < 0.42 (S5.7.3.3.1-1)

=8.07 In.

e =40
=44.81 in.

c/de =8.07/44.81
=0.18 < 042 OK
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Check minimum reinforcement (55.7.3.3.2)

Unless otherwise specified, at any section of a flexural component, the amount of nonprestressed
tensile reinforcement shall be adequate to develop a factored flexural resistance, My, at least equal
to the lesser of:

1.2Mcr = 12er

where;
f = 0.24f (S5.4.2.6)
= 0.2443
= 0.42 ksi
S =bh%6
= 4(12)[4(12)]¥/6

=18,432in°
1.2M¢r = 1.2(0.42)(18,432)/12
=774.1 k-ft
OR
1.33My=1.33(-2,259.4)
= |-3,005| k-ft
Minimum required section resi
Provided section resistance

Check the flexural reinf

Check the allowab res

alow = ZI[(dSARC] < 0.6f, (S5.7.3.4-1)

in. (moderate exposure conditions are assumed)

=2 +1(1.128)
=2.56in.

= area having the same centroid as the principal tensile reinforcement and
bounded by the surfaces of the cross-section and a straight line parallel to the
neutral axis, divided by the number of bars (in?)

= 2dc(cap width)/npars

= 2(2.56)(48)/14
=17.6in?
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fs, alow = Z/ [(ch)1/3]
= 170/[2.56(17.6)]3
=47.8 ksi > 0.6(60) =36 ksi OK, therefore, use fsaiow = 36 ksi

Check the service load applied steel stress, fs, actual

For 3.0 ksi concrete, the modular ratio,n =9

Assume the stresses and strains vary linearly.

From the load analysis of the bent:
Dead load + live load negative service load moment = -1,572.4 k-#

The transformed moment of inertia is calculated assuming ela : ., linear stress and
strain distribution. In this case, the first moment of are steel on the tension

Assume the neutral axis at a distance “y” ‘n th
Section width = 48 in.

Transformed steel area = (tot i0) = 14.0(9) = 126 in?

By equating the first moment of ar d steel about that of the concrete, both about
the neutral axis:

126(44.81 - y) = ABy(y/2)

Solving the equatign’resul = 128n.

Ass(ds — y)? + by*/3

6(44.81 — 12.9)% + 48(12.9)%/3
,646 in

|transformed

eel, fs actual = (Msc/1)n, where M is the moment action on the section.

a =[[]-1,572.4|(12)(31.91)/162,646]9
=33.3ksi < fs, allow = 36 ksi OK
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i

|
1
3.189"

T T uuQ\uuuu - >
/

/

2-#9 (TYP) + o

Steel stress = n(calculated
/ stress based on transformed

// section)

48"
44.81"
31.91"

Neutral /
AXis

12.9")

%ﬂ Strain Stress Based on

Transformed Section
Figure 7.2-5 — Crack Control for Negative Reinforceme
Design Step 7.2.2.4

Check minimum temperature and shrinkage steel (S5.10.

near the surfaces of the
mass concrete. Temperature and
ment on exposed surfaces is not

ture
es a

Reinforcement for shrinkage and temp
concrete exposed to daily temperature cha
shrinkage reinforcement is added to ensure t
less than that specified below.

Using the provisions of S5.10:
As, minl = OllAg/fy 2‘1)

where:

Ay = gross arga of section{(in?)

= 4(0.6)
=2.4in? > 2.1in? OK

As provided
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Design Step 7.2.2.5

Skin reinforcement (S5.7.3.4)

If the effective depth, de, of the reinforced concrete member exceeds 3 ft., longitudinal skin
reinforcement is uniformly distributed along both side faces of the component for a distance of d/2
nearest the flexural tension reinforcement. The area of skin reinforcementy(in?/ft of height) on
each side of the face is required to satisfy:

Asc>0.012(de — 30) < (As+ A4 (S5.7.3.4-4)

where:
Aps = area of prestressing (in?)

de = flexural depth taken as the distance from the cg ace of the centroid of
the steel, positive moment region (in.)

Asc= 0.012(44.875 — 30)
=0.179 in%/ft < 14.0/4 =35 in2/ft‘

Required As per face = 0.179(4) = 0.72 in?

stirrups
(TYP.)

k7 (TYP)

[ ] H (] ] LB

—> |
2" cover (TYP.)

1-#8 (TYP.)

Figure 7.2-6 - Cap Cross-Section
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Design Step 7.2.2.6

Maximum shear

From analysis of the bent, the maximum factored shear occurs at 34.96 ft. from the cap end under
Strength | limit state:

Shear, V, =798.3 k

Calculate the nominal shear resistance using S5.8.3.3.
The factored shear resistance, V.
Vr = (PVn (55821‘

where:
¢ =0.9, shear resistance fact&as specified in

Vn =nominal shear resistance (k)

The nominal shear resistance, Vn, shall rmi s the lesser of:
Vn = Vc + Vs + Vp
OR

Vn = O.25f'cbvdv + Vp

where:

nce due t@concrete (k)

(S5.8.3.3-3)

= effective web width taken as the minimum web width within the
depth dv as determined in S5.8.2.9 (in.)
=48 in.

= effective shear depth as determined in S5.8.2.9 (in.). It is the
distance, measured perpendicular to the neutral axis between the
resultants of the tensile and compressive force due to flexure. It need
not be taken less than the greater of 0.9d. or 0.72h.

= de —al2

=44.81 - (6.86/2)

=414in.

0.9de  =0.9(44.81)
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=40.3in.

0.72h =0.72(48)
=34.56in.

Therefore, use dv=41.4 in. for V. calculation.
B = factor indicating ability of diagonally cracked cOREkete to transmit

tension as specified in S5.8.3.4
= for nonprestressed sections,  may be taken as

Ve = 0.0316(2.0)4/3(48)(41.4)
= 2175k

Vs = shear resistance due to steel (k)
= [Avfydy(cot 6 + cot a)sin a]/s

(55.8%818-4)

where:
s = spacing of stirrups
=assume 7 in.

n.)

jon 0 onal compressive stresses as determined

mponent in the direction of the applied shear of the effective prestressing
force; positive if resisting the applied shear (k), not applicable in the pier cap
= 0.0 for nonprestressed members

Therefore\V, is the lesser of:

Vp = 2175+ 660.0 + 0
= 8775k
OR
Vi = 0.25(3)(48)(41.4) + 0
=1,490.4 k
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Use Vn =877.5k

Therefore,
Ve = (PVn
=0.9(877.5)

=789.8k > Vy=798.3k OK

Check the minimum transverse reinforcement (S5.8.2.5)

A minimum amount of transverse reinforcement is required to restrain t

Where transverse reinforcement is required, as specified i 8! a/0F steel must satisfy:

(S5.8,2.5-1)
L 4

ce of ducts as specified in S5.8.2.9 (in.)

A = 0.0316,fb,s/f,

where:
by = width of web adjusted for the p

Ay = 0.0316+/3(48)(7)/60
=0.307 in? < 1.86 in? pr

Check the maximum spa reinforcement (S5.8.2.7)

The spacing of I ment must not exceed the maximum permitted spacing,
Smax, determine

=0.8 24.0 in. (S5.8.2.7-1)
.125f, then:
=0.4dy < 12.0in. (S5.8.2.7-2)

The sheanstress on the concrete, vy, is taken to be:
Vu = Vu/((pbvdv) (85829-1)

= 798.3/[0.9(48)(41.4)]
= 0.446 ksi > 0.125(3) = 0.375 ksi
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Therefore, use Eq. S5.8.2.7-2

Smax = 04(414)
=16.6 in. Smax cannot exceed 12 in., therefore, use 12 in. as maximum

Sacwal =71n. < 12in. OK

L.

Figure 7.2-7 — Stirw Distribution maithe Be

\

Design Step 7.2.3 Column design

Required information:

General:

f'e =3.0ksi
Ec =3,321 ksi

A4

er =2in. (Table S5.12.3-1)

| reinforcing bar diameter (#8) = 1.0 in.

=0.79 in?

Numbgrof bars = 16

Total area of longitudinal reinforcement = 12.64 in?

Type of transverse reinforcement = ties

Tie spacing = 12 in.

Transverse reinforcement bar diameter (#3) = 0.375 in. (S5.10.6.3)
Transverse reinforcement area = 0.11 in?/bar
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The example bridge is in Seismic Zone 1, therefore, a seismic investigation is not necessary for the
column design. Article S5.10.11 provides provisions for seismic design where applicable.

Applied moments and shears

The maximum biaxial responses occur on column 1 at 0.0 ft. from the
footing).

om (top face of
From the load analysis of the bent, the maximum load effects at the critical obtained
and are listed in Table 7.2-2.

Table 7.2-2 — Maximum Factored Load Effects and the C
Strength Limit States

Load Limit My
effect State (k-ft)
maximized
Positive Strength 1,062 491
M V
Negative Strength 682 252
Mt
Positive 1,070 840
M
Negative -824 1,076 832
M
Axial Load -316 1,293 329
P

where:

M: Fact oment e transverse axis
ent about the longitudinal axis

shear occurs on column 1 at 0.0 ft. from the bottom (top face of footing)

Factored Shears — strength limit state:

Vi =448K  (Str-V)
Vi =260k (Str-V)
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Check limits for reinforcement in compression members (S5.7.4.2)

The maximum area of nonprestressed longitudinal reinforcement for non-composite compression
components shall be such that:

As/Aq < 0.08 (S5.7.4.2-1)
where:

As = area of nonprestressed tension steel (in?)
Ay = gross area of section (in?)

12.64/[9.62(144)] = 0.009 < 0.08 OK

The minimum area of nonprestressed longitudinal reinforceme
components shall be such that:

pression

AdfylAfe > 0.135
= 12.64(60)/[9.62(144)(3)]
=0.182 > 0.135 OK ‘

Therefore, the column satisfies the minimu do not use a reduced effective
section. For oversized columns, the requir itudinal reinforcement may be
reduced by assuming the column area isqd ord ith S5.7.4.2.

xial load resistance, @Pn, decreases from 0.10f'cAq to
rated in the interaction diagram of the column shown

zero. The resist
i 7.2-8 i ted form in Table 7.2-3.

graphically in F
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P [kip)
3500 1

bt [0°] [k-fE)

o004

teraction Diagram

tion Diagram in Tabulated Form

P (k) M (k-ft)
(cont.) (cont.)
799 1,354
639 1,289
479 1,192
319 1,124
160 1,037
0 928
-137 766
-273 594
-410 410
-546 212
-683 0
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Design Step 7.2.3.1

Slenderness effects

The effective length factor, K, is taken from S4.6.2.5. The slenderness moment magnification
factors are typically determined in accordance with S4.5.3.2.2. Provisions specific to the
slenderness of concrete columns are listed in S5.7.4.3.

Typically, the columns are assumed unbraced in the plane of the bent with effective length
factor, K, taken as 1.2 to account for the high rigidity of the footing and ap. In the
direction perpendicular to the bent K may be determined as follows:

e If the movement of the cap is not restrained in the direction perpend ent, the
column is considered not braced and the column is assu antilever.
K is taken equal to 2.1 (see Table SC4.6.2.5-1)

ar to the bent, the
| to 0.8 (see Table

e If the movement of the cap is restrained in the
column is considered braced in this direction a

SC4.6.2.5-1) ¢

For the example, the integral abutments pr
longitudinal direction of the bridge (approxi
restraint is usually ignored and the col

movements of the bent in the
perpen ar to the bent). However, this
red unbraced in this direction, i.e. K =2.1.

where:

For a column to be considered slender, Ké/r should exceed 22 for unbraced columns and, for

braced colimns, should exceed 34-12(M1/M>) where M1 and M are the smaller and larger end
moments, respectively. The term (M1/Mz) is positive for single curvature flexure (S5.7.4.3)

Slenderness ratio in the plane of the bent

Kélr = 1.2(18)/(0.875)
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=24.7 > 22 therefore, the column is slightly slender

Slenderness ratio out of the plane of the bent

Ké/r =2.1(18)/(0.875)
=43.2 > 22 therefore, the column is slender

With the column slender in both directions, effect of slenderness needs to be co

Moment magnification in the bent

Longitudinal direction:

Mo = 8Map + 8sMas (S4.5.3.2.2b-

where:
Sb = Cm/[1 - (Pu/oPe)] > 1.0 ‘(84.5
Os = 1/[1 - zpu/(PZPe]
where:

=0. i e factor for axial compression (S5.5.4.2)

moment on compression member due to factored gravity loads that result
in no appreciable sidesway calculated by conventional first-order
elastic frame analysis, always positive (k-ft)

M2s = moment on compression member due to factored lateral or gravity loads
that result in sidesway, A, greater than ¢/1500, calculated by
conventional first-order elastic frame analysis, always positive (k-ft)

Calculate Pe,

Pe = m?El/(Ké)? (S4.5.3.2.2b-5)
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where:
El = column flexural stiffness calculated using the provisions of S5.7.4.3 and is
taken as the greater of:
El'  =[Eclg/5+Esls)/(1 +Ba)  (S5.7.4.3-1)
AND
El  =[Ecly/2.5)/(1 + Ba) (S5.7.4.3-2)
where:

Ec = modulus of elasticity of concrete per S5.4.2.4 (Kksi)

= 33,000w**[f, = 33,000(0.150)*°/3

= 3,321 ksi

ent load moment to the maximum
ositive. This can be determined
plicity as shown here, it can be
aximum factored permanent load from all
d total load moment from all cases at the

lg = moment of inertia of gross concrete sec
centroidal axis (in%)
=nr*/4 = n[1.75(12)]Y4
= 152,745 in*

Ba = ratio of the maxi’m
factored total loa
for each separate
taken as the_tati

u = unsupported length of the compression member (in.)
=18(12)
=216in.

Pe = n%(1.77 x 10%)/[2.1(216)]°
= 8,490 k

Therefore, the moment magnification factors &y and &s can be calculated.
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8 = 1.0/[1 - (1,070/[0.75(8,490)])]
=1.20

Os = 1/[1 - ZPU/(pZPe]

¥Py and XPe are the sum of the applied factored loads and the
loads of all columns in the bent, respectively. For hand
feasible to do calculations involving several columns simultaneo
this example, Py and Pe of the column being designed are u

> Pe.
5 = 1.20

Therefore, the magnified moment in the longitudinal direction is
Mo = 0bMap + 8sMas (54.5.3.2.2b-

=1.20(M2p + Mys)
= 1.20(total factored moment, M)

= 1.20(822) ‘

= 086.4 k-ft

Transverse direction:
Met = dpMap + 0sMos
Calculate Pe,

Pe  =m’El/(KA&)?

/(L +Ba)  (S5.7.4.3-1)

B1/(L + Ba) (S5.7.4.3-2)

Ec =3,321 ksi

lg =152,745 in*

Ba = M permanent/ M total
=101.7/342
=0.30
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For simplification, steel reinforcement in the column is ignored in calculating El, therefore,
neglect Eq. S5.7.4.3-1.

El =[3,321(152,745)/2.5]/(L + 0.30)
=1.56 x 108 k-in?

K =12
Zu =216 |n

Pe = n2(1.56 x 108)/[1.2(216)]2
= 22,917 k

Therefore, the moment magnification factors &, and &s can be ca

8 = 1.0/[1 — (1,070/[0.75(23,064)])]

=1.07
% Pe ins

ds = 1/[1 - ZPu/@ZP¢]
Similar to longitudinal, use Py
=1.07

d ZPe.

Therefore, the magnified mo ion is taken as:

M = 1.07(total factored
= 1.07(174)
=186 k-ft

The combined moment is taken a
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Design Step 7.2.3.2

Transverse reinforcement for compression members (55.10.6)

Transverse reinforcement for compression members may consist of either spirals or ties. Ties are
used in this example. In tied compression members, all longitudinal bars are enclosed by lateral
ties. Since the longitudinal bars are #8, use #3 bars for the ties (S5.10.6.3).

The spacing of ties is limited to the least dimension of the compression me
therefore, the ties are spaced at 12.0 in. center-to-center.

er or 12.0 in.,

Ties are located vertically no more than half a tie spacing above the foo e than

half a tie spacing below the lowest horizontal reinforcement in the cap.

Figure 7.2-9 shows the column cross-section.

igure £.2-9 — Column Cross-Section

ent load analysis, the critical footing is Footing 1 supporting Column 1

fy =60 ksi

Side concrete cover = 3 in. (Table S5.12.3-1)

Top concrete cover = 3 in.

Bottom concrete cover = 3 in.

Top bars (T)ransverse or (L)ongitudinal in bottom mat = L
Direction of bottom bars in bottom mat =T
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A preliminary analysis of the footing yielded the following information:
Footing depth = 3.0 ft.
Footing width, W = 12.0 ft.
Footing length, L = 12.0 ft.
Top mat reinforcing bar diameter, #5 bars =0.625 in.
Top mat reinforcing bar area, #5 bars = 0.31 in?
Bottom mat reinforcing bar diameter, #9 bars = 1.128 in.
Bottom mat reinforcing bar area, #9 bars = 1.0 in?
Number of bars = 13 bars in each direction in both the top and bottom m

Location of critical sections

According to S5.13.3.6.1, the critical section for one-way shear i ar depth
calculated in accordance with S5.8.2.9, from the face of the
critical section is at a distance of dv/2 from the face of the colu
For moment, the critical section is taken at the face of the ce with S5.13.3.4.

assumed to be located at the face

For the circular column in this example, tl‘ace
i accordance with S5.13.3.4.

of an equivalent square area concentric with t

Determine the critical faces along the y-

Since the column has a circuld
square cross-section for the footin

Critical face in y-directio

Equivalent column afidth /shaft area

= +/9.62
=3.10 ft.

=15 footing width, W — % equivalent column width

=% footing width, W — % equivalent column width
=% (12) - % (3.10)
=4.45ft.

es in the y-direction =4.45 ft. and 7.55 ft.

e critical faces along the x-axis for moment

For a square footing with an equivalent square column:

Critical face in the x-direction = Critical face in the y-direction
=4.45 ft.
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Critical faces in the x-direction =4.45 ft. and 7.55 ft.

See Figure 7.2-10 for a schematic showing the critical sections for moments.

y (longitudinal axis)

A
y

X (transverse axis)
—_—

w=12'

critical face in y-direction
(moment)

jtical face in X
(moment)

Figure 7.2-10 — Critical Sections for Moment

ored loads at the critical section

From theS@nalysis of the intermediate bent computer program, the cases of loading that produced
maximum Yoad effects and the other concurrent load effects on the footing are shown in Table 7.2-
4.
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Table 7.2-4 — Loads on Critical Footing (Footing Supporting Column 1)

Load Limit Mt M Pu
effect State (k- (k- (k)
maximized ft) ft)
Positive Strength 423 377 1,143
M \Y
Negative Strength -154 -197 28
M i
Positive Strength 232 895 '
M \Y
Negative Strength 158 -897 1,157
M \Y
Axial Strength 121
Load P I

Each row in Table 7.2-4 represents the i e load effect (max. +M,-M,, etc.).
The corresponding concurrent load effectst@re al engineers design the footing for
the above listed cases. However, computer d le to check many more cases of
loading to determine the most critical case.
maximum axial load or maxi oduce the maximum combined effects on
the footing. From the outpu , the critical case for the footing design
was found to produce the follo loads under Strength I limit state:

Pu =1,374k
M¢ =-121 k-ft
M =626 k-ft

The critical Servi

For t e calculations below, the factored loads listed above for the critical case of loading

ulations for the critical footing under the critical case of loading

If M/P" < LJ/6 then the soil under the entire area of the footing is completely in compression

and the soil stress may be determined using the conventional stress formula (i.e. c = P/A
Mc/l).

Mi/Py =121/1,374
=0.088 < 12/6 =2 OK
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Mi/Py =626/1,374
=0.456 < 2 OK

Therefore, the soil area under the footing is under compression.

Moment

For Muyx (K-ft/ft), where Mux is the maximum factored moment per unit width o footing due to
the combined forces at a longitudinal face, see Figure 7.2-10:

o1, 02 = PILW + Mi(L/2)/(L3W/12)

where:
o1 = stress at beginning of footing in direction consi
o2 = stress at end of footing in direction considered
P = axial load from above (k)
M, = moment on longitudinal face from above
L =total length of footing (ft
W = total width of footing (ft.

o1 = 1,374/[12(12)] + 626(12/2)/[12%(12)/1
=0.54 +2.17
= 11.71 ksf

o2 =954 -2.17
=7.37 ksf

Interpolate to calculate
from the end of th

o3 =10.10

+ 0.5(c1 — o3)(L1)(2L1/3)

1 = distance from the edge of footing to the critical location (ft.)

Mux = 10.10(4.45)(4.45/2) + 0.5(11.71 — 10.10)(4.45)[2(4.45)/3]
=100.0 + 10.63
= 110.6 k-ft/ft
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For Muy (k-ft/ft), where Myy is the maximum factored moment per unit length from the combined
forces at a transverse face acting at 4.45 ft. from the face of the column (see Figure 7.2-10):

o5, 06 = PILW + M(W/2)/(W3L/12)

where:
M; = moment on transverse face from above (k-ft)

s = 1,374/[12(12)] - (-121)(12/2)/[12%(12)/12]
= 9.54 — (-0.420)
= 9.96 ksf

o6 = 9.54 + (-0.420)
= 9.12 ksf

Interpolate to calculate o7, the stress at critical location m (at fageyof column, 4.45 ft.

from the end of the footing along the length).

\ 4

o7 = 9.65 ksf

Therefore,
My = o7Ls(Ls/2) + 0.5(
= 9.65(4.45)(4.45/2) +
=95.54 + 2.05
= 97.6 k-ft/ft

G7)

6-9.6

5)[2(4.45)/3]

Factored applied d t, Ser I limit state, calculated using the same method as above:

Factored applied design shear.

For Vux (k/ft), where Vux is the shear per unit length at a longitudinal face:
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Vux: G4L2 + 05(01 - G4)L2

where:
L, = distance from the edge of footing to a distance dy from the effective column (ft.)

Based on the preliminary analysis of the footing, dv is estimated as 30.3 in. Generally, for load
calculations, dv may be assumed equal to the effective depth of the reinforggment minus 1 inch.
Small differences between dy assumed here for load calculations and the finaliéy, will not result in
significant difference in the final results.

The critical face along the y-axis =4.45-30.3/12
= 1.925 ft. from the edge of th

By interpolation between o1 and o2, 64 = 11.01 ksf
Vux = 11.01(1.925) + 0.5(11.71 - 11.01)(1.925)
=21.19 + 0.67

=21.9 k/ft
For Vyy (k/ft), where Vyy is the shear per L’ len ansverse face:

Vux= ogls + 0.5(cs5 — 68) L4

where:
dv =314in.f m preliminary design). Alternatively, for load
calculations, ed equal to the effective depth of the
The critical face along t 31.4/12

..833 ft. from the edge of the footing

By interpolation een os a g = 9.83 ksf

1.83) +1QI5(9.96 — 9.83)(1.83)
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y (longitudinal axis)

%2

w=12

7.55'  Critical location

moment, M,

Critical location for —
moment, M,

=30.3in.

= 4.45'
d

L

Design

.13.3.5 allows the reinforcement in square footings to be uniformly distributed across
idth of the footing.

Check the moment resistance for moment at the critical longitudinal face (55.13.3.4)

The critical section is at the face of the effective square column (4.45 ft. from the edge of the
footing along the width). In the case of columns that are not rectangular, the critical section is
taken at the side of the concentric rectangle of equivalent area as in this example.

Task Order DTFH61-11-D-00046-T-13007 7-84



Design Step 7 — Design of Substructure Prestressed Concrete Bridge Design Example

Mix = (PMnx (85.7.3.2.1-1)

where:
¢ =0.9 (S55.4.2.1)

Mnx: Asfy(dsx — a/2) (857322'1)

Determine dsx, the distance from the top bars of the bottom reinforcing ma the compression
surface.

dsx = footing depth — bottom cvr — bottom bar dia. — %2 top bar dia. in bgtto
=3(12) -3-1.128 - % (1.128)
=31.3in.

'Q
\
™
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y (longitudinal axis)*

L=12

A
Y

/superstructure longitudinal axis

Column, 3'-6"

12'

sverse axis)**

W

y

* perpendicular to the be
** in the plane of the ben

L J L Ld Ld L d L J Ld L J .I
\ .
#9 bars (TYP.) #5 bars (TYP.)
8 -4: 2 ) 8 2 ) 8 .|7

Figure 7.2-12 — Footing Reinforcement Locations

Determine As per foot of length. The maximum bar spacing across the width of the footing is
assumed to be 12.0 in. in each direction on all faces (S5.10.8.2). Use 13 #9 bars and determine the
actual spacing.
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Actual bar spacing = [L — 2(side cover) — bar diameter]/(Npars — 1)
=[12 - 2(3)/12 - 1.128/12]/(13 - 1)
=11.41in.

As =1.0(12/11.41)
=1.05 in?

Determine “a”, the depth of the equivalent stress block.

a = Ad/0.85fh (S5.7.3.1.1-4)

for a strip 12 in. wide, b = 12 in. and As = 1.05 in?

a = 1.05(60)/[0.85(3)(12)]
= 2.06 in.

Calculate Mny, the factored flexural resistance.
Mix= (PMnx

= 0.9[1.05(60)(31.3 — 2.06/2)]/12 S5.70
= 143.0 k-ft/ft > applied factored momiént, Mux ft/ft OK

Check minimum temperature an

According to S5.10.8.1, rei shrinkage and temperature stresses shall be provided
near surfaces of concret
Footings are not expo perature changes and, therefore, are not checked for
t. Nominal reinforcement is provided at the top of the

g the concrete early age before the footing is covered with

(S5.7.3.3.1-1)

= 2.06/0.85
= 2.42 in/ft

c/de =242/31.3
=0.077 < 042 OK
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Minimum reinforcement check (55.7.3.3.2)

Unless otherwise specified, at any section of a flexural component, the amount of nonprestressed
tensile reinforcement shall be adequate to develop a factored flexural resistance, M, at least equal
to the lesser of:

1.2Mcr = 12er

where:
f = 0.24f; (S5.4.2.6)

= 0.2443
=0.42 ksi

For a 1 ft. wide strip, 3 ft. thick,
S =bh%6
= [1(12)][3(12)]%/6
= 2,592 in®/ft

1.2Me = 1.2(0.42)(2,592)/12
= 108.9 k-ft/ft
OR
1.33Mux = 1.33(110.6)
= 147.1 k-fu/ft

Therefore, the minimum requi oment réesistance = 108.9 k-ft/ft
Provided moment resista 108.9 k-ft/ft OK

t at the critical transverse face

The critical fac gth of the shaft (7.55 ft. from the edge of the footing along
of columns that are not rectangular, the critical section is taken at the side
of equivalent area.

(S5.7.3.2.2-1)

dsy, the distance from the bottom bars of the bottom reinforcing mat to the compression
surface.

dsy = footing depth — cover — % (bottom bar diameter)
=3(12) -3-%(1.128)
=324 1in.

Determine As per foot of length
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Actual bar spacing = [W - 2(side cover) — bar diameter]/(npars — 1)
= [12 - 2(3)/12 - 1.128/12]/(13 - 1)
=11.411in.

As =1.0(12/11.41)
= 1.05in?

Determine “a”, depth of the equivalent stress block.

a = Asfy/(085f’cb)
For a strip 12 in. wide, b = 12 in. and As = 1.05 in?

a = 1.05(60)/[0.85(3)(12)]
=2.06 in.

Calculate @Mny, the factored flexural resistance
Mry= @Mny

= 0.9[1.05(60)(32.4 — 2.06/2)]/12
= 148.2 k-ft/ft > Muy = 97.6 k-f/ft O

orcement (S5.7.3.4)

s in the soil)

alue of the of the crack control factor, Z, used by different jurisdictions
n local conditions and past experience.

= bottom cover + Y% bar diameter
=2 +1%(1.128)
=2.56in.

A = 2dc(bar spacing)
= 2(2.56)(11.41)
=58.4in?

fs, alow = Z/ [(ch)1/3]
= 170/[2.56(58.4)]"°
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=32.0 ksi < 0.6(60) = 36 ksi therefore, use fs, alow = 32.0 ksi

Check actual steel stress, fs, actual

For 3.0 ksi concrete, the modular ratio,n =9

Maximum service load moment as shown earlier = 77.3 k-ft

The transformed moment of inertia is calculated assuming elastic behavior, i.e5 hnear stress and
strain distribution. In this case, the first moment of area of the transformegd the tension
side about the neutral axis is assumed equal to that of the concrete in compr,
Assume the neutral axis at a distance “y” from the compression face of the s&
Section width = bar spacing = 11.41 in.

Transformed steel area = (bar area)(modular ratio) = 1.0(

By equating the first moment of area of the transformed ste e concrete, both about

the neutral axis: ‘

9.0(31.3-y) = 11.41y(y/2)
Solving the equation results i

ltransformed = Ats(dsx -
=9.0(31.3-
= 6,576 in*

Stress in the steel, f. re Ms is the moment acting on the 11.41 in. wide section.

fs,actual
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7( =
%I
© Neu_tral
Axis /
R Steel stress = /ﬁ( alculated
« « stress based/on fransformed
- = section) /
© 0 /
™ Y
#9 (TYP.)
&/ '
“‘I 0
v Ty Strain

11.41"

Figure 7.2-13 — Crack Control for Top Bar Reinforce de rvice Load

Check distribution about footing width, W

This check is conducted similarly to the checlk#shown he distribution about the footing
length and the reinforcement is found to be ade

Design Step 7.2.4.4 Shear analysis

Check design shear strength (S5.8.

According to S5.13.3.6.1
shear:

the following conditions shall govern the design for

pecified in S5.8.3.2.

d or reaction area.

The subs@kipts “x” and “y” in the next section refer to the shear at a longitudinal face and shear at
a transvefgeiface, respectively.

Determine the location of the critical face along the y-axis

Since the column has a circular cross-section, the column may be transformed into an effective
square cross-section for the footing analysis.
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As stated previously, the critical section for one-way shear is at a distance dy, the shear depth
calculated in accordance with S5.8.2.9, from the face of the column and for two-way shear at a
distance of dv/2 from the face of the column.

Determine the effective shear depth, dvx, for alongitudinal face.

dvx = effective shear depth for a longitudinal face per S5.8.2.9 (in.)
=dsx —a/2 (55829)
=31.3-2.06/2
=30.3in.

but not less than:

0.9dsx =0.9(31.3)
=28.2in.

0.72h =0.72(36)
=25.9in.

Therefore, use dvx = 30.3 in.

The critical face along the y-axis
dge of the footing

Determine the effective shear dept

dvy = effective shear e face per S5.8.2.9 (in.)

=4.45-31.4/12
= 1.833 ft. from the edge of the footing

See Figure 7.2-14 for locations of the critical sections.
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y (longitudinal axis)

i
1.925'
Critical section for shear
at longitudinal face
Critical section for shear
1.833' at transverse face

A
y

nsverse axis)

w=12'

igure 7.2514 — Critical Sections for Shear

ihe one-way capacity for longitudinal face (55.8.3.3)

he Shear resistance of the footing of slab will satisfy the requirements

(S5.8.2.1-2)
inal shear resistance, Vnx, 1S taken as the lesser of:
an: Vc + Vs + Vp (85833'1)

OR
an: 0.25f’cbvdvx + Vp (85833'2)
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Ve = 0.0316p,/f/b,d,, (S5.8.3.3-3)
where:
B =2.0
bv =12 in. (to obtain shear per foot of footing)
dvx = effective shear depth for a longitudinal face per S5.8.2.

=30.3 in. from above
Vp =00k
The nominal shear resistance is then taken as the lesser of:

Vox= 0.0316(2.0)v/3(12)(30.3)

= 39.8 k/ft
AND
an: 0.25f'cbvdv ‘
= 0.25(3)(12)(30.3)
=272.7 k/ft

Therefore, use Vnx = 39.8 k/
Vix = (Pan

=0.9(39.8)
=35.8 k/ft > app

Determine one-

= Vi (S5.8.2.1-2)

Sist , Vnx, IS taken as the lesser of:

Vs +Vp (S5.8.3.3-1)

OR
Viy 2OM5F cbydy + Vp (S5.8.3.3-2)
Ve = 0.0316B,/f/b,d,, (S5.8.3.3-3)

where:

B 2.0
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by =12 in. (to obtain shear per foot of footing)
dvy = effective shear depth for a transverse face per S5.8.2.9 (in.)
=31.4in. from above
Vp =0.0k
The nominal shear resistance is then taken as the lesser of:

Vey= 0.0316(2.0)v/3(12)(31.4)

=41.2 k/ft
AND
Vny: O.25f'cbvdv
= 0.25(3)(12)(31.4)
= 282.6 k/ft

Therefore, use Vny = 41.2 k/ft
Viy = ¢Vny
=0.9(41.2) ?
= 37.1 k/ft > applied shear, Vyy = 18.1 edearlier) OK

Determine two-way (punching) shear capacity a olumn (55713.3.6.3)

ement, the nominal shear resistance, Vn

(S5.13.3.6.3-1)

verage effective shear depth (in.)
(dvx + dvy)/2

(30.3 +31.4)/2

=30.9in.

bo = perimeter of the critical section (in.), the critical section is 0.5dy from the
reaction area (S5.13.3.6.1). Use the circular column cross-section and
cylindrical surface for punching shear.
= 2n(42/2 + 30.9/2)
=229in.
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Vi = (0.063 + 0.126/1.0)v/3(229)(30.9)
=2,316 k

The nominal shear resistance, Vy, cannot exceed 0.126\/E b,d,

n = 0.126+/3(229)(30.9)
= 1,544 k

Therefore,

Vr =0.9(1,544)

=1,390 k
The maximum factored vertical force for punching shear ns als the maximum
factored axial load on the footing minus the factored wei ft ting.

Powsy = 1,374 —1.25[12(12)(3)](0.1
=1,293k

The maximum shear force for punching shear lations a footing with the entire footing

For footings with with tension under some of the footing area, the design
force for punchi i as the applied load, Paway, minus the soil load in the area

ings rest on dry cohesionless soil

of internal friction of the soil (¢f) = 32 degrees

Depth of the bottom of the footing from the ground surface = 6 ft.
Soil density = 120 Ib/ft®

Footing plan dimensions are 12 ft. by 12 ft.

Task Order DTFH61-11-D-00046-T-13007 7-96



Design Step 7 — Design of Substructure Prestressed Concrete Bridge Design Example

Footing effective dimensions

According to S10.6.3.1.1, where loads are eccentric, the effective footing dimensions L' and B', as
specified in S10.6.3.1.5, shall be used instead of the overall dimensions L and B in all equations,
tables, and figures pertaining to bearing capacity.

Therefore, for each load case shown in Table 7.2-4, a unique combination of,the footing effective
dimensions is used. In the following section, the case of maximum axial loadien the footing will
be used to illustrate the bearing capacity calculations.

The footing effective dimensions are calculated using S10.6.3.1.5 and 6.3.1.5-1
(shown below).

" =B-2es

where:
es = eccentricity parallel to dimension B (ft.)

B’ =12 -2(121/1,374)
=11.82 ft. ‘

L' =L-2eL

where: \
eL = eccentricity pa dimen (Ft.
L' =12-2(626/1,374
=11.09 ft.

(S10.6.3.1.5-2)
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»
L |

REDUCED EFFECTIVE
AREA

REDUCED EFFECTIVE AR

POINT OF LO.
APPLICATION

Figure SC10.6.3.1.5-1 - Re (Reproduced from the Specifications)

According to S10.6.3.1.2c, for coh

nominal bearing resistance of a layer of the
soil in TSF may be deter

Quit = 0.5yBCwiNyn +

= footing width (ft.)
=smaller of 11.82 and 11.09 ft.
=11.09 ft.

Cwi, Cwe2 = coefficients as specified in Table S10.6.3.1.2c-1 as a function of Dw
(dimensionless)

= for dry soil with a large depth, Cw1 = Cw2=1.0
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Dw = depth to water surface taken from the ground surface (ft.)
= assume a large distance relative to the footing dimensions

Nym, Ngm = modified bearing capacity factor (dimensionless)

Substituting in Eqg. S10.6.3.1.2¢-1:

Quit = 0.5(0.06)(11.09)(1.0)Nym + 0.06(1.0)(6)Ngm
= 0.334N;m + 0.36Ngm

From Egs. S10.6.3.1.2¢c-2 and -3
Nym = NySycyiy (510.6.3.1.2¢c-2)
Ngm = NgSqCqiqdg (510.6.3.1.2c-
where:

N, = bearing capacity factomas sp

relatively level ground

= bearing capacity factor as sp

= 30 for ¢r = 32 degrees

= 23 for @f = 32 degrees

Interpolate between L'/B’ = 1 and 2. However, using values corresponding to L'/B’ = 1.0 will not
lead to significant change because L'/B’ ~ 1.0.

From Table S10.6.3.1.2¢-3: Sq =1.62 for L'/B' = 1.0 and of = 30 degrees
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From Table S10.6.3.1.2c-4: Sy = 0.6 for L'/B’ = 1.0 and ¢f = 30 degrees
Soil stress at the footing depth before excavation, g = 0.06(6) = 0.36 TSF
For Tables S10.6.3.1.2c-5 and -6, either interpolate between q = 0.25 and q = 0.5 or, as a

conservative approach, use the value corresponding to q = 0.5. For this example, the value
corresponding to g = 0.5 TSF is used.

From Table S10.6.3.1.2c-5: ¢cq, ¢y = 1.0 for g = 0.5 and ¢r = 32 degrees

The maximum factored horizontal load on the bottom of the column from t
46.0 and 26.0 kips in the transverse and longitudinal directions, re
S10.6.3.1.2¢-7, it is intended to use the unfactored horizontal and vertical |0 r, due to
the small ratio of horizontal to vertical loads, using the factored |

Horizontal-to-vertical load ratio:

H/V =44.8/1,374
=0.033 in the transverse digtion

H/V =26.0/1,374
= 0.019 in the longitudinal direc

Table S10.6.3.1.2-7 lists val
and 0.1. Interpolation between
use the value corresponding to H

horizontal-to-vertical load ratios of 0.0
le. A more conservative approach is to

(S10.6.3.1.2¢-2)
= 30(0.6)(1.0)(0.77)
=13.86

qu = Nququqdq (81063120'3)
- 23(1.62)(1.0)(0.85)(1.05)
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=33.3
Therefore,
Quit = 0.333Nym + 0.36Ngm

= 0.333(13.86) + 0.36(33.3)
= 16.6 TSF

Resistance factor

From Table S10.5.5-1, several resistance factors are listed for cohesio The
selection of a particular resistance factor depends on the method of so Used to
determine the soil properties. Assuming that ¢ was estimated fr ce factor

=0.35

According to S10.6.3.1.1,

OR = @Cn = QQuit
= 0.35(16.6)
=5.81 TSF

Footing load resistance
=5.81(11.8
=762.0 Tons

= (gr)(footing effective area)

Task Order DTFH61-11-D-00046-T-13007 7-101



Design Step 7 — Design of Substructure Prestressed Concrete Bridge Design Example

This page intentionally left blank.

'Q
\
™

Task Order DTFH61-11-D-00046-T-13007 7-102



Appendix A Prestressed Concrete Bridge Design Example
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APPENDIX B - General guidelines for refined analysis of deck slabs

B.1 General guidelines

Traditionally, deck slabs have been analyzed using approximate methods. The appragximate methods are
based on calculating moments per unit width of the deck and design the reinforcement to resist these
moments. This approach has been used successfully for many decades. Howeve e approximate
methods were generally based on laboratory testing and/or refined analysis of typica pported on
parallel girders and no skews. In case of deck slabs with unusual geometry, s
decks, the results of the approximate methods may not be accurate. For example,

analysis. Typically the use of the refined methods of analysis d gn of both of the
girders and the deck slab. The design method of analysis mo element analysis.
However, for deck slabs, other methods such as the yield line me ite differences method
may be used. Following is a general description eu i lements in analyzing deck slabs.

B.2 Finite element modeling of dec

B.2.1 Type of elements

The finite element method is bas
elements”. Depending on the
rotations) varies at each end
as ‘degrees of freedom”.
displacements are then

mponent into a group of small components or “finite
, the number of displacements (translations and
ment varies. The displacements are typically referred to
the analysis is the displacements at each node. These
the nodes. The force output corresponding to a rotational
moment while forces correspond to translational degrees of
of elements typically used to model a plate structure and the advantage

triangular plate elements, which are typically treated as a special case of the four-node basic
element. Following the general plate theory, plate elements are assumed have three allowed
displacements at each node; translation perpendicular to the plate and rotations about two
perpendicular axes in the plane of the plate. The typical output includes the moments (usually
given as moment per unit width of the face of the elements) and the shear in the plate. This form of
output is convenient because the moments may be directly used to design the deck.
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The main disadvantage of plate elements is that they do not account for the forces in the plane of
the plate. This results in ignoring the stiffness of the plate elements in this plane. This precludes
them from being used as part of a three-dimensional model to analyze both the deck and the girders.

The deck supports are modeled as rigid supports along the lines of the supporting components, i.e.
girders, diaphragms and/or floor beams. Where it is desirable to consider the effect of the
flexibility of the supporting components on the deck moments, the mode include these
components that are typically modeled as beams. As the plate elements, theore , have no in-
plane stiffness, the effect of the composite action on the stiffness of the beams considered
when determining the stiffness of the beam elements.

Shell elements

relative to
differ from plate
, three translations
urface at a node is
may be used to model
II) components. Commercially
r-node elements. The typical
nt per u th of the face of the elements)
orm of output is convenient because the

Shell elements are also developed assuming that the thickness of
the other two dimensions and are also modeled by their middle
elements in that they are considered to have six degrees of
and three rotations. Typically the rotation about the axis p
eliminated leaving only five degrees of freedom per node.
two dimensional (plate) components or -di i
available computer programs typically allow
output includes the moments (usually given as
and the shear and axial loads in the el
moments may be directly used Sig

Due to the inclusion of the translati
part of a three-dimensional e both the deck and the girders. When the supporting
components are modeled
introduced when defining
the deck and the supperti
plane stiffness of t

ams. The effect of the composite action between
is automatically included due to the presence of the in-

Solideelements

to model both thin and thick components. The thickness of the
ded into several layers or, for thin components such as decks, may be
The solid elements are developed assuming three translations at each
e rotations are not considered in the development. The typical output includes the
direction of the three degrees of freedom at the nodes. Most computer programs have
the ability ¥@\determine the surface stresses of the solid elements. This form of output is not
convenient DEcause these forces or stresses need to be converted to moments that may be used to
design the deck. Notice that, theoretically, there should be no force perpendicular to the free
surface of an element. However, due to rounding off errors, a small force is typically calculated.

forces in

Similar to shell elements, due to the inclusion of all translations in the development of the elements,
solid elements may be used as part of a three-dimensional model to analyze both the deck and the
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girders. When the supporting components are modeled using beam elements, only the stiffness of
the noncomposite beams is introduced when defining the stiffness of the beams.

B.2.2 Element size and aspect ratio

The accuracy of the results of a finite element model increases as the element size decreases. The
required size of elements is smaller at areas where high loads exist such as ation of applied
concentrated loads and reactions. For a deck slab, the dividing the width between theqgikders to five or
more girders typically yields accurate results. The aspect ratio of the element (leng dth ratio for
plate and shell elements and longest-to-shortest side length ratio for solid elements
should be kept within the values recommended by the developer of the computer

nonconformant elements and the surrounding areas. When many of thé'e orm to the
developer recommendation, it is recommended that a finer model be dé 2 results of the two
ser model may be
used. If the difference is not acceptable, a third, finer model shou A the results are then
compared to the previous model. This process should be repeated Ui ce between the results
of the last two models is within the acceptable li >

For deck slabs with constant thickness, the results are element size and aspect ratio.

B.2.3 Load application

Local stress concentrations take pla
model. For a bridge deck, wheel
tire contact area specified in Ar
size of the elements should_be
tire contact area preferabl

ncentrated loads applied to a finite element
rably be applied as uniform load distributed over the
tmplify live load application to the deck model, the

ch
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APPENDIX C Calculations of Creep and Shrinkage Effects

See Design Step 5.3 for the basic information about creep and shrinkage effects. Design Step 5.3
also contains the table of fixed end moments used in this appendix.

Design Step C1.1 Analysis of creep effects on the example bridge

the slab and continuity connection cast 30 days after the beams are cast. A
following the procedures outlined in the publication entitled “Design o
Bridges with Precast, Prestressed Concrete Girders” publi
Association (PCA) in August 1969.

The distance from the composite neutral axis to the botto the I in. from Section

2. Therefore, the prestressing force eccentricity at midspan

ec = NApottom — CGS
=51.96-5.0
=46.96 in.

Design Step C1.2

beam at infinite time according to S5.4.2.3.2.

(S5.4.2.3.2-3)
5
=— (S5.4.2.3.2-4)
1+,
=5/[1 + 4.8]
=0.862

Calculate the time development factor, kq
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K, =( t J (S5.4.2.3.2-5)
12((L00—4f ) /(. +20))+t

For final age, t = tr - ti = ti = age of concrete when load is initially applied
=1 day

tr = infinite days

o0

kg = =1.0
" 12((100—4(4.8))/(4.8+ 20)) + oo

Calculate the volume to surface area factor, ke

t
ko = [26e°36‘\”5)b+tj {1.80+1.77e‘°'54(v’5)b
. =

( t j 2.587
45+t

} (SC5

where:
t = maturity of concrete

The cree efficient is the ratio between creep strain and the strain due to permanent stress
(SC5.4.2.3.2)

Calculate creep coefficient according to Eq. S5.4.2.3.2-1.

P(t,t,) =1.9k kK kgt e (S5.4.2.3.2-1)
Y1) = 1.9Kcknckikigti 0118
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where:
ke =0.759 (see above)
knc = 1.000 (see above)
ki =0.862 (see above)
ke =1.000 (see above)

W, (t, 1, )=1.9(0.759)1.00)0.862)1.0)1) ****
Yo, = 1.243

Design Step C1.3

Calculate the creep coefficient, .y, In the beam at the ti ording to

S5.4.2.3.2.

Calculate the time development factor, kq

t
o = (12((100 —4f ) I(f. +20)) +3

of con en is initially applied

5)

For final age, t=tr-ti=ti=a
=1 day

tr =450 days

1.80+1.77e %54V
2.587

} (SC5.4.2.3.2-1)

t =450 days
e =natural log base (approx. 2.71828)
(VIS)p =4.406 in.
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( 450 )
K = 26e0364-4%) | 4cn [ 1.80 +1.77e0544406) }
450 2.587
( 45 + 450)

0.651

Kc
Calculate the creep coefficient, (), according to Eq. S5.4.2.3.2-1.

P(t,t) =1.9k .k, Kk Kkt (6542321
! c™he ™ f Md i
wason) = 1.9KcKnokikigti 0118

where:
ke =0.651 (see above)
knc = 1.000 (see above)
ki =0.862 (see above)
ki =0.920 (see above)
ti 1 day
t =450 days

w, (t, .t,)=1.9(0.651)1.00)(0.862)0.
Y (450,1) =0.981

Calculate the restrained creep coe
takes place after the continui

, ¢, as the creep coefficient for creep that
as been established.

d =wo—wyaso (fram PCA publi€ationfreferenced in Step 5.3.2.2)
=1.243-0

=0.26

Design $.4 Calculat restressed end slope, 6.

onding neglected). Calculate the end slope, 0, for a simple beam under

where:

Pe = effective prestressing force after all losses (kips)
= 1,118 kips (see Design Step 5.4 for detailed calculations of the prestressing
force)
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ec =46.96 in. (calculated above)
Lspan =110.5 ft. (1,326 in.) (taken equal to the continuous beam span length)

Ec. = the modulus of elasticity of the beam at final condition (ksi)
= 4,696 ksi

Ic =moment of inertia of composite beam (in*)
= 1,402,024 in*

0 = [1,118(46.96)(1,326)]/[2(4,696)(1,402,024)]

0.0053 rads

Design Step C1.5 Calculate the prestressed creep fixed end action fi
The equation is taken from Table 5.3-9 of PCA Publica for s creep FEA, left end
span, right moment. ‘

FEM¢ = 3Ec|ce/|_span
= [3(4,696)(1,402,024)(0.0053) 6

=78,947/12
= 6,579 k-ft

End forces due to prestress

Left reaction

moment = M1pser
=0.0 k-ft

t moment = M2pscr

= FEMcr
=6,579 k-ft
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ﬂ?ggﬁR

59.5 k 595k 59.5k 59.5k

Figure C1 — Prestress Creep Restraint Moment

Design Step C1.6 Calculate dead load creep fixed end actions

Calculate the total dead load moment at the midspan

Noncomposite DL moment = Mpnc
= 42,144 k-in (3,512 k-ft) (s

Composite DL moment = Mpc ‘
= 4,644 k-in k-ft)

Total DL moment

oment = Mlpper
=0.0 k-ft

MZDLcr
-MpL
-3,899 k-ft

Right moment
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353k 353k
A
/] K
35.3k 35.3k
3,899 k-ft

Figure C2 — Dead Load Creep Restraint Moment

Calculate the creep correction factor, Cer

Cor =1-¢e* (from PCA publication referenced in Step
=0.229

Calculate the total creep (prestress + dead load) fixed end ns T

\

Left reaction =Rl
= Ccr(RlPScr + R2DLcr)
=0.229(-59.5 + 35.3)
=-5.54

Right reaction = R2¢,
=-Rler

=55
=0.
r

(M2pscr + M2pLer)

Left moment

ight moment

614k-ft
A
— \\

55k 55k 5.5k 55k

Figure C3 — Total Creep Fixed End Actions
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Design Step C1.7 Creep final effects

The fixed end moments shown in Figure C3 are applied to the continuous beam. The beam is
analyzed to determine the final creep effects. Due to the symmetry of the two spans of the bridge,
the final moments at the middle support are the same as the applied fixed end moments. For a
bridge with more than two spans or a bridge with two unequal spans, the magnitude of the final
moments would be different from the fixed end moments.

614 k-ft

Figure C4 — Creep Final Effects for a Deck and Contin
th ms ast

Con Cast 450 Days After

Design Step C2.1 Analysis of shrin le bridge

(SC5.4.2.3.2-2)

= drying time
= infinite days

= natural log base (approx. 2.71828)

(VIS)o = 4.406 in.

K = [1{1,064—94(4.406)}
923
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ks =0.704

Calculate the humidity factor, kns

K, =2.00-0.014H (S5.4.2.3.3-2)
K,, =2.00-0.014(70)=1.02

Assume the beam will be steam cured and devoid of shrinkage-prone aggre erefere, the
shrinkage strain in the beam at infinite time is calculated as:

g, =kkKkk, 048x107 (S5.4.2.3.3
Esh,b,oo = ksknsktkid (0.48 x 107%)

where:
ks =0.704 (from above)
kns = 1.020 for 70% humidity‘
t =infinite days

€sh,b,0 =(0.704)(1.020)(0.862

=0.000297
Design Step C2.2

Calculate shrinkage strai the bea theltime the slab is cast (55.4.2.3.3)

6e035(VIS) |

(45t+ tj

j {1,064—94(V/5)b} (SC5.4.2.3.2-2)
923

where:
t =450 days
e =natural log base (approx. 2.71828)
(VIS)p =4.406 in.
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450
ke = [26e°'36(4'4°6) +450j 1,064 — 94(4.406)
° ( 450 ) 923
45+ 450

ks =0.604

Assume the beam will be steam cured and devoid of shrinkage-prone aggregates, the
strain in the beam at infinite time is calculated as:

e shrinkage

Eq, =k .k, Kk k,0.48x107° (S5.4.2.3.3-1)
€sh,b 450 = Ksknsktktd (0.48 x

where:
ks =0.604
kn =1.020 for 70% humidity

t =450 days ‘

eshbaso = (0.604)(1.020)(0.862)(0.920
=0.000235

8x1

Design Step C2.3

Calculate the shrinkage strai infinite time (55.4.2.3.3)

Calculate the size factor,

} (SC5.4.2.3.2-2)

= infinite days

= natural log base (2.71828)

Compute the volume to surface area ratio for the slab.
(VIS)s = (bslan)(tsiab)/ (2Dslan — Wir)

where:
bsiab= slab width taken equal to girder spacing (in.)
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tsiab = slab structural thickness (in.)
wyr = beam top flange width (in.)

(VIS)s = 116(7.5)/[2(116) — 42]
= 4,58 in.

K = [1{1,064—94(4.58)}
923

The slab will not be steam cured, therefore, use

e,  =kk .k k,048x107 (S5.4.2.3.3-1)
Eshseo = KsKnsKrKtd (0.48 X 10'3)

where:

Calculate the concrete strength factor, ks
5

foo m

=5/[1+ 3¢

=1.19

ks =0.686
kn =1.020 fo
t =infinite

= &sh,s,0 = (Ssh,b,oo - 85h,b,450)
= 4.00 x 10 - [2.97 x 10" - 2.35 x 10)]
=3.38x 10*
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Design Step C2.5

Calculate the shrinkage driving end moment, Ms

Ms = AgsnEcsAsiabe’ (from PCA publication referenced in Design Step 5.3.2.2)

where:
Agsh = differential shrinkage strain
Ecs = elastic modulus for the deck slab concrete (ksi)
Aslab = cross-sectional area of the deck slab (in?)
e = the distance from the centroid of the slab to the centro

of the composite section (in.)
= dbeam * tstab/2 — NApeam bottom
=72+7.5/2-51.96
=23.79in.

M = (3.38 x 10)(3,834)(116)(7.5)(23.79)
= 26,821/12
= 2,235 k-ft (see notation in TablO-Q fafsign convehtion)

2,235 k-ft

inkage Driving Moment

their full length, the restraint moment may be calculated
to prestressing force or according to Table 5.3-9.

= -1.5M; = -1.5(2,235)
353 k-ft

3,353 k-ft

)

1 T |

30.3 k 303k 303k 303k

Figure C6 — Shrinkage Fixed End Actions
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Design Step C2.6

Analyze the beam for the fixed end actions

Due to symmetry of the spans, the moments under the fixed end moments shown in Figure C6 are
the same as the final moments (shown in Fig. C7). For bridges with three or more spans and for

bridges with two unequal spans, the continuity moments will be differe om the fixed end
moments.

3,353 k-ft

Figure C7 — Shrinkage Contin Mo

\ 4

Design Step C2.7

Calculate the correction factor for shri

Csh=(1-¢e%/¢ (from PCA
= [1 - e92/0.26
=0.881

Design Step C2.8

Calculate the shrj efi ome y applying the correction factor for shrinkage to the sum

of the shrinkag gure C5) and the shrinkage continuity moment (Figure C7)
fixed end actions.

Mlsh
= Csh(Mshar + shrinkage continuity moment)
=0.881(2,235 + 0)
=1,969 k-ft

Right end moment= M2

= Csh(Mshar + shrinkage continuity moment)
= 0.881(2,235 — 3,353)
=-985 k-ft
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1,969 k-ft 60.6 k

D~
NG

30.3k 985 k-ft 303k

Figure C8 — Final Total Shrinkage Effect

Tables C1 and C2 provide a summary of the final moments for the case ed 30

days after the beams were cast.

Table C1 - 30 Day Creep Final M

M1
Span
(k-ft)
1 0
2 -1,684

ay Shrinkage Final Moments

2 R1 R2
(k-ft) (k) (k)
-252 -15.4 15.4
504 15.4 -15.4

proce
effects
bottom

approved by the bridge owner calls for their inclusion, the final creep and shrinkage
Id be added to other load effect at all sections. The positive moment connection at the
he beams at the intermediate support is designed to account for the creep and

Notice that when combining creep and shrinkage effects, both effects have to be calculated using
the same age of beam at the time the continuity connection is established.

Task Order DTFH61-11-D-00046-T-13007 C-14
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