LRFD Example 2

2-Span Cast-in-Place
Post-Tensioned
Concrete Box Girder
Bridge
[CIPPTCBGB]
Example

[Table 2.5.2.6.3-1]

[9.7.1.1]
[BDG]

[5.14.1.5.1b]
[BDG]

[C5.14.1.5.1c]
[BDG]

2- Span CIPPTCBGB

This example illustrates the design of a two span cast-in-place post-tensioned
concrete box girder bridge. The bridge has spans of 118 feet and 130 feet. The
bridge has zero skew. Standard ADOT 42-inch F-shape barriers will be used
resulting in a bridge configuration of 1’-7” barrier, 12’-0” outside shoulder,
two 12°-0” lanes, a 6°-0” inside shoulder and a 1°-7” barrier. The overall out-
to-out width of the bridge is 45’-2”. A plan view and typical section of the
bridge are shown in Figures 1 and 2.

The following legend is used for the references shown in the left-hand column:
[2.2.2] LRFD Specification Article Number
[2.2.2-1] LRFD Specification Table or Equation Number
[C2.2.2] LRFD Specification Commentary
[A2.2.2] LRFD Specification Appendix
[BDG] ADOT LRFD Bridge Design Guideline

Bridge Geometry

Span lengths 118.00, 130.00 ft

Bridge width 45,17 ft
Roadway width 42.00 ft
Superstructure depth 5.50 ft
Web spacing 7.75 ft
Web thickness 12.00 in
Top slab thickness 8.00in
Bottom slab thickness 6.00 in
Deck overhang 2.63 ft

Minimum Requirements
The minimum span to depth ratio for a multi-span bridge should be taken as
0.040 resulting in a minimum depth of (0.040)(130) = 5.20 feet. Use 5’-6”

The minimum top slab thickness shall be as shown in the LRFD Bridge Design
Guidelines. For a centerline spacing of 7.75 feet, the effective length is 6.75
feet resulting in a minimum thickness of 8.00 inches. The minimum overhang
thickness is 9.00 inches, one inch thicker than the interior slab.

The minimum bottom slab thickness shall be the larger of:
1/30 the clear web spacing = (6.75)(12) / 30 = 2.70 inches
6.0 inches

The minimum thickness of the web shall be 12 inche
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Concrete Deck Slab Minimum Requirements
Slab thickness 8.00in
Top concrete cover 2.50in
Bottom concrete cover 1.00in
Wearing surface 0.50in
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Material Properties | Reinforcing Steel

[5.4.3.1] Yield Strength fy = 60 ksi
[5.4.3.2] Modulus of Elasticity Es = 29,000 ksi
Prestressing Strand
[Table 5.4.4.1-1] Low relaxation prestressing strands
[5.4.4.2] 0.6” diameter strand Ay, =0.217 in®
Tensile Strength fou = 270 ksi
Yield Strength foy = 243 ksi
Modulus Elasticity Ep = 28500 ksi
Concrete
[5.4.2.1] The final and release concrete strengths are specified below:
[BDG] Superstructure Column & Drilled Shaft
f’c =4.5ksi f’c =3.5ksi
F’ei = 3.5 ksi
[Table 3.5.1-1] Unit weight for normal weight concrete is listed below:
[C3.5.1] Unit weight for computing E; = 0.145 kcf

Unit weight for DL calculation = 0.150 kcf

[C5.4.2.4] The modulus of elasticity for normal weight concrete where the unit weight is
0.145 kcf may be taken as shown below:

E. =1820,/ f', =1820+/4.5 = 3861 ksi

E, =1820,/f', =1820/3.5 = 3405 ksi

[5.7.1] The modular ratio of reinforcing to concrete should be rounded to the nearest
whole number.

—@:7.51 Usen=8

n=

3861
[5.7.2.2] B1 = The ratio of the depth of the equivalent uniformly stressed compression
zone assumed in the strength limit state to the depth of the actual compression
zone stress block.

f'.—4.0 45-40

B, =0.85-0.05 { } =0.85-0.05 [ } =0.825

Modulus of Rupture
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[5.4.2.6]

Service Level
Cracking

Minimum
Reinforcing

2- Span CIPPTCBGB

The modulus of rupture for normal weight concrete has two values. When used
to calculate service level cracking, as specified in Article 5.7.3.4 for side
reinforcing or in Article 5.7.3.6.2 for determination of deflections, the
following equation should be used:

f, =024,/
For superstructure calculations:
f, =0.24+/4.5 = 0.509 ksi
For substructure calculations:
f, =0.24+/3.5 = 0.449 ksi

When the modulus of rupture is used to calculate the cracking moment of a
member for determination of the minimum reinforcing requirement as
specified in Article 5.7.3.3.2, the following equation should be used:

f, =037,/f"
For superstructure calculations:
f. =0.37+/4.5 = 0.785 ksi
For substructure calculations:

f, =0.37+/3.5 = 0.692 ksi
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Limit States
[1.3.2]

[1.3.3]

[3.4.1]
[BDG]

[1.3.4]

[1.3.5]

[3.4.1]
[BDG]

2- Span CIPPTCBGB

In the LRFD Specification, the general equation for design is shown below:
Zﬂﬂ/iQi <@R, =R,
For loads for which a maximum value of y; is appropriate:

7, =NpNen, 20.95

For loads for which a minimum value of y; is appropriate:

1

= <1.0
UBYLYU

i

Ductility
For strength limit state for conventional design and details complying with the
LRFD Specifications and for all other limit states:

No= 1.00

Redundancy
For the strength limit state for conventional levels of redundancy and for all
other limit states:

NrR = 1.0

Operational Importance
For the strength limit state for typical bridges and for all other limit states:

ni= 1.0

For an ordinary structure with conventional design and details and
conventional levels of ductility, redundancy, and operational importance, it can
be seen that n; = 1.0 for all cases. Since multiplying by 1.0 will not change
any answers, the load modifier n; has not been included in this example.

For actual designs, the importance factor may be a value other than one. The
importance factor should be selected in accordance with the ADOT LRFD
Bridge Design Guidelines.
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DECK DESIGN
[BDG]

Effective Length
[9.7.2.3]

[BDG]

Method of Analysis
[9.6.1]
[BDG]

Live Loads
[A4.1]

2- Span CIPPTCBGB

As bridges age, decks are one of the first element to show signs of wear and
tear. As such ADOT has modified some LRFD deck design criteria to reflect
past performance of decks in Arizona. Section 9 of the Bridge Design
Guidelines provides a thorough background and guidance on deck design.

ADOT Bridge Design Guidelines specify that deck design be based on the
effective length rather than the centerline-to-centerline distance specified in the
LRFD Specifications. The effective length for monolithic cast-in-place
concrete is the clear distance between supports. For this example with a
centerline-to-centerline web spacing of 7.75 feet and web width of 12 inches,
the effective length is 6.75 feet. The resulting minimum deck slab thickness
per ADOT guidelines is 8.00 inches.

In-depth rigorous analysis for deck design is not warranted for ordinary
bridges. The empirical design method specified in AASHTO LRFED [9.7.2] is
not allowed by ADOT Bridge Group. Therefore the approximate elastic
methods specified in [4.6.2.1] will be used. Dead load analysis will be based
on a strip method using the simplified moment equation of [w S?/ 10], for both
positive and negative moments, where “S” is the effective length.

The unfactored live loads found in Appendix A4.1 will be used. Multiple
presence and dynamic load allowance are included in the chart. Since ADOT
bases deck design on the effective length, the chart should be entered under S
equal to the effective length of 6.75 feet rather than the centerline-to-centerline
distance of 7.75 feet. Since the effective length is used the correction for
negative moment from centerline of the web to the design section should be
zero. Entering the chart yields the following live load moments:

Pos M = 5.10 ft-k/ft
Neg M = -5.50 ft-k/ft (0 inches from centerline)

S = 6-9"
Effective Length

Figure 3
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Positive Moment A summary of positive moments follows:
Design
DC Loads
Deck 0.150(8.00 / 12)(6.75)*+ 10 = 0.46 ft-k
DW Loads
FWS  0.025(6.75)%+ 10 =0.11 ft-k
Vehicle
LL+IM =5.10 ft-k
SE_BFV_iCG | Deck design is normally controlled by the service limit state. The working
Limit State stress in the deck is calculated by the standard methods used in the past. For
[9.5.2] this check Service | moments should be used.
[BDG]
M, :1'0'(M oc + Moy )+1-0'(M LL+IM )
M = 1.0(0.46 + 0.11) + 1.0(5.10) = 5.67 ft-k
Try #5 reinforcing bars
ds=8.00-0.50ws -1clr=0.625/2=6.19 in
Determine approximate area reinforcing as follows:
M 67)- .
A~r—S = (567)-12) 0.509 in?
f jd, (24.0)-(0.9)-(6.19)
Try #5 @ 7 inches
As = (0.31)(12/7) = 0.531 in
Allowable Stress The allowable stress for a deck under service loads is not limited by the LRFD
[9.5.2] Specifications. The 2006 Interim Revisions replaced the direct stress check
[BDG] with a maximum spacing requirement to control cracking. However, the

maximum allowable stress in a deck is limited to 24 ksi per the LRFD Bridge
Design Guidelines.
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Determine stress due to service moment:

p A _ 0531 =0.007149

“bd,  (12)-(6.19)

np = 8(0.007149) = 0.05719

k =+/2np +1np? —np =+/2-(0.05719)+ (0.05719)? —0.05719 = 0.286

j _1- K 0286 405
3 3
(oMo BENMD) a0 ki< 2k
A jd. (0.531)-(0.905)-(6.19)

Since the applied stress is less than 24 ksi, the LRFD Bridge Practice
Guideline service limit state requirement is satisfied.

Control of Cracking | For all concrete components in which the tension in the cross-section exceeds
[5.7.3.4] 80 percent of the modulus of rupture at the service limit state load combination
the maximum spacing requirement in equation 5.7.3.4-1 shall be satisfied.

fa = 0.80f; = 0.80(0.24,/f ", ) = 0.80(0.509) = 0.407 ksi

Ser = (12.00)(7.50)* = 6 = 112.5 in®

f = M 0,(6.67)-(12) 0.605 ksi > fs, = 0.407 ksi
S 112.5

cr

Since the service limit state stress exceeds the allowable, the spacing, s, of
mild steel reinforcing in the layer closest to the tension force shall satisfy the
following:

[5.7.3.4-1] 700y,
s<—re

< —2d,
B

where

ve = 0.75 for Class 2 exposure condition for decks

d. =1.0clear + 0.625 + 2 = 1.31 inches
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fs = 22.87 ksi
hnet = 7.50 inches

d 1.31
=1 ¢ =1 =1.
po=1r 0.7(h—d,) ! 0.7-(7.50-1.31)

_ (700)-(0.75)

“030) (22'87)—(2)-(1.31):15.O4in

Since the spacing of 7 inches is less than 15.04 the cracking criteria is satisfied.

Strength | Factored moment for Strength | is as follows:
Limit State
[Table 3.4.1-1] M, =7nc (M DC )+ 7 pw (M bW )+1-75(M LL+IM )

M, =1.25-(0.46)+1.50-(0.11)+1.75-(5.10) = 9.67 ft-k

The flexural resistance of a reinforced concrete rectangular section is:

Flexural
Resistance .
[573] Mr =¢Mn = ¢ f [ds__j
[5.7.3.2.2-1] A 2
A, (0.531)-(60) .
. o= = =0.841in

[5.7.3.1.1-4] 085" Ab  (0.85)-(4.5)(0.825)- (12)
[5.7.3.2.3] a = pic = (0.825)(0.841) = 0.69 in

The tensile strain must be calculated as follows:

& =0.003- d—t—l =0.003- 619 41 0.019
c 0.841

[55.4.2.1] Since er > 0.005, the member is tension controlled and ¢ = 0.90.

M, = (0.90)-(0.531)-(60)-(6.19—0'—59j+12 =13.97 ft-k

Since the flexural resistance, M, is greater than the factored moment, My, the
strength limit state is satisfied.

10
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Maximum
Reinforcing
[5.7.3.3.1]

Minimum
Reinforcing
[5.7.3.3.2]

Fatigue
Limit State
[9.5.3] &
[5.5.3.1]

2- Span CIPPTCBGB

The 2006 Interim Revisions eliminated this limit. Below a net tensile strain in
the extreme tension steel of 0.005, the factored resistance is reduced as the
tension reinforcement quantity increases. This reduction compensates for the
decreasing ductility with increasing overstrength.

The LRFD Specification specifies that all sections requiring reinforcing must
have sufficient strength to resist a moment equal to at least 1.2 times the
moment that causes a concrete section to crack or 1.33 M,. A conservative
simplification for positive moments is to ignore the 0.5 inch wearing surface
for this calculation. If this check is satisfied there are no further calculations
required. If the criteria is not satisfied one check should be made with the
wearing surface subtracted and one with the full section to determine which of
the two is more critical.

S. = (12.0)(8.00)* / 6 = 128 in®
f =0.37,/f', =0.785 ksi

1.2M_, =1.2f,S, = (1.2)-(0.785) - (128) +12 = 10.05 ft-k
1.2M_, =10.05< M, =13.97 ft-k

.. The minimum reinforcement limit is satisfied.

Fatigue need not be investigated for concrete deck slabs in multi-girder
applications.

The interior deck is adequately reinforced for positive moment using #5 @ 7
inches.

11
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Distribution
Reinforcement
[9.7.3.2]

Skewed Decks
[9.7.1.3]
[BPG]

2- Span CIPPTCBGB

Reinforcement shall be placed in the secondary direction in the bottom of slabs
as a percentage of the primary reinforcement for positive moments as follows:

220 .
—— < 67 percent maximum
Js
220
——— =85 percent
\6.75

Use 67% Maximum.
A = 0.67(0.531) = 0.356 in’
Use #5 @ 10” = A;=0.372in’
The LRFD Specification does not allow for a reduction of this reinforcing in

the outer quarter of the span as was allowed in the Standard Specifications.

For bridges with skews less than 20 degrees, the ADOT LRFD Bridge Design
Guidelines specifies that the primary reinforcing shall be placed parallel to the
skew. For the zero degree skew in this example, the transverse deck
reinforcing is placed normal to the webs.

12
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Negative Moment A summary of negative moments follows:
Design
DC Loads

Deck 0.150(8.00 / 12)(6.75)*+ 10 = -0.46 ft-k

DW Loads
FWS  0.025(6.75)%+ 10 =-0.11 ft-k

Vehicle
LL+ 1M =-5.50 ft-k

Sgrvjce | Deck design is normally controlled by the service limit state. The working
Limit State stress in the deck is calculated by the standard methods used in the past. For

[9.5.2] this check Service | moments should be used.
[BDG]

[Table 3.4.1-1] M, =1.0(M oc + M, )+1.0(M )

M; = 1.0(0.46 + 0.11) + 1.0(5.50) = 6.07 ft-k
Try #5 reinforcing bars
ds = 8.00 — 2.50 clear — 0.625 / 2 = 5.19 inches

Determine approximate area reinforcing as follows:

oM, (607)-(12) . 5
A= fjd, (24.0)-(0.9)-(5.19)_0'650 "

Try #5 @ 5 %2 inches

A = (0.31)(12 / 5.50) = 0.676 in’

Allowable Stress Determine stress due to service moment:

o 0676 451085

“bd,  (12)-(5.19)

np = 8(0.01085) = 0.08680

k =+/2np+np? —np = Jz -(0.08680) +(0.08680)" —0.08680 = 0.339

jo1-K 10339 gg7
3 3

13
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[9.5.2]
[BDG]

Control of Cracking
[5.7.3.4]

[5.7.3.4-1]

2- Span CIPPTCBGB

oMo 0002 ki< 2a0ks
A jd. (0.676)-(0.887)-(5.19)

Since the applied stress is less than the allowable specified in the LRFD Bridge
Design Guidelines, the service limit state stress requirement is satisfied.

The deck must be checked for control of cracking. For all concrete components
in which the tension in the cross section exceeds 80 percent of the modulus of
rupture at the service limit state load combination the maximum spacing
requirement in Equation 5.7.3.4-1 shall be satisfied.

f.. = 0.80f, = 0.80(0.24./ f'_ ) = 0.80(0.509) = 0.407 ksi
Ser = (12.00)(7.50)? + 6 = 112.5 in®

(M. _BON)M2) 4 6476 > = 0.407 Ksi
s, 1125

cr

Since the service limit state stress exceeds the allowable, the spacing, s, of
mild steel reinforcing in the layer closest to the tension force shall satisfy the
following:

SSLOJ/"’—ZdC
p. f

S S

ve = 0.75 for Class 2 exposure condition for decks
dc = 2.50 clear + 0.625 + 2 = 2.81 inches
fs = 23.41 ksi

h = 8.00 inches

d 2.81
—1 c -1 =1.77
po=1+ 0.7(h—d,) ’ 0.7-(8.00-2.81)

- (700)-(0.75)

< 077) (23.41) —(2)-(2.81)=7.05in

Since the spacing of 5.50 inches is less than 7.05 the cracking criteria is
satisfied.

14
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Strength |
Limit State
[3.4.1]

Flexural
Resistance
[5.7.3]

[5.7.3.1.1-4]

[5.7.3.2.3]

[5.5.4.2.1]

Minimum
Reinforcing
[5.7.3.3.2]

2- Span CIPPTCBGB

Factored moment for Strength I is as follows:

M, :7DC(M Dc)+7’Dw (M DW )+1-75(M LL+IM )

M, =1.25-(0.46)+1.50-(0.11)+1.75-(5.50) = 10.37 ft-k

The flexural resistance of a reinforced concrete rectangular section is:
a
M, =¢M_ =gA fy(d _EJ

At (0.676)-(60) .
©= 0851 fb  (0.85)-(45)-(0.825)-@2) O

a = Bic = (0.825)(1.071) = 0.88 inches

& = O.OOS(d—Ct—lj = 0.003-(56—1791—1j =0.012

Since &1 > 0.005, the member is tension controlled and ¢ = 0.90.

M, =(0.90)-(0.676)-(60)- (5.19 = ?) +12 =14.45 ft-k

Since the flexural resistance, M, is greater than the factored moment, My, the
strength limit state is satisfied.

The LRFD Specification specifies that all sections requiring reinforcing must
have sufficient strength to resist a moment equal to at least 1.2 times the
moment that causes a concrete section to crack or 1.33 M,. The most critical
cracking load for negative moment will be caused by ignoring the 0.5 inch
wearing surface and considering the full depth of the section.

S.=12.0(8.0)*+ 6 =128 in®
1.2M_, =1.2f,S, =(1.2)-(0.785) - (128) +12 =10.05 ft-k
1.2M_, =10.05< M, =14.45 ft-k

.. The minimum reinforcement limit is satisfied.

15
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Fatigue
Limit State
[9.5.3] &
[5.5.3.1]

Shear
[C4.6.2.1.6]

2- Span CIPPTCBGB

Fatigue need not be investigated for concrete deck slabs in multi-girder
applications.

The interior deck is adequately reinforced for negative moment using #5 @
5 % inches.

Past practice has been not to check shear in typical decks. For a standard
concrete deck shear need not be investigated.

16
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The overhang shall be designed for the three design cases described below:
OVERHANG
DESIGN Design Case 1: Transverse forces specified in [Table A13.2-1]

[Appendix A13] Extreme Event Limit Combination Il Limit State
[Article A13.4.1]

Design Case 1 Rw

0. 538k
0. 946"

i

Face of Barrie

Location 1
Interior Support

Location 3

1'-7" 1-0); " 1-1"

9
b=
wr
~
12
_Z///Z___
8

Exterior
Support
Location 2

2-1¥"

DESIGN CASE 1

Figure 4

The deck overhang must be designed to resist the forces from a railing
collision using the forces given in Section 13, Appendix A. TL-5 rail will be
used with a 42 inch height. A summary of the design forces is shown below:

Design Forces Units
F, Transverse 124.0 Kips
Fy, Longitudinal 41.0 Kips
Fv, Vertical Down 80.0 Kips
Liand L, 8.0 Feet
Ly 40.0 Feet
He Minimum 42.0 Inch

17
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[A13.3.1-1]

[A13.3.1-2]

[Section 9]
[BDG]

2- Span CIPPTCBGB

The philosophy behind the overhang analysis is that the deck should be
stronger than the barrier. This ensures that any damage will be done to the
barrier which is easier to repair and that the assumptions made in the barrier
analysis are valid. The forces in the barrier must be known to analyze the deck.

R\ = total transverse resistance of the railing.
L. = critical length of yield line failure. See Figures 5 and 6.

For impacts within a wall segment:

2
R, = 2 8Mb+8MW+M°L°
2L, - L, H

) :5+\/[£ © L BH(M, +M,)

2 M

C

Required design values for the ADOT 42-inch F-shape barrier shown in SD
1.02 are published in the Bridge Design Guidelines and are repeated below:

My = 0.00 ft-k
M. = 15.16 ft-k
M, = 56.42 ft-k
Rw=129.6 k

2
| g, \/(8'00) ,8:(850)-(0+56.42) |, oc s
5 > 15.16

Since the railing resistance to transverse load, Ry, = 129.60 kips, is greater than

the applied load, F;=124.00 kips, the railing is adequately designed for the test
level specified.

18
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t + t t 1
i Face of Barrhar---J

Ls2

PLAN

Figure 5

ELEVAT ION

Figure 6
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Barrier Connection
To Deck

Flexure

Shear

2- Span CIPPTCBGB

The strength of the attachment of the barrier to the deck must also be checked.
The deck will only see the lesser of the strength of the barrier or the strength of
the connection. For the 42 inch barrier, #5 reinforcing at 12 inches connects the
barrier to the deck.

As=0.310in’
ds=17.25-1Y%clear — 0.625/ 2 = 15.44 inches
For a reinforcing bar not parallel to the compression face only the parallel

component is considered. The #5 reinforcing is oriented at an angle of 26
degrees.

_ A, cos6 _ (0.31)(60)Cos(26) _

= = 482 in
0.85f'.B,b  0.85(4)(0.85)(12)

a = p1c = (0.85)(0.482) = 0.41 inches

M, =Af, cos(e)(ds —ij fi-k
2

M. = (0.310)(60) cos(zs)(15.44 —%j/lz - 21.22 fik

oM, = (1.00)(21.22) = 21.22 ft-k

oP, = (21.22)(12) + (42) = 6.063 k/ft
The barrier to deck interface must also resist the factored collision load. The
normal method of determining the strength is to use a shear friction analysis.
However, in this case with the sloping reinforcing, the horizontal component of
reinforcing force will also directly resist the horizontal force.

Rn = Asfysind = (0.310)(60) sin (26) = 8.15 k/ft
The strength of the connection is limited by the lesser of the shear or flexural

strength. In this case, the resistance of the connection is controlled by flexure
with a value equal to 6.063 k/ft.

20
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The design of the deck overhang is complicated because both a bending
moment and a tension force are applied. The problem can be solved using
equilibrium and strain compatibility as described in Appendix A. In lieu of that
more complex method a simpler method will be demonstrated here.

Face of Barrier The design horizontal force in the barrier is distributed over the length L, equal
Location 1 to L. plus twice the height of the barrier. See Figures 5 and 6.
Figure 4

Lp = 14.96 + 2(3.50) = 21.96 ft
Py =129.60/21.96 = 5.90k/ft < 6.06 k/ft per connection strength

Dimensions

h = 9.00 + (3.00) (1.583) / (2.625) = 10.81 in = 0.901 ft
dy = 10.81 — 2.50 clr — 0.625 / 2 = 8.00 in

Moment at Face of Barrier

Deck  =0.150(9.00/12)(1.58)*+2 = 0.14 ft-k
0.150(1.81/ 12)(1.58)* = 6 =0.01 ft-k
= 0.15 ft-k
[3.5.1]
[BDG] Barrier = 0.538(0.946) =0.51 ft-k

Collision = 5.90 [3.50 +(0.901) / 2] = 23.31 ft-k
[Appendix A 13]
[A13.4.1] The load factor for dead load shall be taken as 1.0.

Extreme Event 11 M, = 1.00(0.15 + 0.51) + 1.00(23.31) = 23.97 ft-k
[Table3.4.1-1]

e=My/P,=(23.97)(12) / (5.90) =48.75 in

Assume the top layer of reinforcing yields and fs = 60 ksi
Determine resulting force in the reinforcing (#5 @ 5 %2”):

T, =(0.676)(60) = 40.56 k

21
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Simplified Method

2- Span CIPPTCBGB

The simplified method of analysis will be used. If only the top layer of
reinforcing is considered in determining strength, the assumption can be made
that the reinforcing will yield. By assuming the safety factor for axial tension is
1.0 the strength equation can be solved directly. This method will determine
whether the section has adequate strength. However, the method does not
consider the bottom layer of reinforcing, does not maintain the required
constant eccentricity and does not determine the maximum strain. For an in-
depth review of the development of this equation refer to Appendix A of these
guidelines.

o =ofr(a-3)-n3-3]

-P 40.56-5.90

u

0851 ‘b (0.85)-(45) (12)

oM = (1.00)- {(40.56)- (8.00 —0'_276j 2 (5,90).(&281_0-_276]} 212

where a = =0.76 in

oM, = 23.28 ft-k

Since ¢ M, =23.28 < M, =23.97 ft-k, the overhang does not have adequate
strength. Note that the resulting eccentricity equals (23.28)(12) + 5.90 = 47.35
inches compared to the actual eccentricity of 48.81 inches that is fixed by the
constant deck thickness, barrier height and dead load moment. Reinforcing in
deck should be increased since ¢ M, < My,
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Development
Length
[5.11.2]

[5.11.2.1.1]

2- Span CIPPTCBGB

The reinforcing must be properly developed from the barrier face towards the
edge of deck. The available embedment length equals 19 inches minus 2
inches clear or 17 inches. For the #5 transverse reinforcing in the deck the
required development length is as follows:

1.25A f . .
For No. 11 bar and smaller: Al = (1'25) (0'31) (60) =10.96in

T Jas

But not less than 0.4 dy, fy = (0.4)(0.625)(60) = 15.00 in

Since the available length is greater than the required length, the reinforcing is
adequately developed using straight bars.
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LRFD Example 2 2- Span CIPPTCBGB

Exterior Support The deck slab must also be evaluated at the exterior overhang support. At this
Location 2 location the design horizontal force is distributed over a length Ls; equal to the
Figure 4 length L. plus twice the height of the barrier plus a distribution length from the

face of the barrier to the exterior support. See Figures 4, 5 and 6. Using a
distribution of 30 degrees from the face of barrier to the exterior support results
in the following:

Ls: = 14.96 + 2(3.50) + (2)tan(30)(1.04) = 23.16 ft
P, = 129.60 / 23.16 = 5.60 k/ft

Dimensions
h=12.00in
d; =12.00-2.50clr-0.625/2=9.19in

Moment at Exterior Support

DC Loads

Deck  =0.150(9.00/12)(2.63)*/ 2 =0.39 ft-k
=0.150(3.00 / 12)(2.63)*/ 6 =0.04 ft-k
Barrier =0.538(0.946 + 1.042) =1.07 ft-k
DC =1.50 ft-k

DW Loads
FWS = 0.025(1.04)*/ 2 =0.01 ft-k

Collision = 5.60[3.50 + (12.00 / 12) / 2] = 22.40 ft-k

The load factor for dead load shall be taken as 1.0.
[A13.4.1]
M, = 1.00(1.50) + 1.00(0.01) + 1.00(22.40) = 23.91 ft-k
Extreme Event 11
[3.4.1] Solve for the strength of the deck section:

T1 = (0.676)(60) = 40.56 k

g- TP _ 4056-560 _ ...
0.85f' b (0.85)-(4.5)-(12)

v, =of(0-5)-n(5-3)

oM = (1.00)-[(40.56)-[9.19 —0_276j _ (5,60).(¥_0-_276ﬂ 212
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oM, = 27.16 ft-
k> M, =23.91 ft-
k .. Section has
adequate
strength.

Interior Support

Location 3
Figure 4

[A13.4.1]

Extreme Event |1
[3.4.1]

2- Span CIPPTCBGB

Design Case 1

The deck slab must also be evaluated at the interior point of support. At this
location the design horizontal force is distributed over a length L, equal to the
length L. plus twice the height of the barrier plus a distribution length from the
face of the barrier to the interior support. See Figures 4, 5and 6. Using a
distribution of 30 degree from the face of the barrier to the interior support
results in the following:

Lsp = 14.96 + 2(3.50) + (2)tan(30)(2.13) = 24.42 ft
P, = 129.60 / 24.42 = 5.31 k/ft

Dimensions
h=28.00in
d;=8.00-250clr-0.625/2=5.19 in

Moment at Interior Support
For dead loads use the maximum negative moments for the interior cells used
in the interior deck analysis
DC = 0.46 ft-k
DW = 0.11 ft-k
Collision =5.31[3.50 + (8.00/ 12) / 2] = 20.36 ft-k
The load factor for dead load shall be taken as 1.0.
M, = 1.00(0.46) + 1.00(0.11) + 1.00(20.36) = 20.93 ft-k
Solve for the strength of the deck section:

T1 = (0.676)(60) = 40.56 k

o T-PR _ 4056-531 _ ..
- 085f' b (0.85)-(45)-(12)

o =ofr(0-3)-0(5-3)

oM | =(1.00)- {(40.56)-[5.19—0'—277j—(5.31)-(¥—0'—277ﬂ +12

oM, = 14.64 ft-k < M, = 20.93 ft-k .".Section has inadequate strength.
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Deck
reinforcement
should be revised

The deck is not

adequately reinforced
for Design Case I.

Design Case 2
[A13.4.1]

[A13.2-1]

2- Span CIPPTCBGB

[3.6.1]

[A13.4.1]

Extreme Event |1

[3.4.1]

Design Case 2: Vertical forces specified in [A13.2]
Extreme Event Limit State

Py
5/"

N
e ("

DESIGN CASE 2

Figure 7
This case represents a crashed vehicle on top of the barrier and is treated as an
extreme event. The load is a downward vertical force of 18.0 kips distributed
over a length of 18.0 feet. The vehicle is assumed to be resting on top of the
center of the barrier. See Figure 7.

At the face of exterior support:
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DC Dead Loads
=1.50 ft-k
DW Dead Load

Vehicle
Collision =
[80.0/40.0]
[2.625 -
(5.50/12)] =4.34
ft-k

The load factor for
dead load shall be
taken as 1.0.

M, = 1.00(1.50)
+1.00(0.01) +
1.00(4.34) =5.85
ft-k
Flexural Resistance
[5.7.3.2]

[5.7.3.1.1-4]

[5.7.3.2.3]

[C 5.5.4.2.1]

[1.3.2.1]

2- Span CIPPTCBGB

=0.01 ft-k

Minimum
Reinforcing
[5.7.3.3.2]

[5.4.2.6]

The flexural resistance of a reinforced concrete rectangular section is:

I\/Ir :¢Mn :qusfy(d_%J

Try #5 reinforcing bars
ds = 12.00 — 2.50 clr — 0.625 / 2 = 9.19 inches

Use #5 @ 5 %, the same reinforcing required for the interior span and
overhang Design Case 1.
(0.676)-(60)

__ At P
F = 0.85f'. Ab  (0.85)-(4.5)-(0.825)-(12) =107t

a = B:C = (0.825)(1.071) = 0.88 inches

& = 0.003-(d—ct —lj = 0.003-(%—1] =0.023

Since g1 > 0.005 the member is tension controlled.

M, =(0.676)-(60)- (9.19 —gj +12 = 29.58 ft-k

¢ =1.00
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LRFD Example 2 2- Span CIPPTCBGB

|\/|r = (I)Mn =
(1.00)(29.58) =
29.58 ft-k

Since the flexural
resistance, M, is
greater than the
factored moment, My,
the extreme limit state
is satisfied.

The LRFD
Specification requires
that all sections
requiring reinforcing
must have sufficient
strength to resist a
moment equal to at
least 1.2 times the
moment that causes a
concrete section to
crack or 1.33 M,

S.=bh?/6= LL Distribution
(12)(12.00)*/ 6 = | [BDG]
288 in°

1.2Mg = 1.2S. = | [Table 4.6.2.1.3-1]
1.2(0.785)(288)/1
2=2261ftk <
M, = 29.58 ft-k

Since the strength of IM
the section exceeds [3.6.2]
1.2 My, the minimum
reinforcing criteria is
satisfied. Multiple Presence
Factor
[3.6.1.1.2-1]

Strength Limit State
Design Case 3 Design Case 3: The loads specified in [3.6.1] that occupy the overhang
Strength and Service Limit State
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2- Span CIPPTCBGB

from the point of load to the support.
Width Primary Strip (inches) =45.0 + 10.0(0.042) = 45.42 in = 3.79 ft

Dynamic Load Allowance, IM

| For all states other than fatigue and fracture limit state, IM = 33%.

LL | X ="
M[hltiple presence factor must also be applied. Since one vehicle produces the

criticattoad; m=11.20.

LL + 1M =[26.00(1.33)(1.20)(0.042)] / 3.79 = 0.28 ft-k
h__‘\\——
) (1.50) + 1.50(0.01) + 1.75(0.28) = 2.38 ft-k
2"7}’2 "
DESIGN |CASE 3
_ Service |
Figure 8 Limit State
[3.4.1]

At the face of exterior
support:

DC Dead Loads
=1.50 ft-k
DW Dead Loads
=0.01 ft-k

While the LRFD
Specification allows
use of a uniform load
of 1.00 kip/ft for
service limit state
where the barrier is
continuous ADOT
does not. Therefore
use the live load
distribution for
strength limit state for
the service limit state
also. For a cast-in-
place concrete deck
overhang, the width
of the primary strip is
45.0 + 10.0 X where

X equals the distance

Allowable Stress
[BDG]
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Control of Cracking

The flexural
resistance was
previously calculated
for Design Case 2.
Since the member is
tension controlled, ¢
=0.90. Since M, =
(0.90)(29.58) = 26.62
ft-k is greater than M,
the deck is adequately
reinforced for
strength.

o= 1.0(1.50 +
0.01) + 1.0(0.28)
= 1.79 ft-k

ds =12.00-2.50
clr-0.625/2=
9.19in

As (#5 @ 5 %) =
0.676 in?

The maximum
allowable stress in a
deck is limited to 24
ksi per the LRFD
Bridge Design
Guidelines.

Determine stress due
to service moment:

2- Span CIPPTCBGB

A, 0.676

P~ bd, ~ [12)-(0.19)

=0.00613

np = 8(0.00613) = 0.0490

k=+/2np+np? —np = Jz -(0.0490) +(0.0490)* —0.0490 = 0.268

j=1—£=1—@=0.91l
3 3

M (1.79)-(12)

S

= A id, ~ (0676)-(0.912)-(9.19)

=3.80 ksi < 24.0ksi

Since the applied stress is less than the allowable specified by ADOT, the
service limit state requirement is satisfied.

For all concrete components in which tension in the cross section exceeds 80
percent of the modulus of rupture at the service limit state load combination
the maximum spacing requirement in Equation 5.7.3.4-1 shall be satisfied.

fa = 0.80f, = 0.80(0.24,/ ", ) = 0.80(0.509) = 0.407 ksi

S = (12.00)(11.50)* + 6 =264.5 in®

M, (179)-(12)

~S. 2645

=g =0.081ksi <fs, = 0.407 ksi

cr

Bottom Slab
Reinforcing
[5.14.1.5.2b]
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Temperature &
Shrinkage
Reinforcing
[5.10.8]

[5.10.8-1]

[5.10.8-2]

Since the service limit
state stress is less than
the allowable, the
control of cracking
requirement is
satisfied.

A minimum of 0.4%
reinforcement shall be

2- Span CIPPTCBGB

placed in the longitudinal direction in the bottom slab at a maximum 18 inch
spacing.

A = (0.004)(6)(12) = 0.288 in® Use #5 @ 12”

A minimum of 0.5% reinforcement shall be placed in the transverse direction
in the bottom slab at a maximum 18 inch spacing. The reinforcement shall
extend to the exterior face of the outside web and be anchored by a 90° hook.

As = (0.005)(6)(12) = 0.360 in> Use #5 @ 9” (A = 0.413 in?)

Temperature and shrinkage reinforcement requirements were changed in the
2006 Interim Revisions. The required area reinforcement for the section
follows:

1.30bh
> eE
A= ben)t,

0.11<A;<0.60

Exterior Web
b =(5.50 —1.00)(12) + cos(21.80) = 58.2 inches

1.30-(58.2)-(12.0)

=0.108 in’/ft
2-(58.2+12.0)-(60) "

A 2

Top Slab
B = 7.65(12) = 81.0 inches

1.30-(81.0)-(8.00)

=0.079 in*/ft
2-(81.0+8.00)-(60) "

A2

Bottom Slab

. 130-(81.0)-(6.0)

> =0.060 in%/ft
" 2-(81.0+6.0)-(60) "

Use #5 @ 12 in%/ft minimum reinforcement.
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LRFD Example 2
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LRFD Example 2

Section Properties

[10.7.4.2]

The section properties
have been calculated

2- Span CIPPTCBGB

subtracting the %2-inch wearing surface from the top slab thickness. However,
this wearing surface has been included in weight calculations. The bridge has
a uniform cross section except where the web flares from 12 inches to 18
inches starting 16 feet from the face of the abutment diaphragms. A summary
of section properties follows:

Section Properties 12” Web  18” Web
yb 36.63 35.93 | in
yt 28.87 29.57 | in

Inertia | 6,596,207 | 7,063,707 | in
Area 10,741 12,660 | in

The typical pier section is shown in Figure 10. To model the longitudinal
frame (Figure 11) the equivalent length of the drilled shaft is required. This
can be a complex problem. However, for a uniform layer of dense sand the
problem can be simplified by using the relative stiffness factor T. The relative
stiffness factor reflects the relative ratio of flexural rigidity of the shaft to
stiffness of the soil. For a dense sand with n = 0.200 Kkci.

1
r-(2)
n
4
El =(3405)- {”%4)] = 8,321,500,000

b (8,321,500,000

1
®.12-11.08 ft
0.200

For drilled shafts with an embedment depth at least three times T the
equivalent length of the shaft may be taken as follows:

L.=1.8T =1.8(11.08) = 19.95 ft
The top 5 feet of the column/shaft embedment is ignored as described in more
detail in the substructure design. Since two feet of the column is embedded,
the top three feet of the shaft is ignored for lateral support. Therefore the

length of the shaft used in the structural analysis is as shown below:

L =19.95 + 3.00 = 22.95 feet
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2- Span CIPPTCBGB
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Dead Load
[3.5.1]

Live Load
[3.6]

Prestress
Secondary
Moment

2- Span CIPPTCBGB

The equivalent length of the shaft is the length which when fixed at the base
with the soil removed will produce the same deflection and rotation at the top.
This can be verified by using a computer program such as L-Pile. For more
complex soil types that are usually encountered, L-Pile or a similar soil
structure interaction program may be used to determine the deflection at the
top of the column/shaft. For a prismatic column/shaft the equivalent length
can be solved for directly by using the following deflection formula:

3
A= P2 or solving for | yields: | = 31/3E|A
3El P

In the above formula, P is the applied load at the column top and A is the
resulting deflection.

For a non prismatic member the length of the shaft can be determined by trial
and error equating the two deflections. This length can then be used

in the frame analysis to determine moments and shears at the top of the
column. Values at the base will overestimate the true magnitude of the loads.
These values can be used in the design especially if the forces are low and the
1 percent reinforcing requirement controls. Otherwise, the top moments and
shears should be used as loads applied to a soil structure interaction program.

The longitudinal analysis was performed using a model as shown in Figure 11.
For this example moments, shears and stresses were calculated at tenth points
using computer software programs. A summary of the moments at critical
locations is shown in Table 1.

In LFRD design, the dead load must be separated between DC loads and DW
loads since their load factors differ. The DC loads include uniform loads from
the self-weight of the superstructure plus 0.010 ksf for lost deck formwork, and
the barriers plus the concentrated load from the intermediate diaphragm. The
DW load includes the 0.025 ksf Future Wearing Surface and any utilities.

The HL-93 live load in the LRFD specification differs from the HS-20-44 load
in the Standard Specifications. For an in-depth discussion of live loads refer to
Example 1. Computer software was used to generate the live loads for this
problem. Values shown in Table 1 are for one vehicle but include dynamic
load allowance.

Exact calculation of the secondary prestress moment is very difficult and time
consuming since the moment is a function of the prestress force along the
entire cable path not just at one point. The elastic shortening would have to be
calculated at each point and the resulting secondary moment recalculated.
Fortunately design does not require this level of refinement. The computer
software automatically calculated the secondary moment based on uniform
long-term losses along the span.
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Live Load
Distribution
[4.6.2.2.1]

[4.6.2.2.2b-1]

2- Span CIPPTCBGB

The LRFD Specification has made major changes to the live load distribution
factors. However, for a cast-in-place concrete box girder bridge a unit design
is allowed by multiplying the interior distribution factor by the number of
webs. The live load distribution factor for moment for an interior web with
one lane loaded is:

N = number of cells =5

S =web spacing (ft) = 7.75 ft

L =span length of beam (ft). For negative moment use the average of
the adjacent spans.

LL Distribution = (l 75+— — NLJ

Span 1 LL Distribution =| 1.75+ g/> l =0.356
3.6 \118 5

0.35 0.45
Span 2 LL Distribution = [1 75 +EJ(LJ (lj =0.344

3.6 \130 5
0.35 0.45
Negative LL Distribution = (1 75+ E)(LJ GJ =0.350
3.6 )\124 5

(consider average span)

The distribution factor for moment with two or more lanes loaded is:

0.25
LL Distribution = 13 ( S j(i]
N, ) \58\L

0.3 0.25
Span 1 LL Distribution = (E) (Ej(ij =0.540
5 5.8 118

0.3 0.25
Span 2 LL Distribution = (Ej (Ej(ij =0.527
5 5.8 130

0.3 0.25
Negative LL Distribution = (Ej (Ej(ij =0.533
5 5.8 \124
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Skew Reduction

Dynamic Load
Allowance
[3.6.2.1-1]

2- Span CIPPTCBGB

Span 1 LL Distribution
Span 2 LL Distribution
Negative LL Distribution

= (0.540)(6 webs) = 3.240
= (0.527)(6 webs) = 3.162
= (0.533)(6 webs) = 3.198

Since the bridge is right angle the live load skew reduction factor is not
applied.

The dynamic load allowance IM equals 33% for strength and service limit
states.

Dynamic load allowance applies to the truck or tandem but not to the design
lane load. The dynamic load allowance has been included in the summation of
live loads for one vehicle.

A summary of unfactored moments at critical locations from the computer
program follows. The negative moments at the pier shown below have been
reduced from the centerline moments.

Unfactored Moments (ft-k)

0.4 1.0 0.0 0.6
Span 1 Span 1 Span2 | Span?2
Superstructure 10990 -20545 | -20909 15044
Barrier 975 -1834 -1867 1340
DC 11965 -22379 | -22776 16384
DW (FWS) 951 -1790 -1822 1308
Vehicle LL+IM 2677 -2614 -2736 3023
LL Distribution 3.240 3.198 3.198 3.162
Total LL + IM 8673 -8360 -8750 9559
Secondary M 2497 6243 7041 2817
Table 1

The LRFD Specification has made major changes to the group load
combinations contained in [Table 3.4.1-1]. There are several limit states that
must be considered in design of the superstructure. The secondary moments
caused by the prestressing must be considered in the Strength Limit States.
These moments are permanent loads classified as locked-in erection stresses
(EL) with a load factor = 1.0. Limit states for this problem are as follows:
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[C5.7.1]

[Table 3.4.1-1]

2- Span CIPPTCBGB

STRENGTH I - Basic load combination relating to the normal vehicular use of
the bridge without wind.

M, = 1.25(DC) + 1.50(DW) + 1.75(LL + IM) + 1.0(EL)

Span 1
0.4 My = 1.25(11,965) + 1.5(951) + 1.75(8673) + 1.0(2497) = 34,058 ft-k
1.0 M, = 1.25(-22,379) + 1.5(-1790) + 1.75(-8360) + 1.0(6243)

= -39,046 ft-k

Span 2

0.0 My = 1.25(-22,776) + 1.5(-1822) + 1.75(-8750) + 1.0(7041)
= -39,475 ft-k

0.6 My = 1.25(16,384) + 1.5(1308) + 1.75(9559) + 1.0(2817) = 41,987 ft-k

For service limit states the secondary moment is considered as part of the
resisting prestress force and will be included as a resistance rather than a load.
This simplifies the calculations since the secondary moment is a function of
the amount of prestressing.

SERVICE | - Load combination relating to normal operational use of the
bridge including wind loads to control crack width in reinforced concrete
structures.

M; = 1.0(DC + DW) + 1.0(LL + IM)

Span 1
0.4 Mg =1.0(11,965 + 951) + 1.0(8673) = 21,589 ft-k
1.0 Mg =1.0(-22,379 -1790) + 1.0(-8360) = -32,529 ft-k

Span 2
0.0 Mg =1.0(-22,776 -1822) + 1.0(-8750) = -33,348 ft-k
0.6 Ms =1.0(16,384 + 1308) + 1.0(9559) = 27,251 ft-k

SERVICE |11 - Load combination relating only to tension in prestressed
concrete superstructures with the objective of crack control.

M, =1.0(DC + DW) + 0.80(LL + IM)

Span 1
0.4 M, = 1.0(11,965 + 951) + 0.8(8673) = 19,854 ft-k

1.0 M; = 1.0(-22,379 -1790) + 0.8(-8360) = -30,857 ft-k

Span 2
0.0 M = 1.0(-22,776 -1822) + 0.8(-8750) = -31,598 ft-k

0.6 M = 1.0(16,384 + 1308) + 0.8(9559) = 25,339 ft-k
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Prestress Design

2- Span CIPPTCBGB

The design of a post-tensioned concrete bridge involves making assumptions,
calculating results, comparing the results to the assumptions and reiterating the
process until convergence. Computer software was used to achieve this. Note
that only 199 strands are required but 200 strands are specified to allow for a
symmetric pattern. A summary of results follows:

foj = 0.77 Ty
No. Strands = 200 (0.6” ¢ strands)
Aps (0.217)(200) = 43.400 in?

= (0.77)(270)(43.400) = 9023 k

Step 1 — Assume Cable Path

The first step in design is to assume a cable path as shown in Figure 12. The
location of the center of gravity at the ends is very important for the anchor
zone design. Placing the center of gravity at the neutral axis results in a
uniform stress distribution at the ends but the top tendons will probably be too
high to have sufficient top edge clearance. Placing the cable path near the
geometric center of the section is usually a good compromise. For the long
span the cable path should be as low as possible. For the shorter span the cable
path is often raised to prevent upward deflection growth. At the pier the cable
path should be located as high as possible consistent with deck and pier cap
reinforcing requirements. Care must be taken to ensure that the cable path can
be physically located where assumed. A check on the center of gravity at the

critical locations is required once the area of prestressing steel is determined.
& Brg Abt 1 & Pier—i
' 118-0"

15"

[
I I
I [
I [
I [
| r

" |
™
l")
L]

=& Pier & Brg Abt 2—i
! 130-0"

45, 1667"

51"

47. 20" 53. 00" I11 ao[
o X2 X3

15
44,50
e

51 .
12"
|33'|33'

SPAN 2
Figure 12 — Cable Path
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Step 2 — Verify Cable Path

For 200 strands use two tendons per web. One duct will hold 17 strands and
the other 16 strands for four webs. The other two webs will have 17 strands in
each duct. The ducts must clear the three layers of #5 reinforcing in the
bottom slab. From manufacturers literature, the outside diameter of the duct
will be 4 3/8” maximum. When the strands are pulled, they will rise at the low
[C5.9.1.6] points and lower at the high points and not be located in the center of the duct.
To estimate this effect, the variable Z is used. For ducts over 4 inch diameter,
Z =1inch.

At the low point:
Duct c.g. = 4.375”+ 0.500” = 4.88 inches
C.g. ducts = 2 clr + 3(0.625) + 4.88 =8.76 inches
Strand c.g. = [16(4.375)+2 + 17(4.375 + 1 + 4.375+2)]+33 = 4.96 inches
c.g. strands = 8.76 + (4.96 — 4.88) + Z = 9.84 inches

At the pier: (Allow 2” for #11 pier cap reinforcing)
cg ducts = 7.00 + 2.00 + 4.88 = 13.88 inches
Strand c.g. = [17(4.375)+2 + 16(4.375 + 1 + 4.375+2)]+33 = 4.79 inches
cg strands = 13.88 + (4.79 — 4.88) + Z = 14.79 inches

Since there are many possible combinations of size of ducts and different
suppliers, one should be conservative in estimating the cg of the strands.
Therefore use 12 inches for the location of the cg of the strands at low point of
span 2 and 15 inches for the location of the cg of the strands at the pier.

N

G. Ducts

l~~C. G. Strands

Strands

. G.

=—C

L.
i
i
i

LOW POINT
Figure 13 — Strand CG
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LRFD Example 2

[5.9.5]
[BDG]

[5.9.5.2.2b-1]

2- Span CIPPTCBGB

Step 3 — Calculate Friction Losses

Total losses in prestress are due to friction loss, anchor set loss, elastic
shortening, shrinkage, creep and relaxation. When the strands are pulled
through the ducts, friction losses occur. Some loss is due to a uniform friction
along the length of the path and some is due to angle changes in the cable path.
Figure 14 is a diagram showing a summary of the friction losses, anchor set
losses, elastic shortening losses and time dependent losses. Friction
coefficients for rigid galvanized metal ducts are as follows:

k = 0.0002
n =025

For an unsymmetric two span bridge the cable should be jacked from the long
end. The increased friction losses in the shorter span should not shift the
critical location to the short span but the stresses in the short span should also
be checked. The bridge will be jacked from the Abutment 2 end only.

The angle change for various segments (See Figure 12) is shown below:

_2-(33-16)+12

a, = =0.060028 radians
47.20

_ 2-(45.1667 -16)+12

O, Filg= =0.082392 radians

59.00
b, - o 2 (44'225(1)2)“2 — 0.083333 radians
o, = 2:(33-12)+12 _; 167308 radians
52.00

Computer software calculated the friction losses at the tenth points along the
span. The friction loss calculations will be shown for the critical locations
along the span.

Af =1 (1_ e—(Kx+ya))

0.6 Span 2
kx + po = (0.0002)(52) + (0.25)[0.067308] = 0.027227

Af . = £, [L—eC%27) = 0,0269f
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End Seat Loss (92.09 ft) (See Step 4)
kx + pow = (0.0002)(92.09) + (0.25)[(92.09-52)/65(0.083333)+0.067308]
=0.048094

Af . = £, (1—e o)) 0,0470f

Span 2
kx + pa = (0.0002)(130) + (0.25)[2(0.083333)+0.067308] = 0.084494

Af . = £, (1—eC®=)— 00810

0.4 Spanl
kx + pa = (0.0002)(130+11.80+59.00) +
(0.25)[2(0.082392)+2(0.083333)+0.067308] = 0.139850

Af . = £, ([1—e®=%%0)) - 0,1305f,

Non-jacking End
kx + po = (0.0002)(118+130) +
(0.25)[0.060028+2(0.082392)+2(0.083333)+0.067308]
=0.164297

Af = fpj (1_6—(0.164297)): 0'1515fpj

A summary of friction losses at critical locations is shown in Figure 14.

Step 4 — Calculate Anchor Set Losses

The anchor set losses can be determined by the simplified method assuming
straight line friction and anchor set losses. However, for this structure
computer software was used that determined the losses using more
sophisticated methods accounting for the curved loss path. The structure will
be jacked from the Abutment 2 end only with an anchor set of 0.375 inches. A
summary of the anchor set losses follows:

Anchor Set Length = 92.09 feet
Anchor Set Loss = 19.522 ksi

Jacking End: Af , ﬂ =0.0939f

0.77-(270)

0.6 Span 2: Afya = 0.0939 — 2(0.0269) = 0.0401 f,;
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2- Span CIPPTCBGB

The initial force coefficients including both friction and anchor set losses at
critical locations are as follows:

Jacking End FC; =1.000 — 0.0939 = 0.9061 fy;

0.6 Span 2 FCi = 1.000 — 0.0269 — 0.0401 = 0.9330 fy;

End Seating FC;=1.000 — 0.0470 = 0.9530 fy;

Pier FCi = 1.000 — 0.0810 = 0.9190 f;
0.4 Span 1 FC;=1.000 — 0.1305 = 0.8695 f;

Non-Jacking End

FCi = 1.000 — 0.1515 = 0.8485 fj;

A summary of the friction and anchor set losses is shown in Figure 14 below:

Non-Jacking End

|
0.4 Span 1+

i
|
|
Friction —
Losses !
|
!
|

0.8485 |
| |
| 1
| Time Dependent
' Losses |
|

L=

|
: 0.7575
i

—""'E-\o. 8564

92.09

|
End seating Loss—j

0.6 Span 2+

Jacking End
1. 0000

& Pler—i

. Anchor
Elastic Set
Shortening Losses

130

STRESS DIAGRAM

Figure 14 — Stress Diagram
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Step 5 — Calculate Prestress Losses

Elastic Shortening Elastic shortening losses require that the number of tendons in the bridge be
[C 5.9.5.2.3b-1] known. The estimate of 12 tendons (2 tendons per web) will be used to
calculate the elastic shortening losses. Elastic shortening losses can be
calculated directly with a rather lengthy equation in lieu of a trial and error
method. The equation for calculation of elastic shortening in the LRFD
Commentary [C5.9.5.2.3b-1] is incorrect. The equation also does not directly
consider the effect of the secondary prestress moment. The correct formula is
given below:

AL (FC)T 1+ Ae,?)-e, (M, +M ;. )A

A-1-E. 2N
A (1+Ae ?
"5( A )+ E (N-1)

p

Af s =

This equation can be modified by dividing both the numerator and
denominator by A and substituting r? for the ratio | / A. This version of the
equation produces more manageable numbers.

(FC)f Adr? +e *)-e, (M, +M .
pl"p [¢] p
E.l 2N
E. N-1

p

Af oo =

pES 5
2
Aps(r e )+

r>=1/A=6,596,207 /10,741 =614.11 in

The problem of determination of elastic shortening losses is more difficult than
first viewed. The secondary moment is a function of the stress in the tendons
along the entire cable path. The secondary moment could be calculated
considering the elastic shortening losses along the span but this refinement is
not considered necessary considering the accuracy of the loss calculations.

The secondary moment considering final losses will be used to determine the
elastic shortening loss. The losses will be calculated for the three critical
locations.
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Prestress Loss
0.6 Span 2

Elastic Shortening

[5.9.5.2.3b-1]

Time-Dependent
Losses
[5.9.5]
[BDG]

2- Span CIPPTCBGB
0.6 Span 2
e = 36.63 — 12.00 = 24.63 in
A% +e,?)=(43.400)- (614.11+ (24.63) )= 52,980

|Eq 2-N__(6596.207)-(3405) 2-02) _; 116405
e (N-D 28500 (12-1)

(52,980)-(0.9330)-(0.77 - 270) - (24.63)- (15,044 + 2817)- (12)
52,980 + 1,719,432

Af oo =

pES

Aprs =2.82 ksi

2.82

W =0.9194

FC. =0.9330—

Calculate fcg, and verify the elastic shortening by substituting into [Eqn.
5.9.5.2.3b-1].

1 (24.63)°
f —43.400-[(0.9330)-(0.77)-(270) - 2.82]-
= { )077)-(270) | [10741+ 6,596,207}

(15,044 + 2817)-12-(24.63)

- =0.735 ksi
6,596,207
-1 E —
Af e a1, fogp = 12-1 -{28500](0.735):2.82 ksi OK
2N E, (2)-(12) | | 3405

The method of loss calculation contained in the 2006 LRFD Specification shall
not be used for post-tensioned box girder bridges. AASHTO LRFD
Specifications Third Edition, 2004 shall be used. as specified in the Bridge
Design Guidelines.
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Shrinkage
[5.9.5]
[BDG]

Creep
[5.9.5]
[BDG]

Relaxation
[5.9.5]
[BDG]

Total Losses

2- Span CIPPTCBGB

For Arizona, most locations have an average relative humidity of
approximately 40%. The equation for shrinkage losses follows:

Afsr = (13.5 - 0.123 H) = 13.5 - (0.123)(40) = 8.58 ksi

The equation for creep follows:

AprR = 12.0 fcgp - 7.0 Afcdp
where fegp has been previously calculated in the determination of elastic
shortening losses and Af.q, equals the change in concrete stress due to
externally applied dead loads excluding self weight.

Afegp = (1340 + 1308)(12)(24.63) / (6,596,207) = 0.119 ksi

Afpcr = 12.0(0.735) — 7.0(0.119) = 7.99 ksi
For low relaxation strands, the relaxation in the prestressing strands equals
30% of the equation shown below:

Aprz =20.0-0.3 Apr -04 Aprs —O.Z(AfpSR + AprR)

where Afyr = the friction loss below 0.70 fp, at the point under
consideration.

At 0.6 Span 2 the friction stress is 0.9330f; or (0.9330)(0.77)fo, =
0.7184 f,,. Since this value is greater than 0.70, Af,r = 0.

Aforz = 0.3[20.0 —0.3(0) — 0.4(2.82) -0.2(8.58 + 7.99)] = 4.67 ksi

The final total loss excluding friction and anchor set loss is:
Final Loss = 2.82 + 8.58 + 7.99 + 4.67 = 24.06 ksi

FC, =0.9330 o 2406 4g173

(0.77)-(270)

Refer to Figure 14 for an overall view of losses.
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Prestress Loss
0.4 Span 1

Elastic Shortening

[Equation5.9.5.2.3b-
1]

Shrinkage

Creep

2- Span CIPPTCBGB

0.4 Span 1
e =36.63 -16.00 = 20.63in

A% +e,?)=(43.400). (614.11+ (20.63) )= 45123

|-E;, 2-N _(6,596,207)-(3405) 2-(12)

_ =1,719,432
E, (N-1) 28500 (12-1)
A (45123)-(0.8695)-(0.77- 270)— (20.63)- (10,990 + 2497)- (12)
PES — 45123 +1,719,432
Aprs =2.73 ksi
FC. =08695-——=/> ___ 08564

(0.77)-(270)

Calculate f.g, and verify the elastic shortening by substituting into [Eqn.
5.9.5.2.3b-1].

1 (20.63)*
f.. =(43.400)-[(0.8695)-(0.77)-(270)-2.73]-
an = il ):(077):(270) ] [10741+ 6,596,207]

(10990 + 2497)-12-(20.63) _ 0.712 ksi

6,596,207

1 E _
_ Ty fo _12-1 28500 -0.712=2.73 ksi OK
2N Ej, 2-12 3405
The equation for shrinkage losses follows:

Afsr = (13.5 - 0.123 H) = 13.5 - (0.123)(40) = 8.58 ksi

The equation for creep follows:
AprR = 12.0 fcgp - 7.0 Afcdp
where fegp has been previously calculated in the determination of elastic

shortening losses and Af.q, equals the change in concrete stress due to
externally applied dead loads excluding self weight.
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Relaxation

2- Span CIPPTCBGB

Afegp = (975 + 951)(12)(20.63) / (6,596,207) = 0.072 ksi
Afocr=12.0(0.712) — 7.0(0.072) = 8.04 ksi
For low relaxation strands, the relaxation in the prestressing strands equals
30% of the equation shown below:
Aprz =20.0-0.3 Apr -04 Aprs —O.Z(AfpSR + AprR)

where Afyr = the friction loss below 0.70 f,, at the point under
consideration.

At 0.4 Span 1 the friction stress is 0.8695f; or (0.8695)(0.77)f,, =

0.6695 fy,. Since this value is less than 0.70, Afye = (0.70 - 0.6695)(270) =
8.24 ksi.

Afora = 0.3[20.0 —0.3(8.24) — 0.4(2.73) — 0.2(8.58 + 8.04)]
= 3.93 ksi

The final loss excluding friction and anchor set loss is:
Final Loss = 2.73 + 8.58 + 8.04 + 3.93 =23.28 ksi

23.28

FC, =0.8695— ————
f (0.77)-(270)

=0.7575

Refer to Figure 14 for an overall view of losses.
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Prestress Loss
Pier Span 2

Elastic Shortening

Shrinkage

Creep

2- Span CIPPTCBGB

Pier Span 2
e =51.00-36.63=14.37in

A7 +e,?)=(43.400)- (614.11+ (14.37) ) = 35,614

|-E;, 2-N _(6,596,207)-(3405) 2-(12)

- =1,719,432
E, (N-1) 28500 (12-1)
Af — (35,614)-(0.9190)-(0.77 - 270) - (14.37)-(20,909 — 7041)- (12)
s 35,614 +1,719,432
Aprs =2.51 ksi
FC. =0.9190 - 231 _ 59069

(0.77)-(270)

Calculate f.g, and verify the elastic shortening by substituting into [Eqn.
5.9.5.2.3b-1].

fo =(43.400).[(0.9190)-(0.77)-(270)—2.51]-( 1, (g7 J

10741 6,596,207

_(20,900-7041)-12-(14.37) _ ' (o
6,596,207

-1 E -
(N1 B g 1221 28500 65 951 ksi OK
2N E, 212 3405

The equation for shrinkage losses follows:

Afysr = (13.5 - 0.123 H) = 13.5 - (0.123)(40) = 8.58 ksi

The equation for creep follows:
where fegp has been previously calculated in the determination of elastic
shortening losses and Afcq, equals the change in concrete stress due to

externally applied dead loads excluding self weight.

Afogp = (1867 + 1822)(12)(14.37) / (6,596,207) = 0.096 ksi
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Relaxation

2- Span CIPPTCBGB

Afcr = 12.0(0.655) — 7.0(0.096) = 7.19 ksi

For low relaxation strands, the relaxation in the prestressing strands equals
30% of the equation shown below:

AprZ =20.0-0.3 Apr -04 AprS — O'Z(AfpSR + AprR)

where Afyr = the friction loss below 0.70 fy, at the point under
consideration.

At the pier the friction stress is 0.9190f; or (0.9190)(0.77)f,, = 0.7076 fy,.
Since this value is greater than 0.70, Afye = 0 ksi.

Afpro = 0.3[20.0 -0.3(0) — 0.4(2.51) — 0.2(8.58 + 7.19)] = 4.75 ksi
The final loss excluding friction and anchor set loss is:
Final Loss = 2.51 + 8.58 + 7.19 + 4.75 = 23.03 ksi

FC, =09190— —29 ___ 8082

(0.77)-(270)

Refer to Figure 14 for an overall view of losses.
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Prestressing
Strand Stress
[5.9.3]

[BDG]

[Table 5.9.3-1]

2- Span CIPPTCBGB

Step 6 — Check Allowable Stress in Strands

There are four limits for stress in prestressing strands. The first allowable limit
is prior to seating. Bridge Group has modified the LRFD allowable of 0.90 fyy,
=(0.90)(0.90) f,, = 0.81f,, to a maximum of 0.78 fy,.

The second stress limit is 0.70 f,, at anchorages immediately after anchor set.
At this time friction losses and anchor set losses have occurred. This criteria
will usually limit the allowable jacking stress.

At jacking end:
(2) Strand stress = 0.9061fy; = (0.9061)(0.77)fp, = 0.698 fpy < 0.70 fyy

At non-jacking end:
(2) Strand stress = 0.8485f; = (0.8485)(0.77)fp, = 0.653 f,, < 0.70 fpy

The third stress limit to be checked occurs at the end of the seating loss zone
immediately after anchor set.

(3) Strand stress = 0.9530f; = (0.9530)(0.77)fp, = 0.734 f,, < 0.74

The fourth stress limit is a service limit state after all losses. The maximum
prestress strand stress occurs at the end of the seating loss zone. The
maximum composite dead load and live load plus dynamic load allowance
occurs at the 0.6 Span 2. Since this criteria rarely controls, adding the two
maximum values, even though they do not occur at the same place and using
the losses at 0.6 Span 2, is a reasonable and conservative simplification.

foe = [0.9530 - (0.9330 - 0.8173)](0.77)f,, = 0.6447 f,, after all losses

At service limit state added dead load and live load plus dynamic
allowance stresses are added to the strand stress since the strands are
bonded through the grouting process.

_ (1340+1308+9559)-12-(24.63) 28500

f_ .=
e 6,596,207 3861

=4.037 ksi

Strand stress = 0.6447 fy, +(4.037) / (270)f,, = 0.660 fyy
(4) Strand stress = 0.660 f,, < 0.80 fy = 0.80(0.90) fyy = 0.720 fyy

Since the four criteria for stress in the strand are met, the jacking coefficient of
0.77 is satisfactory.

51



LRFD Example 2

[5.9.4.1.1]

2- Span CIPPTCBGB

Step 7 — Verify Initial Concrete Strength
Once the amount of prestressing steel is determined from tension criteria, the
resulting concrete stress and required concrete strength can be determined.

Service | limit state is used to determine the initial concrete compressive stress.
The concrete stress in compression before time dependent losses is limited to:

Allowable Compression = 0.60- ', = 0.60-(3.5) = 2.100 ksi

The basic equation for stress in concrete follows:

f _ I:)jFCES + (PJ l:CESe-i_ Msec)y n Z(]’NI )y
A | |

0.6 Span 2
Bottom fiber

_ (9023)-(0.9194) . [(9023)-(0.9194)- (24.63) - (2817)-(12)]- (36.63)
1074 6,596,207
(15,044)-12-(36.63)

- =0.772+0.947 —1.003 = 0.716 ksi < 2.100 ksi
6,596,207

Top fiber

(9023)-(0.9194)  [(9023)-(0.9194)- (24.63) - (2817)- (12)]-(28.87)

! 10741 6,596,207
+ (15,044)-12-(28.87) =0.772—0.746 + 0.790 = 0.816 ksi < 2.100 ksi
6,596,207
0.4 Span 1

Bottom Fiber

(9023)-(0.8564) .\ [(9023)-(0.8564)- (20.63) - (2497)- (12)]- (36.63)

° 10741 6,596,207
_ (10990)-12-(36.63) _ 0.719+0.719—0.732 = 0.706 ksi < 2.100 ksi
6,596,207
Top fiber
_ (9023)-(0.8564) [(9023)-(0.8564)- (20.63)— (2497)- (12)] - (28.87)
t 10741 6,596,207

.\ (10,990)-12-(28.87)
6,596,207

=0.719-0.567 +0.577 = 0.729 ksi < 2.100 ksi
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[5.9.4.1.2]

[5.9.4.2.1]

2- Span CIPPTCBGB

Pier Span 2
Bottom Fiber

(9023)-(0.9069) [(9023)-(0.9069)- (14.37)+ (7041)- (12)]- (36.63)

b 10741 6,596,207

+ (20,909)-12-(36.63) ~0.762-1.122 +1.393 =1.033 ksi < 2.100 ksi
6,596,207

Top fiber

(9023)- (0.9069) .\ [(9023)-(0.9069)- (14.37)+ (7041)- (12)]- (28.87)

! 10741 6,596,207
_ (20,909)-12.(28.87) =0.762 +0.884 —1.098 = 0.548 ksi < 2.100 ksi
6,596,207

Jacking End
Independent analysis provides an elastic shortening loss at the support of

0.0119 P;.
Bottom fiber

(9023)-(0.8942) i (9023).(0.8942)-(3.63)-(36.63)
10741 6,596,207

= 0.914 ksi

b

The initial concrete stresses are less than the allowable compressive stress.
Therefore f’¢; = 3.5 ksi is acceptable. The initial concrete stress must also be
checked in the design of the anchor zone. This check may control the required
initial strength.

Step 8 — Temporary Tension at Ends

The ends of the structure should be checked to ensure that the end eccentricity
has been limited so as to keep any tension within the allowable.

[ - (9023)-(0.8942) (9023)-(0.8942)- (3.63)-(28.87) _ 0.693 ksi >
10741 6,596,207

Since there is no tension at the ends, the criteria is met.
Step 9 — Determine Final Concrete Strength

The required final concrete strength is determined after all prestress losses.
Service | load combination is used.
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[5.7.4.7.2¢-1]

[5.7.4.7.1]

2- Span CIPPTCBGB

0.6 Span 2

Case | — Permanent Loads plus Effective Prestress
Allowable Compression = 0.45 f*; = (0.45)(4.5) = 2.025 ksi

~ (9023)-(0.8173) [(9023)-(0.8173)-(24.63)— (2817)-(12)]-(28.87)
10741 6,596,207
. (17,692)-12-(28.87)

6,596,207

=0.687 —0.647 +0.929 = 0.969 ksi < 2.025 ksi

Case Il — One-half the Case I loads plus LL + IM

Allowable Compression = 0.40 f’; = (0.40)(4.5) = 1.800 ksi

1

fo=>-[0969]+ (9559)-12.(28.87)

6,596,207

fi = 0.987 ksi < 1.800 ksi Allowable OK

Case Il — Effective Prestress, Permanent Loads and Transient Loads
Allowable Compression = 0.60 o, f’c = 0.60(1.00)(4.5) = 2.700 ksi

The reduction factor ¢y shall be taken equal to 1.0 when the wall slenderness
ratio A IS not greater than 15. The critical ratio involves the bottom slab.

PR (7.75-1.00) _10c 4
t 0.500

Since the ratio is less than the allowable, the equivalent rectangular stress
block can be used.

¢ _ (9023):(0.8173) [(9023)-(0.8173)-(24.63)(2817)-(12)]- (28.87)

‘ 10741 6,596,207
.\ (27,251)-12-(28.87)
6,596,207

=0.687—-0.647+1.431=1.471ksi < 2.700 ksi
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0.4 Span 1
Case | — Permanent Loads plus Effective Prestress

Allowable Compression = 0.45 f*; = (0.45)(4.5) = 2.025 ksi

(9023)-(0.7575)  [(9023)-(0.7575)-(20.63) - (2497)- (12)]- (28.87)

‘ 10741 6,596,207

. (12,916)-12-(28.87)
6,596,207

=0.636-0.486 +0.678 = 0.828 ksi < 2.025 ksi

Case Il — One-half the Case I loads plus LL + IM

Allowable Compression = 0.40 f’; = (0.40)(4.5) = 1.800 ksi

1

fo= E-[0.828]+ (8673)-12-(28.87)

6,596,207

fi = 0.870 ksi < 1.800 ksi Allowable OK
Case |11 — Effective Prestress, Permanent Loads and Transient Loads
Allowable Compression = 0.60 o, f’c = 0.60(1.00)(4.5) = 2.700 ksi

(9023):(0.7575)  [(9023)-(0.7575)-(20.63)—(2497)-(12)]-(28.87)

‘ 10741 6,596,207

. (21,589)-12-(28.87)
6,596,207

=0.636—-0.486+1.134 =1.284 ksi < 2.700 ksi
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2- Span CIPPTCBGB

Pier Span 2

Case | — Permanent Loads plus Effective Prestress

Allowable Compression = 0.45 f*; = (0.45)(4.5) = 2.025 ksi

¢ (9023)-(0.8082) [(9023)-(0.8082)- (14.37)+(7041)- (12)]- (36.63)
° 10741 6,596,207

. (24,598)-12-(36.63)
6,596,207

=0.679-1.051+1.639 =1.267 ksi < 2.025 ksi

Case Il — One-half the Case I loads plus LL + IM

Allowable Compression = 0.40 f’¢ = (0.40)(4.5) = 1.800 ksi

f 1 fL.267]+ (8750)-12-(36.63)
2 6,596,207

fp = 1.217 ksi < 1.800 ksi Allowable OK

Case |ll — Effective Prestress, Permanent Loads and Transient Loads

Allowable Compression = 0.60 ¢, f’c = 0.60(1.00)(4.5) = 2.700 ksi

(9023)-(0.8082) [(9023)-(0.8082)- (14.37)+ (7041)- (12)]- (36.63)

b 10741 6,596,207

. (33,348)-12-(36.63)
6,596,207

=0.679-1.051+2.222 =1.850 ksi < 2.700 ksi
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[BPG]

2- Span CIPPTCBGB

Step 10 — Determine Final Concrete Tension

Determination of the tension in the concrete is a Service Il Limit State. The
allowable tension after all losses is limited to

Allowable Tension = 0.0948,/ f ', =0.0948+/4.5 = 0.201 ksi

The basic equation for stress in concrete follows:

_ PjFCf +(PjFCfe+MP/s)y+Z(7’M )y
A | |

f

Bottom fiber at 0.6 Span 2

~ (9023)-(0.8173) . [(9023)-(0.8173)-(24.63)— (2817)-(12)]- (36.63)
T 10741 6,596,207

_(25,339)-12. (36.63) = 0.687 +0.821—-1.689 = —0.181 ksi > —0.201 ksi
6,596,207

Bottom fiber at 0.4 Span 1

~ (9023)-(0.7575) ] [(9023)-(0.7575)-(20.63) - (2497)- (12)]- (36.63)
P 1074 6,596,207

- (19,:854)-12(36.63) =0.636+0.617 —1.323 = —0.070 ksi > —0.201 ksi
6,596,207

Top fiber at Pier Span 2

_ (9023)-(0.8082) .\ [(9023)-(0.8082)- (14.37)+ (7041)- (12)]- (28.87)
10741 6,596,207

_ (31598)-12.(28.87) —0.679+0.828 —1.660 = —0.153 ksi > —0.201 ksi
6,596,207
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[BPG]

Fatigue Limit
State
[5.5.3.1]

2- Span CIPPTCBGB

The member must also be checked to ensure that there is no tension under dead
load and effective prestress.

Bottom fiber at 0.6 Span 2

(17,692)-(12)-(36.63)
6,596,207

f, =0.687 +0.821— =0.329 ksi >0

Bottom fiber at 0.4 Span 1

(12,916)- (12)-(36.63)

f, =0.636+0.617 -
6,596,207

=0.392 ksi > 0

Top fiber at Pier Span 2

(24,598)-(12)-(28.87)
6,596,207

=0.215ksi >0

f, =0.679+0.828 —

Since both the above criteria are met, the superstructure has adequate prestress
reinforcement for serviceability.

Fatigue of the reinforcement need not be checked for fully prestressed
components designed to have extreme fiber tensile stress due to Service Il
Limit State within the tensile stress limit specified in Table 5.9.4.2.2-1.

58



LRFD Example 2

Flexural
Resistance
[5.7.3]

[5.7.3.1.1-1]

[5.7.3.1.1-2]

[5.7.3.1.1-4]

[5.7.3.2.3]

[5.7.3.2.2-1]

2- Span CIPPTCBGB

Step 11 — Flexural Resistance
The flexural resistance of the structure must exceed the factored loads.
Strength | Limit State should be compared to the resistance. The Strength I
Limit State includes the secondary moment from prestressing.

M, = oM, < 2yM

0.6 Span 2
STRENGTH I: 2yM = 41,987 ft-k

Aps = (0.217)(200) = 43.400 in

c
f = fpu(l—kd—pJ

f
k=21.04-—"|= 2(1.04 —Ej =0.28
f 270

pu
For a rectangular section without mild reinforcing steel:

dp = 65.50 — 12.00 = 53.50 inches

. At f
0.85f' B+ kA, dp”
p
h (43.400)-(270) 661ty 750
0.85-(4.5)-(0.825)- (542)+ 0.28 - (43.400)- S350

Since the stress block depth is less than the slab, the section is treated as a
rectangular section:

a=cp, =(6.61)-(0.825)=5.45in

fo= (270)-(1— (0.28)-%j = 260.66 ksi

a
Mn = Apsfps[dp —Ej
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[5.5.4.2]
[BDG]

Maximum
Reinforcing
[5.7.3.3.1]

Minimum

Reinforcing
[5.7.3.3.2]

[5.7.3.3.2-1]

2- Span CIPPTCBGB

M, =(43.400)-(260.66)- (53.50 —5'—:51 +12 = 47,867 ft-k

Determine the tensile strain as follows:

& = O.OOB(d—T —1} = 0.003-(% - j =0.021
c .

Since er > 0.005, the member is tension controlled.

The resistance factor ¢ = 0.95 for flexure of cast-in-place prestressed concrete.
oM, = (0.95)(47,867) = 45,474 ft-k > 41,987 ft-k

.. Section is adequate for flexural strength at.0.6 Span 2.

The 2006 Interim Revisions eliminated the maximum reinforcing requirement
replacing it with the strain limitations associated with the phi factors.

There is also a minimum amount of reinforcement that must be provided in a
section. The amount of prestressed and nonprestressed tensile reinforcement
shall be adequate to develop a factored flexural resistance at least equal to the
lesser of:

1.2 Mg
1.33 3yM = 1.33 M,

The cracking moment is determined on the basis of elastic stress distribution
and the modulus of rupture of the concrete.

Mcr = Sc(fr + fcpe)_ Ivldnc(ss_c_]'jZ Sc fr

nc

Since the structure is designed for the monolithic section to resist all loads, Sy
should be substituted for S, resulting in the second term equaling zero.

S, =S, _ 1 _BO90.207 154077 in?
y,  36.63
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Flexural
Resistance

[5.7.3.1-1]

[5.7.3.1:1-4]

2- Span CIPPTCBGB

Since the effect of the secondary moment is included in the applied loads, it is
not repeated in the stress equation.

_PJ.FCf P,FCe,Y,
T A |

f

_(9023)-(0.8173) s (9023)-(0.8173)- (24.63)-(36.63)

e ~1.695 ksi
10,741 6,596,207

1.2 M, = 1.2(180,077)(0.785 + 1.695) / 12 = 44,659 ft-k

Since 1.2 M, = 44,659 < oM, = 45,474, the minimum reinforcing limit is
satisfied.

0.4 Span 1
STRENGTH I: 2yM = 34,058 ft-k

Aps = (0.153)(282) = 43.400 in?

C
f, = fpu(l—kd—pJ

For a rectangular section without mild reinforcing steel:
dp = 65.50 — 16.00 = 49.50 inches

A f

ps ' pu

f
0.85F", fib+ KA,
p

(43.400)-(270)
270

0.85-(4.5)-(0.825)-(542)+0.28-(43.400)- ——
(45)-(0:825)-(542) +0.28-(63.400). 2/

C=

C= = 6.60< ts]ab :7.50"

Since the stress block depth is less than the slab, the section is treated as a
rectangular section:

a=cp, =(6.60)-(0.825)=5.44in

6.60 .
f  =(270)-|1-(0.28).- —— | = 259.92 k
= o)( (0.28) 4950) 59.92 ksi
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[5.7.3.2.2-1]

[BDG]

Maximum
Reinforcing
[5.7.3.3.1]

Minimum

Reinforcing
[5.7.3.3.2]

[5.7.3.3.2-1]

2- Span CIPPTCBGB

a
Mn = Apsfps[dp —Ej

M, =(43.400)-(259.92)- (49.50 —#j +12 = 43,975 ft-k

Determine the tensile strain as follows:

& = 0.003(%—1] = 0.003-(%— j =0.020

Since g1 > 0.005, the member is tension controlled.
The resistance factor ¢ = 0.95 for flexure of cast-in-place prestressed concrete.
oM, = (0.95)(43,975) = 41,776 ft-k > 34,058 ft-k

.. Section is adequate for flexural strength at 0.4 Span 1.

The 2006 Interim Revisions eliminated the maximum reinforcing requirement
replacing it with the strain limitations associated with the phi factors.

There is also a minimum amount of reinforcement that must be provided in a
section. The cracking moment is determined on the basis of elastic stress
distribution and the modulus of rupture of the concrete.

Mcr = Sc(fr + fcpe)_ Ivldnc(ss_c_:l}Z Sc fr

nc

| 6,596,207

= =180,077 in®
Yy 36.63

Sc = Snc

P,FC, P,FCe,y,
cpe — +
P A I

_ (9023)-(0.7575) ) (9023)-(0.7575)-(20.63)-(36.63)

o =1.419ksi
10,741 6,596,207

1.2 M = 1.2(180,077)(0.785 + 1.419)=12 = 39,689 ft-k < 41,776 ft-k

.. The minimum reinforcing limit is satisfied.
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Flexural
Resistance
[5.7.3]

[5.7.3.1.1-1]

[5.7.3.1.1-4]

[5.7.3.1.1-3]

[5.7.3.2.3]

2- Span CIPPTCBGB

Flexural Resistance

The flexural resistance of the structure must exceed the factored loads.
Strength | Limit State should be compared to the resistance.

Pier Span 2
STRENGTH I: 2yM =-39,475 ft-k

Aps = (0.217)(200) = 43.400 in

C
f, = fp{l—kd—p]

For a rectangular section without mild reinforcing steel:

dp = 66.00 — 15.00 = 51.00 inches

. At f
0.85f", b +kA dp“
p
cal (43.400)-(270) 8145t =500
0.85-(4.5)-(0.825)-(436)+0.28- (43.400)-m

Since the stress block is deeper than the slab, the section must be treated as a
T-section:

A f, —085f" (b—b,)h

ps_—pu

f
0.85F', b, +KA, - "

p

_ (43.400)-(270)-0.85-(4.5)- (436 — 73.83)-(6.0)
0.85-(4.5)-(0.825)-(73.83)+(0.28)- (43.400)521700O

=11.46 in

a=cp, =(11.46)-(0.825)=9.45 in

11.46 .
f . =(270)-|1-(0.28)- =——— | =253.01 k
= (210)-[1-020) 110 S
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[5.7.3.2.2-1]

[BDG]

Minimum
Reinforcing
[5.7.3.3.2]

[5.7.3.3.2-1]

2- Span CIPPTCBGB

a , a h;
M, = Apsfps(olp —Ej+0.85f C(b—bw)hf[g—Tj

M, =(43.400)-(253.01)- (51.00 - %}

+0.85-(4.5)- (436 —73.83)-(6.00)- (9—;5 —6—20j = 522,467 in-k

Determine the tensile strain as follows:
& =0.003 d—T—l =0.003- M— =0.010
C 11.46

Since g1 > 0.005, the member is tension controlled.
The resistance factor ¢ = 0.95 for flexure of cast-in-place prestressed concrete.
oM, = (0.95)(522,467) / 12 = 41,362 ft-k > M, = 39,475 ft-k

.. Section is adequately reinforced for flexure.

There is also a minimum amount of reinforcement that must be provided in a
section.

The cracking moment is determined on the basis of elastic stress distribution
and the modulus of rupture of the concrete.

Mcr = Sc(fr + fcpe)_ Ivldnc(ss_c_:l}Z Sc fr

nc

Since the structure is designed for the monolithic section to resist all loads, Sy
should be substituted for S, resulting in the second term equaling zero.

S, =S, = 16596207 _ 556 480 in?
y, 2887
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[5.7.3.1.1-3]

2- Span CIPPTCBGB

PFC, PRFCe,y,
Cpe = +
P A I

_ (9023)-(0.8082) . (9023)-(0.8082)-(14.37)-(28.87)

e =1.138ksi
10,741 6,596,207

1.2 M = (1.2)(228,480)(0.785 + 1.138) + 12 = 43,937 ft-k
1.33M, = 1.33(39,475) = 52,502 ft-k

Since neither criteria is satisfied, add mild steel over pier for additional
resistance.

ds =66.00 —2.50 cl - 0.625 - 0.625/2 = 62.56 in
Try #5 @ 12 inches

A = (0.31)(45) = 13.95 in

+Af,-085f" (b-b, ),

PS PU

0.85f' B,

pu
ps d

p

_ (43.400)- (270) +(13.95)-(60) - (0.85)- (4.5)- (362.17)-(6.0)

(0.85)-(4.5)-(0.825)-(73.83)+(0.28)- (43.400)- 521780

=14.27 in

a = (0.825)(14.27) = 11.77 in

f . =(270)- (1 0.28- ﬂj 248.85 ksi
g 51.00

a , a h,
M, Apsfp{ J+Asf(ds—5]+0.85fC(b—bw)h{a_?j

= (43.400)- (248.85)- [51 00 —%j +(13.95)- (60)- [62 56— % j

+0.85-(4.5)-(362.17)-(6.00)- (% _6._;)0) = 558,663 in-k
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[BDG]

2- Span CIPPTCBGB

Determine the tensile strain as follows:
& =0.003 d—T—l =0.003- @— =0.010
C 14.27

Since g1 > 0.005, the member is tension controlled.
The resistance factor ¢ = 0.95 for flexure of cast-in-place prestressed concrete.
oM, = (0.95)(558,663) / 12 = 46,555 ft-k > 1.2M, = 43,937 ft-k

.. The minimum reinforcing criteria is satisfied.
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Shear
[5.8]

Critical Section
[5.8.3.2]

dy
[5.8.2.9]

Live Load
Distribution
[4.6.2.2.1]

[Table 4.6.2.2.3a-1]

2- Span CIPPTCBGB

The LRFD method of shear design is a complete change from the methods
specified in the Standard Specifications and that used by ADOT. For this
example an in-depth shear design will be performed at the critical location in
Span 2 near the pier.

The critical location is located a distance d, from the face of the support. This
creates a problem in that d, is largest of three values, two of which are a
function of distance from the pier. To eliminate the iterative process in
determining the critical shear location, a simplification is required. It is
recommended that the equation, d, = 0.72 h be used to determine the critical
shear location. Since d, is the larger of the three values determined in Step 3,
using dy, = 0.72h = (0.72)(65.5) / 12 = 3.93 feet will be conservative. Since the
pier diaphragm is 6 feet wide, the critical shear is located 3.00 + 3.93 = 6.93
feet from the centerline of the pier.

Step 1 — Determine Shear

The shears were determined from a computer program as follows:

2.0 2.1 | Units

Super 958.2 804.7 | k

Barriers 86.1 72.1 | K

DC 1044.3 876.8 | k

DW (FWS) 84.1 704 | k

LL+IM Vehicle 143.9 1304 | k

Secondary M -54.2 -54.2 | k
Super Verit= 958.2 - (958.2 - 804.7)(6.93) / 13.0 =
Barrier Vit =86.1 — (86.1 - 72.1)(6.93) / 13.0 =
DC Vit = 876.4 + 78.6 = 955.0 kips
DW Vit = 84.1 - (84.1 - 70.4)(6.93) / 13.0 =
Vehicle Verit = 143.9 — (143.9 - 130.4)(6.93) / 13.0 =

The live load distribution factor for shear will be determined based on the
provisions for a whole width design. The distribution of live load per lane for
shear for an interior beam in Span 2 for one design lane loaded is:

0.6 0.1 0.6 0.1
LL Distribution = [i) [L) = [7'75) 65.5 =0.645
9.5) \12.0L 9.5 ) 112.0-(130)
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Skew Effect
[Table 4.6.2.2.3c-1]

Sectional Model
[5.8.3]

[5.8.2.9]

2- Span CIPPTCBGB

The distribution for two or more design lanes loaded is:

0.9 0.1 0.9 0.1
LL Distribution = (i) (Lj = (7'75j 65.5 =0.769
7.3) \12.0L 7.3 ) 112.0-(130)

For a whole width bridge, LL Distribution = (0.769)(6 webs) = 4.614

For skewed bridges, the shear shall be adjusted to account for the effects of the
skew. For a right angle bridge the correction factor equals one.

LL+IM Verit = (136.7)(4.614)(L.00) = 630.7 Kips
V, = $yiVi = 1.25(955.0) + 1.50(76.8) + 1.75(630.7) + 1.00(=54.2) = 2358 kips

Step 2 — Determine Analysis Model

The sectional model of analysis is appropriate for the design of typical bridge
webs where the assumptions of traditional beam theory are valid. Where the
distance from the point of zero shear to the face of the support is greater than
2d the sectional model may be used. Otherwise, the strut-and-tie model should
be used.

From Computer output:
Point of Zero Shear to Face of Support = 79.70 - 3.00 = 76.70 ft
2d = 2(5.50) = 11.00 ft < 76.70 ft

.~.Sectional model may be used.

Step 3 — Shear Depth, d,
The shear depth is the maximum of the following criteria:

Afd, +Afd
1) dy=0.9d. where d, = =d, when As=0

Apsfps+ASfy

From Figure 12:

2
d, =51.00-(51.00- 44.50)-(ﬁj =49.151in
13.00

d, =0.9d, = 0.9(49.15)= 44.24in

v p

2) 0.72h = 0.72(65.50) = 47.16 in
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[5.7.3.1.1-3]

[5.7.3.2.3]

[5.7.3.1.1-1]

[5.7.3.2.2-1]

[5.8.2.9]

2- Span CIPPTCBGB

For a T-Section at the critical location:

(43.400)-(270)-0.85-(4.5)- (436 — 73.83)-(6.0)

0.85-(4.5)-(0.825)- (73.83)+(0.28)- (43.400)555

=11.36 in

a = cpy = (11.36)(0.825) = 9.38 in

f =(270)- {1— (0.28)~%} = 252,53 ksi

M, =(43.400)-(252.53)- [49.15 —9'—38j

+0.85-(4.5)- (436 — 73.83)-(6.00)- (9—38 - G—SOJ = 501,320 in-k

My = (501,320) / 12 = 41,777 ft-k

_ (ay7717)-(22)
' 0+(43.400)-(252.53)

=45.74 in

Based on the above, the shear depth, dy, equals 47.16 inches.

Step 4 — Calculate, V,

Due to the cable curvature, some of the prestress force is in the upward vertical
direction and directly resists the applied shear. See Figure 12 for the angle of
the cable path and Figure 14 for the stress diagram as shown below:

_ 2(51.00-44.50) 6.93

= 0.04442 rads
12(13.00)  13.00

FCr = (0.9530 - 0.9190)(6.93) / 37.91 + 0.8082 = 0.8144

V, = (9023)(0.8144)(0.04442) = 326 kips

Step 5 — Check Shear Width, b,
The LRFD Specification requires that web width be adjusted for the presence

of voided or grouted ducts. For ungrouted ducts, 50% of the width should be
subtracted from the gross width and for grouted ducts, 25% should be
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[5.8.3.3-2]

[5.8.2.9-1]

2- Span CIPPTCBGB

subtracted. When the structure is first prestressed, the ducts are ungrouted.

For this condition of dead load and prestressing, the shear should be checked
with the 50% reduction for ducts. For the final condition, the ducts are grouted
and only the 25% reduction is required.

For ungrouted ducts under DC dead load of superstructure and diaphragm:

Vu <= (PVn = (P(025f’cbvdv + Vp)

Vv .
Yoy, 1.25 (876.4)_326

Required b, = —% =09 ~16.80 inch
SAUIrea By 0.25d,f', (0.25)-(47.16)-(4.5) menes

Available b, = 73.83 - 0.50(4.375)(6 webs) = 60.71 inches, ok
For grouted ducts under full load:

2358 e

: 0.9 -
R db, = =43.24 inch
SquIree B (0.25)-(47.16)-(4.5) L o0

Available b, = 73.83 — 0.25(4.375)(6 webs) = 67.27 inches, ok

Use b, = 67.27 inches for all future calculations involving shear.

Step 6 — Evaluate Shear Stress

v oV _ 2358 -0.90-(326)
" gb,d, 0.90-(67.27)-(47.16)

=0.723 ksi

Vo _ i? 0161

1
c

Step 7 — Estimate Crack Angle 6

The LRFD method of shear design involves several cycles of iteration. The
first step is to estimate a value of 6, the angle of inclination of diagonal
compressive stress. Since the formula is not very sensitive to this estimate
assume that 6 = 26.5 degrees. This simplifies the equation somewhat by
setting the coefficient 0.5 cotd = 1.0.
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[5.8.3.4.2]

[5.8.3.4.2-1]

[5.8.3.4.2-3]

2- Span CIPPTCBGB

Step 8 — Calculate strain, g

There are two formulae for the calculation of strain for sections containing at
least the minimum amount of transverse reinforcing. The first formula is used
for positive values of strain indicating tensile stresses, while the second
formula is used for negative values of strain indicating compressive stresses.

Formula for & for positive values:

ps " po

M+05N +05[v —V \cote—A f
d ' u ' u p

x = 2(E.A +E,A,)

Formula for e, for negative values:

ps ~ po

|M“|+05N +05[v ~V \cote—A i
d ' u ' u p

\4

x 2(E.A +E,A +E,A,)

where:

A. = area of concrete on the flexural tension side of the member.
A. = 10741 - (436)(6) - 2(0.5)(6)(2.4) — (26.75)(73.83) = 6136 in’

Aps = area of prestressing steel on the flexural tension side of the member.
Aps = 43.400 in” since all the strands are located above mid-depth.

A, = area of nonprestressed steel on flexural tension side of the member.
As = 0.

foo = & parameter taken as the modulus of elasticity of prestressing tendons
multiplied by the locked-in difference in strain between the prestressing
tendons and the surrounding concrete. For the usual levels of prestressing,
a value of 0.7 f,, will be appropriate.

foo = 0.70(270) = 189 ksi

N, = factored axial force taken as positive if tensile.
N, = 0 kips

V, = factored shear force.
V, = 2358 kips
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[5.8.3.4.2-1]

2- Span CIPPTCBGB

M, = factored moment but not to be taken less than V,d,.

The moment at the critical shear location is required. The moment at the pier
centerline is used for interpolation and not the reduced moment that was used
in the calculation of stresses and flexural capacity. A summary of moments
follows:

2.0 2.1 | Units

Super -23,554 | -12,095 | ft-k

Barriers -4158 -2125 | ft-k

DC -27,712 | -14,220 | ft-k

DW (FWS) -2736 -1656 | ft-k

LL+IM -8750 -5299 | ft-k

Secondary M 7041 6337 | ft-k
Super Mcrit = -23554 + (-12095 + 23554)(6.93) / 13.0 = -17,445 ft-k
Barrier Mcrit = -4158 + (-2125 + 4158)(6.93) / 13.0
DC Mcrit = -17,445 - 3074 = -20,519 ft-k
DW Mcrit = -2736 + (-1656 + 2736)(6.93)/ 13.0 = -2160 ft-k
LL+IM Mcrit = -8750 + (-5299 + 8750)(6.93) / 13.0 = -6910 ft-k
Secondary  Mcyit = 7041 + (6337 - 7041)(6.93) / 13.0 = 6666 ft-k

Mecrit = 1:25(-20,519) + 1.50(-2160) + 1.75(-6910) + 1.00(6666) = -34,315 ft-k
M, = 34,315 ft-k > Vdy = (2358)(47.16) / 12 = 9267 ft-k

Determine strain as follows:
3431512

_|_ 47116
" 2(29000- 0 + 28500 - 43.400)

+0+1.0-2358 — 326| - (43.400)- (189)

ex=0.00104=1.04x10"°
Since the value is positive the first formula must be used.

Now go into [Table 5.8.3.4.2-1] to read the values for 6 and . From the
previously calculated value of v,/f’c = 0.161, enter the < 0.175 row and the <
1.00 column even though the value is larger than one. The estimate for values
is shown below:

0 = 36.8 degrees

=196

With the new value of 0, the strain must be recalculated.
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[5.8.3.3-3]

[5.8.3.3-2]

[5.8.3.3-1]

[5.8.3.3-4]

2- Span CIPPTCBGB

34315-12
S T 0-+0.5- 2358 — 326/ cot(36.8) — 43.400 - (189)

7 2.473800

g« = 0.00076 = 0.76 x 103

With this new estimate for strain, reenter the table and determine new values
for 6 and . Since our new values are the same as assumed, our iterative
portion of the design is complete.

Step 9 - Calculate Concrete Shear Strength, V.

The nominal shear resistance from concrete, Vg, is calculated as follows:
V., =0.031643,/ f'.b,d,

V, =0.0316-(1.96)-/4.5-(67.27)- (47.16) = 417 kips

Step 10 - Determine Required Vertical Reinforcement, Vs
Vih=Vct+ Vs +V,
V, = 0.25fcbydy + V,

f.d (cot@+cote)sin f.d, cotd
Vv :'AV 4 V( a) a:AV y where o = 90°

f,d, cotd
V, :V_u_\/C -V, :A’V—"CO
y s
¢ Af,d.cotd (3.72).(60)-(47.16) cot(36.8) . ;-
Vo v vy 2358 _ 417326
¢ i 0

Use #5 stirrups at 7 inch spacing
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Vv - (3.72)-(60)- (47.16)cot(36.8)
. 7
The shear strength is the lesser of:

= 2010 kips

V, = [417 + 2010 + 326] = 2753 kips
V, = [0.25(4.5)(67.27)(47.16) + 326] = 3895 Kips

@V = (0.90)(2753) = 2478 k > V, = 2358 k

Step 11 - Longitudinal Reinforcement
[5.8.3.5] In addition to vertical reinforcement, shear requires a minimum amount of

longitudinal reinforcement. The requirement for longitudinal reinforcement
follows:

Vo

M, | N
At +Af2 +05—+ Vv,

" dygy P

—0.5V3Jcot9

v

Considering only the prestressing steel yields the following:

(43,400 (252.53) > 31512 (| 2358

(4716) (0.95) 090 - 326‘ - 0.5-(2010.)]c0t(36.8)

10,960 kips > 10,914 kips

.. The prestressing strands are adequate for longitudinal reinforcement without
additional mild reinforcing. Note that the Specification states that the area of
longitudinal reinforcement need not be greater than the area required to resist
the maximum moment alone.

A summary of critical shear design values at the tenth points of Span 2 is

shown below:

2.1 2.2 2.3 2.4 25
\Vu 2200 1852 1497 1139 779
Vp 612 493 372 248 123
Ve 578 636 668 551 498

Reqd Spa 18.0 25.8 40.8 33.8 61.4
Max Spa 12.0 24.0 24.0 24.0 24.0
Spa Used 12.0 24.0 24.0 24.0 24.0
Vs 2050 | 1881 999 | 1059 745
oVn 2916 | 2709 1835 | 1671 | 1229
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[BDG]

2- Span CIPPTCBGB

2.6 2.7 2.8 29| decrit
Vu 431 776 | 1145| 1530 | 1772
Vp 0.0 122 242 360 426
Ve 511 531 551 771 1269
Reqgp Spa 100.0 79.3 43.8 47.2 99.9
Max Spa 24.0 24.0 24.0 24.0 24.0
Spa Used 24.0 24.0 24.0 12.0 12.0
Vs 854 920 | 1168 | 2238 | 2285
oVu 1228 1416 | 1764 | 3369 | 3980

Note that while the required spacing is low at the abutment, the stirrups are
spaced at 12 inches. ADOT Guidelines require the 12 inch maximum spacing

within 20 feet of the abutment diap

hragms to allow for flaring of the tendons

without the need to change the stirrup spacing.

130'-0"
18 Spa e 7" = 10-6"
13 Spa e 12" = 13-0" 20 Spa
3-3" | , , 40 Spa e 24" = 80-0' e 12°= | 3-3"
[ | 20-0" |
4000 —
m i
o |
Z .
2000 —{ |
1000 — |
—d crit = 6.93' dcrit = 5.43" ———f=
! i
0 ! |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
SPAN 2
Figure 15
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Interface Shear
Transfer
[5.8.4]

2- Span CIPPTCBGB

For cast-in-place box girder bridges, the deck is cast separately from the
bottom slab and webs. Thus the shear transfer across this surface would
appear to require investigation. In the past this was sometimes performed but
was rarely a controlling criteria. The current specifications would appear to
require analysis for interface shear across the horizontal joint at the top of the
web since the concrete is poured across the joint at different times.

However, the method contained in the specification is more appropriate for
precast girders with concrete decks poured after the member is erected. For a
post-tensioned box girder bridge, the deck is poured prior to the prestressing.
Once stressed the member acts as a unit with the vertical reinforcing providing
adequate strength for horizontal shear. Application of the current specification
to this problem resulted in a requirement for wider webs and additional vertical
reinforcing.

In 2006 the Specification added a diagram and discussion concerning web-
flange interfaces. This has traditionally not been a problem with the usual
configuration of cast-in-place post-tensioned concrete box girder bridges used
in Arizona. For single cell boxes or those with widely spaced webs the shear
transfer mechanism should be investigated.

Based on the above discussion interface shear need not be checked for typical a
cast-in-place post-tensioned concrete box girder bridge.
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Post-Tensioned The design of anchor zone involves strength limit states involving factored

Anchor Zone jacking forces. Three design methods are provided in the LRFD Specification:
[5.10.9] strut-and-tie, refined elastic stress and approximate methods. The refined
[5.10.9.3.1] elastic stress method is very involved and not deemed appropriate for ordinary

bridges. The approximate methods do not adequately consider the I-shape
nature of the box and therefore may provide inaccurate answers. The strut-
and-tie method will be used for analysis purposes.

Step 1 — Define Geometry
The first step in the analysis process is to define the geometry of the anchor
zone. Figure 16 below shows a plan view of the end diaphragm while Figure

17 shows an elevation view.

=& Brg Abt

L 2-0"11-6" 16'-0" \ J
| ¢ [ Web Flare v -
I N '
b |
- _ 16 08') i
! w0 \i ]
i . :!.‘
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L} I I 1 L} "
13.54 i J\ 5.12 10. 88"
! 7. 75" General Zone
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Figure 16 — Plan View Abutment Diaphragm
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Figure 17 — Elevation View Abutment Diaphragm
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The anchor zone design is based on the location of the actual anchorage
devices. At the back face of the blockout, two equations exist for the location
of the center of gravity of the strands:

Y =33.00 + Xtana
X = 24.00 - 9.00 — (Y - 9.00)tano,

15.00 — 24.00tan(3.3714)

=13.541in
1+tan?(3.3714)

Solving for X yields: x =
where o = 3.3714 degrees (Step 6).

Step 2 — Determine Anchorage Zone

The anchorage zone is geometrically defined as the volume of concrete
through which the concentrated prestressing force at the anchorage device
spreads to a more linear stress distribution across the entire cross-section at
some distance from the anchorage device. Within this zone, the assumption
that plane sections remain plane is not valid, requiring a different method of
analysis. The anchorage zone may be taken as the maximum depth or width of
the section but not larger than the longitudinal extent of the anchorage zone.

Step 3 — Determine Local Zone

The local zone is the rectangular prism of the concrete surrounding and
[5.10.9.2.3] . : . : e

immediately ahead of the anchorage device and any integral confining
reinforcement. The local zone is the region of high compressive stresses
immediately ahead of the anchorage device.

[5.10.9.7.1] When the manufacturer has not provided a minimum edge distance as assumed
for this problem, the transverse dimension in each direction shall be taken as
the greater of:
1. The bearing plate size plus twice the minimum cover.
2. The outer dimension of any required confining reinforcement plus the
required concrete cover.

[5.12.3-1] Based on the flexural design, either 16 or 17 strands are required per duct
based on usage of 0.6” diameter strands. From post-tensioning literature, the
spirals for systems with 19-0.6” strands are 15 inches long with a 14.5 inch
outside diameter. Adding two inch clearance to each side yields a local zone
of 18.5 inches diameter. This produces an equivalent square of 16.40 inches.

The length of the local zone shall not be taken to be less than:
1. The maximum width of the local zone = 16.40”
2. The length of the anchorage device confining reinforcement = 15.00”
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[5.10.9.2.2]

[3.4.3.2]

2- Span CIPPTCBGB

The length of the local zone shall not be taken as greater than 1.5 times the
width of the local zone = 1.5(16.40) = 24.60”. The length of the local zone
should be greater than 16.40 inches and less than 24.60 inches. For this
problem a length of 16.40 inches will be used.

Step 4 — Determine General Zone

The general zone extent is the same as the anchorage zone. The general zone
is the region subjected to tensile stresses due to spreading of the tendon force
into the structure and includes the local zone.

The minimum general zone length is the maximum of the width (7.75 feet) or
depth (5.50 feet). The maximum general zone length equals 1.5 times this
value. Use a general zone length of 7.75 feet.

Step 5 — Determine Section Properties

The section properties are required at the end of the anchorage zone to allow
for the determination of the stresses. At this location the web is flared
requiring that the dimension between the anchorages and the centerline bearing
be known. Based on the previous calculations the anchorages can be assumed
to be 13.54 inches (1.13 feet) behind the centerline. Based on an anchorage
zone length of 7.75 feet, the width of the flared web can be determined at the
end of the anchorage zone.

web = 12.00 + (18 - 12)(1.13 + 1.50 + 16.00 — 7.75)/(16) = 16.08 inches
2web = 16.08[2/c0s(21.80) + 4] = 98.96 inches

For anchor zone design the % inch wearing surface has not been subtracted.
The calculations for the section at the end of the anchor zone are not shown. A
summary of the section properties follows:

Area 12,349 | in?
Inertia | 7,160,048 | in*
Vb 36.831 | in
Vi 29.169 | in

Step 6 — Determine External Loads

For post-tensioning, a load factor of 1.2 is used. This is applied to the
maximum stress in the strand that can be interpreted to be the jacking stress.
The total jacking force is as follows:

P, =(1.2)-(0.77)-(270)-(200)-(0.217) = 10,827 kips
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2- Span CIPPTCBGB

While the cable path follows a parabolic shape, in reality near the anchorage
device, the path will be straight. The anchorage device and trumpets are
straight and must be installed as such. The tangent segment length is assumed
to be 14.13 feet for this problem placing the transition at a tenth point of the
span. This will require that the tendon path be located on an angle from the
horizontal as follows:

2
Yoo =12+ [33.00—12.00]-(2-2} —=23.81in

33.00-23.81
=tant| 2001 - 33714 d
. [(12)-(13.00)} egrees

The total tendon force is divided into vertical and horizontal components as
follows:

P, = (10827)-cos(3.3714) =10808 kips

P, =(10827)-sin(3.3714) =637 kips

This force is proportionally divided at the anchorage end based on the number
of strands in each tendon.

Top Tendon (17 strands x 6 webs = 102 strands)
Puh = (10808)(102) / (200) = 5512 Kips
Pw =(637)(102) / (200) - = 325 kips

Bottom Tendon (16 strands x 4 webs plus 17 strands x 2 webs = 98 strands)
Pun = (10808)(98) / (200) = 5296 kips
Puw = (637)(98) / (200) = 312 kips

Step 7 — General Zone Stress Distribution

The stress at the end of the anchor zone is determined by classical methods.
The stress on each structural shape is calculated to determine the forces acting
on the various shapes. The eccentricity at the end of the anchor zone follows:

€genzone = 36.831 - [33.00 - (33.00 - 23.81)(7.75 - 1.13)/13] = 8.511 inch
The stress (ksi) acting on each interface is determined as follows:

Top [10808][1/12349 - (8.511)(29.169)/(7160048)] = 0 50047
Soffit  [10808][1/12349 - (8.511)(21.169)/(7160048)] = 0.60325
Overhang [10808][1/12349 - (8.511)(20.169)/(7160048)] = 0.61610

Fillet [10808][1/12349 - (8.511)(17.169)/(7160048)] = 0.65464
Top Bot  [10808][1/12349 + (8.511)(30.831)/(7160048)] = 1.27131
Bottom  [10808][1/12349 + (8.511)(36.831)/(7160048)] = 1.34839
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Step 8 — Determine Forces at End of Anchorage Zone

The stresses calculated in Step 7 must now be applied to the various shapes of
the cross section to determine the magnitude of the force acting on each area
and the location of the center gravity of the load. See Figure 18 for an
idealized typical section and the stresses at the various levels. These forces are
combined into three groups: top slab, web and bottom slab with the top fillets
included in the web force.

542
| . 50047
| \
[+ 0]
[ : | . 60325
~ N | K4 2 \_\.61610
™ | \.. 65464
S I Y{0)
31.5 '
- |
N |
[Te]
|
98. 96
2.4_ :
| | 1.27131
© \I | V 1.34839 \
|

IDEAL IZED SECTION Stresses
(Dimensions in inches) (ksi)

Figure 18
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Determine the forces and center gravity resulting from the stress distribution
acting on the smaller member shapes.

Top Slab
Force 1 =[0.50047](8.00)(542.00)

Force 2 = [0.60325 — 0.50047](8.00)(542.00) / 2= _ 222.83 k

CG = 66.00 - [(2170.04)(8.00/2) + (222.83)(8.00)(2/3)] / 2392.87
= 61.8758 in

Overhang
Force 3 =[0.60325](1.00)(63.00)

Force 4 = [0.61610 — 0.60325](L.00)(63.00) / 2

c.g. = [38.00(1.00/2) + 0.40(1.00)(2/3)] / 38.40 = 0.5017 in

Exterior Fillets
Force 5 =[0.61610](3.00)(63.00) / 2
Force 6 = [0.65464 — 0.61610](3.00)(63.00) / 6

c.g. = [58.22(3.00/3) + 1.21(3.00/2)] /59.43 = 1.0102 in

Interior Fillets
Force 7 = [0.60325](4.00)(40.00) / 2
Force 8 = [0.65464 — 0.60325](4.00)(40.00) / 6

c.g. = [48.26(4.00/3) + 1.37(4.00/2)] / 49.63 = 1.3517 in

Web
Force 9 = [0.60325](52.00)(98.96)
Force 10=[1.27131 - 0.60325](52.00)(98.96)/2

c.g. = [3104.28(52.00/2) + 1718.89(52.00)(2/3)] / 4823.17 = 29.0886 in

Combination of Overhang, Fillets and Web

Force = 38.40 + 59.43 + 49.63 + 4823.17 = 4970.63 k

c.g. =[38.40(0.5017) + 59.43(1.00+1.0102) + 49.63(1.3517)
+4823.17(29.0886)] / 4970.63 = 28.2671 in

CG =66.00 - 8.00 — 28.2671 = 29.7329 in
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38.00 k
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1.37k
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Bottom Slab

Force 11 = [1.27131](6.00)(436.00)

Force 12 = [1.34839-1.27131](6.00)(436.00) / 2
Force 13 =[1.27131](6.00)(4.80) / 2

Force 14 =[1.34839-1.27131](6.00)(4.80) / 6

CG = [(3325.75)(6.00/2) + (100.82)(6.00/3) + (18.31)(6.00)(2/3)
+(0.37)(6.00/2)] / (3445.25) = 2.9761 in

The sum of the forces from all the members is 2392.87 + 4970.63 + 3445.25 =
10,808.75 kips compared to the 10,808 kips horizontally applied load. ok

Step 9 — Create Strut-and-Tie Model

Using the calculated center gravity as the y-coordinate, the strut-and-tie model
can be created. Joints 1, 2 and 3 are located at the end of the Anchorage Zone.

Joint 5
y-Coord = 29.7329 + (93.000 - 33.000)(637) / 4971 = 37.4215

Due to the unequal number of strands in each tendon calculate the c.g. of the
tendons spaced 18 inches apart at the anchorage

c.g. bottom = (18.00)(102) / (200) = 9.18 inches

c.g. top = 18.00 — 9.18 = 8.82 inches

Joint 7
y-Coord = 33.00 + (13.54)tan(3.3714) + (8.82)cos(3.3714) = 42.6024
x-Coord = (8.82)sin(3.3714) = 0.5187

Joint 8
y-Coord = 33.00 + (13.54)tan(3.3714) — (9.18)cos(3.3714) = 24.6335
x-Coord =-(9.18)sin(3.3714) = -0.5399

A summary of coordinates and applied forces follows:

Joint | x-Coord | y-Coord Fx Fy
1| 93.0000 | 61.8758 -2393
2| 93.0000 | 29.7329 -4971 637
3] 93.0000| 2.9761 -3445
4| 33.0000 | 61.8758
5| 33.0000 | 37.4215
6| 33.0000| 2.9761
7 0.5187 | 42.6024 5512 -325
8] -0.5399 | 24.6335 5296 -312
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A diagram showing the strut-and-tie model with the externally applied forces is
shown in Figure 19.

7. 75" General Zone

2393
5512
4971
637
5296
3445
i 3] 3

STRUT AND TIE MODEL

Figure 19 Strut-and-Tie Model
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Step 10 — Solve for Member Forces

Member 1 and Member 3 carry the applied forces at the end of the anchorage
zone. Member 2 has both a vertical and a horizontal component. The member
forces are shown below:

F1 = 2393 kips
F2 = [(4971)* + (637)*]"% = 5012 kips
F3 = 3445 kips

The remainder of the member forces must be calculated by equating the sum of
the forces at a node equal to zero in both the vertical and horizontal directions.

) Fl
o
Fo I

F4

Node 4

Node 4
Figure 20

05 = tan™'[(61.8758 - 42.6024) / (33.0000 - 0.5187)] = 30.6836 degrees
F6 = F1/cos 6= 2393/ c0s(30.6836) = 2783 kips

F4 = -F6 sin 0s = -2783 sin(30.6836) = -1420 Kips

Node 6
F5
F9
Q\
® F3
Node 6
Figure 21

0= tan™[(24.6335 - 2.9761) / (33.0000 + 0.5399)] = 32.8512 degrees
F9 = F3/ cos 9= 3445 / c0s(32.8512) = 4101 kips

F5 =-F9 sin 69 = -4101 sin(32.8512) = -2225 Kips
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Node 7
Pw
F6
.
Pxi [ ]
\&T
F7
--—-'610
F10
Node 7
Figure 22
Py = 5512 k
F6 =2783 k

0 = 30.6836 degrees
07 = tan[(42.6024 - 37.4215) / (33.0000 - 0.5187)] = 9.0626 degrees
010 = 3.3714 degrees

Sum Forces in x-direction
Py1 - F6 cos 0g - F7 cos 67 + F10sin 6,9 =0

Sum Forces in y-direction
Pys —F6sin 6 + F7 sin 87 + F10 cos 010 =0

Solve the second equation for F10 and substitute into the first equation solving

for F7:
£ Pa—F6lcosd, —sing, tandy, )P tandy _ o
cosd, +sing, tan b,
~P,, +F6sing, —F7sing,
F10 = =1238k

cosd,,
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Node 8
F10
Py2 /
910
F8
e
Pxz [ ]
\Q
F9
Node 8
Figure 23
Py, = 5296 k
Pyz =-312k
F9=4101k

05 = tan[(37.4215 - 24.6335) /(33.0000 + 0.5399)] = 20.8707 degrees
09 = 32.8512 degrees
010 = 3.3714 degrees

Sum Forces in x-direction
Py, —F8 cos 0g - F9cos O -F10sin 09 =0

Sum Forces in y-direction
Py2 — F8 sin 6g + F9 sin By - F10 cos 610 =10

Solve for F10 in the second equation and substitute into the first equation to
solve for F8:

e Pyz tan6,, — F9(cos6, +sing, tanb,,) =

F8= =1903 k

cosd, —sin g, tan 4,

P,, — F8sing, + F9sing,
cosd,,

F10 = =1237k

Note that the above calculated value of F10 = 1237 k is approximately equal to
the previously calculated value of F10 = 1238 k.
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Node 5
F4
F7
D \
[ ]
0
FBV ‘H\z F2
F5
Node 5
Figure 24
F2 =5012 k
F4 =-1420 k
F5=-2225 k
F7 =3232k
F8 = 1903 k

0, = tan[(37.4215 - 29.7329) / (93.0000 - 33.0000)] = 7.3023 degrees
07 = 9.0626 degrees
0 = 20.8707 degrees

Sum Forces in x-direction for static check
> Fx=F7 cos0; + F8 cos0g — F2 cosd, =0

SFx = (3232)c0s(9.0626) + (1903)c0s(20.8707) - (5012)cos(7.3023)
=-156Kk~0

Sum Forces in y-direction for statics check
2Fy =-F7sinf; + F8 sing + F2 sinf, —F4 + F5=0

>Fy = -(3232)sin(9.0626) + (1903)sin(20.8707) + (5012)sin(7.3023)
- (-1420) + (-2225) = 0.93 k ~ 0

Since the static check produces very good results, the model is acceptable.

The greatest discrepancy is with the horizontal forces. However, due to
rounding the applied loads on the left side equal 5512 + 5296 = 10,808 kips
while the applied loads on the right side equal 2393 + 4971 + 3445 = 10,809
Kips accounting for the majority of the error.
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[5.5.4.2.1]

[5.10.9.3.2]

2- Span CIPPTCBGB

Step 11 — Web Bursting Design

Determine the maximum vertical tensile force in the web. Member 5 has the
largest tensile force of —2225 kips. Divide this force by the number of webs to
obtain a force of —370.83 kips per web. For tension in steel in anchorage zones
use ¢ = 1.0. Determine the required area of reinforcement.

Fo  370.83

= =6.18 in’
o,  (1.00)-(60)

A =

Try 7 - #6 stirrups. As = (0.44)(2)(7) = 6.16 in®. Center these stirrups about
the tie (Member 4 and 5) in the strut-and-tie model. The tie is located 33
inches from the anchorage or 33.00 — 13.54 = 19.46 inches from the centerline
of bearing. Space the bursting stirrups at 5 inch spacing about the tie. This
results in the first stirrup being 19.46 — 3(5.00) = 4.46 inches from the
centerline of bearing or about 13.54 + 4.46 — 16.40 = 1.60 inches from the end
of the local zone.

See Figure 32 for reinforcement placement.

Step 12 - Spalling Reinforcing

For multiple anchorages with a center-to-center spacing of less than 0.4 times
the depth of the section, the spalling force shall not be taken to be less than 2
percent of the total factored tendon force. Since the strut-and-tie analysis did
not reveal any tension between anchorages and our spacing of 18 inches is less
than 0.4(66) = 26.4 inches, use the 2 percent criteria.

Spalling Force = 0.02(10,827) / (6 webs) = 36.09 kips per web.

T 36.09 -,
A ¢of,  (1.00)-(60) "

Use 2 - #5 rebar per web for spalling, yielding an As = 2(0.31) = 0.62 in”.

See Figure 32 for reinforcement placement.
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Step 13 — Concrete Stresses

Concrete stresses in the local zone can be very high. The use of spiral
reinforcement increases the allowable concrete stress in the local region with
the designs verified by testing. The responsibility of this region is given to the
post-tensioning device supplier.

However, at the local zone/general zone interface the concrete stresses must be
checked. From the anchorage head to the interface the stresses spread on a 1:3
angle. For a local zone 16.40 x 16.40 inches, the width of the interface is
16.40 + 2(16.40)/3 = 27.33 inches. The height equals the spacing plus the
spread = 18.00 + 27.33 = 45.33 inches. The force per web equals 10,827 / 6 =

1805 Kips
f,i = [1805] / [ (27.33) (45.33) ] = 1.457 ksi
[5.5.4.2.1]
¢ =0.80
Allowable stress = 0.7 ¢ f’¢; = 0.7 (0.80) (3.5) = 1.960 ksi
Discontinuity The concrete must also be checked at the end of the diaphragm where the

width of the spread is limited to the width of the web member. The distance
between the local zone and the diaphragm equals:

D =13.54 + 18.00 — 16.40 = 15.14 inches
H =1[45.33 + 2(15.14) / 3] = 55.42 inches

f; = [1805] / [(18.00) (55.42)] = 1.809 ksi < 1.960 Ksi

The limits on the initial concrete strength are satisfied.

=& Brg
|

| 3
| 1

|
|
|
13.54° 18. 00"

LOCAL ZONE/GENERAL ZONE INTERFACE

Figure 25
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Step 14 — Top Slab Analysis

The top slab must also disperse the concentrated forces from the webs to the
entire width of the slab. A strut-and-tie model (Figure 27) was created with
one set of nodes at the web top slab interface 33.00 inches from the anchors
and the other set half the web spacing away. At the end of the general zone the
stresses are uniformly distributed with nodes placed between the webs or the
exterior web and the edge of deck. The force applied at each web equals the
force in the top slab divided by the number of webs. The uniform load equals
the top slab force divided by the web width.

Pweb = 2393/ 6 = 398.83 Kkips
Uniform = 2393 / 542.00 = 4.4151 Kips/inch

Coordinate geometry of the top slab is shown below:

_ 38.00 93. 50 . 93.00__
! i
i i
| i
S _._._._._._.*._._._._I
'>\_!__ i T
| !
I i
i i
6.50| ! |6.50 !
N |
31.50 81.00 i 6. 00
L13..00

PART 1AL SECTION
Top Slab

Figure 26

Joint coordinates and applied forces for the model are shown below:

Joint | x-Coord | y-Coord Joint
Force
33.00 | 504.00 | 398.83
33.00 | 41050 | 398.83
33.00| 317.50| 398.83
33.00 | 22450 | 398.83
33.00| 13150 | 398.83
33.00 38.00 | 398.83
79.50 | 523.00 | -167.77
79.50 | 457.25| -412.81

9 79.50 | 364.00 | -410.60
10 79.50 | 271.00| -410.60
11 79.50 | 178.00 | -410.60
12 79.50 84.75 | -412.81
13 79.50 19.00 | -167.77

O N0 DWW IN|F-
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2- Span CIPPTCBGB

The forces applied at the joints due to the uniformly distributed force in the top
slab equals the uniform load multiplied by the contributing area as follows:

P7 = P13 = (4.4151)(38.00) = 167.77 k
P8 = P12 = (4.4151)(93.50) = 412.81 k
P9 = P10 = P11 = (4.4151)(93.00) = 410.60 k

The complete analysis of the strut-and-tie model is not shown here. The forces
in each member can be determined by calculating the angles of the members
and summing the forces in both the x and y directions at each node to
determine the member forces. A simple method to obtain the tension tie forces
is to cut a section through a joint and sum moments dividing by the distance
between the nodes. This method will be demonstrated on the following pages.

First tie
Sum forces about Joint 8:

Sum M Jt8: Pyep (Y1 -Y8) —P7(Y7-Y8) + F;d =0
F1=[P2(Y7 -Y8) — Puen(Y1-Y8)]/d

F1 = [(167.77)(523.00 - 457.25) - (398.83)(504.00 - 457.25)] / 46.50
=-163.75 k
d

o
=
@
o

(Yl-Y8)
(YT7-Y8)

Pg

Ty Ty

F/
F 8

1 F

19

Free Body Diagram

Figure 28
Sum forces about Joint 9:
F2 =[(167.77)(523.00 - 364.00) + (412.81)(457.25 - 364.00) —
(398.83)(504.00 - 364.00) — (398.83)(410.50 - 364.00)] / 46.50
=-198.10 k

Sum forces about Joint 10:

F3 = [(167.77)(523.00 - 271.00) + (412.81)(457.25 - 271.00) +
(410.60)(364.00 - 271.00) — (398.83)(504.00 - 271.00) —
(398.83)(410.50 - 271.00) — (398.83)(317.50 - 271.00)] / 46.50

=-209.89 k
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2- Span CIPPTCBGB

Second Tie

Sum forces about Joint 1:

SumMJt1: PAY7-Y1)+Fpd=0
Fig= -[P7(Y7 - Yl)] /d

F18 = [-(167.77)(523.00 — 504.00)] / 46.50 = -68.55 k

Pweb

]

C

J

c

J
(YT-Y1)

Free Body Diagram

Figure 29

Sum forces about Joint 2:
F19 = [-(167.77)(523.00 — 410.50) - (412.81)(457.25 — 410.50) +
(398.83)(504.00 — 410.50)] / 46.50 = -18.98 k

Sum forces about Joint 3:
F20 = [-(167.77)(523.00 — 317.50) - (412.81)(457.25 — 317.50) —
(410.60)(364.00 — 317.50) + (398.83)(504.00 — 317.50) +
(398.83)(410.50 — 317.50)] / 46.50 = 4.58 k

The first tie consists of forces F1, F2 and F3, while the second tie consists of
forces F18, F19 and F20. Both ties have tension forces with the required
tensile reinforcement as follows:

First tie <= 209.89 / [(1.00)(60)] = 3.50 in?
Use 6 - #7 at 7 inches (A = 3.60 in%)

Second tie As = 68.55 / [(1.00)(60)] = 1.14 in?
Use 4 - #5 at 7 inches (As= 1.24 in?)

See Figure 32 for reinforcing placement.
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2- Span CIPPTCBGB

Step 15 — Bottom Slab Analysis

The bottom slab must also disperse the concentrated forces from the webs to
the entire width of the slab. A strut-and-tie model (Figure 31) was created with
one set of nodes at the web bottom slab interface 33 inches from the anchors
and the other set half the web spacing (46.50 inches) away. At the end of the
general zone the stresses can be uniformly distributed with nodes placed
between the webs or between the exterior web and the edge of deck.

However, for the bottom slab with the sloping exterior web and no bottom
cantilever, the assumption of a uniformly distributed stress in the bottom slab
is not reasonable. A better assumption is that the two exterior webs will be
distributed from the edge of the slab for a distance midway between the second
and third webs. The force applied at each web equals the force in the bottom
slab divided by the number of webs. The force applied at the other joints
equals the uniform load multiplied by the appropriate distance. Due to the
sloping face the bottom slab is assumed to be a rectangle with a width of
436.00 + 2.40 = 438.40 inches. -See Figure 30.

Pweb = 3445/ 6 = 574.17 kips

Exterior Width = 1.20 + 78.50 + 93.00 / 2 = 126.20 inches
Exterior Uniform = (2)(574.17) / 126.20 = 9.0994 kips/inch

Interior Uniform = (574.17) / 93.00 = 6.1739 kips/inch

The forces applied to the joints due to the uniformly distributed force in the
bottom slab equals the uniform load multiplied by the corresponding area as
follows:

P7 = P11 = (9.0994)(79.70) = -725.22 K
P8 = P10 = (9.0994)(93.00 / 2) + (6.1739)(93.00 / 2) = -710.21 k
P9 = (6.1739)(93.00) = 574.17 k

Calculations for the y-coordinates for the two exterior webs are shown below:
y-Coordinate

Ju7: y =542.00 -53.00 + 1.20 - 79.70 / 2 = 450.35

Jt. 11: y=53.00-1.20+79.70/ 2 =91.65

To maintain equilibrium the first interior joint must be located at the center of
gravity of the assumed load. Summing moments about Joint 3 yields:

H = [9.0994(46.50)(69.75) + 6.1739(46.50)(23.25)] / 710.21 = 50.95

Jt. 8: y =317.50 + 50.95 = 368.45
Jt 10: y =224.50 - 50.95 = 173.55
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Using the wider web at the end of the general zone is conservative but helpful.
The diagram used to determine the coordinates for the exterior webs is as
follows:

79.70

93. 00

PART AL SECTION
Bottom Slab

Figure 30

Joint coordinates and applied forces for the model are shown below:

Joint | x-Coord | y-Coord | Member
Force

1 33.00 | 48154 | 574.17
2 33.00 | 41050 | 574.17
3 33.00| 317.50| 574.17
4 33.00 | 22450 | 574.17
5 33.00 | 13150 | 574.17
6 33.00 60.46 | 574.17
7 79.50 | 450.35| -725.22
8 79.50 | 368.45| -710.21
9 7950 | 271.00 | -574.17
10 7950 | 17355| -710.21
11 79.50 91.65 | -725.22
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2- Span CIPPTCBGB

The complete analysis of the strut-and-tie model is not shown here. The
results can be determined by calculating the angles of the members and
summing the forces in both the x and y directions at each node to determine the
member forces. A simple method to obtain the tension tie forces is to cut a
section through a joint and sum moments dividing by the x-distance between
the nodes. This method will be demonstrated below:

First tie
Sum forces about Joint 7:
F1=[-(574.17)(481.54 - 450.35)] / 46.50 = -385.13 k

Sum forces about Joint 8:
F2 = [-(574.17)(481.54 - 368.45) - (574.17)(410.50 - 368.45) +
(725.22)(450.35 - 368.45)] / 46.50 = -638.31 k

Sum forces about Joint 9:
F3 = [-(574.17)(481.54 - 271.00) - (574.17)(410.50 - 271.00) —
(574.17)(317.50 - 271.00) + (725.22)(450.35 - 271.00) +
(710.21)(368.45 - 271.00)] / 46.50 = -610.82 k

Second Tie
Sum forces about Joint 2:
F16 = [(574.17)(481.54 — 410.50) - (725.22)(450.35 - 410.50)] / 46.50
=255.68 k

Sum forces about Joint 3
F17 = [(574.17)(481.54 — 317.50) + (574.17)(410.50 — 317.50) —
(725.22)(450.35 — 317.50) - (710.21)(368.45 - 317.50)] / 46.50
=323.74 k

Only the first tie has tension forces. Calculate the required tensile
reinforcement for this tie:

A = 638.31 / [(1.00)(60)] = 10.64 in
Use 6 - #9 bundles at 8 inches (As = 12.00 in?). Space the bars symmetrically
about the center of the tie located 33 inches from the anchorage plates or 33.00

—13.54 = 19.46 inches from the centerline of bearing of the abutment.

See Figure 32 for reinforcing placement.
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LRFD Example 2

A summary of reinforcing required for the anchor zone is shown below:
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Deflections
[5.7.3.6]

[5.7.3.6.2]
[BDG]

[5.7.3.6.2]
[BDG]

2- Span CIPPTCBGB

Deflections must be calculated so the superstructure can be cambered to
provide for a smooth riding surface.

Deflections can be calculated for dead load using the previously calculated
modulus of elasticity based on the 28-day concrete strength, E. = 3861 ksi.

The requirements for determination of moment of inertia and corresponding
creep factor are the same as taken from the 17" Edition of the Standard
Specifications for reinforced concrete. The LRFD Specification is based on
the unified theory of concrete where the design requirements for reinforced and
prestressed concrete have been combined under one section. However, the
formula for determining an effective moment of inertia is not appropriate for
fully prestressed members that never crack under full dead load and final
prestress loss. Therefore, using gross section properties and a creep factor of 2
is recommended. The final deflection is then the instantaneous deflection
multiplied by 3.

A summary of dead load and prestressed deflections shown in feet at the
maximum points in each span follows. In an actual design the deflections
would be determined at tenth points to provide a smooth camber.

04Spanl| 0.6Span?2
Superstructure 0.063 0.115
Barriers 0.006 0.010
Final Prestress -0.053 -0.093

The resulting camber at the critical locations follows:

0.4 Span 1
Camber = (3.0)(0.063 + 0.006 — 0.053) = 0.048 feet

0.6 Span 2
Camber = (3.0)(0.115 + 0.010 — 0.093) = 0.096 feet

If the span arrangement had produced a less favorable ratio of short to long
span, the shorter span deflection could have been negative or upwards. This
would require that the bridge be constructed lower than the profile grade
raising the issue of how much creep to apply. If the bridge is constructed low
and the total creep does not occur, the bridge will always have the undesirable
dip. To eliminate this condition raising the cable path in the short span should
be investigated in an attempt to eliminate the upward growth. When negative
camber results, the creep portion of the deflection should be ignored. For
small values of upward deflection, the designer may desire to ignore the
deflection altogether.
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Appendix A
to
LRFD Example 2

Precise Overhang Design

A simplified method of determining the adequacy of an overhang subjected to
both tension and flexure is included in the example. This appendix shows the

more complex and precise method along with the assumptions made to derive
the approximate simplified method.
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Tension and
Flexure
[5.7.6.2]

[5.7.2]

[1.3.2.1]

2- Span CIPPTCBGB

The solution of the problem involves determining the resistance of the deck
overhang to a combination of tension and flexure. Members subjected to
eccentric tension loading, which induces both tensile and compressive stresses
in the cross section, shall be proportioned in accordance with the provisions of
Article 5.7.2.

Assumptions for a valid analysis for an extreme event limit state are contained
in Article 5.7.2. Factored resistance of concrete components shall be based on
the conditions of equilibrium and strain compatibility and the following:

Strain is directly proportional to the distance from the neutral axis.

For unconfined concrete, the maximum usable strain at the extreme
concrete compressive fiber is not greater than 0.003.

The stress in the reinforcement is based on a stress-strain curve of the steel
or on an approved mathematical representation.

Tensile strength of the concrete is ignored.

The concrete compressive stress-strain distribution is assumed to be a
rectangular stress block in accordance with Article 5.7.2.2.

The development of the reinforcing is considered.
While the article specifies the use of the reduction factors in Article 5.5.4.2,
that requirement only applies to a strength limit state analysis. For an extreme
event limit state, the resistance factor shall be taken as 1.0.
The above assumptions as shown in Figures A-1, A-2 and A-3 were used in the

development of the equations for resistance from tension and flexure that occur
with a vehicular collision with a traffic railing.
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Face of Barrier
Location 1
Figure 4

[A13.4.1]

Extreme Event 11
[3.4.1]

1. Assume Stress

2. Determine Forces

2- Span CIPPTCBGB

The design of the deck overhang is complicated because both a bending
moment and a tension force are applied. The problem can be solved using
equilibrium and strain compatibility. The following trial and error approach
may be used:

1. Assume a stress in the reinforcing

2. Determine force in reinforcing

3. Solve for k, the safety factor

4. Determine values for ‘a’ and ‘c’

5. Determine corresponding strain

6. Determine stress in the reinforcing

7. Compare to assumed value and repeat if necessary

The design horizontal force in the barrier is distributed over the length L, equal
to L plus twice the height of the barrier. See Figures 5 and 6.

L, =17.10 + 2(3.50) = 24.10 ft
Pu=99.25/24.10 = 4.118 k/ft < 6.063 k/ft per connection strength

Dimensions
h =9.00 + (3.00) (1.583) / (2.625) = 10.81 in
d; =10.81-2.50clr-0.625/2 =8.00in
d, =10.81-8.00+1.00¢clr +0.625/2=4.12 in

Moment at Face of Barrier

Deck ~ =0.150(9.00/ 12)(1.58)*+ 2 =0.14 ft-k
0.150(1.81 / 12)(1.58)* + 6 = 0.01 ft-k

=0.15 ft-k

Barrier. =0.538(0.946) = 0.51 ft-k

Collision = 4.118[3.50 + (10.81/12) / 2] = 16.27 ft-k
The load factor for dead load shall be taken as 1.0.

M, = 1.00(0.15 + 0.51) + 1.00(16.27) = 16.93 ft-k

e=M,/P,=(16.93)(12) / (4.118) =49.33in
Assume both layers of reinforcing yield and fs = 60 ksi

Determine resulting forces in the reinforcing:
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T, =(0.676)(60)

=40.56 k

T, = (0.531)(60)

=31.86k
Strength Equation

Solution

2-Span CIPPTCBGB

3. Determine k
Safety Factor

Solve the equations of equilibrium by summing the forces on the section and
summing the moments about the soffit and setting them equal to zero. This
yields the following two equations. See Figure A-3.

Sum forces in horizontal direction
Egn1: -kP, + T1+ T, - C; = 0 where C; = 0.85f".ab

Sum of moments
Eqn 2: kPy(e’)- Ta(ds) - T2(d2) + C4(a/2) =0

Solving the above equations for k, the ratio of strength to applied force and
moment, results in a quadratic equation with the following coefficients:
P 2

u

A= u
1.70f"_b

B=plesl_TtTe
2 085f'_b

2
CoTd,-T,d,+ Lt Te)
170", b

Substituting in specific values yields:

(4.118)°

A=170-(45)-12)

=0.184727

10.81 (40.56 +31.86)
2 0.85-(45)-(12)

B =(4.118)- (49.33+ ] =218.9014

(40.56 +31.86)"

=-398.6119
1.70-(4.5)-(12)

C = —(40.56)-(8.00)—(31.86)-(4.12)+

Solution of the quadratic equation yields the value k, the safety factor.

_-B++B’-4AC

2A

k
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2-Span CIPPTCBGB

_ —218.9014 + |

(218.9014)° —4-(0.184727)-(-398.6119)

K =1.818
2-(0.184727)
Since the value of k is greater than one the deck is adequately reinforced at this
location.
Calculate the depth of the compression block from Egn 1. See Figure A-3.
4. Determine
a’and ‘c (M +T,-kR,)
0.85f'.b
e (40.56 +31.86 - (1.818)-(4.118)) _ L415 in
0.85-(4.5)-(12)
c=2 -1 g 715in
S, 0.825
Determine the resulting strain in the two layers of reinforcing. See Figure A-2.
5. Strains
6. Stresses ey = fy/ Es =60 /29000 = 0.00207
€1=0.003(d1/ c- 1) =0.003(8.00/1.715 - 1) = 0.01099
Since g1 > gy the top layer yields and fs; = 60 ksi
€2=0.003(d2/ c- 1) =0.003(4.12/1.715 - 1) = 0.00421
Since ¢, > gy the bottom layer yields and fs, = 60 ksi
Since both layers of reinforcing yield the assumptions made in the analysis are
7. Verify valid.
Assumption

Maximum Strain

Verify Results

The LRFD Specification does not have an upper limit on the amount of strain
in a reinforcing bar. ASTM does require that smaller diameter rebar have a
minimum elongation at tensile strength of 8 percent. This appears to be a
reasonable upper limit for an extreme event state where ¢ = 1.00. For this
example the strain of 1.0 percent is well below this limit.

Verify the results by calculating the tensile strength and flexural resistance of
the section. This unnecessary step is included for educational purposes.

©Pn = @kPy = @[Ty + T2 — 0.85fcba]
=1.0[40.56 + 31.86 - 0.85(4.5)(12.0)(1.415)] = 7.47 k
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Solve for equilibrium
from Figure A-3 by
substituting M, for
kP.e and taking
moments about the
center of the
compression block:

M, =T1[dl—%j+

Simplified Method

2-Span CIPPTCBGB

ozt

M, =(40.56)- (8.00 1415

1o 1.415)
2

j+(31.86)-(

10.81 1.415

- (1.818)-(4.118)-(T —Tj =369.34 in-k

oM = (1.00)(369.34) / 12 = 30.78 ft-k

The factor of safety for flexure is 30.78 / 16.93 = 1.818 approximately the
same as for axial strength of 7.47 / 4.118 = 1.814. Thus demonstrating that the
method provides a strength in tension and flexure with the same safety factor.

A simplified method of analysis is also available. If only the top layer of
reinforcing is considered in determining strength, the assumption can be made
that the reinforcing will yield. By assuming the safety factor for axial tension
is 1.0 the strength equation can be solved directly. This method will determine
whether the section has adequate strength. However, the method does not
consider the bottom layer of reinforcing, does not maintain the required
constant eccentricity and does not determine the maximum strain.

5

a

_j_

2

P

u

1\ §0|:T1(d1 -

where a= 2 —hu __4086-4118 _ .0
0.85f'_ b (0.85)-(4.5)-(12)
oM, =(1.00)- {(40.56)-(8.00—0'—279] —(4.118)-(%—0'—279]} +12
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Since ¢ M, =23.99
ft-k > M, = 16.93 ft-k
the overhang has
adequate strength.
Note that the resulting
eccentricity equals
(23.99)(12) +~ 4.118 =
69.91 inches
compared to the
actual eccentricity of
49.33 inches that is
fixed by the constant
deck thickness,
barrier height and
dead load moment.

Independent analysis
using the more
complex method but
considering only the
top layer of
reinforcing results in
a flexural strength
equal to 23.38 ft-k.
Thus it would appear
that the simplified
analysis method
produces a greater
non-conservative
result. However, the
simplified method
uses a safety factor of
1.0 for axial load
leaving more
resistance for flexure.
As the applied load
approaches the
ultimate strength the
two methods will
converge to the same
result.

Exterior Support
Location 2

Figure 4

[A13.4.1]

Extreme Event 11
[3.4.1]

1. Assume Stress

2. Determine Forces

2-Span CIPPTCBGB

The deck slab must also be evaluated at the exterior overhang support. At this
location the design horizontal force is distributed over a length Lg; equal to the
length L. plus twice the height of the barrier plus a distribution length from the
face of the barrier to the exterior support. See Figures 4,5 and 6. Using a
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distribution of 30
degrees from the face
of barrier to the
exterior support
results in the
following:

L51 =17.10 +
2(3.50) +
(2)tan(30)(L.04)
=25.30 ft
Pu=99.25/
25.30 = 3.923
k/ft

Dimensions
h=12.00in
d, =12.00 - 2.50
clr—0.625/2 =
9.19in
d, =4.00 + 1.00
clr+0.625/2=
5.311in

Moment at Exterior
Support

DC Loads
Deck =
0.150(9.00 /
12)(2.63)?/ 2
=0.39 ft-k

0.150(3.00 /
12)(2.63)?/ 6
=0.04 ft-k
Barrier =
0.538(0.946 +
1.042)
=1.07 ft-k

DC =1.50
ft-k
DW Loads

2-Span CIPPTCBGB

FWS  =0.025(1.04)%/2 =0.01 ft-k

Collision = 3.923[3.50 + (12.00/ 12) / 2] = 15.69 ft-k
The load factor for dead load shall be taken as 1.0.

My = 1.00(1.50) + 1.00(0.01) + 1.00(15.69) = 17.20 ft-k

e =M,y /Py = (17.20)(12) / (3.923) = 52.61 in

Assume both layers of reinforcing yield and fs = 60 ksi
Determine resulting forces in the reinforcing:

T, = (0.676)(60) = 40.56 k
T, = (0.531)(60) = 31.86 k

T+ T,=40.56 + 31.86 = 72.42 k

Solution

3. Determine k
Safety Factor
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4. Determine
a’and °c (_ ~ 2237374+ J(223.7374)* — 4.(0.167646)- (— 484.7917) _ ) 163
B 2-(0.167646) -
Since the value of k is greater than one, the deck is adequately reinforced at
this location.
Calculate the depth of the compression block.
(T,+T,-kP)
0.85f'.b
5. Strains _ .
o Stross o (72.42 - (2.163)-(3.923)) _ 1293 in
0.85-(4.5)-(12)
_ 8 1398, 6egin
S, 0.825
Determine the resulting strain in the two layers of reinforcing. See Figure A-2.
Using the previously &, = f,/ Es = 60 / 29000 = 0.00207
derived equations for
Sﬁfe]fylraa?’r yields g1=0.003(d1/ ¢ - 1) = 0.003(9.19 / 1.688 - 1) = 0.01333
the following: Since g1 > gy the top layer yields and fs; = 60 ksi

2
a__ (8923 2 5982/ © - 1) = 0.003(5.31 / 1.688 - 1) = 0.00644
1.70-(4.5)- (12) Since ¢, > &, the bottom layer yields and fs, = 60 ksi

7. Verify Assumption
1200  (72.42)

B= (3.923)-[5 20ibximgm Styajer @5). (12)] =223.7374

Verify Results

C = —(40.56)-(9.19) (31.86)- (5.31) + 1242

= —484.7917
1.70-(4.5)-(12)

Solution of the
quadratic equation
yields the value k, the
safety factor.
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Simplified Method

Since both layers of
reinforcing yield the
assumptions made in
the analysis are valid.

The maximum strain
of 1.3 percent is less
than the ADOT limit
of 8 percent and is
therefore satisfactory.

Verify the results by
calculating the tensile
strength and flexural
resistance of the
section.

2-Span CIPPTCBGB

OPy = okPy = @[T1 + T — 0.85f cbal

= 1.0[40.56 + 31.86 - 0.85(4.5)(12.0)(1.393)] = 8.48 k

M, =T1(dl —gjnz(dz —gj—kpu(g—gj

M, = (40.56)-(9.19— 1':;93j+ (31.86)(5.31—%]

—(2.163)-(3.923)- (@ —%j = 446.50 in-k

oM = (1.00)(446.50) / 12 = 37.21 ft-k

The factor of safety for flexure is 37.21/ 17.20 = 2.163 approximately the
same as for axial strength of 8.48 / 3.923 = 2.162.

A simplified method of analysis is available based on the limitations

previously stated.
(23
2 2

a
oM | = §0|:T1(d1 _Ej -

P, 40.56 —3.923 .
0.85f'.b (0.85)-(4.5)-(12) "

oM | = (1.00)-{(40.56)-(9.19—0'—50J _(3,923).(@_ 0-_;30ﬂ 219

where a =

(PMn = 27.88 ft'k > Mu = 17.20 ft'k

Interior Support
Location 3
Figure 4
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[A13.4.1]
Extreme Event 11
[3.4.1]

1. Assume Stress

2. Determine Force

The deck slab must
also be evaluated at
the interior point of
support. For this
thinner slab the
bottom reinforcing
will be near the
neutral axis and will

2-Span CIPPTCBGB

not be effective. Only the top layer will be considered. At this location the
design horizontal force is distributed over a length Ls, equal to the length L
plus twice the height of the barrier plus a distribution length from the face of
the barrier to the interior support. See Figures 4, 5 and 6. Using a distribution
of 30 degree from the face of the barrier to the interior support results in the
following:

Lsz = 17.10 + 2(3.50) + (2)tan(30)(2.13) = 26.56 ft
Py = 99.25 / 26.56 = 3.737 k/ft

Dimensions
h=8.00in
d; =8.00-2.50clr-0.625/2=5.19in
Moment at Interior Support
For dead loads use the maximum negative moments for the interior cells used
in the interior deck analysis
DC = 0.46 ft-k
DW =0.11 ft-k
Collision = 3.737[3.50 + (8.00 / 12) / 2] = 14.33 ft-k
The load factor for dead load shall be taken as 1.0.

M, = 1.00(0.46) + 1.00(0.11) + 1.00(14.33) = 14.90 ft-k
e =M,/ P, = (14.90)(12) / (3.737) = 47.85 in

Assume the top layer of reinforcing yields and fs = 60 ksi
Determine resulting force in the reinforcing:
T, =(0.676)(60) = 40.56 k

Using the previously derived equations for safety factor yields the following:

(3.737)°
1.70-(4.5)-(12)

A= =0.152126

8.00 (40.56)
2 0.85-(45)-(12)

B =(3.737)- (47.85 + J =190.4612

(40.56)°

C= —(40.56)' (5-19)+ 1_70,(4_5).(12)

=-192.5858

3. Determine k
Safety Factor
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4. Determine
‘a’ and ‘¢’

5. Strain

6. Stress

7. Verify
Assumption

Maximum Strain

Verify Results

Solution of the
quadratic equation

2-Span CIPPTCBGB

yields the value k, the safety factor.

( _ ~190.4612+ J(190.4612)" — 4-(0.152126)- (—192.5858)

=1.010
2-(0.152126)

Since the value of k is greater than one, the deck is adequately reinforced at
this location.

Calculate the depth of the compression block.

_ (Tl _kpu)
 0.85f".b

o (40.56 - (1.010)-(3.737)) _ 0.801 in
~ 085-(45)-(12)

2 08 _ho71in

B 0.825

Determine the resulting strain in the top layer of reinforcing. See Figure A-2.
ey = fy/ Es =60 /29000 = 0.00207
€1=0.003(d1/ c- 1) =0.003(5.19/0.971 - 1) = 0.01304

Since g1 > gy the top layer yields and fs; = 60 ksi

Since the top layer of reinforcing yields the assumption made in the analysis is
valid.

The maximum strain of 1.3 percent is less than the ADOT limit of 8 percent
and is therefore satisfactory.

Verify the results by calculating the tensile strength and flexural resistance of
the section.
oP, = kP, = ¢[T; — 0.85f:ba]

= 1.0[40.56 - 0.85(4.5)(12.0)(0.801)] = 3.79 k
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Simplified Method

2-Span CIPPTCBGB

M, :Tl(dl —gj—kpu(g—%j

M, = (40-56)(5-19 ——0'8201j ~(1.010)- (3.737).(2__0-82(’%

M, = 180.68 in-k
oM, = (1.00)(180.68) / 12 = 15.06 ft-k
The factor of safety for flexure is 15.06 / 14.90 = 1.011 approximately the

same as for axial strength of 3.79 /3.737 = 1.014.

A simplified method of analysis is available based on the limitations
previously stated.

o =ofr(s-5)-(3-5]

where a= 11— tu__40.56-3.731 _ ;g4
0.85f'.b (0.85)-(4.5)-(12)

oM | = (1.00)-{(40.56)-(5.19—0'—50]—(3.737)-(¥—0'—§OH +12

oM, = 15.07 ft-k > M, = 14.90 ft-k

It is interesting to note that for a safety factor approximately equal to one that
the results of the precise and approximate methods are nearly the same.
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