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Disclaimer

"This publication is disseminated in the interest of information exchange. The
Michigan Department of Transportation (hereinafter referred to as MDOT) expressly
disclaims any liability, of any kind, or for any reason, that might otherwise arise out of
any use of this publication or the information or data provided in the publication.
MDOT further disclaims any responsibility for typographical errors or accuracy of the
information provided or contained within this information. MDOT makes no
warranties or representations whatsoever regarding the quality, content, completeness,
suitability, adequacy, sequence, accuracy or timeliness of the information and data
provided, or that the contents represent standards, specifications, or regulations.”

“This material is based upon work supported by the Federal Highway Administration
under SPR-1690. Any opinions, findings and conclusions or recommendations
expressed in this publication are those of the author(s) and do not necessarily reflect
the views of the Federal Highway Administration.”
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About this Design Example
Description

This document provides guidance for the design of CFCC prestressed precast concrete beams
according to AASHTO LRFD Bridge Design Specifications with the neccessary ammendmets where
applicable, based on available literature and experimental data from tests conducted by Grace et. al at
Lawrence Technological University. The cross-section of the bridge is Type B as described by
AASHTO Table 4.6.2.2.1-1.

Standards

The following design standards were utilized in this example:

e AASHTO LRFD Bridge Design Specification, 7th Edition, 2014

e Michigan Department of Transportation Bridge Design Manual, Volume 5
e Michigan Department of Transportation Bridge Design Guide

e ACI440.4R-04, Prestressing Concrete Structures with FRP Tendons

Code & AASHTO LRFD UPDATES

This Mathcad sheet is developed based on available design guidelines and available
AASHTO LRFD edition at the time of writing the sheet. Designer shall check and update
design equations according to the latest edition of AASHTO LRFD

General notes

The following notes were considered in this design example:

1- Guarnateed strength of CFRP is reduced to account for environmental effect. The design guarnateec
strength is taken as 0.9 x guarnateed strength recommended by manufacturer

2- Initial prestressing stress is limited to 65% of the design (reduced) guaranteed strength according to
current AC1 440.4R-04. This limit is subject to change. Check the latest recommendations for
initial/jacking stress in CFRP strands

3- CFCC strength immediately following transfer is limited to 60% of the design (reduced) guaranteed
strength according ccording to current ACI 440.4R-04. This limitis subject to change. Check the latest
recommendations

4- The depth of the haunch is ignored in calculating section properties or flexural capacity, while is
included in calculating the dead loads

5- In strength limit state flanged section design, the concrete strength of the beam portion participating i
the stress block was conservatively assumed equal to the concrete strength of the deck (AASHTO LRF
C5.7.2.2)

6- Barrier weight was taken as 475 Ib/ft. While, weight of midspan diaphragm was 500 Ib/beam

7- In the Mathcad sheet, the option of debonding as well as top prestressing strands are offered as

Grace et al. Lawrence Tech.University
College of Engineering
21000 W 10 Mile Rd., Southfield, Ml
48075, U.S.A.




means of reducing the end tensile stresses of the beams

8-The example provided herein is a box beam with varying web thickness from a maximum of 12 in. at
the beam ends to a minimum of 4.5 in. at midspan. This is the same cs that was used in the
construction of M-102 bridge in Southfield, MI. Shear requirements necessitated the increase in the
web thickenss near the ends of the span

9-The box beam in this example is also provided with end diaphragms, which affect the stress
calculations at beam ends at prestress release

10- In strength limit state check, the design addresses six different failure modes as follows:

Tension controlled rectanqular section (depth of stress block is less than or equal the depth of the
deck slab and the reinforcement ratio is less than balanced reinforcement ratio, CFRP ruptures before
concrete crushing)

Compression controlled rectanqular section (depth of stress block is less than or equal the depth
of the deck slab and the reinforcement ratio is larger than balanced reinforcement ratio, Concrete
crushes before CFRP rupture)

Tension controlled flanged section (depth of stress block is larger than the depth of the deck slab
but less than the combined depth of the deck slab and beam top flange. The reinforcement ratio is less
than balanced reinforcement ratio, CFRP ruptures before concrete crushing)

Compression controlled flanged section (depth of stress block is larger than the depth of the deck
slab but less than the combined depth of the deck slab and beam top flange. The reinforcement ratio is
larger than balanced reinforcement ratio, Concrete crushes before CFRP rupture)

Tension controlled double flanged section (depth of stress block is larger than the combined
depth of the deck slab and beam top flange. The reinforcement ratio is less than balanced
reinforcement ratio, CFRP ruptures before concrete crushing)

Compression controlled double flanged section (depth of stress block is larger than the combined
depth of the deck slab and beam top flange. The reinforcement ratio is larger than balanced
reinforcement ratio, Concrete crushes before CFRP rupture)

Designer is advised to check the ductility of the beam and the deflection at failure in case of
double flanged section because in that case, the N.A. of the section lies within the web of the
beam and the ductility of the section may be compromised

11- This design example is developed based on allowable jacking strength and stress immediately
after transfer according to the limits presented in the ACI 440.4R-04. The document can be updated
using other prestress limits such as those presented in MDOT SPR-1690 research report and guide
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LRefToRef = 751t
DRefAtoBearing = 50.5in

DRethoBearing = 50.5in

4= LRefToRef — DRefAtoBearing - DRethoBearing = 66.583 ft Center to center span Length

brg, ¢ = 8in Center of bearing offset to end of beam (same valLue at both ends is
assumed)

Lipeam = L +2-brg e = 67.917-ft  Total length of beam

lship = 12-in Distance from support to the end of the beam after force transfer
and during shipping and handling

Lship =1 = lship'z = 65.917ft Distance between supports during handling and shipping

deckyigqp = 61ft + 8.5in Out to out deck width

Clearroadway := 52ft + Oin CLear roadway width

deckpick = 9in Deck slab thickness

tweqr = 0-in Wearing surface is included in the structural deck thickness only

when designing the deck as per MDOT BDM 7.02.19.A 4. Itis not
used when designing the beam.

tewg = 2in Future wearing surface is applied as dead laod to accuant for
additional deck thickness if a thicker rigid overlay is placed on deck

walk i g, = 6ft + Oin sidewalk width
walkyy i := Oin sidewalk thickness (0" indicates no separate sidewalk pour)
S,:= 8ft + 0in Center to center beam spacing
NOpeams = 8 Total number of beams
haunch := Oin Average haunch thickness for section properties and
strength calculations
haunchy := 2.0in Average haunch thickness for Load calculations
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overhang := 2ft + 11.5in Deck overhang width (same valLue on both overhangs is

assumed)
barriery, 4y, = 1ft +2.5in Barrier width; include offset from back of barrier to edge of
deck
Sexterior == S6ft + 0in Hz distance between center of gravity of two exterior
girders
clear
Lanes := ﬂoor(wj = 4.00 The number of design traffic Lanes can be
12ft calcuLated as
20 51 . .
anglecrossing =|45+— +—— |deg = 45.35-deg  Angle measured from centerline of bridge to the
60 3600 reference line
Ogkew = 90deg — anglecrossing = 44.65-deg Angle measured from a line perpendicular to

the centerline of bridge to the reference line

Concrete Material Properties

fc_deck := Sksi Deck concrete compressive strength
fc_beam = 8ksi FinaL beam concrete compressive strength
fci_beam = 0‘8fc_beam = 6.4-ksi Beam concrete compressive strength at reLease

kip

Weone = 0.150—3 Unit weight of reinforced concrete for load calculations
ft
barrierweight = 0.475% Weight per foot of barrier (aesthetic parapet tube, see MDOT BDG
t 6.29.10)

Unit weights of concrete used for modulus of eLasticity calculations, AASHTO Table 3.5.1-1

kip . .
Vefo) = |0145= if £ < Sksi Yedeck = Ve(fe_deck) = 145-pef
ft B
. o) ki Yc.beam = Wc(fc_beam) = 148-pef
o.14o—§+o.001- < —5 otherwise
ft ksi) g Yci.beam = Wc(fci_beam) = 146.4-pcf

Concrete Modulus of Elasticity

Elastic modulus for concrete is as specified by AASHTO A 5.4.2.4 with a correction factor of 1.0

E = 120000-

~ 2.0 N 0.33

b .

o b 1 4 oo ( CI—beamj Ksi = 474573 -ksi
' - 1p ksi

— Beam concrete at reLease

ft
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0.33
j -ksi = 5220.65-ksi

Beam concrete at 28 days

Deck concrete at 28 days

ksi

~ 2.0 £
c.beam c_beam
E¢ beam = 120000- - ( ™
ft3
~ 2.0 £
c.deck ¢ _deck
E. deck = 120000 (

0

CFCC Material Properties
dS = 15.2mm = 0.6-in

.2
Astrand :=0.179-in

Ep = 21000ksi

0.33
j -ksi = 4291.19-ksi

Prestressing strand diameter

Effective cross sectional area

Tensile elastic modulus

Guaranteed ultimate tensile capacity
Calculated ultimate tensile stress

Environmental reduction factor for prestressed concrete
exposed to weather for service limit state calculations

Environmental reduction factor for prestressed concrete
exposed to weather for strength limit state calculations

Tyt = 60.70kip

T

t:
fo= —8 339 11ksi
pu A

strand
CESC = 0.9
fou.service = Chsefpu = 305-2+ksi
CESt = 0.9
fou = CEgt fpy = 305.2:ksi

Modular Ratio

E

L NPT
Ec.deck
E
ny = P _ 489
Ec.deck

Box-Beam Section Properties:

Modular ratio for beam

Modular ratio for Prestressing CFCC

bg = 48in Width of top flange

dg = 6in Thickness of top flange

by, = 48in Width of bottom flange
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dg, = 6in Thickness of bottom flange
byeb min = 4-5in Minimum web thickness
byeb.max == 12in Maximum web thickness
Leng = 321in Length of the solid end block at beam end
Lyar i= 176-in Length where web is tabered from maximum
to minimum width
d := 33in Depth of beam
byebf(X) = | (24-in) if 0< x< Ly
x—L
end | .
{bweb.max - (bweb.max - bweb.min)' L } if Lepd < X = Lepg + Lyar
var
byeb.min If X > Lend + Lyar
Apeamf (X = [bpd - 0.5625~in2 if 0<x<Lgyy
bg-d—(d—dg —dg,)-(bsg —2-b 143'2'f <
frd = (d = dgg — dpp) (b~ 2-byyepp(0) +17.4375in” | if Lopg < x
d3
Ibeamf(x) = bftE if 0< x< Lend
& (d- dg - dgy)’ 4
b (bf ~ 2byepr () ——————— + 1485in" if Lgpg < x
Yt := 16.5in Depth from centroid to top of beam
Yp = 16.5in Depth from centroid to soffit of beam
I (x)
f ,
Ste(x) = be% Section modulus about top flange
t
I (x)
Sge(x) = _beamf™ Section modulus about bottom flange
Yb

Properties of the section at midspan (minimum concrete area)
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L
Apeam = Abeamf[%j = 782.437-in2 Minimum area of beam section
L
byeb = bwebf[gj =4.5-in width of the web at midspan
L combined web width at midspan
beam
by, = 2:byyeps — | 9.00-in (two webs per beam)
Wheam = Apeam (150pcf) = 815.04-plf Beam weight per foot

L
heam = Ibeamf[%j = 1.151 % 105-in4 Minimum moment of inertia

M= 16.5in Depth from centroid to top of beam
Ny = 16510 Depth from centroid to soffit of beam
Sp = lheam _ 6.978 103-in3 Minimum section modulus about top flange
Yt
Iheam .3 - .
Sg = = 6977.86-in Minimum section modulus about bottom flange
Yb

Effective Flange Width of Concrete Deck Slab, AASHTOA 4.6.2.6

Beam_ Design := "Interior" Choose the design of the beam either
"Interior" or "Exterior"

beffint = S = 8.001t Effective flange width of deck slab for interior beams

1 . . .
beffext = ;S + overhang = 6.96ft Effective flange width of deck slab for exterior beams

befr = | beffint If Beam_Design = "Interior" = 2.438

b ¢ if Beam_Design = "Exterior"

eff.ex

diotal = deckypicy +d = 42-in Total depth of section including deck

Dynamic load Allowance

Dynamic load allowance from AASHTO Table 3.6.2.1-1 is applied as an increment to the static wheel
loads to account for wheel load impacts from moving vehicles.
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IM :=1+33%=1.33
Design Factors

These factors are related to the ductility, redundancy and operational importance of the bridge
structure components and are applied to the strength limit state.

Ductility

For Strength limit State, a factor of 1.05 is used for nonductile components and connections, 1.00 for
conventional designs and details complying with these specifications, and 0.95 for components and
connections for which additional ductility-enhancing measures have been specified beyond those
required by these specifications, AASHTOA 1.3.3.

np = 1.00

Redundancy

For Strength limit State, a factor of 1.05 is used for nonredundant members, 1.00 for conventional levels
of redundancy, foundation elements where ¢ already accounts for redundancy as specified in AASHTC
A 10.5, and 0.95 for exceptional levels of redundancy beyond girder continuity and a torsionally-closed
cross-section, AASHTO A 1.3.4.

ng = 1.00

Operational Importance

For the Strength limit State, a factor of 1.05 is used for critical or essential bridges, 1.00 for typical
bridges, and 0.95 for relatively less important bridges, AASHTO A 1.3.5.

ny := 1.00

Ductility, redundancy, and operational classification considered in the load modifier, AASHTO Eqn.
1.3.2.1-2.

M =MpMrMy = 1.00

Composite Section Properties

This is the moment of inertia resisting superimposed dead loads.

Elastic Section Properties - Composite Section: k=2

kgq) =2
bg ) .
Ahaunchkn = K -haunch = 0-in effective area of haunch
sd1
haunch

dhaunchkn = 94+ = 33-in Depth of centroid of haunch to bottom of beam

.3
Adpaunchkn = Yhaunchkn Ahaunchkn = 010
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b .
eff _ 39 45.in Transformed deck width
kgqrn

Bettkn =

deckipick ~ tw Depth f ter of deck t ffit
dg1abkn = d + haunch + 102 Car _ s epth from center of deck to beam soffi

22 Area of transformed deck section
Aslabkn i= dethhick'befﬂ(n = 355.09-in

.3 Static moment of inertia of transformed
Adglabkn = Aslabkn slabkn = 13315.82-in section about soffit of beam

_ Apeam'Yb + Adglabkn T Adhaunchkn

dy = = 23.06-in Depth of CG of composite section from beam
Abeam ¥ Aslabkn W Ahaunchkn soffit
by -dl 3
_ Deffkn’ eckihick _ 5306.85: 4 Moment of inertia of transformed deck about
loslabkn = 12 - 85-in centroid
by
~haunch3
Ksqrn 4 . L
I aunchkn = T = 0-in Effective moment of interia of the haunch

Moment of inertia of composite section to resist superimposed dead loads calculated using parallel
axis theorem

2 2 . 4
I3n = Ipeam + Abeam'(dk - yb) +1oslabkn * Aslabkn'(dslabkn - dk) *+ Ihaunchkn -+ = 225243.5-in
2
+ Ahaunchkn'(dhaunchkn - dk)

y = dy, = 23.055-in Depth of CG of composite section from
b3n K beam soffit
I
Sp3n = = 9769.69-in3 Section modulus about bottom of beam
Yb3n
Ytbm.3n = 4= Yp3n = 9-94-in Depth of CG of composite section
from top of beam
I
S = 0 = 22649.67-in3 Section modulus about top of beam
t.bm.3n
Yt.bm.3n

Yi3p = d + haunch + deckyp i 1 = tyear — Yp3n = 18-94-in Depth of CG of composite section
from top of deck

I
Si3n = S = 11889.54-in3 Section modulus about top of deck
Yt3n

Elastic Section Properties - Composite Section: k=1

These properties are used to evaluate the moment of inertia for resisting live loads
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Assumed wearing surface not included in the structural design deck thickness, per MDOT BDM
7.0219.A4.......

k:=1

by 2 .
Ahaunchlkn = —n-haunch = 0-in effective area of haunch

) haunch . .
Jhaunchkn= 4+ = 33-in Depth of centroid of haunch to bottom

of beam
Ad . .3
AShaunehkn.= Yhaunchkn Ahaunchkn = 0-10
betr .
Defflaan= o 78.91-in Transformed deck width
deckipicy -

dslabka. = d + haunch + +twear = 37.5-in Depth from center of deck to beam soffit
Aglabkan= deckipick Peffin = 710.18-in” Area of transformed deck section
Adglabla = Aslabkn’ 9slabkn = 26631.64-in3 Static moment of inertia of transformed

section about soffit of beam

_ Apeam'Yb + Adglabkn T Adhaunchkn

A= = 26.49-in Depth of CG of composite section
Apeam T Aslabkn T Ahaunchkn from beam soffit
by -dl 3

| _ Deffkn’ eKihick S 0s Moment of inertia of transformed deck about
voslabkann = |, */72m centroid

by

—haunch
Joaunehlan = HT = O-in4 Effective moment of interia of the haunch

Moment of inertia of composite section to resist superimposed dead loads calculated using parallel
axis theorem

. 2 2 4
Ih = Tpeam + Abeam'(dk - yb) +1oslabkn * Aslabkn'(dslabkn - dk) *+ Ihaunchkn -+ = 284103.5-in
2
+ Ahaunchkn'(dhaunchkn - dk)

Ybp = die = 26.492-in Depth of CG of composite section from
beam soffit
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I

Spn = L 10724.26-in3 Section modulus about bottom of beam

Ybn

y =d-y, = 6.51-in Depth of CG of composite section from

t.bm.n bn
top of beam

1
St bmn = = 43652.33-in3 Section modulus about top of beam
Yt.bm.n

Yin = d + haunch + deck: 1 = twear = Ybn = 15-51-in Depth of CG of composite section from

top of deck
Iy 3 .
Sty = — = 18319.42-in Section modulus about top of deck

Ytn

live load lateral Distribution Factors

Cross-section classification...........ocooioiir e Type B

Distribution of live loads from the deck to the beams is evaluated based on the AASHTO specified
distribution factors. These factors can only be used if generally, the following conditions are met;

Width of deck is constant.

Unless otherwise specified, the number of beams is not less than three

Beams are parallel and have approximately the same stiffness.

Curvature in plan is less than the limit specified in AASHTOA 4.6.1.2.4.

Unless otherwise specified, the roadway part of the overhang does not exceed 3.0 ft.

Cross-section is consistent with one of the cross-sections shown in AASHTO Table 4.6.2.2.1-1.

Distribution of live loads for Moment in Interior Beams, AASHTO Table 4.6.2.2.2b-1

Range of Applicability.......c..ccooeiriinniiecns

if (6ft < S < 18ft,"ok" , "not ok") = "ok"

if (18in < d < 65in, "ok" , "not ok") = "ok"

if (20ft < L < 140ft,"ok" , "not ok") = "ok"
if (NOpgamg = 3,"0K", "not ok") = "ok"

One lane loaded

12002 I

v o S 0.35 S-d E 0.25 oa
lanel int - 3.0t -
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Two or more lanes loaded

v 3 S 0.6 S-d E 0.125 0505
lane2_int - 6.3t :

2002 I

live load moment disribution factor for interior beam

Miane int = maX(Mlanel_int’MlaneZ_int) = 0.595

Distribution of live loads for Moment in Exterior Beams, AASHTO Table 4.6.2.2.2d-1

One lane loaded (using the lever rule)

The lever rule involves the use of statics to determine the lateral distribution to the exterior girder by
summing moments about the adjacent interior girder to determine the wheel-load reaction at the exterio
girder assuming the concrete deck is hinged at the interior girder. A wheel cannot be closer than 2'-0" tc
the toe of barrier, and the standard wheel spacing is 6'-0". The evaluated factor is multiplied by the
multiple presence factor, AASHTO Table 3.6.1.1.2-1.

Summing moments about the center of the interior beam

q 6-ft This factor is based on the lever arm
S+ hang — b cq — 2t — —
) ( overhang = batlelyyidth j rule considring the wheel load and
R= S = 0.594 not the resultant of both wheel

Moment distribution factor for exterior beam, one load loaded. The 1.2 accounts for the multiple
presence factor, m from AASHTO Table 3.6.1.1.2-1 for one lane loaded

Mijane] ext = R1.2= 0713

Two or more lanes loaded

Horizontal distance from the centerline of the exterior web of exterior beam at deck level to the interior
web edge of curb or traffic barrier must be greater than 0'-0"

d, := max] overhang — barrier,yigep, — ( 0.5bg, — 0.5byep,) . Oft | = 0.00ft

Range of Applicability

if (~1ft < dg < 5.5ft,"0k" ,"not ok") = "ok"

lane fraction

e =097+
[ 28.51t

Moment distribution factor for exterior beam, two or more lanes loaded

=0.97

Miane2_ext = Miane_int € = 0-577
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Distribution of live loads for Moment in Exterior Beams, AASHTO C4.6.2.2.2d

AASHTO LRFD 2014 recommends the rigid plate analysis only for steel beam-slab bridges. This was
a change from ealier versions of AASHTO. Itis up to the designed to ignore the rigid plate analysis or
take it into consideration when calculating the DF for exterior beam

Additional special analysis investigation is required because the distribution factor for multigirder in
cross section was determined without consideration of diaphragm or cross frames. The multiple
presence factors are used per AASHTO Table 3.6.1.1.2-1. This analysis should be done by sketching
the cross section to determine the variables required for this example, the defined deck geometry is
used. For any other geometry, these variables should be hand computed and input:

Horizontal distance from center of gravity of the pattern of girders to the exterior girder

Sexterior

Xext = — — = 2800ft

Eccentricity of the center line of the standard wheel from the center of gravity of the pattern of girders

eq = Xext T Overhang — barrier; 4, — 2ft — 6—2ft = 24751t
€y = €1 — 121t = 12.75ft

ey = ey — 12ft = 0.75ft

g4 = ez — 12ft = -11.25ft
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Summation of eccentricities for number of lanes considered:

eNL] = €] = 24751t One lane loaded
eNL2 = €] + €y =375 ft Two lanes loaded
eNL3 ‘= eNL2 t €3 = 38.251t Three lanes loaded
eNL4 = eNL3 T+ €4 = 27 ft Four lanes loaded

Horizontal distances from the center of gravity of the pattern of girders to each girder

28.00
20.00
12.00
4.00
Xpeams = | for i€ 0. NOpe =1 = A ft
-12.00
X —-20.00

-28.00

Xj Xyt — (5)

Summation of horizontal distances from the center of gravity of the pattern of girders to each girder

2 2
XNB = beeams = 2688.00- ft

enhanced with the appropriate multiple lane factor

| Xext ®NLI Reaction on exterior beam when one lane is loaded
Ian =1.2- aF = 0.459
from AASHTO Table 3.6.1.1.21

NObeams XNB

NO,, XNB enhanced with the appropriate multiple lane factor
cams

2 Xext ©NL2 Reaction on exterior beam when two lanes are loaded
myp = 1.0- + = 0.641
from AASHTO Table 3.6.1.1.2-1
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loaded enhanced with the appropriate multiple lane

3 . Xext"’NL3J 0657 Reaction on exterior beam when three lanes are
factor from AASHTO Table 3.6.1.1.2-1

NObeams XNB

loaded enhanced with the appropriate multiple lane

4 . Xext"’NL4J _ 0.508 Reaction on exterior beam when four lanes are
factor from AASHTO Table 3.6.1.1.2-1

NObeams XNB

live load moment disribution factor for exterior beam

Mlane_ext s maX(Mlanel_ext’Mlane2_ext’mlR’mZR’m3R’m4R) = 0.713

Reduction of load Distribution Factors for Moment in longitudinal Beams on Skewed Supports

When the line supports are skewed and the difference between skew angles of two adjacent lines of
supports does not exceed 10 degrees, the bending moments and shear forces are reduced in
accordance with AASHTO Table 4.6.2.2.2e-1 and 4.6.2.2.3c-1 respectively.

Moment

Range of Applicability

Bekanei= | Oskew 1 Ogkew < 60-dog = 44.652-deg
60-deg if Ogqy, > 60-deg
Mcorrp, cior = min(l.OS - 0.25~tan(eskew) , 1.0) = 0.803 Correction factor for moment

Reduced distribution factors at strength limit state for interior girders due to skew

DF = 0.477 Moment

strength moment_int ‘= Mlane_int' Meorrgyotor

Reduced distribution factors at strength limit state for exterior girders due to skew

DF =0.572

strength moment_ext "= Mlane_ext' Meorrgyotor Moment

Design distribution factors for service and strength limit states

Distribution factor for moment at strength limit state

DF DF ¢ if Beam Design = "Interior" = 0.477

strength moment *= strength moment in

DFstrength_moment_ext if Beam Design = "Exterior"
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live load Analysis

Flexure

As per AASHTO A 3.6.1.2.1, vehicular live loading designated by the standard HI-93 truck shall be a
combination of the design truck or design tandem, and the design lane load. To produce extreme force
effects, the spacing between the two 32-kip axles are taken as 14 ft.

Calculate the maximum moment due to the truck load. Maximum truck load moment occurs when the
middle axle is positioned at distance 2.33 ft from the midspan. Maximum momment occurs under the
middle axle load. Moment due to distributed load occurs at midspan.

Unless more detailed analysis is performed to determine the location and value for the maximum
moment under combined truck and distributed loads at both service and strength limit state, the
maximum moment from the truck load at distance 2.33 ft from midspan can be assumed to occur at
the midspan and combined with the maximum moment from other dead and live distributed loads

Calculate the reaction at the end of the span

L L L
81<ip-(E - 16.33ft) + 321<ip-(E - 2.33&) + 321<ip.(E + 11.67ft)
R.= T = 38.527-kip

Calculate the maximum moment

L . .
Miuck = R(E 4 2.33ft) — 32-kip-14-ft = 924.387 -kip-ft

Maximum moment due to design lane load, AASHTOA 3.6.1.2.4

X = % = 33.292ft

2

_ QOAIPLX O.64klf-X7 = 354.67-kip- ft

Mjane =

Maximum moment due to design tandem, MDOT BDM 7.01.04.A

60kip-L

M =
tandem 4

= 998.75-kip-ft

Maximum moment due to vehicular live loading by the modified HI-93 design truck and tandem per
MDOT BDM 7.01.04.A. Modification is by multiplying the load effects by a factor of 1.20. Dynamic load
allowance is considered only for the design truck and tandem, AASHTOA 3.6.1.2.2,3.6.1.2.3 &
3.6.1.24.

My g1 := [ 1.20Mjgne + IM:(1.20-max(Mgryck - Miandem) ) | D strength_moment = 964-28-kip-ft
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Dead load Analysis

Noncomposite Dead load (Dcl)

L
beam
Wyebf (X) = (Abeamf (X) = Apeamf ( ) jj'wconc

Kip

W] = Wyepf(0-in) = 0.834- 5 acting on Leng = 2.6671t

ki .
Wy 1= Wwebf(Lend) = (),328.?p acting on Lyar = 14.667ft

Additional moment at mid-span due to weight of varying web width

2
Lyar

L
end .
1 0'5'W2'Lvar'(Lend 3 —3 j = 21.15-kip-ft

M

sw.web = VI

as uniform load

as triangular load

2
Wheam'L . Total moment due to selfweight of beam
Mpeam = 3 = 451.67 kip-ft without the varying width
. Total moment due to selfweight of
Mswbeam = Msw.web * Mpeam = 472-82-kip-ft beam

ki .
deck := (deckyyioybefp + haunchy'by)-0.15= = 1.00-kf  Selfweight of deck and haunch on

ft beam
deck-L2
Mdeck = = 554.17-kip-ft Moment due to selfweight of deck and
haunch
sip = 15psf~(beff = bft) = 0.06-kIf 15 psf weight included for stay-in-place
forms per MDOT BDM 7.01.04.1
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.2
__sipL
Msip ==

= 33.25-kip-ft

dia; ¢ := 0-kip

diagy = 0-kip

diaphragm := |dia;,, if Beam Design = "Interior"

diagy if Beam Design = "Exterior'
SPagia = 2(S — bpp) tan(Bgyeyy) = 7.904ft

L
Mgia = diaphragm-z = 0-kip-ft

DCy = Wpeqm + deck + sip = 1.875-kIf

MDCl = Mswbeam + Mdeck + MSlp + Mdla = 106023klpft

Composite Dead load (DCZ)

util := %(Oplf) = 0-kIf

Moment due to stay-in-place forms

Weight of diaphragm at mid-span per
each interior beam. Zero if no
diaphragm is used

Weight of diaphragm at mid-span per
each exterior beam. Zero if no diaphragm
is used

= 0-kip

One row of diaphragms at midspan are
used.

Dead load (wt of beam+ deck+ SIP
forms) acting on non-composite section

Total midspan moment acting
on the non-composite section

No utilities are supported by the

superstructure
barrierlweight = 0.475@ Weight per foot of first barrier (aesthetics
ft parapet tube, MDOT BDG 6.29.10)
barrier2weight = 0.475@ Weight per foot of first barrier (aesthetics
ft parapet tube, MDOT BDG 6.29.10)
2-walk, : 3--walky s 1 -w
sidewalk := width thick “conc = 0.00-kIf Weight to due extra thickness of
NOpeams sidewalk per beam
barrierl,, .: 1.+ + barrier2 ..
barrier := e e g AL Total barrier weight per beam
NOpeams gntp
kip
soundwallyejopg = O'O'F Weight of the sound wall, if
there is a sound wall
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Weight of the sound wall for exterior beam design assuming lever arm and an inetremiate hinge on

the first interior beam
ki ki

soundwall := O-i if Beam Design = "Interior" = O-%

t t

(S + overhang)

{soundwallweighf = } if Beam Design = "Exterior"

DC2 := sidewalk + barrier + util + soundwall = 0.119-kIf

Total dead load acting on the

composite section

2
DC,-L

= 65.81 -kip-ft Total midspan moment acting on the
composite section

Mpcp =

(DW) Wearing Surface load

icip Self weight of future wearing surface
DW := (beff)o.ozs? = 0.2-kIf
t

Maximum unfactored dead load moments

Mpc = Mpc + Mpp = 1126.04-kip-ft Total midspan momentdue to Ioadg acting
on the composite and non-composite
section

DW-L2 . . .
Mpw = 5 = 110.83-kip-ft Midspan moment due to weight of future

wearing surface

Wind load on the sound wall

If a tall sound wall is provided, wind effect shall be calculated and considered in the design. Assuming
lever arm rule and an intermediate hinge at the first interior beam after the exterior beam, the wind load
will affect the loads on the exterior beam and the first interior beam. In the following set of calculations,
the wind effect was calculated as a concentrated moment at the end of the overhang of the bridge.

kip Moment due to wind acting at the sound
Mying = 0-0-ft- == wall
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Extra load on the interior/exterior beam due

W= il _ g ST to wind load assuming lever arm analysis and
S ft an intermediate hinge at the first interior
beam
Moo i w2 — 0-kip-f Interior beam moment due to wind acting at
WS = T TP l the sound wall

load Combinations

Load Combinations: Strength, Extreme Event, Service and Fatigue load combinations are defined per
AASHTO 3.4.1. Verify which combination are appropriate. For this concrete box beam design, wind
load is not evaluated, and no permit vehicle is specified. However, the design live loading is MDOT
HL-93 Modified which accounts for Michigan's inventory of legal and permit vehicles.

Strength I, lll, IV and Strength V limit states are considered for the design of this beam. Load
combinations factors according to AASHTO LRFD 2016 Interim revision are used

(Check for latest AASHTO LRFD edition)

M_Strengthy := 1j(1.25Mpc + 1.50Mpyy + 1.75Mp 1 1) = 3261.28 kip-ft
M_Strengthyyy = 1(1.25Mpe + 1.50Mpyy + 1.0Myyg) = 1573.80-kip-ft
M_Strengthyy := nj[ 1.50-(Mpc + Mpyy) | = 1855.31-kip-ft

M_Strengthy, = 1j(1.25Mp + 1.50Mpyy + 1.35M 1 + 1.0-Myyg) = 2875.57kip-ft

M

u_strength = max(M_StrengthI,M_StrengthIH,M_StrengthIV,M_Strengthv) = 3261.28 kip-ft

Number of Prestressing Strands

The theoretical number of strands required is calculated using the Service Il limit state

Mpci . Mpc2 + Mpw . 0.8Mp 1 Tensile stress in bottom flange due to

fi = = 2.9-ksi ;
b applied loads
SB Sban Sbn PP

Allowable stress limits for concrete

f; = 0.24- /fci_beam'kSi = 0.61-ksi Initial allowable tensile stress

fei = —0.65-f; peam = —4-16-ksi Initial allowable compressive stress (according to AASHTO

- LRFD 2016 interim revision)
fi = 0-/fc_peam'kst = 0.00-ksi Final allowable tensile stress (allowing no tension)
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No tension is allowed under service Ill limit state to avoid potential cracks and shear action on the
strands

f

cfp = —0.45-f, —3.60-ksi Final allowable compressive stress in the beam due to

beam ~ -
- sum of effective prestress and permanent loads

fcf.deckp = _0'45'fc_deck = —2.25-ksi Final allowable compressive stress in the slab due to
permanent loads

fof = =0.6-f, peam = —4-80-ksi Final allowable compressive stress in the beam due to sum
- of effective prestress, permanent loads, & transient loads
fof deck = —0-6f; geck = —3-00-ksi Final allowable compressive stres§ in the beam due to
- sum of permanent loads and transient loads
fp = fp, — fip = 2.9-ksi Excess tension in the bottom flange due to applied loads

Assuming strand pattern center of gravity is midway between the bottom two rows of strands, i.e. the
same number of strands are used in the top and bottom rows of the bottom flange.

Yps = 31 Distance from soffit of beam to center of gravity of strands

€t = Yp — Yps = 13:50-in Eccentricity of strands from the centroid of beam

Final prestressing force required to counteract excess tension in the bottom flange. Set allowable
stress equal to the excess tension, solve for Pe.

fp

Py = ———— = 903.732-kip
1 Cst
+ —
Apeam SB
fj.max = 0~65'fpu.service = 198.377-ksi g/lgximum allowable Jacking stress, ACI1 440.4R Table
Pj = Astrand'fj.max = 35.51-kip Maximum Jacking prestressing force per strand
fi = 0'64fpu.service = 195.33-ksi Initial prestressing stress immediately prior to transfer.
shall be less than or equal to the maximum jacking
strength, and shall be adjusted accordingly to make
sure the stress immedietely following transfer is not
exceeding 0.6 times guaranteed strength as shown on
the following page
Pin = Agtrand ft = 34.96-kip Initial prestressing force per strand prior to
transfer
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Ppet = Agtrand 075 = 26.22-kip Effective prestressing force assuming 25% final
prestress losses per 0.6" diameter strand
Pet .. .
NOgrands i = ceill — | =35 Minimum number of strands required
B pet

Strand distribution per row. Row 0 is the bottom most row in the beam. Start adding strands from the
bottom row going up until the number of strands is reached. do not skip rows inbetween. Extra rows witt
zero strands will be eliminated in the analysis.

rowg := 15 row] =18 rowp =4 rows := 2 rowy := 0 rows := 0 s
rowg = 0 row7 := 0 rowg := 0 rowg := 0 18
4
2
0
row =
0
0
0
0
0
Row = [a< 0
for i€ 0..length(row) — 1 15
a<—a+1 if rowj> 0 18
a< a otherwise Row =
for je0..a—1 2
Dj « row;
D
NOgtrands = ZRow = 39.00 Total number of prestressing strands
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31.00

29.00

dgtrand = | for 1€0..length(Row) -1 = -in Depth of CFCC strands in each layer from
d d— (2i P 27.00 the top of the beam section. This calculation

A (2in) — (2in)i 2500 assumes a 2" vertical spacing of the strand

’ rows
dS
Row-(d-d

CG: ( ( Strand)—l 3.64-in Center of gravity of the strand group measured from

d¢ := (d — CG) + haunch + deckyy; . = 38.36-in
e = yp— CG = 12.86-in

A=A = 6.98~in2

ps strand NO

strands

Prestress losses

the soffit of the beam section

Depth from extreme compression fiber to centroid of
CFCC tension reinforcement

Eccentricity of strands from centroid of beam

Total area of prestressing CFCC strands

loss due to Elastic Shortening, AASHTO Eqn. C5.9.5.2.3a-1

2
Aps Tt (Ibeam te 'Abeam) ~ ¢ Mgwbeam Abeam

Af = = 12.52-ksi
PES A 1 E ]
2 beam ‘beam ~c.beam i
Aps|Ibeam * €5 “Abeam ) * E
p
Fpt = fi — Afpgg = 182.80-ksi Prestressing stress immediately following transfer

Py = ApgFpy = 1276.141-kip

According to ACI 440.4R, Table 3.3, the allowable stress immediately after transfer shall

not exceed 0.6 fpu

0.6-f

pu.service 183.117-ksi

if(Fpt < 0'6'fpu.service’

llokn , uNOt Okn) — llokn

Approximate Estimate of Time dependent losses, AASHTOA 5.9.5.3
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H =175 Average annual ambient relative humidity

Yy = 1.7-0.01-H = 0.95 Correction factor for relative humidity of ambient air
_ 5 068 Correction factor for specified concrete strength at time
st = £ e of prestress transfer to the concrete member
ci_beam
ksi

Afyp = f1.75% = 3.42ksi

Relaxation loss taken as 1.75% of the initial pull
per experimental results from Grace et. al based

on 1,000,000 hours (114 years)

f-A

t
AprT = 10'A—ps'7h"Yst + 12ksiyp g + Apr = 22.31-ksi long term prestress loss

beam

Difference in thermal coefficient expansion between concrete and CFCC

a=610 01
F
tamb = 68F
tiow = —10F
At =ty 1~ = 78F

Afpt = (x~At-Ep = 9.83-ksi

fpe = ft = AprT — AfPES — Afpt = 150.67-ksi

Pg = Apg foe = 1051.81-Lip

f, = 195.33-ksi

fpe = 150.67ksi

ft_fpe

fi

loss := = 22.86-%

Debonding Criteria

Difference in coefficient of thermal expansion
between concrete and CFCC

Ambient temperature

lowest temperature in Michigan according to AASHTO
IRFD 3.12.2

Change in the temperature
Prestress losses due to temp. effect

Effective prestressing stress after all losses

Effective prestressing force after all losses

Initial prestress prior to transfer, not including
anchorage losses

Prestress level after all losses

Total prestress loss
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Estimate the location from each beam end where top prestressing or debonding is no longer needed
The vectors are developed for possible two different deboning lengths per row. Enter the number of
debonded strands and the estimated debonding length in the vectors below per each row location

Location: number of strands:

1 3

1 2

2 2

2 4

3 0

3 0
Rowgy, = A ngp = 0

4 0

5 0

5 0

6 0

6 0
rowgp = | for i€0..2length(Row) — 1

Dj« Rowdbi
D

Lgp = | for i€0.. length(rowdb) -1

debonding length:

15
5 For debonding pattern, follow
staggering guidelines in MDOT

10 BDM 7.02.18.A.2

5

0

0

ft

0

0

0

0

0

0

for i€0.. length(rowdb) -1

1
D
1 3
1 2
2 2
2 N 4 5 .
row = = t
db 3 db 0 0
3 0 0
4 0 0
4 0 0
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Debondy = ———— = 28.21-% Portion of partially debonded strands in beam section
strands

if (Debond, o < 40%,"ok" ,"No Good" ) = "ok”

Total number of debonded strands in rows

5.00
) 6.00
Nab.row = | for i€0..length(Row) — 1 = D
aj<« 0
0.00
for jeO.. length(Ndb) -1
aj<aj+ Ngp if rowgy =i+1
J J
a
33.33
) 33.33
Debond,., := | for i€ 0..length(Row) — 1 = 0.00 %
aj<« 0 .
0.00
Ndb.rowi
aj¢« — if Rowj> 0
Rowj
0 otherwise
a
. The limit of 40% is tak
if (max(Debond oy, ) < 40%,"0k" ,"No Good" ) = "ok" acoording to Do s laken,

7.02.18.A2

Optional: only needed if debonding scheme is not sufficient to eliminate the tensile stresses
at beam ends either at transfer or due to handling and shipping

CFCC strand transfer length, ACI 440.4R Table 6.1 L; == 50dg = 2.49ft

Number of top prestressing strands in the top flange
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5
ROWtOp = 0

Depth of the top prestressing strands from the top surface of the beam

3 .
dtop = 0 -in

Initial prestressing stress/force at the top prestressing strands

Fp_top = 50-ksi

Distance from the end of the beam to the point where the top prestressing is no longer needed

Xp_top = 15-ft

Top prestressing strands shall not extend the the middle third of the beam. Otherwise, it could affect the
stresses at service limit state

. . Lbeam
Check Top prestressing Length := | "Okay" if Xp top < T = "Okay"
Lbeam
Check service stress @ x.p_top" if Xp top > —

Distance from the end of the beam to the pocket where top prestressing strand is cut after concrete
pouring. The middle region between the cut pockets shall be dobonded to avoid force transfer to the
middle region

Xpocket = Xp_top + Lt = 17.493 ft

Serviceability Checks

Stress check locations along the beam

Stress locations after the transfer length for bonded and de-bonded strands

Since this beam is provided with and end block, it is important to check the stresses at the end of the
end block. Therefore, L.end was added to the x.release
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2.493

2.493
2.493
2.493
2.493
2.667
Xrelease = SO“[StaCk[Lt’Lend’(Ldb + Lt) ’Xp_top’xpocket]] ~ | 7493 ft
7.493
12.493
15
17.493
17.493
Extracting repreated X from the vector
Xrelease = [k« 0
X() ¢ Lt
for iel.. length(Xrelease) =1
kek+1 if (Xreleasei * Xreleasei_l)
Xk < Xreleasei
X
2.493
2.667
7.493 .
X = -1t
release 12.493
15
17.493
Area of strands in each row at each stress check location
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Agp = | for i€0.. length(xrelease) -1

for z€ 0..length(Row) — 1

Aj,z < ROWZ'Astrand

for j€0.. length(Ndb) -1

J
TOW <— I'Ode'
J

J

xreleasei

A, row—1 ¢ (Ai,rOW—l - n'Astrand)' if Xrelease; < L¢

t

Ai,row—1 < Aj row-1 =~ MAgrang if Ly < Xreleasei <L

Aj, row-1< Aj row—1—1-A if L<x < L+L;

strand "
(Xreleasei - L)

strand Lt

releasei

+n-A

1.79 2.15 0.72 0.36
1.79 2.15 0.72 0.36
2.15 2.86 0.72 036 | »
Adb: -1n

2.15 3.22 0.72 0.36
2.15 3.22 0.72 0.36

2.69 3.22 0.72 0.36

Beam stresses at release due to prestressing only

Sign convention; negative and positive stresses/forces for compression and tension respectively
—327.22 -392.66 —130.89 —-65.44
—327.22 -392.66 —130.89 —-65.44
P e F A - —392.66 —523.55 -130.89 —-65.44 -ki
Ps = PR T | 395 66 —588.99 ~130.89 —65.44 |
—392.66 —588.99 -130.89 —-65.44

—490.82 -588.99 —130.89 —-65.44
Midspan moment due to prestressing at release
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-965.286
-965.286
—1180.703
Mps = Pps'(dstrand - yt) ~ | 1248873 kip- ft
—1248.873

—1367.489

Top and bottom concrete stresses at check locations due to prestressing ONLY

fps = | for i€0.. length(Xrelease) -1
M« Mpsi
cols(PpS)—l
o , top bottom
P j
j=0
751 —1908
A < Apeamf (Xreleasei) 674 —2343
Stop(_ STf(xreleaSei) fp = oo A
S
750 —3408
Sttt < Spe( X
bott <~ °Bf ( releasei) 699 =329
B > 721 -3983
fi,0eo—+—+
top A
M P
fi,1 < Tt
Spott A
f

Beam stresses at release due to selfweight

For the selfweight moment due to the varying web thickness, assume a linear varying moment from the
end of the beam to the point of constant web thickness. This will resultin a slight under-estimation of the
self weight in the area of the varying web thickness.

Moment due to self weight of beam at check locations

L 2
beam X .
My (%) = wbeam'—z + Wi Lepg+ 05wy Lyq |- x— (wbeam aF Wl)'? if 0<x<Lepg
Lpeam x2 Lend (
wbeam~—2 aF Wl'Lend + O'S.WZ'LVaI‘ X — wbeam'7 aF Wl'Lend' X — ) aF 05W2—
Lpeam x2 Lend
wbeam'—z +wpLopg+ 05wy Ly |- x— wbeam'? +wpLeng|x- 5 +0.5-wy-L
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Top and bottom concrete stresses

at check locations due to beam self weight ONIY

fow = | for i€0.. length(xrelease) =1 top bottom
M« Msw(xrelease.) —104 104
i ~125 125
-M
filoc c——— ) 328 328 |
X = -psi
Tf( releasei) W | Zs11 511 p
. M ~593 593
i1 ————
SBf(Xreleasei) —655 655
f
Area of top prestressing strands at distance X.release from the end
Atop = | for i€0.. length(xrelease) =1
for z€0.. length(RowtOp) -1
Xreleasei
Ai,z ¢ ROw‘topZ'Astrand' . if Xreleasei < Ly
Ai,z ¢ RowtopZ'Astrand if Ly < *release; < Xp top
Xrelease; ~ *p_top
A,z ¢ RowtopZ'Astrand - L, '(RowtopZ'Astrand) if Xp top < *release; <3
Aj,z< 0 if *release; > Xp top Lt
A
0.895 0 2.493
0.895 0 2.667
A 0.895 0| » 7.493 "
= -1n X = t
P~ 1 0.895 0 release = | 15 493
0.895 0 15
0 O 17.493
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4475 0.00
4475 0.00
4475 0.00
P~ | _44.75 0.00
4475 0.00
0.00 0.00

Pp_top = _Fp_top'A -kip

50.344
50.344
50.344
p_top(dop =) =| o 34, [P
50.344

0

M

p_top =P

fp_top = | for i€0.. length(xrelease) -1

M« Mp_tOPi

cols(Pp_top)— 1

P« Z P top, |

j=0
A< Apeamf (Xreleasei)
Stop < STf (xreleasei)

Sbott < SBf (Xreleasei)

Stresses in the beam due to the top prestressing strands only

-97.605 41.083
~119.445 37.891
~126.137 36.076
btop=|  _134283 33311 pst
—138.965 31.464
539910 1103x 10" 4
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Check for beam stresses at release against allowable stresses

Beam stresses at release

top bottom

549.472 —-1763.229 2.49

428.6 —2179.869 2.67
. . 328.515 —2657.588 i 7.49 "
c.release = fps + fsw * fp top = 104.021 —2862.927 IRKT] Xrelease = 12.49 U

—32.475 -2904.826 15.00

66.177 —3328.14 17.49
i release = max(fc-release) = 349psi Maximum tensile stress at release
fei release = mm(fﬂelease) = —3328psi Maximum compressive stress at release
b . > . n " n n — n " . = 1
lf(f'fl 2 Tt release-"0K" , "ot ok ) S Allowable tension check it = G
T . . > — . n " n n — n " L= :
lf( fei = ~fcirelease> "0K" ,"not ok ) S Allowable compression check fei Sl

Camber immediately after transfer

Camber calculations ignores the variable cross section

Camber due to prestressing assuming constant maximum force (ignore debonding)

—min ( M 2

8-E

L
ps) Lbcam = 2.494-in

c.beam_i'lbeam

Deflection due to top prestressing assuming constant maximum force (including debonding transfer
length)

2
My topyp_top

= = 0.018:in
p_top 2(E

d

c.beam i’ Ibeam)

Deflection due to selfweight of the beam

4
=5 wbeam'Lbeam

384-E

= —0.714-in

c.beam_i'lbeam
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31.00
31.00
29.00
d for ie0..length 1 2001
= or 1€ 0.. length( row - = -1n
strand.db g ( db) 2700
dsi «—d- (21n)r0wdbi 27.00
25.00
dg
25.00
0.057
7.021x 107>
0.017
-A -F..-(d —-v:)-(L L 2
_ Ndb Astrand pt( strand.db yt)( db ™t t) 0.012 .
ddh = 2 E R = N
c.beam_i "beam 0
0
0
0

Z&db = 0.093-in

. 2 4
_mm(Mps) ‘Lheam 5 Wheam' Lbeam

8-E 384-E

Cambertr = - Z 5db - Sp_top = 1.668-in

c.beam i’ Iheam c.beam i’ Iheam

Positive sign indicates camber upwards. Negative sign indeicates deflection

Check the stresses of the beam during shipping and handling, where the supports are not at
the ends of the beam (Find the exact location of the supports during shipping and handling)

Moment due to self weight of beam at check locations
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2
X . o
Msw.ship(x) = —(wbeam ar W1)7 if 0<x< Lend A0In< x < IShlp

2
2 L (x -L )
X end end .
—2 + Wl'Lend'[x - 5 j + 0.5~w2-—2 if L

~| Wbeam’

Lbeam

Lbeam 2

Lbeam 2

Top and bottom concrete stresses at check locations due to beam self weight ONIY

<
end =

X < Lvar + Lend‘

2

X
“beam ™, +WLeng +0.5wy Ly ~(x - lship) ~| “beam ™, + Wi Leng

X
“beam ™, +WLeng +0.5wy Ly ~(x - lship) - |:wbeam'7 + Wi Leng

fow.ship = | for ieO..length(xrelease)_l top  bottom

M« M -59 59
- . (x

sw.shlp( releasei) s s

fioe —2 . -276 276 |

1, R 5
STf(xreleasei) sw.ship = | 40 450
—-538 538

file——= )
SBf(Xreleasei) 599 599
f

Check for beam stresses during handling & shipping against allowable stresses

Beam stresses during shipping @ handling

x2 Lend Lvar
— wbeam? A Wl'Lend' X — ) A 0.5'W2'Lvar' X — Lend = _3 if x> Lvar A LC

—— X .
wbeam ) ar Wl'Lend + 0.5'W2'Lvar '(X = lShlp) = (wbeam A W1)7 if 0< x< L‘

Lenc

X — ——
2

Lenc

X——
2

top bottom
593.974 -1807.731 2.49
479.086 —2230.355 2.67
. . 380.566 —2709.639 ) 7.49 a
in = + in T = -psi1 X = t
c.ship fps sw.ship fp_top 157.799 —2916.704 p release 12.49
22213 -2959.513 15.00
121.739 —3383.702 17.49
£y ship = max(fc.ship) = 594psi Maximum tensile stress at release
fci.ship = min(fc.ship) = —3384 psi Maximum compressive stress at release
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if(fti 2 fti.ship,"ok" ,"not ok") = "ok" Allowable tension check i = Gl7ps!
if (_fci 2 ~f ships "0k" , "not ok") = "ok" Allowable compression check i = 2 160gs!

Service | limit State - Check for compressive stresses at top of deck at service conditions
due to permanent loads only

Compressive stress at top of deck due to loads on composite section

~(Mpc + Mpyw)
Stanksdrn

fef actual mid =

= —73psi

if(_fcf.deckp > ~fef actual mid>"ok" "o good") = "ok"

Service | limit State - Check for compressive stresses at top flange of beam at service
conditions due to prestress and permament loads only

Compressive stress at top flange of beam due to prestressing and permanent loads

-P P.e. M M +M

DC1 DC2 DW
e - - =23
- - Abeam ST ST St.bm.3n

if (_fcfp > ~fof actual mid>"0k" "ot ok") = "ok" Allowable stress check

Service | limit State - Check for compressive stresses at top of deck at service conditions due
to permanent and transient loads

Compressive stress at top of deck due to loads on composite section including wind effect
according to AASHTO LRFD 2016 Interim revision

~(Mpcy +M 1.0M 1.0M
pc2 + Mpw LLI
Setvactualwmid. = ( ). - = 592psi

- - St3n' ksdl'n S‘[n'k'n Stn' k-n

if (_fcf. deck >~ cf_actual_mid’""k" ,"'no good") = "ok" Allowable stress check

Service | limit State - Check for compressive stresses at top flange of beam at service
conditions due to prestress, permanent, and transient loads

Compressive stress at top flange of beam due to prestressing and all loads................

“Pe Peeg Mpcp Mpep+Mpyw  Mppp  1.0-Myg .
Setvactualwmid. = i - - - - = Lodipet
- - Abeam ST ST St.bm.3n St.bm.n St.bm.n

Grace et al. Lawrence Tech.University
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lf(_fcf > ~fef actual_mid-"ok""not ok ) = el Allowable stress check

Service lll limit State - Check for tensile stresses at bottom flange of beam at service conditions

Tensile stress at bottom flange of beam due to prestressing and all loads

. “Pe  Peeg N Mpci N Mpc2 + Mpw N 0.8Mp 1 379. 061
tf actual mid -~ - = IR
- - Abeam SB SB Sb3n Sbn

if (ftf > fif actual mid-"oK","not ok") = "ok" Allowable stress check

Calculate bar area required to resist tension in the top flange at release, AASHTO Table
5.9.4.1.2-1:

Maximum top flange tensile stress at
£ ship = 593.974 psi release or handling, whichever is larger
(usually, handling stresses are larger)

f, = Vlookup(ftl it e )0 ~1.808x 10° psi Bottom flange compressive stress

corresponding to the maximum top flange
) tensile stress at release/shipping
e = mE’ltCh(f‘[i.ship’ c. sh1p

Finding the location of the maximum

X, = Xrelease(' ) = 2.493 ft :je_nsne §tresses to calculate the section
imensions
fii shin — fe si Slope of the section stress over the depth
slope,, = Y © 72.779-1?— of the beam
m
3 i ship 31614 Distance measured from the top of the
Xo = EEE = beam to the point of zero stress
m

Calculate the width of the beam where the tensile stresses are acting
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%o
bien = | for i€0..ceil| —

m

Xo'l

X
ceil[,—oj
in

bi< b if 0< xi < dg

Xj €<

bi ¢ 2byepp(xc) if xi> dg

b
Calculate the tensile stress values every inch of depth starting from the top surface of the beam

X0
f:= | for i€0..ceil| —
in

Xo'l

X
ceil (—Oj
in

fi« fti.ship — slope .- xj

Xj <

£
593.974 43
527.977 43
461.98 43
395.983 43
320986 | 28|

=1 263.080 | Pten = | 4o ™
197.991 43
131.994 43
65.997 43

0 43

Calculate the tensile force that shall be resisted by top reinforcement
length(f)—-2 X,

T — (£ + Fi1) (b, + by, ) ——— | = 116343k
i Z 4 ( 1 1+1) ( ten, teniH) X, p
i=0 ceil

m

Calculate area of tensile reinforcement required in the top of the

T .2 beam. The stress in bars is limited to 30ksi per AASHTO
Astop = Jp g - 078 5.9.4.1.2. See Figure C.5.9.4.1.2-1 which is based upon .5 f.y of
steel rebar
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Abar.top = 0.44~in2 Cross sectional area of No. 6 steel rebars

As.top lj _y number of No. 6 bars provided in the top flange to

Dpar.release = Ceﬂ( Apart resist tension at release in the beam ends.
ar.top

Calculation of minimum length of top tensile reinforcement

AASHTO LRFD Table 5.9.4.1.2-1 specifies a maximum concrete tensile stress of
0.0948- /fci beam S 0.2 ksi for tensile zones without bonded reinforcement

f

ci_beam

,O.Z}ksi = 0.2-ksi
s

ft.max = min(0.0948~

Calculate the minimum required length of top reinforcement based on the stress calculated at distances
x.release during release or shipping and handling, whichever is greater. If all the stresses are larger tha
f.t.max, estimate the stress after the last point of debonding. The change in the web width is ignored

h < Xpelease

(0
.ship

Liopr =
f 1,

i< length(f) — 1

while fj < fi -+

break if i= 0
i«—i—-1
X<« 1-ft

fPS(_ fpsrows(fp )—1 ,0

2
L"’beam'Lbeam'(X - 1ship) (""’beam'X )

2 2
St

S() < fps ~ ft max ~

g < root(S(x),x)
g if flength(f)-1 > f max

Lbeam

if Im(g) # 0 A flength(f)-1 > ft max

hi+1 otherwise

Ligpr = 12493t
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2
6
"T'(_) Calculate the tension development length required for
1.25 60 the tensile reinforcement in the top of the beam. As
lg = 1.4-—4~in = 1.367-ft provided AASHTO 5.11.2.1.1 taking into account 1.4
modification factor per AASHTO 5.11.2.1.2

LtopR = L,[Opr +1q = 13.861t Minimum length required for the top reinforcement
from each end

Flexural Capacity

Stress block factor, AASHTO 5.7.2.2. Assuming depth of neutral axis lies within the deck

By == |0.65 if f, geck > 8000psi =08

0.85 if f, gk < 4000psi

f — 4000psi

deck P

0.85 - | === 0.05| otherwise
1000psi

Ecy = 0.003 Maximum usable concrete compressive strain
€pu = E—u = 0.0145 Ultimate tensile strain of CFCC strand
p
fpe
€pe =% = 0.0072 Effective CFCC prestressing strain
p
&9 = Epy ~ Epe = 0.0074 Reserve strainin CFCC
40.00 Depth of prestressing strands
o ) e 38.00 | from top of concrete deck
i = + haunch + dec g = -1n
i strand thick 36.00
34.00
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2.69

322 5 Area of strands in rows
Af = Agirang Row = -in
0.72
0.36
404.54
485.45 Effective prestressing force of strands in rows
P =Apf = -ki
row = Afpe = | g7 gg | P
53.94
0
. 2. Distance from each layer of prestressing
sj:= | for i€ 0..length(Row) —1 = 4™ strands to the bottom prestressting layer
Sj < dl = dl
0 i 6
S
deck e = deck _ 94 Effective deck thickness (total thickness minus
ecKeff = deCKhick ~ twear = 210 assumed sacrificial wearing surface thickness)
Balanced reinforcement ratio
o Ecu 4 = 11.585-in Depth of neutral axis at balanced failure
bal - Ecu Tt €O ) ’

Balanced reinforcement ratio assuming Rectangular section

0.85-f¢ deck B1Peff Chal ~ Pe
Ep' E()'beff' diO

PR bal = = 0.0046

Balanced reinforcement ratio assuming Flanged section

0.85-f¢_geck-deckefp(Degr = bpy) +0-85-F; ek B1-Dsy Chal = Pe
Ep'eo'beff'dio

PFl bal = = 0.0045

Balanced reinforcement ratio assuming Double Flanged section

0.85-f _deck-deckepp(begr = by) +0.85-f; i dpy:(bgy = by) +0-85f deckB1byChat = Pe

PDFI bal = A
- Ep-€0-begp-dj
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Depth of the N.A. and reinforcement ratio assuming Flanged Tension contorlled section

FILT:= |c« 1.0:in

.2
Aeq_s(_ 1.0-in

Aeq £ 2.0-in”

N ¢ length(d;) 1

: .2
while [Agq ¢=Agq ¢ > 0.01in

Si~

N
1
A <« 1- -A
eq_s Z di ¢ fi
i=0 0

Ep'EO.Aeq_S + Pe - 0‘85'fc_deck'(beff - bft)-deckeff
0.85 'fc_deck' By b

C <

Si-

N
1

Aeg £ 1 A

ca f< D d —c| T
i=0 0

Aeq_f

b.pe-d:
eff i

_— (1.5268j cp T = FLTg+in = 1.527-in

pFl_T = Fl_T] = 0.0017

Depth of the N.A. and reinforcement ratio assuming Rectangular Tension contorlled section
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c<« 1.0-in

lW
—
[

.2
Aeq_s<_ 1.0-in

Aeq £ 2.0-in”

N« length(di) =1
while [Acg (= Acq f| > 0.01in"

Si.

N
1
A o« 1- A
eq_s Z d —c|
i=0

1o
E .-ep-A +P
P eqs” e
0.85-f; deck B1 Pefr

C

Si-

N
1
A <« 1- A
eq_f Z d —-c fi
i=0

'
A
f
Py
eff i
)
in
p
[6.366119) cR T = R_Toin = 6.366-in
- 0001729 pr T = R_T| = 00017

Depth of the N.A. and reinforcement ratio assuming Double-Flanged Tension contorlled section. The
depth of the stress block is deeper than the depth of the deck and the top flange together.
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DFI T =

(DFL T

c<« 1.0-in

.2
Aeq_s<_ 1.0-in

Agq ¢ 200"

N « length(di) -1

while |Aeq_s_Aeq_f| > 0.01-in
N S,
i
A <~ 1- A
€q_s Z d —c fi
i=0 0
« Fpe0heq st Pe” 0'85.f°_de°k'(beff _ bV)'deCkeff —0385 'fc_deck'(bft - bv)'dft
®
0'85'fc_deck' B1 by
N ;.
1
A <« 1- A
eq f Z & .
i=0 0
A
f
p < %
eff %y
1
in
Y

: ~72.1350
~ | 00018

(CDFI T = DFL_Tp-in = —72.135~in)

(pDFl_T := DFL_T1 = 0.0018 )
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Depth of the N.A. and reinforcement ratio assuming Flanged Compression contorlled section

diO —C
£00) = Eqy

Fl C =

C

c<« lin

A

cq

.2
& 1.0-in

Aeq £ 2.0-in”

N« length(di) -1

. .2
while |Aeq_s_Aeq_f| > 0.01-in
N S;.
i
A <« 1- -A
cas< D d —c| T
i=0 0

£(c) ¢ 0.85-f;_gecic (befr — bry) deckepr + 0.85-f gociBrcbpy -
+ (—Ep.eo(c)-Aeq_s - Pe)
Cc« root(f(c) ,c,O.l-in,diO)

Si~

N
1
A “«— Il = A
6q_f Z dl —C fl
i=0 0

e 7.086548 °f| ¢ = FI_Co-in = 7.087-in
N 0.001727

pFi_c = FLC1 = 0.0017
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Depth of the N.A. and reinforcement ratio assuming Rectangular Compression contorlled section

R C:= Jc« liin

.2
Aeq_s<_ 1.0-in

Aeq £ 2.0-in”

N« length(di) =1
while [Acgy = Acq | > 0.01in"

Si.

N
1

Aeg s = A

ca s D, d —c| Ti
i=0 0

g(C) < 0'85fC_dCCk. Blcbeff = Ep'Eo(C)'Aeq_S = PC
c« root(g(c) ,c,O.l-in,diO)

Si-

N
1
A e - A
eq_f Z d —c|
i=o

'
Aeq_f
begrd;
<
in
p
_ 8.1876 ¢R_c = R Cp-in = 8.188-in
B 0.0017

PR C = R_C1 = 0.0017

Depth of the N.A. and reinforcement ratio assuming Double Flanged Compression contorlled
section
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DFl C = |c« l-in

.2
Aeq_s<_ 1.0-in

Aeq £ 2.0-in”

N« length(di) -1

. .2
while |Aeq_s_Aeq_f| > 0.01-in
N S;.
i
A <« 1- -A
cas< D d —c| T
i=0 0

f(c) « o.zzs-fc_deck-(beff - bweb)-deckeff + o.zzs-fc_deck.(bft - bweb)-dft
+ 0‘85'fc_deck' 61~C~bweb - Ep'EO(C).Aeq_S - Pe

Cc« root(f(c) ,c,O.l-in,diO)

Si~

N
1
A “«— Il = A
6q_f Z dl —C fl
i=0 0

Aeq_f

b.ee-d:
eff i

DFl C =

(4.154495) cpF] ¢ = DFI Corin = 4.154-in

0.001735

Check the mode of failure
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Section_Mode := | "Rectangular_Tension" if 3j-cg T < deckyer A PR T < PR bal

"Rectangular_Compression" if 3j-cg ¢ < deckoer A PR > PR bal

"Double_Flanged Tension" if 31-cpp| 1 > deckepr +dg A PpEI T < PDFI bal

(Section Mode) = "Rectangular Tension"

Select the correct depth of the N.A.

&=

cR T if Byegr T S decker APR T < PR bal
cR_c if Byer ¢ S deckegr APR > PR bal
pl T if Byrep 1> deckepr A Bprcpy T = deckegr +dg A PR T < PRI bal
cpl ¢ if Byep ¢ > deckepr A Bprcpy ¢ = deckegr +dg A PR] ¢ > PRI bal

°prl T if Breppl T > deckesr +dg A PDFI T < PDFI bal

°prl ¢ if Byepr| ¢ > deckesr +dg A PDF]_ ¢ > PDFI bal

"Flanged Tension" if By-cp) T > deckogr A By-cpp T < deckepr + df A PE| T < PR |

"Flanged Compression” if Bq-cp| ¢ > deckepr A B-cp) o < deckegr + dg A PR >

"Double_Flanged_Compression" if 31-cpp) ¢ > deckqgr +dg A PDFI ¢ > PDFI bal

¢ = 6.366-in

Disclaimer: The design of the section as a dobule flanged section, while theoretically possible,
indicates that the depth of the N.A. is in the web of the beam. That could lead to an
over-reinforced section that has little or no ductility. Designer is advised to avoid designing the
section as a dobule flanged section if possible to ensure proper ducitliy and significant
cracking.deflection before failure

Calculate the strain in the extreme CFRP based on the mode of failure

€0 = |€pu~ Epe if Section Mode = "Rectangular Tension" = 7.359 x 10_3
€pu~ Epe if Section Mode = "Flanged Tension"
€pu~ Epe if Section Mode = "Double Flanged Tension"
di —C
0 1 1 el T n
Eour . if Section Mode = "Rectangular Compression
dl —C
O 1 1 -1 1 "
Caur . if Section Mode = "Flanged Compression
di —C
0 1 1 el 1 "
Eou’ . if Section Mode = "Double Flanged Compression
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0.0074

0.0069
€ = | for i€ 0..length(Row) -1 =
0.0065
di~ —C
i 0.0060
Ei < &0
i —C
0
&
€. = g0 —— | = 0.00139
c = €0 F— .
0

Strength limit state Flexural Resistance:

strain in ith layer of prestressing strands

strain in the concrete top of the deck

D E— BIC Blc .
M, = Ep.(e.Af). d; - 5 +Po| dp - e if deckypr < By-c < deckypp + dgy
B¢ deckeff
+0.856, geck(befr - bft)'deCkeff'[T -
— Bic By-c .
Ep(EAf) dl__z +Pe- df— ) if BIC > deCkeff+dft
Bic  deckgr
aF O'gsfc_deck'(beff = bv)'deCkeff' T = )
Bl'c dft
+0.85%, gocic(bp - bv)'dft'[T —ER =
— Bic By-c .
Ep(EAf) dl—T +Pe- df— 2 lf BICS deCkeff
M,, = 6208.403-kip-ft
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Nominal moment capacity

¢ = |0.85 if gg = 0.005 =085
0.5167 + 66.67-g¢ if 0.002 < g9 < 0.005
0.65 if g < 0.002

M, = &-M,, = 5277.14-kip-ft M, strength = 3261.28-kip-ft
if(Mr > Mu Strength,"ok" ’"no goodll) — llok"
M
- 162
Mu_strength

Minimum reinforcement against cracking moment

f, := 0.24- /fc_beam'kSi = 678.823 psi Modulus of rupture of beam concrete, AASHTOA 5.4.2.6

=16 Flexural variability factor
o = 1.1 Prestress viariability factor
V3= 1.0 Reinforcement strength ratio
P P.e Compressive stress in concrete due to effective prestress
fe = S = 3282.56 psi forces only (after allowance for all prestress losses) at
p A e S extreme fiber of section where tensile stress is caused by

externally applied loads (ksi)
S .
bn . Cracking moment
MCI' = ’Ys (’Ylfr-l- ’Yzfcpe)sbn — MDCl(g — le| = 362836klpft

if(Mr > min(Mcr, 1‘33'Mu_strength) ,"ok" , "not ok") = "ok"

Approximate mid-span deflection at failure
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The deflection calculations follows the approach outlined in the paper " Flexural behaviour of CFRP
precast Decked Bulb T beams " by Grace et al. in May/June 2012, Journal of Composites for
Construction. In order to calculate the deflection at failure, the moment capacity of the composite
section is used as the bending moment. The stress level in the bottom most row is used to calculate
the flexural rigidity. The deflection calculated below is approximate, but will give an indication of the
deformbility and the level of warning exhibited near failure of the beam.

d; = 40.00-in
0

c=6.37in

Vg = dio —c¢ = 33.63-in

Depth of the bottom row of strands to the extreme compression
fiber

Depth of the neutral axis to the extreme compression fiber

Distance from neutral axis to the bottom row of strands

M. -y R .
) n'’s .2 Flexural rigidity of the beam/deck section based on the
El := o - 340524382.74-kip-in stress level in the bottom row of prestressing strands
My kip . . . o
wp = 8—— = 11.203-— Failure load (dead and live loads) uniformly dirstibuted over the
12 ft entire span
s-wf-L4
op = = 14.549-in Midspan deflection at strength limit state
384EI
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. Lend)2

) if Lepng < X< Lyar+ Lend

Lvar

var| X~ Lend — TJ:| if x> Lo+ Lepg
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‘pocket
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ADIn< x < 1Sh1p

nd A0In< x < 1Sh1p

2nd  lship < X = Lghip

2
x—L L
( end) . beam
———— | if L < x< Lvar+ Lend/\ 1Sh1p <x< >

i
‘j ar 05W2 end =

1 Lyar . Lpeam
—j + 0'5'W2'Lvar'(x - Lend - Tji| if x> Lvar+ Lend A lship <x< 5
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= 0.0061
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bal

PF1 bal
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Disclaimer

"This publication is disseminated in the interest of information exchange. The
Michigan Department of Transportation (hereinafter referred to as MDOT) expressly
disclaims any liability, of any kind, or for any reason, that might otherwise arise out of
any use of this publication or the information or data provided in the publication.
MDOT further disclaims any responsibility for typographical errors or accuracy of the
information provided or contained within this information. MDOT makes no
warranties or representations whatsoever regarding the quality, content, completeness,
suitability, adequacy, sequence, accuracy or timeliness of the information and data
provided, or that the contents represent standards, specifications, or regulations.”

“This material is based upon work supported by the Federal Highway Administration
under SPR-1690. Any opinions, findings and conclusions or recommendations
expressed in this publication are those of the author(s) and do not necessarily reflect
the views of the Federal Highway Administration.”
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About this Design Example

Description

This document provides guidance for the design of CFCC prestressed precast concrete beams
according to AASHTO LRFD Bridge Design Specifications with the neccessary ammendmets where
applicable, based on available literature and experimental data from tests conducted by Grace et. al at
Lawrence Technological University. The example provided herein is a bulb T beam with a constant we
thickness of 8 in.

Standards

The following design standards were utilized in this example:

e AASHTO LRFD Bridge Design Specification, 7th Edition, 2014

e Michigan Department of Transportation Bridge Design Manual, Volume 5
e Michigan Department of Transportation Bridge Design Guide

e ACI440.4R-04, Prestressing Concrete Structures with FRP Tendons

Code & AASHTO LRFD UPDATES

This Mathcad sheet is developed based on available design guidelines and available
AASHTO LRFD edition at the time of writing the sheet. Designer shall check and update
design equations according to the latest edition of AASHTO LRFD

General notes
The following notes were considered in this design example:

1- Guarnateed strength of CFRP is reduced to account for environmental effect. The design guarnateec
strength is taken as 0.9 x guarnateed strength recommended by manufacturer

2- Initial prestressing stress is limited to 65% of the design (reduced) guaranteed strength according to
current AC1 440.4R-04. This limit is subject to change. Check the latest recommendations for
initial/jacking stress in CFRP strands

3- CFCC strength immediately following transfer is limited to 60% of the design (reduced) guaranteed
strength according ccording to current AC1 440.4R-04. This limit is subject to change. Check the latest
recommendations

4- The depth of the haunch between the dck slab and the beam is ignored in calculating section
properties or flexural capacity, while is included in calculating the dead loads

5- In strength limit state flanged section design, the concrete strength of the beam portion participating i
the stress block was conservatively assumed equal to the concrete strength of the deck (AASHTO LRF
C5.7.2.2)
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6- Barrier weight was taken as 475 Ib/ft. While, weight of midspan diaphragm was 500 Ib/beam.
Change according to the design

7- In the Mathcad sheet, the option of debonding as well as top prestressing strands are offered as
means of reducing the end tensile stresses of the beams. designer may utilize either or both methods

8- In strength limit state check, the design addresses six different failure modes as follows:

Tension controlled rectanqular section (depth of stress block is less than or equal the depth of the
deck slab and the reinforcement ratio is less than balanced reinforcement ratio, CFRP ruptures before
concrete crushing)

Compression controlled rectanqular section (depth of stress block is less than or equal the depth
of the deck slab and the reinforcement ratio is larger than balanced reinforcement ratio, Concrete
crushes before CFRP rupture)

Tension controlled flanged section (depth of stress block is larger than the depth of the deck slab
but less than the combined depth of the deck slab and beam top flange. The reinforcement ratio is less
than balanced reinforcement ratio, CFRP ruptures before concrete crushing)

Compression controlled flanged section (depth of stress block is larger than the depth of the deck
slab but less than the combined depth of the deck slab and beam top flange. The reinforcement ratio is
larger than balanced reinforcement ratio, Concrete crushes before CFRP rupture)

Tension controlled double flanged section (depth of stress block is larger than the combined
depth of the deck slab and beam top flange. The reinforcement ratio is less than balanced
reinforcement ratio, CFRP ruptures before concrete crushing)

Compression controlled double flanged section (depth of stress block is larger than the combined
depth of the deck slab and beam top flange. The reinforcement ratio is larger than balanced
reinforcement ratio, Concrete crushes before CFRP rupture)

Designer is advised to check the ductility of the beam and the deflection at failure in case of
double flanged section because in that case, the N.A. of the section lies within the web of the
beam and the ductility of the section may be compromised

9- This design example is developed based on allowable jacking strength and stress immediately after
transfer according to the limits presented in the AC1440.4R-04. The document can be updated using
other prestress limits such as those presented in MDOT SPR-1690 research report and guide
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BLOCKOUT
IN FORM ——— |

H

13

6o oa o
]

72"

g6,

M DRAPED STRAMDS
g" AT ENDS

DRAPED STRANDS
AT MIDSPAN

3" BEVEL (TYP) J

&
— |

LRefToRef = 1401t

DRefAtoBearing = 1810

DRefBtoBearing = 18in

Distance between reference points
Distance from reference point to bearing point

Distance from reference point to bearing point

A= LRefToRef ~ DRefAtoBearing - DRethoBearing = 1371t

brg g == 5.5in

Lpeam *

Iship =

Lship = Lpeam — 1ship'2 = 130.917 ft Distance between supports during handling and shipping

= L +2-brg g = 137.917-ft

42-in

deCkwidth = 63ft + 3in

Center of bearing offset to end of beam (same value at both ends

is assumed)

Total length of beam

Distance from support to the end of the beam after force transfer
and during shipping and handling

Out to out deck width

Center to center span Length
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Clearroadway = 60ft + Oin

dethhiCk = 9in

tyear = 0-10
thos = 2in

walk:qp, = Oft + Oin
walkyy i := Oin

S,:= 6ft + 5in
NOpeams = 10
haunch := Oin

haunchd = 2.0in
overhang := 2ft + 9.75in
barrierwidth = 1ft + 8.25in

Sexterior = S7ft +9in

clear
d
Lanes = (wj = 5.00

12ft
anglecrossing = 90deg
Oskew = 90deg —anglecpoging

Concrete Material Properties

fc_deck = Sksi

Clear roadway width

Deck slab thickness

Wearing surface is included in the structural deck thickness only
when designing the deck as per MDOT BDM 7.02.19.A 4. Itis
not used when designing the beam.

Future wearing surface is applied as dead laod to accuant for
additional deck thickness if a thicker rigid overlay is placed on
deck

sidewalk width

sidewalk thickness (0" indicates no separate sidewalk pour)

Center to center beam spacing

Total number of beams

Average haunch thickness for section properties and
strength calculations

Average haunch thickness for Load calculations

Deck overhang width (same vaLue on both overhangs is
assumed)

Barrier width; include offset from back of barrier to edge of
deck

Hz distance between center of gravity of two exterior
girders

The number of design traffic Lanes can be calculLated as

Angle measured from centerline of bridge to the reference
line

= 0.00-deg  Angle measured from a line perpendicular to the

centerline of bridge to the reference line

Deck concrete compressive strength

fc_beam = 10ksi Final beam concrete compressive strength
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f = 8ksi  Beam concrete compressive strength at reLease

ci_beam = 0-3f¢_beam
Weone = O.lSOk—lf Unit weight of reinforced concrete for load calculations
ft
barrierweight = 0.475% Weight per foot of barrier (aesthetic parapet tube, see MDOT BDG
t

6.29.10)

Unit weights of concrete used for modulus of eLasticity calculations, AASHTO Table 3.5.1-1

i
Vo(fe) = |0-145=2 if £ < Sksi
ft Ye.deck = ’Yc(fc_deck) = 145-pef
. £
k k — _
0.140~2 1 0.001- —C P otherwise Yc.beam = Wc(fc_beam) = 150-pef
> ksi)

L Ycibeam = Wc(fci_beam) = 148-pef
Concrete Modulus of Elasticity

Elastic modulus for concrete is as specified by AASHTO A 5.4.2.4 (2015 Interim revision) with a
correction factor of 1.0

E = 120000-

2.0 N
) Vci.beam ci_beam
c.beam i - : ’

0.33
= j -ksi = 5220.65-ksi ~ Beam concrete at reLease
S1

it

E = 120000-

2.0 N
) V¢.beam ¢_beam
c.beam ° ’

kip ksi
3

0.33
j -ksi = 5772.5-ksi Beam concrete at 28 days

ft

~ 2.0 N
c.deck ¢ _deck
E. deck = 120000 : (

0.33
-~ j -ksi = 4291.19-ksi Deck concrete at 28 days
S1
ft
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CFCC Material Properties

dS = 15.2mm = 0.6-in

.2
Astrand :=0.179-in

Ep = 21000ksi

Tguts = 60.70kip

T
= 8 339 11 ksi

Astrand

fou
Cpge = 0.9

fouservice = CEse Tpu =

Cpg = 09

fou = Cpse Ty = 305.2:ksi

Modular Ratio

= 305.2-ksi

Prestressing strand diameter

Effective cross sectional area

Tensile elastic modulus

Guaranteed ultimate tensile capacity

Calculated ultimate tensile stress

Environmental reduction factor for prestressed concrete
exposed to weather for service limit state calculations

Environmental reduction factor for prestressed concrete
exposed to weather for strength limit state calculations

E
n = _c.beam = 1.345 Modular ratio for beam/deck slab
E¢ deck
E
n, = P _ 489 Modular ratio for Prestressing CFCC/beam
E¢ deck
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Bulb T Beam Section Properties: 72 inch beam depth

.2
Abeam = 1166.31n

Minimum area of beam section

d := 72in Depth of beam
byep = 8in Minimum web thickness
beb.max = 8in Maximum web thickness
by = 49in Width of top flange
dg = Sin Thickness of top flange
dy = 3-in Depth of the first haunch under the top flange
by = 14in bottom width of the first haunch under the top flange
djp = 3-in Depth of the second haunch under the top flange
by, = 40in Width of bottom flange
dg, := 5.5in Thickness of bottom flange
by, = byep, = 8.00-in Shear width (equal to web thickness)
Wheam ‘= Apeam' (150pef) = 1214.9-plf ~ Beam weight per foot
- 844069in4 Minimum moment of inertia
yt = 36.2in Depth from centroid to top of beam
Yp = 35.8in Depth from centroid to soffit of beam

Ibeam 3 - .
St = = 23316.82-in Minimum section modulus about top flange

Yt

Theam 3 - .

Sg = = 23577.35-in Minimum section modulus about bottom flange
Yb
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Effective Flange Width of Concrete Deck Slab, AASHTO 4.6.2.6

Beam Design := "Interior" Choose the design of the beam either
"Interior” or "Exterior"

beffint == S = 6421t Effective flange width of deck slab for interior beams
beffext = %S + overhang = 6.02ft Effective flange width of deck slab for exterior beams

beff = |beffint if Beam_Design = "Interior" = 1.956

b ¢ if Beam Design = "Exterior"

eff.ex

diotal = deckypic +d = 8l-in Total depth of section including deck

Dynamic load Allowance

Dynamic load allowance from AASHTO Table 3.6.2.1-1 is applied as an increment to the static wheel
loads to account for wheel load impacts from moving vehicles.

IM :=1+33%=1.33
Design Factors

These factors are related to the ductility, redundancy and operational importance of the bridge
structure components and are applied to the strength limit state.

Ductility

For Strength limit State, a factor of 1.05 is used for nonductile components and connections, 1.00 for
conventional designs and details complying with these specifications, and 0.95 for components and
connections for which additional ductility-enhancing measures have been specified beyond those
required by these specifications, AASHTOA 1.3.3.

np = 1.00

Redundancy

For Strength limit State, a factor of 1.05 is used for nonredundant members, 1.00 for conventional levels
of redundancy, foundation elements where ¢ already accounts for redundancy as specified in AASHTC
A 10.5, and 0.95 for exceptional levels of redundancy beyond girder continuity and a torsionally-closed
cross-section, AASHTOA 1.3.4.

ng = 1.00

Operational Importance

For the Strength limit State, a factor of 1.05 is used for critical or essential bridges, 1.00 for typical
bridges, and 0.95 for relatively less important bridges, AASHTO A 1.3.5.

ny := 1.00

Ductility, redundancy, and operational classification considered in the load modifier, AASHTO Eqn.
1.3.2.1-2.
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M =MpMrNy = 1.00

Composite Section Properties

This is the moment of inertia resisting superimposed dead loads.

Elastic Section Properties - Composite Section: k=2

kgq) =2
bg ) .
Ahaunchkn = K -haunch = 0-in effective area of haunch
sd1
haunch

dhaunchkn = 94+ = 72-in Depth of centroid of haunch to bottom of beam

.3
Adpaunchkn = Yhaunchkn Ahaunchkn = 010

b .
b _ eff _ 28.62:in Transformed deck width

eftkn

sd1
deckqy.: 1 —

d := d + haunch + M = 76.5-in Depth from center of deck to beam soffit

slabkn ’
Aglabkn = 9€Kihick Peffkn = 257.58-in2 Area of transformed deck section
Adglabkn = Aslabkn Yslabkn = 19705.08-in3 Static moment of inertia of transformed

section about soffit of beam

B Apeam'Yb T Adglabkn T Adhaunchkn

di = =43.16:in  Depth of CG of composite section from beam
Apeam T Aslabkn + Ahaunchkn soffit
3
; _ Deffin-deckipic TR Moment of inertia of transformed deck about
oslabkn = D) = oo centroid
b
ft
-haunch
kgarn 4 . o
i = 5 = 0-in Effective moment of interia of the haunch

Moment of inertia of composite section to resist superimposed dead loads calculated using parallel
axis theorem

2 2 . 4
I3n = Thoam * Aboam {9k = ¥b) * Toslabkn * Astabkn'(dslabkn = %) + Hhaunchikn ~ = 1195303.3-in
2
+ Ahaunchkn'(dhaunchkn - dk)
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yb3n = dk = 43.163-in

I 3
— 27692.97-in

Sh3n =
Yb3n

Ytbm.3n = 4= Yp3p = 28.84-in

I
3N 41449.9-in°

Stbm.3n =
Yt.bm.3n

Y3p = d + haunch + deckypi i} — tyear = Yb3n = 37-84-in

1
3
Si3y = — = 31590.61-in°
Yi3n

Elastic Section Properties - Composite Section: k=1

Depth of CG of composite section from
beam soffit

Section modulus about bottom of beam

Depth of CG of composite section
from top of beam

Section modulus about top of beam

Depth of CG of composite section
from top of deck

Section modulus about top of deck

These properties are used to evaluate the moment of inertia for resisting live loads

Assumed wearing surface notincluded in the structural design deck thickness, per MDOT BDM

7.0219.A4.........
k=1
b
ft
e, £ k—-haunch = O-in2
n
h h
Qaunchia = 4 + auznc = 72+in
Ad =d A = 0:in”
A9naunchkn = Yhaunchkn Ahaunchkn = 010
b
ff
Reftlean= ke— — 57.24-in
n

deckipick ~ twear

effective area of haunch

Depth of centroid of haunch to bottom
of beam

Transformed deck width

Hslablea.:= d + haunch + = 76.5-in Depth from center of deck to beam soffit
Aslablan= deKipick Pefkn = 515.17-in2 Area of transformed deck section
Adslablan= Aslabkn Islabkn = 39410.17-in3 Static moment of inertia of transformed
section about soffit of beam
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_ Apeam'Yb + Adglabkn T Adhaunchkn

=

= 48.27-in
Abealrn ¥ Aslabkn W Ahaunchkn

3
befikn deckipick
12

mZZ = 34773711’14

—-haunch
-n

Ihaunehlam = — %

= O-in4

Depth of CG of composite section
from beam soffit

Moment of inertia of transformed deck about
centroid

Effective moment of interia of the haunch

Moment of inertia of composite section to resist superimposed dead loads calculated using parallel

axis theorem

2 2 .4
I = Theam + Abeam'(dk - yb) +loslabkn + Aslabkn'(dslabkn - dk) *+ Thaunchkn - = 1439459.5:in

2
+ Ahaunchkn'(dhaunchkn - dk)
ybll i= dk = 48.27-in
I

Spp = —— = 29821.23-in”
Ybn

yt.bm.n =d- ybll = 23.73-in

I

.3
St.bm.n %= = 60658.93-in

Yt.bm.n
Yin = d + haunch + decki ) — tyear — Ypn = 32.73-in

I
= 2 4397931-in°

S
t
Ytn

n

Depth of CG of composite section from beam
soffit

Section modulus about bottom of beam
Depth of CG of composite section from top of
beam

Section modulus about top of beam

Depth of CG of composite section from
top of deck

Section modulus about top of deck
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live load lateral Distribution Factors

Cross-section classification...........occooireeieee e Type K

Distribution of live loads from the deck to the beams is evaluated based on the AASHTO specified
distribution factors. These factors can only be used if generally, the following conditions are met;

e Width of deck is constant.

Unless otherwise specified, the number of beams is not less than four.

Beams are parallel and have approximately the same stiffness.

Curvature in plan is less than the limit specified in AASHTO A 4.6.1.2.4.

Unless otherwise specified, the roadway part of the overhang does not exceed 3.0 ft.

e Cross-section is consistent with one of the cross-sections shown in AASHTO Table 4.6.2.2.1-1.
Unless otherwise stated, stiffness parameters for area, moments of inertia and torsional stiffness used
shall be taken as those of the cross-section to which traffic will be applied (composite section)

Distance between the centers of gravity of the basic beam and deck

[de"kthick

2

e, =d+

e j + haunch — yp, = 40.7-in

logitudinal stiffness parameter

2 .4
Kg = n'(Ibeam + Abeam'eg ) = 3734316.14-in

Distribution of live loads for Moment in Interior Beams, AASHTO Table 4.6.2.2.2b-1

Range of Applicability.......c..ccooeiriininenens
if (3.5ft < S < 16ft,"0k" , "not ok") = "ok"
if (4.5in < deckgyicy < 12in,"0k" ,"not ok") = "ok"

if (20ft < L < 240ft,"ok" , "not ok") = "ok"
if (NOpgams = 4,"0K", "not ok") = "ok"

if(lOOOO in4 < Kg < 7000000 in4 ,"ok" , "not ok") = "ok"

One lane loaded

0.1

0.4 0.3 K
ft
Moo= 006+ ——]| 2] | ——8 1 _o3g7
lanel int 14ft L 3 in
12-L~deckthick
Two or more lanes loaded
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0.1

0.6 , 02 K
S S ft
M it =0075+| —| =] - . —| =055
lane2_int 9.5t L 3 in
: 12.0'L'deckthick

live load moment disribution factor for interior beam

Miane int = maX(Mlanel_int’MlaneZ_int) = 0.555

Distribution of live loads for Moment in Exterior Beams, AASHTO Table 4.6.2.2.2d-1
One lane loaded (using the lever rule)

The lever rule involves the use of statics to determine the lateral distribution to the exterior girder by
summing moments about the adjacent interior girder to determine the wheel-load reaction at the exterio
girder assuming the concrete deck is hinged at the interior girder. A wheel cannot be closer than 2'-0" tc
the toe of barrier, and the standard wheel spacing is 6'-0". The evaluated factor is multiplied by the
multiple presence factor, AASHTO Table 3.6.1.1.2-1.

Summing moments about the center of the interior beam

q 6-ft This factor is based on the lever arm
S+ hang — b cq — 2t — —
) ( overhang = batlelyyidth j rule considring the wheel load and
R= S =039 not the resultant of both wheel

Moment distribution factor for exterior beam, one load loaded. The 1.2 accounts for the multiple
presence factor, m from AASHTO Table 3.6.1.1.2-1 for one lane loaded

Mijane] ext = R'1.2 = 0.475

Two or more lanes loaded

Horizontal distance from the centerline of the exterior web of exterior beam at deck level to the interior
web edge of curb or traffic barrier must be greater than 0'-0"

dg = max(overhang — barrierwidth,Oft) = 1.13ft

Range of Applicability
if (~1ft < dg < 5.5ft,"0k" ,"not ok") = "ok"
lane fraction
de
=077+ —— = 0.894
Ao 9.1t

Moment distribution factor for exterior beam, two or more lanes loaded
Miane2_ext = Miane_int € = 0:496

Distribution of live loads for Moment in Exterior Beams, AASHTO C4.6.2.2.2d

Grace et al. Lawrece Tech. University 7/1/2019
College of Engineering
21000 W 10 Mile Rd., Southfield, Ml
48075, U.S.A.




AASHTO LRFD 2014 recommends the rigid plate analysis only for steel beam-slab bridges. This was
a change from ealier versions of AASHTO. Itis up to the designed to ignore the rigid plate analysis or
take it into consideration when calculating the DF for exterior beam

Additional special analysis investigation is required because the distribution factor for multigirder in
cross section was determined without consideration of diaphragm or cross frames. The multiple
presence factors are used per AASHTO Table 3.6.1.1.2-1. This analysis should be done by sketching
the cross section to determine the variables required for this example, the defined deck geometry is
used. For any other geometry, these variables should be hand computed and input:

Horizontal distance from center of gravity of the pattern of girders to the exterior girder

Sexterior

Xext = — — = 2888ft

Eccentricity of the center line of the standard wheel from the center of gravity of the pattern of girders

6ft
eq = Xext T Overhang — barrier; 4, — 2ft — 7 = 251t

ey == ey — 121t = 131t
ey :=ep— 12ft = 1ft
eq = e3— 12ft = 111t
e5 = e4q — 12ft = -23ft

Summation of eccentricities for number of lanes considered:

eNL] = €1 = 251t One lane loaded
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EN[2 = €] t€) = 38 ft Two lanes loaded

eNL3 ‘= eNL2 t €3 = 391t Three lanes loaded
eNL4 = eNL3 + €4 = 28 ft Four lanes loaded
eNL5 ‘= eNL4 T €5 = 5ft Five lanes loaded

Horizontal distances from the center of gravity of the pattern of girders to each girder

0

28.88

22.46

16.04

9.62

Xbeams = | for ie 0"N0beams -1

3.21|ft

Xij ¢ Xoyg — (i'9)

-3.21

X

-9.63

-16.04

-22.46

OO |IN|aoojun|h~h|WIN|H|O

-28.88

Summation of horizontal distances from the center of gravity of the pattern of girders to each girder

XNB = ZXbeamSZ - 3396.82-ft°

X .

1 t'*NL1

myp = 1.2 — — 0.375
NObeams XNB

X o

2 t °NL2

myp = 1.0 — - 0.523
NOpeams XNB

Reaction on exterior beam when one lane is loaded
enhanced with the appropriate multiple lane factor
from AASHTO Table 3.6.1.1.2-1

Reaction on exterior beam when two lanes are loaded
enhanced with the appropriate multiple lane factor
from AASHTO Table 3.6.1.1.2-1

3 Xext'®NL3 Reaction on exterior beam when three lanes are
mgp = 0.85- + ex = 0.537 loaded enhanced with the appropriate multiple lane
NOpeams XNB factor from AASHTO Table 3.6.1.1.2-1
X . Reaction on exterior beam when four lanes are
4 ext *NL4 . X .
myp = 0.65- + = 0.415 loaded enhanced with the appropriate multiple lane
NOpeams XNB factor from AASHTO Table 3.6.1.1.2-1
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loaded enhanced with the appropriate multiple lane
factor from AASHTO Table 3.6.1.1.2-1

5 Xext"’NLSJ 0553 Reaction on exterior beam when five lanes are

NObeams XNB

live load moment disribution factor for exterior beam

Mlane_ext s maX(Mlanel_ext’Mlane2_ext’mlR’mZR’m3R’m4R’m5R) = 0.537

Reduction of load Distribution Factors for Moment in longitudinal Beams on Skewed Supports

When the line supports are skewed and the difference between skew angles of two adjacent lines of
supports does not exceed 10 degrees, the bending moments and shear forces are reduced in
accordance with AASHTO Table 4.6.2.2.2e-1 and 4.6.2.2.3c-1 respectively.

Moment

Range of Applicability

if (30deg < Ogkew S 60deg, "ok" ,"Check C1 and Bskew below") = "Check C1 and Oskew below"

if (3.5ft < S < 16ft,"ok" , "not ok") = "ok"

if (20ft < L < 240ft,"ok" , "not ok") = "ok"

if (NOpgams = 4"0k" ,"not ok") = "ok"

Oskewn= | Oskew If Ogkew < 60-deg = 0-deg
60-deg if Ogqy, > 60-deg
Cp =10 if Ogpey < 30-deg =0
0.25
Ko ft )% .
0.25- T | = otherwise
12.0'L'deckthick n L

Mcorrp, ior = 1—C1~tan(eskew)1'5 =1 Correction factor for moment

Reduced distribution factors at strength limit state for interior girders due to skew

DF Miane ingMeOMTycqor = 0555 Moment

strength moment_int ‘=

Reduced distribution factors at strength limit state for exterior girders due to skew

DF = 0.537

strength moment_ext "= Mlane_ext' Meorrgyotor Moment

Design distribution factors for service and strength limit states
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Distribution factor for moment at strength limit state

DF DFstrength_moment_int if Beam Design = "Interior" = 0.555

strength moment *=

DF ¢ if Beam Design = "Exterior"

strength moment ex

live load Analysis

Flexure

As per AASHTO A 3.6.1.2.1, vehicular live loading designated by the standard HI-93 truck shall be a
combination of the design truck or design tandem, and the design lane load. To produce extreme force
effects, the spacing between the two 32-kip axles are taken as 14 ft.

Calculate the maximum moment due to the truck load. Maximum truck load moment occurs when the
middle axle is positioned at distance 2.33 ft from the midspan. Maximum momment occurs under the
middle axle load. Moment due to distributed load occurs at midspan.

Unless more detailed analysis is performed to determine the location and value for the maximum
moment under combined truck and distributed loads at both service and strength limit state, the
maximum moment from the truck load at distance 2.33 ft from midspan can be assumed to occur at
the midspan and combined with the maximum moment from other dead and live distributed loads

Calculate the reaction at the end of the span

L L L
8kip~(5 - 16.33ft) + 32kip-(5 - 2.33ft) + 32kip~(5 + 11.67ft)
R .

= = 37.228-ki
A L P

Calculate the maximum moment due to truck load

at distance 2.33 ft from midspan but
can be assumed to occur at the
midspan

Maximum moment due to design lane load, AASHTOA 3.6.1.2.4

L
Miuck = R(E 4 2.33ft) — 32-kip-14-ft = 2.189 x 103~kip-ft

X =L _essh
2
0.64kIf-L-X X
Migne = ————— — 0.64kIf- =~ = 1501.52-kip-f

Maximum moment due to design tandem, MDOT BDM 7.01.04.A

~ 60kipL
tandem = 4

M = 2055-kip-ft

Maximum moment due to vehicular live loading by the modified HI-93 design truck and tandem per
MDOT BDM 7.01.04.A. Modification is by multiplying the load effects by a factor of 1.20. Dynamic load
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allowance is considered only for the design truck and tandem, AASHTOA 3.6.1.2.2, 3.6.1.2.3 &
3.6.1.24.

My 11 := [ 1.20Mjgpe +IM:(1.20-max(Mgryck - Miandem) ) | D strength_moment = 2938.78 kip-ft

Dead load Analysis

Noncomposite Dead load (DC,)

2
""’beam'L

Mgwbeam =

= 2850.30-kip-ft Total moment due to selfweight of beam

ki .
deck := (deckick-begr + haunchd-bft)-o.ls%’ = 0.82kIf  Selfweight of deck and haunch on

ft beam
2
k-L .

Meck = dec = 1933.11-kip-ft Moment due to selfweight of deck and
haunch

sip = 15psf(begy — bgy) = 0.035-kIf 15 psf weight included for stay-in-place
forms per MDOT BDM 7.01.04.1

L2
.L .
Msip = SIP8 = 82.11-kip-ft Moment due to stay-in-place forms
. n . Weight of steel diaphragms at
diajyg = 0.5-kip mid-span per each interior beam

. ) . Weight of steel diaphragms at mid-span
diagyy = 0.25-kip per each exterior beam
diaphragm := |dia;,, if Beam_Design = "Interior" = 0.5-kip

diagy, if Beam_Design = "Exterior"

SPa iy = Z(S - bﬂ))'tan(eskew) = 0ft One row of diaphragms at midspan
are used.
. L . . .
Myia = dlaphragm-z = 17.125-kip-ft Moment due to diaphragm weight

Dead load (selfweight of beam+ deck+
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DC| = Wpeam *+ deck + sip = 2.074-kif SIP forms) acting on non-composite
section

Mpc1 = Mgwbeam T Mdeck + Msip + Mg, = 4882.65-kip-ft  Total midspaln momgnt acting on the
non-composite section

Composite Dead load (DCZ)

util = %~(Oplf) _ 0If Weight of utilities upported by the

superstructure
. _ kip Weight per foot of first barrier
barrierl yeioht = 0‘475? (aesthetics parapet tube, MDOT
BDG 6.29.10)
. . . . kip kip Weight per foot of second barrier
barnerzweight = 2.25-n-40-1n- We o+ 0.475? = 0.569-? (modified aesthetics parapet tube,
MDOT BDG 6.29.10)
2-walk, : 30 -walkg o 1w i ;
. ) width thick *conc Weight to due extra thickness of
cams
barrierl,,.: 1.+ + barrier2 . .:
barrier := weight weight = 0.10-kIf Total barrier weight per beam
NOpeams
dwall 0 kip Weight of the sound wall, if
SounEWallweight = ¥ o~ there is a sound wall

Weight of the sound wall for exterior beam design assuming lever arm and an inetremiate hinge on
the first interior beam

ki ki
soundwall := O-i if Beam Design = "Interior" = O-%
t t
S + it
[soundwallweighfW} if Beam Design = "Exterior"

DC, := sidewalk + barrier + util + soundwall = 0.104-klf ~ Total dead load acting on the
composite section

2
DCy L Total midspan moment acting on the

composite section

(DW) Wearing Surface load

DW := (beff)~0.025k—1§ = 0.16-kIf Self weight of future wearing surface
ft

Maximum unfactored dead load moments
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Mpc = Mpc1 + Mpp = 5127.52-kip-ft Total midspan momentdue to Ioadg acting
on the composite and non-composite

section
DW-L2 . . .
Mpw = 5 = 376.36-kip-ft Midspan moment due to weight of future

wearing surface

Wind load on the sound wall

If a tall sound wall is provided, wind effect shall be calculated and considered in the design. Assuming
lever arm rule and an intermediate hinge at the first interior beam after the exterior beam, the wind load
will affect the loads on the exterior beam and the first interior beam. In the following set of calculations,
the wind effect was calculated as a concentrated moment at the end of the overhang of the bridge.

kip

Myind = 0.0-ft~? Moment due to wind acting at the sound
t wall
Extra load on the interior/exterior beam due
) Myind kip to wind load assuming lever arm analysis and

W= S = 0'? an intermediate hinge at the first interior

beam
W-LZ Interior beam moment due to wind acting at
My = T = 0-kip-ft the sound wall

load Combinations

Load Combinations: Strength, Extreme Event, Service and Fatigue load combinations are defined per
AASHTO 3.4.1. Verify which combination are appropriate. For this concrete box beam design, wind
load is not evaluated, and no permit vehicle is specified. However, the design live loading is MDOT
HL-93 Modified which accounts for Michigan's inventory of legal and permit vehicles.

Strength I, Ill, IV and Strength V limit states are considered for the design of this beam. Load

combinations factors according to AASHTO LRFD 2016 Interim revision are used
(Check for latest AASHTO LRFD edition)

M_Strengthy := nj(1.25Mpc + 1.50Mpyy + 1.75M 1 1) = 1211681 kip-ft
M_Strengthyyy = 1p(1.25Mpe + 1.50Mpyy + 1.0Myyg) = 6973.94-kip-ft
M_Strengthyy := nj[ 1.50-(Mpc + Mpyy) | = 8255.82kip-ft

M_Strengthy, = 1 (1.25Mp + 1.50Mpyy + 1.35M 1 + 1.0-Myyg) = 10941.29 kip-ft
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M

u_strength = max(M_StrengthI ,M_Strengthy, M_Strengthyy,, M_Strengthv) = 12116.81 kip-ft

Number of Prestressing Strands

The theoretical number of strands required is calculated using the Service Il limit state

Tensile stress in bottom flange due to
applied loads

_Mpci Mpca*Mpw  O8Mpg

fb = = 3.7-ksi

S Sb3n Sbn

Allowable stress limits for concrete

f = 024-/f¢;_peamksi = 0.68ksi Initial allowable tensile stress

fei = —0.65-f,; peam = —5-20-ksi Initial allowable compressive stress (according to AASHTO
- LRFD 2016 interim revision)
fip = 0'\/ fC_beam'kSI g Ll Final allowable tensile stress (allowing no tension)

No tension is allowed under service Il limit state to avoid potential cracks and shear action on the
strands

f

cfp = —0:45-f,

—4.50-ksi Final allowable compressive stress in the beam due to

beam ~ X
- sum of effective prestress and permanent loads

fcf.deckp = _0'45'fc_deck = —2.25-ksi Final allowable compressive stress in the slab due to
permanent loads

fof = —0.6-f, peam = —6-00-ksi Final allowable compressive stress in the beam due to sum of
- effective prestress, permanent loads, & transient loads
fof deck = ~0-6f, geck = —3-00-ksi Final allowable compressive stres§ in the beam due to
- sum of permanent loads and transient loads
fp = fy, — £ = 3.7-ksi Excess tension in the bottom flange due to applied loads

Assuming strand pattern center of gravity is midway between the bottom two rows of strands, i.e. the
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same number of strands are used in the top and bottom rows of the bottom flange.

Yps = 3in Distance from soffit of beam to center of gravity of strands

€t = Yp — Yps = 32.80-in Eccentricity of strands from the centroid of beam

Final prestressing force required to counteract excess tension in the bottom flange. Set allowable stres:
equal to the excess tension, solve for P,

b

P,=—
et
1 Cst
+ —
Abeam SB

= 1645.631-kip

t}_max = 0°65'fpu.service = 198.377-ksi !\s/lgximum allowable Jacking stress, ACl1 440.4R Table

Pj = Astrand't}.max = 35.51-kip Maximum Jacking force per strand

fi = 0.637fpu.sewice = 194.41ksi Initial prestressing stress immediately prior to transfer.
shall be less than or equal to the maximum jacking
strength, and shall be adjusted accordingly to make
sure the stress immedietely following transfer is not
exceeding 0.6 times guaranteed strength as shown on
the following page

Pin = Agtrang ft = 34-80-kip Initial prestressing force per strand prior to transfer

a B . Effective prestressing force assuming 25% final
Ppet = Agtrand fy 0-75 = 26.10-kip prestress losses per 0.6" diameter strand

P

t - .

NOstrands_i = ceﬂ(P < J = 64 Minimum number of strands required
pet

Strand distribution per row. Row 0 is the bottom most row in the beam. Start adding strands from the
bottom row going up until the number of strands is reached. do not skip rows inbetween. Extra rows
with zero strands will be eliminated in the analysis.
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row(p ;= 17 rowy =19 rowp =15 row3:=11 rowy4 = 1 rows = 0

17
rowg = 0 row7 = 0 rowg = 0 rowg := 0 19
15
11
1
row =
0
0
0
0
0
Row = |a< 0
for 1€ 0.. length(row) — 1 17
a<a+1 if rowj> 0 19
a< a otherwise Row =1 15
for je0.a—1 11
Dj < rowj if rowj # 0 1
D
NOgtrands = ZRow = 63.00 Total number of prestressing strands
70.00
68.00
dgrand = | for i€ 0..length(Row) — 1 = 66.00 |-in Depth of CFCC strands in each layer from
d d— (2i 2im)i 64.00 the top of the beam section. This calculation
5, 747 (2in) — (2in)i : assumes a 2" vertical spacing of the strand
62.00 rows
dS
Row-(d—-d
CG = ( ( Strand)—l = 4.73-in Center of gravity of the strand group measured from
ZROW the soffit of the beam section

d¢ := (d - CG) + haunch + decky,; ., = 76.27-in  Depth from extreme compression fiber to centroid of
CFCC tension reinforcement

& =Yyp— CG = 31.07-in Eccentricity of strands from centroid of beam
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A=A 4’ NO = 11.28~in2 Total area of prestressing CFCC strands

ps *~ “*stran strands

Prestress losses

loss due to Elastic Shortening, AASHTO Eqn. C5.9.5.2.3a-1

2
Aps Tt (Ibeam te 'Abeam) ~ ¢ Mgwbeam Abeam

Af = = 11.54-ksi
PES A 1 E ]
2 beam ‘beam ~c.beam i
Aps|Ibeam * €5 “Abeam ) * E
Fpt = f; — Afpgg = 182.87-ksi Prestressing stress immediately following transfer
Py == ApgFpr = 2062.271-kip

According to ACI 440.4R, Table 3.3, the allowable stress immediately after transfer shall
not exceed 0.6 fpu

0.6-f

pu.service 183.117-ksi

if (Fpy < 0.6

pu.service , llokn , uNOt Okn) — llokn

Approximate Estimate of Time dependent losses, AASHTOA 5.9.5.3

H =175 Average annual ambient relative humidity
Yy = 1.7-0.01-H = 0.95 Correction factor for relative humidity of ambient air
_ 5 056 Correction factor for specified concrete strength at time
st = £. e of prestress transfer to the concrete member
ci_beam
ksi

Relaxation loss taken as 1.75% of the initial pull
per experimental results from Grace et. al based
on 1,000,000 hours (114 years)

Afyp = f1.75% = 3.40-ksi

f-A

t

AprT = 10- Ay = Vst T 12Ksi Yy Ygr + Apr = 19.66-ksi long term prestress loss
cam

Difference in thermal coefficient expansion between concrete and CFCC

o= 6-10_6-l Difference in coefficient of thermal expansion
F between concrete and CFCC
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tamp = 68F Ambient temperature

tiow = —10F lowest temperature in Michigan according to
AASHTOIRFD 3.12.2

At =t b~ tow = 78F Change in the temperature

Afpt = (xAt-Ep = 9.83-ksi Prestress losses due to temp. effect

fpe =fi—- AprT — Afpgg - Afpt = 153.39-ksi Effective prestressing stress after all losses

P, = Aps-fpe = 1729.77 kip Effective prestressing force after all losses
f; = 194.41-ksi Initial prestress prior to transfer
fpe = 153.39-ksi Prestress level after all losses
f, —
t
loss := ffpe = 21.10-% Total prestress loss
t

Debonding Criteria

Estimate the location from each beam end where top prestressing or debonding is no longer needed
The vectors are developed for possible two different deboning lengths per row. Enter the number of
debonded strands and the estimated debonding length in the vectors below per each row location

Location: number of strands: debonding length:
1 4 16
1 2 20 For debonding pattern, follow
staggering guidelines in MDOT

2 4 12 BDM 7.02.18.A.2

2 3 8

3 4 8

3 2 8

Rowgy, = A ngp = 0 lip = 0 -ft

4 0 0

5 0 0

5 0 0

6 0 0

6 0 0
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row g, = | for i€ 0..2length(Row) — 1 Ny, = | for ic0.. length(rowdb) _1

Dj < Rowg,.
dbl Dl < l’ldb
D 1
D
Lgp = | for i€0.. length(rowdb) -1
1
D
1 4 16
1 2 20
2 4 12
2 3 8
: N ¥ L 5 fi
TOW 4, = = = 1
db 3 db 2 db 8
4 0 0
4 0 0
5 0 0
5 0 0
ZNdb =19
2 Nab
Debondy := ———— =30.16:% Portion of partially debonded strands in beam section
strands
if (Debondtot < 40%,"ok" ,"No Good") = "ok"
Total number of debonded strands in rows
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6.00

7.00
Nab.row = | for i€0..length(Row) — 1 =1 6.00
aj«< 0 0.00
for jeO0.. length(Ndb) -1 0.00
aj<—aj+ Ngp if rowgy =i+1
J J
a
35.29
36.84
Debond,., := | for i€ 0..length(Row) — 1 =140.00 |-%
aj< 0 0.00
Ndb.rowi Oy
aj« — if Rowj> 0
Rowj
0 otherwise
a
if (max(Debondyy,) < 40%, "ok" ,"No Good" ) = "ok" The limit of 40% is taken
according to MDOT BDM
7.02.18.A2

Optional: only needed if debonding scheme is not sufficient to eliminate the tensile stresses
at beam ends either at transfer or due to handling and shipping

CFCC strand transfer length, ACI 440.4R Table 6.1 L; == 50dg = 2.49ft

Number of top prestressing strands in the top flange

2
ROWtOp = 5

Depth of the top prestressing strands from the top surface of the beam

3 .
dtop = s -in

Initial prestressing stress/force at the top prestressing strands

Fp_top = 50-ksi
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Distance from the end of the beam to the point where the top prestressing is no longer needed

Xp_top = 10-ft

Top prestressing strands shall not extend the the middle third of the beam. Otherwise, it could affect the
stresses at service limit state

Lbeam
Check Top prestressing Length := | "Okay" if Xp top < T = "Okay"
L
" 2 - beam
Check service stress @ x.p_top" if Xp top > 5

Distance from the end of the beam to the pocket where top prestressing strand is cut after concrete
pouring. The middle region between the cut pockets shall be dobonded to avoid force transfer to the
middle region

Xpocket = Xp_top + Lt = 12.493 ft

Serviceability Checks

Stress check locations along the beam
Stress locations after the transfer length for bonded and de-bonded strands

2.493
2.493
2.493
2.493
2.493
10
Xrelease == sort[stack[Lt,(Ldb + Lt) ’Xp_top’xpocket]] =110.493 |ft
10.493
10.493
12.493
14.493
18.493
22.493

Extracting repreated X from the vector
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Xrelease = K< 0
X < Lg

for iel.. length(X 1

release) a

ke k+1 if(X # X

release; release, 1)

Xk < Xreleasei

X
2.493
10
10.493
12.493 |-ft
14.493
18.493

22.493
Area of strands in each row at each stress check location

Xrelease ~

Agp = | for i€0.. length(xrelease) =1
for z€ 0.. length(Row) — 1
Ai,z < Rowz Agrand

for j€0.. length(Ndb) -1
n< Ndbj
row <— rowdbj
L« Ldbj
*release;

Aj,row-1 < (Ai,row—l - n'Astrand)' L, if Xrelease; < L¢

Ai,row—1 < Ai row-1 = MAgrang if Ly < Xreleasei <L

Aj,row—1 < Ai,row—1 — 0" Agtrand -~ if L < Xreleasei <L+L;
(Xreleasei -L
+n-A .
strand L,
A
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Adp =

1.97
1.97
1.97
1.97
1.97
2.68
3.04

2.15
2.58
2.69
2.83
3.40
3.40
3.40

1.61 1.97
247 197
2.69 1.97
2.69 1.97
2.69 1.97
2.69 1.97
2.69 1.97

0.18
0.18
0.18
0.18
0.18
0.18
0.18

-in

Beam stresses at release due to prestressing only

Sign convention; negative and positive stresses/forces for compression and tension respectively

Pps = _Fpt'Adb =

-360.08
-360.08
-360.08
-360.08
-360.08
—491.02
—-556.49

-392.81
—471.58
—491.02
—-516.93
—621.95
—621.95
—621.95

-294.61 -360.08 —-32.73
—452.15 -360.08 —-32.73
—491.02 -360.08 —-32.73
—491.02 -360.08 —-32.73
—491.02 -360.08 —-32.73
—491.02 -360.08 —-32.73
—491.02 -360.08 —-32.73

Midspan moment due to prestressing at release

Mps = Pps'(dstrand - yt) =

-3691.356
—4291.316
—4439.338
—4508.004 |-kip-ft
—4786.323
—5155.131
—5339.535

-kip

Top and bottom concrete stresses at check locations due to prestressing ONLY
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fps = | for i€0.. length(xrelease) -1 top bottom
M Mps. 665 -3114
! 771 -3622
cols(Pps) -1 797 —3747
Pe Y Pps | fs=| 810 ~3804 | psi
1=0 863 —4036
A < Apeam 941 —4336
Stop <~ ST 980 —4486
Sott < SB
- P
fi0<—+—
top A
M P
i1« =
Spott A
f
Beam stresses at release due to selfweight
Moment due to self weight of beam at check locations
Wheam X
Mgy (%) = ) '(Lbeam - X)
Top and bottom concrete stresses at check locations due to beam self weight ONIY
f., = | for i€ 0..length(x =1 too bottom
SW ( release) _106 104
M« M X,
sw( releasei) —400 395
M —418 413
fi,0¢ — )
St fow = | —490 484 |-psi
M —559 553
fi,1e—
Sg —-690 683
£ —812 803
Area of top prestressing strands at distance X.release from the end
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for i€0.. length(x

top "= release) -1

for z€0.. length(RowtOp) -1

Xrelease;
Ai,z ¢ RowtopZ'Astrand' if Xreleasei < Ly

t

Ai,z ¢ RowtopZ'Astrand if Ly < *release; < Xp top

Xrelease; ~ *p_top .
Aj,z < ROWtopZ'Astrand - L, '(RowtopZ'Astrand) if Xp top < *release; <3

Aj 7z 0 if x + L

release; > Xp top

A

0.358 0.358 2.493

0.358 0.358 10

0.287 0.287 10.493
0 0 -in2 12.493 |ft
0 0 14.493
0 0 18.493
0 0 22.493

top — Xrelease =

-17.90 -17.90
-17.90 -17.90
-14.36 —14.36
—0.00 -0.00 |-kip
0.00  0.00
0.00  0.00
0.00  0.00

Pp_top = _Fp_top'Atop =

96.063
96.063
77.053

My fop = Pp_t0p~(dt0p = yt) =| 0 |kipft

0
0
0
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fp top = for ie 0..length(x 1

release) B

M« Mp_tOPi

cols(Pp_top)— 1

P« Z Py_top, ;
j=0

A Abeam

StOp — ST

Spott < SB

-M P

fi0<—+—
top

P

+_

Spott A

fi 1<

f

Stresses in the beam due to the top prestressing strands only

~80.134 18.197
~80.134 18.197
64.276 14.596
fy top = | -2.821x 107+ 6.407x 10~ " [psi
0 0
0 0
0 0

Check for beam stresses at release against allowable stresses

Beam stresses at release

top bottom
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479.113 -2991.114 2.49
290.936 -3208.005 10.00
314.871 -3319.018 10.49
fe release = fps * fsw * Ty top = | 32041 3319715 |:psi Xrelease = | 12:49 |ft
304.237 —3482.828 14.49
250.563 -3653.041 18.49
168.123 —3683.159 22.49
fi release = max(fc.release) = 2 Maximum tensile stress at release
fei release = mm(fﬂelease) = —3683psi Maximum compressive stress at release
lf(fﬁ 2 Tt release-"0K" , "ot ok ) g s Allowable tension check it = IR
T . . > — . n " n n — n " L= :
lf( fei = ~fcirelease> "0K" ,"not ok ) S Allowable compression check fei S

Camber immediately after transfer

Camber due to prestressing assuming constant maximum force (ignore debonding)

. 2
_mm(Mps)'Lbeam 4.978:4
= 4.978-in
8-E

c.beam_i'lbeam

Deflection due to top prestressing assuming constant maximum force (including debonding transfer
length)

2
My topyp_top

-3,
o= = 1.884x 10 "-in
p_top 2-(E

d

c.beam i’ Ibeam)

Deflection due to selfweight of the beam

4
=5 wbeam'Lbeam

384-E

= —2.244.in

c.beam_i'lbeam

Considering the reduced camber due to the effect of debonding
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70.00
70.00
68.00
68.00
d for ie0..length 1 0600\
= or 1€ 0.. length({ row = = ‘1n
strand.db g ( db) 66.00
dsi<— d- (21n)r0wdbi 64.00
64.00
dg
62.00
62.00
0.025
0.018
0.014
561810 °
2
5 (Ndb'Astrand'Fpt'(dstrand.db_yt)'(Ldb+Lt) ] 7.02x10 > |
db = = .
2-E | _
c.beam_i"‘beam 351%x10 >
0
0
0
0

Z&db = 0.073-in

. 2 4
_mm(Mps) "Lheam 5 Wheam' Lbeam

8-E 384-E

Cambertr = - Z 5db - Sp_top = 2.659-in

c.beam i’ Ibeam c.beam i’ Ibeam

Positive sign indicates camber upwards. Negative sign indeicates deflection

Check the stresses of the beam during shipping and handling, where the supports are not at
the ends of the beam (Find the exact location of the supports during shipping and handling)

Moment due to self weight of beam at check locations
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2
“Yheam' X
Msw.ship(x) = T if 0-in< x < IShlp
| 2
wbeam'Lbeam'(x B ship) “heam X , Lbeam
- if 15h1 <X —
2 2 P 2

Top and bottom concrete stresses at check locations due to beam self weight ONIY

top bottom
fow.ship = | for i€0..length(Xpejease) ~ 1 —
M(_Msw.ship(xreleasei) _249 246
267 264
£ ™M |
"0 St fsw,ship: —339 335 |-psi
—408 404
M
fi’“_S_ ~540 534
B
—661 653
f

Check for beam stresses during handling & shipping against allowable stresses

Beam stresses during shipping @ handling

top bottom
586.62 —-3097.433 2.49
441.841 -3357.243 10.00
465.776 —3468.257 10.49
fe.ship = fos + fsw.ship + T top = | 471315 —3468.953 |-psi Xrelease = | 1249 |ft
455.143 -3632.066 14.49
401.469 -3802.279 18.49
319.028 —3832.398 22.49
£y ship = max(fc.ship) = 587psi Maximum tensile stress at release
fci.ship = min(fc.ship) = —3832psi Maximum compressive stress at release
if(fti > fij ship»"0k" » "not ok") = "ok" Allowable tension check fi; = 679psi
if (_fci > i ship-"0k" , "not ok") = "ok" Allowable compression check f ; = —5200psi

Service | limit State - Check for compressive stresses at top of deck at service conditions
due to permanent loads only

Compressive stress at top of deck due to loads on composite section
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~(Mpc + Mpw)
Stan'ksdrn

fef actual mid =

= —88psi

if(_fcf.deckp > ~fef actual mid>"ok" "o good") = "ok"

Service | limit State - Check for compressive stresses at top flange of beam at service

conditions due to prestress and permament loads only

Compressive stress at top flange of beam due to prestressing and permanent loads

—Pe  Peeg Mpcp Mpeo +Mpy ,
f i + = — = —1871psi

- - Abeam ST ST St.bm.3n

if (_fcfp > ~fof actual mid>"0k" "ot ok") = "ok" Allowable stress check

Service | limit State - Check for compressive stresses at top of deck at service conditions due
to permanent and transient loads

Compressive stress at top of deck due to loads on composite section including wind effect
according to AASHTO LRFD 2016 Interim revision

e et = = —684 psi
Sipkn Sinkn

- St3nksd1'n n

if (_fcf. deck > ~ cf_actual_mid’""k" ,"'no good") = "ok" Allowable stress check

Service | limit State - Check for compressive stresses at top flange of beam at service
conditions due to prestress, permanent, and transient loads

Compressive stress at top flange of beam due to prestressing and all loads................

—Pe +Pe'es Mpcr Mpea+Mpyw  Mppp  1.0-Myyg

et ot = = = —2452psi

- - Abeam St St St.bm.3n St.bm.n St.bm.n

if (~fop > - "ok" ,"not ok") = "ok"

cf actual mid> Allowable stress check

Service lll limit State - Check for tensile stresses at bottom flange of beam at service conditions

Tensile stress at bottom flange of beam due to prestressing and all loads
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P Pgeg Mpep Mpey+Mpy  0.8Mpp;
ftf_actual_mid T A i u i

= —62-psi
beam SB SB Sb3n Sbn

if (ftf > fif actual mid-"K" »"not ok") = "ok" Allowable stress check

Calculate bar area required to resist tension in the top flange at release, AASHTO Table
5.9.4.1.2-1:

Maximum top flange tensile stress at
release or handling, whichever is larger
(usually, handling stresses are larger)

Bottom flange compressive stress
corresponding to the maximum top flange
tensile stress at release/shipping

3
fo = viookup( i ship fe ship+1)0 = ~3.097x 10 psi

f. .. —f .
ti.sh .
slope,, = =P ° 51.167-& Slope of the section stress over the depth
d n of the beam
_ i ship  11.465-i Distance measured from the top of the
X0 = depe. = beam to the point of zero stress
m

Calculate the width of the beam where the tensile stresses are acting
Xo
b;., = | for i€ 0..ceil| —
ten i

Xo'l

X
ceil[,—oj
in

bi< b if 0< xi < dg

Xj €<

Xi— dft )
bi « {bft—w(bft—bhl)} if d < xi < dgg +dyy;

Xi —dp —dpy ,
bi(— |:bh1 = —dh2 (bhl = bV) if dft AF dhl < X< dft ar dhl AF dh2

bj« bV if dft+dh1 + dh2 < Xj

b

Calculate the tensile stress values every inch of depth starting from the top surface of the beam
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X0
f:= | for i€0..ceil| —
in

Xo'l

X
ceil (—Oj
in

fi« fti.ship — slope .- xj

Xj <

586.62
537.735
488.85
439.965
391.08
342.195
f=| 293.31 |psi Been
244.425
195.54
146.655
97.77
48.885
0

Calculate the tensile force that shall be resisted by top reinforcement
length(f)—-2

X

)

L= 3| (fi i) (Bpen +ben ) | = 141,041k

o . 4 ( 1 1+1) ( ten, teniH) X, p
i=0 ceil

m

49
49
49
49
49
49

40.456

29.31

18.163

12.803

10.892

8.981

-in

Calculate area of tensile reinforcement required in the top of the

T .2 beam. The stress in bars is limited to 30ksi per AASHTO
Astop = Jg g~ /0L 5.9.4.1.2. See Figure C.5.9.4.1.2-1 which is based upon .5 f.y of
steel rebar
Abar.top = 0.44~in2 Cross sectional area of No. 6 steel rebars
— Ceil As top il= 1 number of No. 6 bars provided in the top flange to
Dhar.release = “~©1 Abarton - resist tension at release in the beam ends.
ar.top

Calculation of minimum length of top tensile reinforcement

AASHTO LRFD Table 5.9.4.1.2-1 specifies a maximum concrete tensile stress of

Grace et al. Lawrece Tech. University
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0.0948- /fci_beam < 0.2 ksi for tensile zones without bonded reinforcement

f .
[Gi b
f, max = min(0.0948~ % ’0‘2J'kSi = 0.2-ksi

Calculate the minimum required length of top reinforcement based on the stress calculated at distances
x.release during release or shipping and handling, whichever is greater. If all the stresses are larger tha
f.t.max, estimate the stress after the last point of debonding

Liopr = [N Xrelease
0
fe fc.ship
i« length(f) —1
while fj < £ .-
break if i= 0
i—i-1
x <« 1-ft
f .«
DS fpsrows(fp )—1 ,0
2
wbeam'Lbeam'(X_ 1ship) 3 Wheam'X
2 2
S(x) « -1 -
(x) fps t.max ST
g <« 1oot(S(x),Xx)
g 1if flength(f)-1 > fi max
L
beam .
if Im(g) # 0 A flength(f)-1 > f{ max
hj+1 otherwise
Ltopr = 26.789 1t
6 2
ﬂ.(_j Calculate the tension development length required for
125 60 the tensile reinforcement in the top of the beam. As
) provided AASHTO 5.11.2.1.1 taking into account 1.4
ly=14 ‘in = 1.222-ft modification factor per AASHTO 5.11.2.1.2
fc_bearn
ksi Minimum Iength required for the top reinforcement
from each end, if larger than half the length of
LiooR = Liopr + 1q = 28.012ft the beam, then the top reinforcement shall
P p continue through the enitre beam length from
end to end.

Flexural Capacity
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Stress block factor, AASHTO 5.7.2.2. Assuming depth of neutral axis lies within the deck

By = |0.65 if £, geck > 8000psi =08

085 if f, geck < 4000psi

f — 4000psi
K p
{0.85 - [ ¢_dec jo.os} otherwise

1000psi

Ecy = 0.003 Maximum usable concrete compressive strain

fpu
Cpu = = 0.0145 Ultimate tensile strain of CFCC strand

EP
€pe = k = 0.0073 Effective CFCC prestressing strain

EP
£9 = Epu— Epe = 0.0072 Reserve strainin CFCC

79.00

Depth of prestressing strands
71.00 from top of concrete deck

di = dstrand + haunch + dethhick =1 75.00 |-in
73.00
71.00

3.04

340 > Area of strands in rows
Af = Astrand'ROW =12.69 |-in

1.97
0.18

466.76
521.68
Prow = Apfpe = [ 41185 |-kip
302.02
27.46

Effective prestressing force of strands in rows
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2
) . . Distance from each layer of prestressing
sj:= | for i€ 0..length(Row)—1 =4 |in strands to the bottom prestressting layer
si«<—d: —d; 6
Ty Ty
8
S
deck ee = d _ 0 Effective deck thickness (total thickness minus
eckepp = deckipick — tyear = 9710 assumed sacrificial wearing surface thickness)
Balanced reinforcement ratio
8 . .
. Depth of neutral axis at balanced failure
Cbal = Ldl = 23.17-in P u X nu
EcqutEO O

Balanced reinforcement ratio assuming Rectangular section

0.85-f; deck B1Peff Chal ~ Pe

PR bal =

= 0.0047
Ep Eobeff dl()

Balanced reinforcement ratio assuming Flanged section

0.85-f;_deck deckefr(befr — brr) + 085f;_deck B1 Py Cbal ~ Pe

PFl bal =

= 0.0035
Ep'EO'beff'diO

Balanced reinforcement ratio assuming Double Flanged section

PDFI bal =

0.85-f_deck-deckes(Defr ~ byyeb) +0-85-F; deck df(Ps ~ bueb) +0-85T_deck'B1-bweb Ch

Ep'EO'beff'diO

Grace et al.
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Depth of the N.A. and reinforcement ratio assuming Flanged Tension contorlled section
FI T:= |c« 1.0-in
.2
Aeq_s < 1.0:in
.2
Aeq_f<_ 2.0-in
N« length(di) =1
hil .2
while |[Agq s~ Agq ¢| > 0.01in
N S;.
1
A <« 1- ‘A
ca s D d —c| Ti
i=0 0
. E€0Agq s+ Pe o.zzs-fc_deck-(beff - bft)-deckeff
C
0.85-f; deck B1-b
N 8
1
A <~ 1- A
eq f Z di ¢ f1
i=0 0
Aeq_f
b.ce-d;
eff )
&
in
p
_ (137991 cp| T = F_T¢-in = 13.799-in
- 0.0018 B
ppl T = FLT1 = 0.0018
Grace et al. Lawrece Tech. University 7/1/2019
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Depth of the N.A. and reinforcement ratio assuming Rectangular Tension contorlled section

RT:=|c« 1.0:in

A

cq

while |A

A

.2
& 1.0-in

Aeq £ 2.0-in”

N« length(di) =1

.2
eq s~ Aeq f| > 0.01-in

Si.

N
1

s ) S
i=0 '

Ep'EO'Aeq_s 1P

0.85-f¢_deck B1-beff

Si-

N
1
A <« = A
Cq_f Z dl —C fi
i=0 0
Aeq_f
bee-d:
eff ™™,
£
in
P
. [12.876102j CR T = R Tg-in = 12.876-in
0.001777 pr T = R_T| = 00018

Depth of the N.A. and reinforcement ratio assuming Double-Flanged Tension contorlled section. T

depth of the stress block is deeper than the depth of the deck and the top flange together.

Grace et al.

Lawrece Tech. University
College of Engineering
21000 W 10 Mile Rd., Southfield, Ml
48075, U.S.A.

7/1/2019



DFl T := |c<« 1.0:in
.2
Aeq_s « 1.0-in
.2
Aeq_f<_ 2.0-in
N« length(di) -1
hil e
while |Aeq_s_Aeq_f| > 0.01-in
N Si.
i
By o= Z -——|Ag
i=0 '
- Ep €0 Agq st Pe— 085 'fc_deck'(beff - bweb)'deCkeff —0.85 'fc_deck'(bft - bweb)'dft
c
0.85 'fc_deck' B1 “byeb
N 8
1
i=0 ‘0
A
f
oo %
eff ™™,
<
in
p
DFL T = 4819 ¢prl T = DFL_To-in = —4.582-in
B 0.0018

Depth of the N.A. and reinforcement ratio assuming Flanged Compression contorlled section

ppFI T = DFLT] = 0.0018
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diO —C
&0l0) = ey .

Fl1 C:= |c« l:in

.2
Aeq_s<_ 1.0-in

Aeq £ 2.0-in”

N« length(di) -1
while [Acq o~ Acq | > 0.01in"

Si-

N
1

Aeg s 1 A

cas< D d —c| T
i=0 0

£() ¢ 0.85-f;_gecic (befr — bfy) deckepr + 0.85-f gociBrcbpy -
+(~Ep€o(©)Agq s Po)

Cc« root(f(c) ,c,O.l-in,diO)

Si~

N
1
A “«— Il = A
6q_f Z dl() —C fl
i=0

Aeq_f

b.ee-d:
eff i

FI C =

(17.879783) cp] ¢ = F1 Cp-in = 17.88-in

0.001771
PE| ¢ = FLC| = 0.0018

Depth of the N.A. and reinforcement ratio assuming Rectangular Compression contorlled section
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R C:= Jc« liin

Aeq_

Ag

while |A

.2
s 1.0-in

o £ 2000

N« length(di) =1

.2
eq s~ Aeq f| > 0.01-in

Si.

N
1
A .« 1- A
eq_s Z d —c|
i=0

)

g(C) < 0'85fC_dCCk. Blcbeff = Ep'Eo(C)'Aeq_S = PC

c« root(g(c) ,c,O.l-in,diO)

Si-

N
1
A e - A
eq_f Z d —c|
i=o

1o
Aeq_f
b_pe-d:
eff th
in
co 16.4643 R C = R _Cp-in = 16.464-in
N 0.0018

Depth of the N.A. and reinforcement ratio assuming Double Flanged Compression contorlled

section

diO —C
£00) = Eqy

PR C = R_C1 = 0.0018

C
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DFl C = |c« 1-in

.2
Aeq_s<_ 1.0-in

Aeq £ 2.0-in”

N« length(di) -1
while [Aeq o~ Acq | > 0.01in"

Si-

N
1

Aeg s 1 A

ca s D, d —c| T
i=0 0

f(c) « o.zzs-fc_deck-(beff - bweb)-deckeff + o.zzs-fc_deck.(bft - bweb)-dft
+ 0‘85'fc_deck' 61~C~bweb - Ep'EO(C).ACq_S - Pe

Cc« root(f(c) ,c,O.l-in,diO)

Si~

N
1
A <« 1- A
eq f Z d: —c¢ fi
i=0

)

DFl C = (18'151975j CDFI_C := DF1 Cp-in = 18.152-in

B 0.001771

Check the mode of failure

Section_Mode := | "Rectangular_Tension" if 3j-cg T < deckoer A PR T < PR bal
"Rectangular_Compression" if 3j-cp ¢ < deckoer A PR > PR bal
"Flanged Tension" if Bq-cp| T > deckogr A By-cp T < deckepr +dg A PR T < PR]
"Flanged Compression” if Bq-cp| ¢ > deckepr A Bcp) o < deckepr + dg A PR € >

"Double_Flanged Tension" if B1-cpp) 1 > deckepr +dg A PpEl T < PDFI bal

"Double_Flanged_Compression" if 31-cpp) ¢ > deckqgr +dg A PDFI ¢ > PDFI bal

Section Mode = "Flanged Tension"
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Select the correct depth of the N.A.

&= |er_T if Byeg T < deckegr APR T < PR bal

cR_c if Byer ¢ S deckegr APR > PR bal

pl T if Byep 1> deckepr A Byrcpy T = deckegr +dg A PR T < PRI bal
°pI ¢ if Byep ¢ > deckepr A Bprcpy ¢ = deckegr +dg A PR] ¢ > PRI bal

°prl T if Breppl T > deckesr +dg A PDFI T < PDFI bal

°pr1 ¢ if Byepr| ¢ > deckesr +dg A PDF] ¢ > PDFI bal

¢ = 13.799-in

Disclaimer: The design of the section as a dobule flanged section, while theoretically possible,
indicates that the depth of the N.A. is in the web of the beam. That could lead to an
over-reinforced section that has little or no ductility. Designer is advised to avoid designing the
section as a dobule flanged section if possible to ensure proper ducitliy and significant
cracking.deflection before failure

Calculate the strain in the extreme CFRP based on the mode of failure

€0 = |€pu~ Epe if Section Mode = "Rectangular Tension" = 7.229 x 10_3
€pu~ Epe if Section Mode = "Flanged Tension"
€pu~ Epe if Section Mode = "Double Flanged Tension"
di —C
0 1 1 el : n
Eou’ . if Section Mode = "Rectangular Compression
dl —C
0 1 1 — 1 1 "
- . if Section Mode = "Flanged Compression
di —C
0 1 1 el 1 n
Eou’ . if Section Mode = "Double Flanged Compression
Grace et al. Lawrece Tech. University 7/1/2019
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0.0072

0.0070
€ := | for i€ 0..length(Row) —1 = 0.0068
d = 0.0066
L ¢ strain in ith layer of prestressing strands
€ < €0 0.0063
i —C
0
€
€ = so~[ < j = 0.00153 strain in the concrete top of the deck
R =@
1
0

Strength limit state Flexural Resistance:

_— Blc Blc .
My = |Ep(eAg)| di- — |+ Pl dp - - if deckggr < B-c < deckgpr +dp
Br-c deckypr
+ 0.85f (b.ge — bg)-deck | — —
c_deck( eff ft) eff [ 5 b
N By-c B-c .
Ep(EAf) dl - T + PC. df - ) if BIC > deckeff + dft
BI'C deckeff
+ O'gsfc_deck'(beff - bweb)~deckeff- T — >
By-c dfy
+0.85f;_geck'(Pgt ~ Deb) 'dft'(_z — deckegr ——
N By-c B-c .
Ep(EAf) dl - T + PC. df - ) if BIC < deCkeff

M, = 19970.701-kip-ft

Nominal moment capacity

¢ := |0.85 if gg = 0.005 =085
0.5167 + 66.67-g¢ if 0.002 < g9 < 0.005
0.65 if g < 0.002

M, = ¢-M,, = 16975.10-kip-ft M, strength = 12116.81 kip-ft
lf(MI. > Mu Strength,"ok" ’"no goodll) — llok"
M
- 140
Mu_strength
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Minimum reinforcement against cracking moment

f, := 0.24- /fc_beam'kSi = 758.947 psi Modulus of rupture of beam concrete, AASHTOA 5.4.2.6

=16 Flexural variability factor
Yo = 1.1 Prestress viariability factor
V3 =10 Reinforcement strength ratio
P P.e Compressive stress in concrete due to effective prestress
fe = S = 3762.60 psi forces only (after allowance for all prestress losses) at
p A e S extreme fiber of section where tensile stress is caused by

externally applied loads (ksi)

S

bn . .
Mer = 43| (V1 f+ V2 Tepe) Sbn = MDCl(g - 1}} = 12010.14kipft ~ Cracking moment

if (M, > min(Mg, 1.33-M

cr u_strength) ,"ok" ,"not ok") = "ok"

Approximate mid-span deflection at failure

The deflection calculations follows the approach outlined in the paper " Flexural behaviour of CFRP
precast Decked Bulb T beams " by Grace et al. in May/June 2012, Journal of Composites for
Construction. In order to calculate the deflection at failure, the moment capacity of the composite
section is used as the bending moment. The stress level in the bottom most row is used to calculate
the flexural rigidity. The deflection calculated below is approximate, but will give an indication of the
deformbility and the level of warning exhibited near failure of the beam.

d; = 79.00-in Depth of the bottom row of strands to the extreme compression
0 fiber
¢ = 13.80:in Depth of the neutral axis to the extreme compression fiber
Vg = dio —c¢ = 65.20-in Distance from neutral axis to the bottom row of strands
M. -y Lo .
n'’s .. 2 Flexural rigidity of the beam/deck section based on the
El = o 2161517999.84-kip-in*  gress evel in the bottom row of prestressing strands
My kip . . . s
wp = 8—— = 8.512-— Failure load (dead and live loads) uniformly dirstibuted over the
12 ft entire span
s-wf-L4
op = = 31.214-in Midspan deflection at strength limit state
384EI
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bal

PF1 bal
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MDOT

LRFD Design Example for:

CFCC Prestressed Precast Concrete
Double-T beam with Cast-In-Place
Concrete Slab
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Disclaimer

"This publication is disseminated in the interest of information exchange. The
Michigan Department of Transportation (hereinafter referred to as MDOT) expressly
disclaims any liability, of any kind, or for any reason, that might otherwise arise out of
any use of this publication or the information or data provided in the publication.
MDOT further disclaims any responsibility for typographical errors or accuracy of the
information provided or contained within this information. MDOT makes no
warranties or representations whatsoever regarding the quality, content, completeness,
suitability, adequacy, sequence, accuracy or timeliness of the information and data
provided, or that the contents represent standards, specifications, or regulations.”

“This material is based upon work supported by the Federal Highway Administration
under SPR-1690. Any opinions, findings and conclusions or recommendations
expressed in this publication are those of the author(s) and do not necessarily reflect
the views of the Federal Highway Administration.”
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About this Design Example
Description

This document provides guidance for the design of CFCC prestressed precast concrete beams
according to AASHTO LRFD Bridge Design Specifications with the neccessary ammendmets where
applicable, based on available literature and experimental data from tests conducted by Grace et. al
at Lawrence Technological University. The example provided herein is a double-T beam. The
cross-section of the bridge is Type | as described by AASHTO Table 4.6.2.2.1-1.

Standards

The following design standards were utilized in this example:

e AASHTO LRFD Bridge Design Specification, 7th Edition, 2014

e Michigan Department of Transportation Bridge Design Manual, Volume 5
e Michigan Department of Transportation Bridge Design Guide

e ACI440.4R-04, Prestressing Concrete Structures with FRP Tendons

Code & AASHTO LRFD UPDATES

This Mathcad sheet is developed based on available design guidelines and available
AASHTO LRFD edition at the time of writing the sheet. Designer shall check and update
design equations according to the latest edition of AASHTO LRFD

General notes
The following notes were considered in this design example:

1- Guarnateed strength of CFRP is reduced to account for environmental effect. The design guarnateec
strength is taken as 0.9 x guarnateed strength recommended by manufacturer

2- Initial prestressing stress is limited to 65% of the design (reduced) guaranteed strength according to
current AC1 440.4R-04. This limit is subject to change. Check the latest recommendations for
initial/jacking stress in CFRP strands

3- CFCC strength immediately following transfer is limited to 60% of the design (reduced) guaranteed
strength according ccording to current AC1 440.4R-04. This limit is subject to change. Check the latest
recommendations

4- The depth of the haunch is ignored in calculating section properties or flexural capacity, while is
included in calculating the dead loads

5- In strength limit state flanged section design, the concrete strength of the beam portion participating i
the stress block was conservatively assumed equal to the concrete strength of the deck (AASHTO LRF
C5.7.2.2)

Grace et al. Lawrence Tech. University 7/1/2019
College of Engineering
21000 W 10 Mile Rd., Southfield, Ml
48075, U.S.A




6- Barrier weight was taken as 475 Ib/ft. While, weight of midspan diaphragm was 500 Ib/beam

7- In srength limit state, the effective height considered for the flanged section equal to the effective
deck thickness and the beam top flange

8- In the Mathcad sheet, the option of debonding as well as top prestressing strands are offered as
means of reducing the end tensile stresses of the beams

9- This design example is developed based on allowable jacking strength and stress immediately after
transfer according to the limits presented in the AC1440.4R-04. The document can be updated using
other prestress limits such as those presented in MDOT SPR-1690 research report and guide
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LRefToRef = 06ft

DRefAtoBearing = 1810

DRefBtoBearing = 18in

&= LRefToRef ~ DRefAtoBearing - DRethoBearing = 63ft

brg g = 6in

Lbeam =L+ Zbrgoff = 64-ft

lship = 24-in

Lship = Lbeam ~ 1ship'2 = 601t
deckyiqep = 281t + Oin
Clearroadway := 20ft + Oin

dethhick = 3in

twear = 0-1n

limes = 2in

Walledth = 5ft + 7in

Walkthick = 9in

S, = Tft + Oin
NOpeams = 4
haunch := Oin

haunchd = 0.0in

Center to center span Length

Center of bearing offset to end of beam (same valLue at both ends is
assumed)

TotaL length of beam
Distance from support to the end of the beam after force transfer

and during shipping and handling
Distance between supports during handling and shipping

Out to out deck width

CLear roadway width

Deck slab thickness

Wearing surface is included in the structural deck thickness only
when designing the deck as per MDOT BDM 7.02.19.A 4. Itis not
used when designing the beam.

Future wearing surface is applied as dead laod to accuant for
additional deck thickness if a thicker rigid overlay is placed on deck

sidewalk width

sidewalk thickness (0" indicates no separate sidewalk pour)

Center to center beam spacing
Total number of beams
Average haunch thickness for section properties and

strength calculations

Average haunch thickness for load calculations
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overhang := 3ft + 6in Deck overhang width (same value on both overhangs is

assumed)

barriery; 4y, = 1ft +2.5in Barrier width; include offset from back of barrier to edge of
deck

Sexterior = 21t + 0in Hz distance between center of gravity of two exterior
girders

clear
Lanes := ﬂoor[%) = 1.00 The number of design traffic Lanes

anglecrossing := 60deg Angle measured from centerline of bridge to the reference
line
Ogkew = 90deg — anglecrossing = 30.00-deg Angle measured from a line perpendicular to the

centerline of bridge to the reference line

Concrete Material Properties

fo deck = Sksi Deck concrete compressive strength
f := 8ksi FinaL beam concrete compressive strength
c_beam
fei beam = 0-8fc peam = 0-4-ksi Beam concrete compressive strength at reLease

kip . . . .
Weone = 0.150—3 Unit weight of reinforced concrete for load calculations

ft

ki . . .

barrierweig}lt = 0.475% Weight per foot of barrier (aesthetic parapet tube, see MDOT BDG

6.29.10)

Unit weights of concrete used for modulus of eLasticity calculations, AASHTO Table 3.5.1-1

kip

Ve(fe) = |0-145= if £ < Sksi Yeo.deck = Ve(fe_deck) = 145-pef
ft -
ki ) ki Yc.beam = 'Yc(fc_beam) = 148-pef
0.140—§’+0.001- =< —i’ otherwise
ft SU g Ycibeam = '\{c(fci_beam) = 146.4-pcf

Concrete Modulus of Elasticity

Elastic modulus for concrete is as specified by AASHTO A 5.4.2.4 with a correction factor of 1.0
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~ 2.0 N 0.33
i.b i b
< ,eam ( A eamj -ksi = 4745.73-ksi Beam concrete at reLease

Ec beam | = 120000 —
2
Yc.beam =0 fe beam o
E¢ beam = 120000 kip ( T j ksi = 5220.63°ksi - goam concrete at 28 days

ft3

~ 2.0 N
c.deck ¢ _deck
E. deck = 120000 : (

0.33
: j -ksi = 4291.19-ksi
P ksi Deck concrete at 28 days

o

CFECC Material Properties

dg := 15.2mm = 0.6-in Prestressing strand diameter
Agtrand = 0.179~in2 Effective cross sectional area
Ep := 21000ksi Tensile elastic modulus
Tguts = 60.70kip Guaranteed ultimate tensile capacity
Tguts . .
fpu = = 339.11-ksi Calculated ultimate tensile stress
strand
Cgge =09 Environmental reduction factor for prestressed concrete
_ - exposed to weather for service limit state calculations
fouservice = CEse Tpu = 305.2°ksi
Cgst =09 Environmental reduction factor for prestressed concrete

exposed to weather for strength limit state calculations
fpu = CEst'fpu = 305.2-ksi

Modular Ratio

E

n:= —cbeam = 1.217 Modular ratio for beam
Ec.deck
EP
n, = = 4.89 Modular ratio for Prestressing CFCC
Ec.deck

Double-T Beam Section Properties:
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.2
Abeam := 14701in

d := 48in
bweb = 11in
byweb.max = 1210
bft = 84111
dft = 6in
bﬂ) = 0.0in
dﬂ) = 0.0in
b +b
by = web ~ web-max ) _ 53 00-in
2
Wheam = Abeam~(150pcf) = 1531.25-plf
L .4
Ipeam = 328802.29in
y¢ := 18.81in
¥p = 29.19in
Ibeam .3
St = = 17480.19-in
Yt
Ibeam 3
Sg = = 11264.21-in

Yb

Minimum area of beam section

Depth of beam

Minimum web thickness (at the bottom)

Maximum web thickness (at the top)

Width of top flange

Thickness of top flange

Width of bottom flange

Thickness of bottom flange

Total web shear width

Beam weight
per foot

Minimum moment of inertia
Depth from centroid to top of beam

Depth from centroid to soffit of beam

Minimum section modulus about
top flange

Minimum section modulus about
bottom flange

Effective Flange Width of Concrete Deck Slab, AASHTOA 4.6.2.6
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Beam_ Design := "Interior" Choose the design of the beam either
"Interior” or "Exterior"

beffint == S = 7.001t Effective flange width of deck slab for interior beams
beffext = %S + overhang = 7.00ft Effective flange width of deck slab for exterior beams

beff = |beffint if Beam_Design = "Interior" = 2.134

beff.ext if Beam_ Design = "Exterior"

diotal = deckypic +d = Sl-in Total depth of section including deck

Dynamic load Allowance

Dynamic load allowance from AASHTO Table 3.6.2.1-1 is applied as an increment to the static wheel
loads to account for wheel load impacts from moving vehicles.

IM :=1+33%=1.33
Design Factors

These factors are related to the ductility, redundancy and operational importance of the bridge
structure components and are applied to the strength limit state.

Ductility

For Strength limit State, a factor of 1.05 is used for nonductile components and connections, 1.00 for
conventional designs and details complying with these specifications, and 0.95 for components and
connections for which additional ductility-enhancing measures have been specified beyond those
required by these specifications, AASHTOA 1.3.3.

np = 1.00

Redundancy

For Strength limit State, a factor of 1.05 is used for nonredundant members, 1.00 for conventional levels
of redundancy, foundation elements where ¢ already accounts for redundancy as specified in AASHTC
A 10.5, and 0.95 for exceptional levels of redundancy beyond girder continuity and a torsionally-closed
cross-section, AASHTOA 1.3.4.

ng = 1.00

Operational Importance

For the Strength limit State, a factor of 1.05 is used for critical or essential bridges, 1.00 for typical
bridges, and 0.95 for relatively less important bridges, AASHTO A 1.3.5.

ny := 1.00

Ductility, redundancy, and operational classification considered in the load modifier, AASHTO Eqn.
1.3.2.1-2.

M =MpMrNy = 1.00
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Composite Section Properties

This is the moment of inertia resisting superimposed dead loads.

Elastic Section Properties - Composite Section: k=2

kgq) =2
bg ) .
Ahaunchkn = K -haunch = 0-in effective area of haunch
sd1
haunch

dhaunchkn = 94+ = 48-in Depth of centroid of haunch to bottom of beam

.3
Adpaunchkn = Yhaunchkn Ahaunchkn = 010

b .
b - eff _ 34.50.in Transformed deck width

eftkn

sd1
deckqy.: 1 —

d := d + haunch + M = 49.5-in Depth from center of deck to beam soffit

slabkn ’
Aglabkn = 9€Kihick Peffkn = 103.57-in2 Area of transformed deck section
Adglabkn = Aslabkn Yslabkn = 5126.59-in3 Static moment of inertia of transformed

section about soffit of beam

B Apeam'Yb T Adglabkn T Adhaunchkn

dy = = 30.53-in  Depth of CG of composite section from beam
Apeam T Aslabkn T Ahaunchkn soffit
3
; _ Deffin-deckipic e Moment of inertia of transformed deck about
oslabkn = D) = ldgeii centroid
b
ft
-haunch
Ksd'n 4 . o
i T = 0-in Effective moment of interia of the haunch

Moment of inertia of composite section to resist superimposed dead loads calculated using parallel
axis theorem

2 2 .4
B3 = lheam * Abeam'(dk = ¥b) * loslabkn * Astabkn'(dstabkn =~ k) + haunchkn - = 368789.4-in
2
+ Ahaunchkn'(dhaunchkn - dk)
Yb3n = dg = 30.527-in Depth of CG of composite section from

beam soffit

I
3
Span = — = 12080.86-in
b3n
Yb3n

Section modulus about bottom of beam
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Ytbm.3n = 4= ¥p3p = 17:47-in

) I3n
Stbm.3n =
Yt.bm.3n

=21 105.93-in3

Y3p = d + haunch + deckypi = tyear = Yb3n = 20.47-in

1
3
Si3p = —= = 18013.23-in°
Yi3n

Elastic Section Properties - Composite Section: k=1

Depth of CG of composite section
from top of beam

Section modulus about top of beam

Depth of CG of composite section
from top of deck

Section modulus about top of deck

These properties are used to evaluate the moment of inertia for resisting live loads

Assumed wearing surface notincluded in the structural design deck thickness, per MDOT BDM

70219.A4.........
k=1
b
ft
»ﬁzhmmhkmzZ E-haunch = O-in2

haunch

Shaunabkn,'= 4+ —— = 48-in

.3
Ahavnehkn.= dhaunchkn Ahaunchkn = 0-10
b
ff
Dokl '= ke— = 69.05-in
n

deckipick ~ twear

effective area of haunch

Depth of centroid of haunch to bottom of
beam

Transformed deck width

Hslablea.:= d + haunch + = 49.5-in Depth from center of deck to beam soffit
Aglablaan= 9€Kihick Peffkn = 207.14-in2 Area of transformed deck section
Adslablan= Aslabkn Islabkn = 10253.18-in3 Static moment of inertia of transformed
section about soffit of beam
A -y, + Ad + Ad
A= beam 7b slabkn haunchkn = 31.7-in Depth of CG of composite section
Apeam T Aslabkn T Ahaunchkn from beam soffit
b deck 3
:  Deffkn 9“®thick e Moment of inertia of transformed deck about
woslabkm = 12 = 12000 centroid
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—haunch

Jhaunehlan = kT = O-in4 Effective moment of interia of the haunch

Moment of inertia of composite section to resist superimposed dead loads calculated using parallel
axis theorem

2 2 . 4
I = Theam + Abeam'(dk - yb) +loslabkn * Aslabkn'(dslabkn - dk) *+ Thaunchkn - = 403847.4-in
2
+ Ahaunchkn'(dhaunchkn - dk)

Y = di. = 31.698-in Depth of CG of composite section from beam
bn k
soffit
Iy 3 .
Spp = — = 12740.31-in Section modulus about bottom of beam
Ybn
Ytbmn = 4= Ypp = 16.30-in Depth of CG of composite section from top of
beam
! 3
St bm.n = = 24773.47-in Section modulus about top of beam
Yt.bm.n
v := d + haunch + decky,: .1, — — Y = 19.3:in Depth of CG of composite section from
tn thick ~ twear ~ Ybn
top of deck
1
Sty = - - 20922.99-in3 Section modulus about top of deck
Ytn

live load lateral Distribution Factors

Type | with beams sufficiently connected
to act as a unit

Cross-section classification.......................
Distribution of live loads from the deck to the beams is evaluated based on the AASHTO specified
distribution factors. These factors can only be used if generally, the following conditions are met;

o Width of deck is constant.
e Unless otherwise specified, the number of beams is not less than four.

e Beams are parallel and have approximately the same stiffness.
e Curvature in plan is less than the limit specified in AASHTOA 4.6.1.2.4.
e Unless otherwise specified, the roadway part of the overhang does not exceed 3.0 ft.

e Cross-section is consistent with one of the cross-sections shown in AASHTO Table 4.6.2.2.1-1.

Unless otherwise stated, stiffness parameters for area, moments of inertia and torsional stiffness used
shall be taken as those of the cross-section to which traffic will be applied (composite section)

Distance between the centers of gravity of the basic beam and deck
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ey =d+

[de"kthick

5 j + haunch — yp = 20.31-in

logitudinal stiffness parameter
= A 2) 2 37727.64-i ¥
Kg =10\ Ipeam + beam'®g ) = 1137727.64-1n

Distribution of live loads for Moment in Interior Beams, AASHTO Table 4.6.2.2.2b-1

Range of Applicability..........ccoooeirinnenncns
if (3.5t < S < 16ft,"ok" , "not ok") = "ok"
if(4.5in < dethhick < 12in,"ok" , "not ok") = "not ok"

if (20ft < L < 240ft,"ok" , "not ok") = "ok"
if (NOpgamg = 4,"0k", "not ok") = "ok"

: 4 4

1f(10000 in" < Kg < 7000000 in","ok" ,"not ok") = "ok"

One lane loaded

0.1

04 , 0.3 K
S S ft
M 0= 0.060+| — | = . —g_._ = 0.646
lanel int 14ft L 3 in
12-L~deckthick

live load moment disribution factor for interior beam

Miane int = maX(Mlanel_int) = 0.646

Distribution of live loads for Moment in Exterior Beams, AASHTO Table 4.6.2.2.2d-1

One lane loaded (using the lever rule)

The lever rule involves the use of statics to determine the lateral distribution to the exterior girder by
summing moments about the adjacent interior girder to determine the wheel-load reaction at the exterio
girder assuming the concrete deck is hinged at the interior girder. A wheel cannot be closer than 2'-0" tc
the toe of barrier, and the standard wheel spacing is 6'-0". The evaluated factor is multiplied by the
multiple presence factor, AASHTO Table 3.6.1.1.2-1.

Summing moments about the center of the interior beam

q 6-ft This factor is based on the lever arm
S+ hang — b cq — 2t — —
) ( overhang = batlilyyidth j rule considring the wheel load and
R= S = 0613 not the resultant of both wheel

Moment distribution factor for exterior beam, one load loaded. The 1.2 accounts for the multiple
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presence factor, m from AASHTO Table 3.6.1.1.2-1 for one lane loaded

Mlanel_ext =R-1.2 = 0.736

Distribution of live loads for Moment in Exterior Beams, AASHTO C4.6.2.2.2d

AASHTO LRFD 2014 recommends the rigid plate analysis only for steel beam-slab bridges. This was
a change from ealier versions of AASHTO. Itis up to the designed to ignore the rigid plate analysis or
take it into consideration when calculating the DF for exterior beam

Additional special analysis investigation is required because the distribution factor for multigirder in
cross section was determined without consideration of diaphragm or cross frames. The multiple
presence factors are used per AASHTO Table 3.6.1.1.2-1. This analysis should be done by sketching
the cross section to determine the variables required for this example, the defined deck geometry is
used. For any other geometry, these variables should be hand computed and input:

Horizontal distance from center of gravity of the pattern of girders to the exterior girder

Sexterior

Xext = — — = 10.50ft

Eccentricity of the center line of the standard wheel from the center of gravity of the pattern of girders
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6ft
e = Xgxt T overhang — barriery,; 4, — 2ft — 7 = 7.792ft

Summation of eccentricities for number of lanes considered:

eNL] = €1 = 7.792ft One lane loaded
10.50
) 3.50
Xbeams = | for ie 0..NObeams -1 = Py ft

Xj Xext = (i) ~10.50

X

Summation of horizontal distances from the center of gravity of the pattern of girders to each girder

2 2
XNB = beeams = 245.00-ft

1 Xext ®NLI Reaction on exterior beam when one lane is loaded
. + = 0.701 : : :
NO X enhanced with the appropriate multiple lane factor
beams NB from AASHTO Table 3.6.1.1.2-1

live load moment disribution factor for exterior beam

Miane ext = max(Mlanel_ext’mlR) = 0.736

Reduction of load Distribution Factors for Moment in longitudinal Beams on Skewed Supports

When the line supports are skewed and the difference between skew angles of two adjacent lines of
supports does not exceed 10 degrees, the bending moments and shear forces are reduced in
accordance with AASHTO Table 4.6.2.2.2e-1 and 4.6.2.2.3c-1 respectively.

Moment

Range of Applicability

if (SOdeg <60 60deg, "ok" ,"Check below for adjustments of C1 and Oskew") = "ok"

skew =
if (3.5t < S < 16ft,"ok" , "not ok") = "ok"
if (20ft < L < 240ft,"ok" , "not ok") = "ok"

if (NOpgamg = 4,"0K", "not ok") = "ok"
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Qg1 = eskew if eskew < 60-deg = 30-deg

60-deg if Ogqy, > 60-deg

Cp = |0 if By, < 30-deg = 0.228

0.25
Ko ft )% .
0.25- TR || = otherwise
12.0'L'deckthick n L

Mcorrpy iop = 1 — C1~tan(eskew)1'5 = 0.9 Correction factor for moment

Reduced distribution factors at strength limit state for interior girders due to skew

DF Mlane_int'Mcorrfactor = 0.582 Moment

strength moment_int ‘=

Reduced distribution factors at strength limit state for exterior girders due to skew

DF 0.662

strength moment_ext "= Mlane_ext'Mcorrfactor = Moment

Design distribution factors for service and strength limit states

Distribution factor for moment at strength limit state

DF DF ¢ if Beam Design = "Interior" = 0.582

strength moment *= strength moment _in

DFstrength_moment_ext if Beam Design = "Exterior"

live load Analysis

Flexure

As per AASHTO A 3.6.1.2.1, vehicular live loading designated by the standard HI-93 truck shall be a
combination of the design truck or design tandem, and the design lane load. To produce extreme force
effects, the spacing between the two 32-kip axles are taken as 14 ft.

Calculate the maximum moment due to the truck load. Maximum truck load moment occurs when the
middle axle is positioned at distance 2.33 ft from the midspan. Maximum momment occurs under the
middle axle load. Moment due to distributed load occurs at midspan.

Unless more detailed analysis is performed to determine the location and value for the maximum
moment under combined truck and distributed loads at both service and strength limit state, the
maximum moment from the truck load at distance 2.33 ft from midspan can be assumed to occur at
the midspan and combined with the maximum moment from other dead and live distributed loads
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Calculate the reaction at the end of the span

L L L
8kip~(5 = 16.33ft) 1 32kip-(5 = 2.33ft) 3 32kip~(5 3 11.67ft)
R o—

Calculate the maximum moment

L . .
Miuck = R(E 4 2.33ft) — 32-kip-14-ft = 860.222-kip-ft

Maximum moment due to design lane load, AASHTOA 3.6.1.2.4

X:=Z 23158
2
0.64kIf-L-X X
Migne = ————— ~ 0.64kIf- = = 317.52-kip-f

Maximum moment due to design tandem, MDOT BDM 7.01.04.A

~ 60kipL
tandem = 4

M = 945.kip-ft

Maximum moment due to vehicular live loading by the modified HI-93 design truck and tandem per
MDOT BDM 7.01.04.A. Modification is by multiplying the load effects by a factor of 1.20. Dynamic load
allowance is considered only for the design truck and tandem, AASHTOA 3.6.1.2.2,3.6.1.2.3 &

3.6.1.2.4.

My p 1 = [ 1.20Mjgne + IM:(1.20-max(Mgryck - Miandem) ) | D strength_moment = 1098.62-kip-ft

Dead load Analysis

Dead load calculations are slightly adjusted for exterior beam design.

Noncomposite Dead load (Dcl)

2

wbeam'L

Mgwbeam =

= 759.69-kip-ft Total moment due to selfweight of beam

kip .

deck = (deckipiclbefr + haunchybg)0.15 == = 0.26-KIf Selfwelght of deck and haunch on
ft eam

deck-L2
Mgeck = — 5 = 130.23-kip-ft Moment due to selfweight of deck and
8 haunch
sip := 15psf~(beff - bft) = 0-kIf 15 psf weight included for stay-in-place
forms per MDOT BDM 7.01.04.1
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M o sip-L2 Moment due to stay-in-place forms

- = 0.00-kip-ft

Weight of steel diaphragms at

diajyg = 0.5-kip mid-span per each interior beam

Weight of steel diaphragms at mid-span

diagyy = 0.25-kip per each exterior beam

diaphragm := |dia;,, if Beam Design = "Interior" = 0.5-kip

diagy, if Beam Design = "Exterior”

spagiy = 2(3 _ bv)'tan(eskew) = 5.871t uOs:;adrow of diaphragms at midspan are

L
Mgia = diaphragm-z = 7.875-kip-ft

DC| = Wyeam + deck + sip = 1.794-kif Dead load (o.wt of beam+ deck+ SIP
forms) acting on non-composite section

Mpc1 = Mgwbeam T Mdeck + Msip + Mg, = 897.80-kip-ft  Total midspan mom.ent act[ng
on the non-composite section

Composite Dead load (DCZ)

util = %~(0plf) _ 0KIf No utilities are supported by the

superstructure
. _ kip Weight per foot of first barrier (aesthetics
barrierl yejghy = 0475 =" parapet tube, MDOT BDG 6.29.10)

kip kip Weight per foot of second barrier
conc + 0475 T 0'569'? (modified aesthetics parapet tube,
MDOT BDG 6.29.10)

barrier2weight = 2.25-in-40-in- w

2-walk, : 30 -walkg: 1w i ;
. ) width thick *conc Weight to due extra thickness of
cams
barrierl,,.: 1.+ + barrier2 . .:
barrier := weight weight = 0.26-kIf Total barrier weight per beam
NOpeams

dwall 0.0 kip Weight of the sound wall, if

Soun@Wallweight == U7 there is a sound wall

Weight of the sound wall for exterior beam design assuming lever arm and an inetremiate hinge on
the first interior beam
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kip

soundwall := | 0-— if Beam Design = "Interior"
t

{soundwallweighf 5

DC2 := sidewalk + barrier + util + soundwall = 0.575-kIf

2
DC,-L

(DW) Wearing Surface load

kip
DW = (begr)-0.025—> = 0.175°KIf
ft

Maximum unfactored dead load moments

DW-L2

8

Wind load on the sound wall

kip
M. 1 :=0.0-ft-—
wind ft
W Jwind _ o kip
[ S ft
W~L2

S + it
M} if Beam Design = "Exterior"

Kip
ft

Total dead load acting on the
composite section

Total midspan moment acting on the
composite section

Self weight of future wearing surface

Total midspan moment due to loads acting
on the composite and non-composite
section

Midspan moment due to weight of future
wearing surface

Moment due to wind acting at the sound
wall

Extra load on the interior beam due to wind
load assuming lever arm analysis and an
intermediate hinge at the first interior beam

Interior beam moment due to wind acting at
the sound wall
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load Combinations

Load Combinations: Strength, Extreme Event, Service and Fatigue load combinations are defined per
AASHTO 3.4.1. Verify which combination are appropriate. For this concrete box beam design, wind
load is not evaluated, and no permit vehicle is specified. However, the design live loading is MDOT
HL-93 Modified which accounts for Michigan's inventory of legal and permit vehicles.

Strength I, Ill, IV and Strength V limit states are considered for the design of this beam. Load
combinations factors according to AASHTO LRFD 2016 Interim revision are used

M_Strengthy := 1j-(1.25Mp + 1.50Mpyy + 1.75My 1 1) = 3531.65-kip-ft
M_Strengthyyy = 1;(1.25Mpe + 1.50Mpyy + 1.0Myyg) = 1609.07-kip-ft
M_Strengthyy := nj[ 1.50-(Mpc + Mpyy) | = 1904.84-kip-ft

M_Strengthy, = 1j(1.25Mp + 1.50Mpyy + 1.35M p 1 + 1.0-Myyg) = 3092.21-kip-ft

M

u_strength = max(M_StrengthI,M_StrengthIH,M_StrengthIV,M_Strengthv) = 3531.65-kip-ft

Number of Prestressing Strands

The theoretical number of strands required is calculated using the Service Il limit state

Mpci . Mpc2 + Mpw . 0.8Mp 1 Tensile stress in bottom flange due to

applied loads

fb = = 2.15-ksi

SB Sb3n Sbn
Allowable stress limits for concrete (ACI 440.4R Table 3.2)

f = 024-/f¢;_peamksi = 0.61-ksi Initial allowable tensile stress

fei = —0.65-f; peam = —4-16-ksi Initial allowable compressive stress (according to AASHTO
- LRFD 2016 interim revision)
fip = 0'\/ fC_beam'kSI g Ll Final allowable tensile stress (allowing no tension)

No tension is allowed under service Il limit state to avoid potential cracks and shear action on the
strands

f

cfp = —0:45-f,

—3.60-ksi Final allowable compressive stress in the beam due to

beam = X
- sum of effective prestress and permanent loads

fcf.deckp = _0'45'fc_deck = —2.25-ksi Final allowable compressive stress in the slab due to
permanent loads

fof = —0.6-f, poam = —4-80-ksi Final allowable compressive stress in the beam due to sum
- of effective prestress, permanent loads, & transient loads
fof deck = —0-6f, deck = —3-00-ksi Final allowable compressive stres§ in the beam due to
- sum of permanent loads and transient loads
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fp = fy, — fip = 2.15-ksi Excess tension in the bottom flange due to applied loads

Assuming strand pattern center of gravity is midway between the bottom two rows of strands, i.e. the
same number of strands are used in the top and bottom rows of the bottom flange.

Yps = 3in Distance from soffit of beam to center of gravity of strands

€t = Yp — Yps = 26.19-in Eccentricity of strands from the centroid of beam

Final prestressing force required to counteract excess tension in the bottom flange. Set allowable stres:
equal to the excess tension, solve for P,

f

p .
Py = 7————— = 716.682-kip
1 Cst
+ —
Apeam SB
f}.act = 0.65-f}:)u.sewice = 198.377 ksi Actual Jacking stress
t}_max = 0°65'fpu.service = 198.377-ksi !\s/lgximum allowable Jacking stress, ACI1 440.4R Table
if(tj.act < fi max- "Ok" ,"Not Ok") = "Ok"
Pj = Astrand'%.act = 35.51-kip Maximum Jacking prestressing force per strand
fi = 0.622fpu.sewice = 189.83-ksi Initial prestressing stress immediately prior to transfer.
shall be less than or equal to the maximum jacking
strength, and shall be adjusted accordingly to make
sure the stress immedietely following transfer is not
exceeding 0.6 times guaranteed strength as shown on
the following page
) . Initial prestressing force per strand prior to
Pin = Agtrand ft = 33-98 kip transfer
Ppet = Agtrand 075 = 25.48-kip Effective prestressing force assuming 25% final

prestress losses per 0.6" diameter strand

P
NOStI‘ands_i = ceil( J =29 Minimum number of strands required

Strand distribution per row. Row 0 is the bottom most row in the beam. Start adding strands from the
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bottom row going up until the number of strands is reached. do not skip rows inbetween. Extra rows witr
zero strands will be eliminated in the analysis.

row( = 8 row] = 8 row) = 8 rows3 = 4 rowy4 = 0 rows = 0
8
rowg = 0 row7 = 0 rowg = 0 rowg := 0 8
8
4
0
row =
0
0
0
0
0
Row = |a< 0
for 1€ 0.. length(row) — 1 3
a<—a+1 if rowj> 0 3
a< a otherwise Row = ]
for je0..a—1 4
Dj « row;
D
NOgtrands = ZRow = 28.00 Total number of prestressing strands
46.00
44.00 ,
dgtrand = | for i€0..length(Row) -1 = -in Depth of CFCC strands in each layer
i o il pe 42.00 from the top of the beam section. This
5, 747 (2in) — (2in)i 40.00 calculation assumes a 2" vertical spacing
’ of the strand rows
dS
Row-(d—-d
CG: ( ( Strand)—l = 4.57-in Center of gravity of the strand group measured from
ZROW the soffit of the beam section
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dg := (d - CG) + haunch + decky,; ., = 46.43-in  Depth from extreme compression fiber to centroid of

CFCC tension reinforcement

& = Yp— CG = 24.62-in Eccentricity of strands from centroid of beam

A AN Qi = 5.01~in2 Total area of prestressing CFCC strands

ps =

Prestress losses

loss due to Elastic Shortening, AASHTO Eqn. C5.9.5.2.3a-1

2
Aps Tt (Ibeam te 'Abeam) ~ € Mgwbeam Abeam

AfPES = = 7.20-ksi
2 Abeam'Ibeam'Ec.beam_i
Aps|Ibeam * €5 “Abeam ) * E
p
Fpt = f; — Afpgg = 182.63-ksi Prestressing stress immediately following transfer
Py i= ApgFpp = 915.344-kip

According to ACI 440.4R, Table 3.3, the allowable stress immediately after transfer shall
not exceed 0.6 fpu

0.6-f 183.117-ksi

pu.service —

if(Fpt = 0'6'fpu.service’

llokn , uNOt Okn) — llokn

Approximate Estimate of Time dependent losses, AASHTOA 5.9.5.3

H =175 Average annual ambient relative humidity
Yy = 1.7-0.01-H = 0.95 Correction factor for relative humidity of ambient air
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Vet = = 0.68

1+

f

ci_beam
ksi

Correction factor for specified concrete strength at time
of prestress transfer to the concrete member

Relaxation loss taken as 1.75% of the initial pull

Afyg = £ 1.75% = 3.32ksi

per experimental results from Grace et. al based

on 1,000,000 hours (114 years)

f-A

: tps , .
Afppp = 10—y + 12ksi Yy Yy + Mg = 1518 ksi

beam

long term prestress loss

Difference in thermal coefficient expansion between concrete and CFCC

Q= 6-10_6-l Difference in coefficient of thermal expansion
F between concrete and CFCC
tamp = 68F Ambient temperature
fow = —10F lowest temperature in Michigan according to AASHTO
IRFD 3.12.2
At = tyh — Yow = 78F Change in the temperature

Afpt = 0L~At-Ep = 9.83-ksi

Prestress losses due to temp. effect

e Effective prestressing stress after all losses

P, = Aps-fpe = 790.01-kip Effective prestressing force after all losses

Initial prestress prior to transfer, not including

fi = 189.83-ksi
anchorage losses

fe = 157.62-ksi Prestress level after all losses

p

fi - fpe

loss = =16.97-% Total prestress loss

t

Debonding Criteria

Estimate the location from each beam end where top prestressing or debonding is no longer needed
The vectors are developed for possible two different deboning lengths per row. Enter the number of
debonded strands and the estimated debonding length in the vectors below per each row location

Location: number of strands: debonding length:

Grace et al. Lawrence Tech. University 7/1/2019
College of Engineering
21000 W 10 Mile Rd., Southfield, Ml

48075, U.S.A




For debonding pattern, follow
staggering guidelines in MDOT
BDM 7.02.18.A.2

l’ldb = -ft

|
S O O O O O o o o o o o

<
o
|

S O O O O O o o o o o o

AN N L A R W W NN = —

row gy, = | for i€ 0..2length(Row) — 1 Ny, = | for ic0.. length(rowdb) _1

Dj < Rowg;,.
dbl Dl < l’ldb
D 1
D
Lgp = | for i€0.. length(rowdb) -1
1
D
1 0 0
1 0 0
2 0 0
2 N 0 L 0
oW 41, = = =
db 3 db 0 db 0
3 0 0
4 0 0
4 0 0
2 Nap =0
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D N

Debondy; = o = 0.00-% Portion of partially debonded strands in beam section
strands

if (Debond, o < 40%,"ok" ,"No Good" ) = "ok”

Total number of debonded strands in rows

0.00
N for ie0..length(Row) — 1 000
= or 1€ 0.. lengtl owW) — =
db.row g 0.00
aj< 0
0.00
for j €0...length(Ngp) 1
aj<aj+ Ngp if rowgy =i+1
J J
a
0.00
) 0.00
Debond,., := | for i€ 0..length(Row) — 1 = 0.00 %
aj« 0 .
0.00
Ndb.rowi
aj« — if Rowj> 0
Rowj
0 otherwise
a
if (max(Debondyy,) < 40%, "ok" ,"No Good" ) = "ok" The limit of 40% is taken
according to MDOT BDM
7.02.18.A2
Grace et al. Lawrence Tech. University 7/1/2019

College of Engineering
21000 W 10 Mile Rd., Southfield, Ml
48075, U.S.A




Row 4 ( 4 strands)

L L L »
seve seee Row 3 ( 8 strands)
eses sase
eees P Row 2 ( 8 strands)

Row 1 ( 8 strands)

Optional: only needed if debonding scheme is not sufficient to eliminate the tensile stresses
at beam ends either at transfer or due to handling and shipping

CFCC strand transfer length, ACI 440.4R Table 6.1 L= 50dg = 2.491t

Number of top prestressing strands in the top flange

2
Rowtop = 5

Depth of the top prestressing strands from the top surface of the beam

Initial prestressing stress/force at the top prestressing strands

F = 50-ksi

p_top -

Distance from the end of the beam to the point where the top prestressing is no longer needed

Xp top = 10-ft

Top prestressing strands shall not extend the the middle third of the beam. Otherwise, it could affect th
stresses at service limit state
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Lbeam
Check Top prestressing Length := | "Okay" if Xp top < T = "Okay"

Lbeam
Check service stress @ x.p_top" if Xp top > T

Distance from the end of the beam to the pocket where top prestressing strand is cut after concrete
pouring. The middle region between the cut pockets shall be dobonded to avoid force transfer to the
middle region

Xpocket = Xp_top*+ Lt = 12493 ft

Serviceability Checks

CFCC strand transfer length, ACI 440.4R Table 6.1

Stress check locations along the beam
Stress locations after the transfer length for bonded and de-bonded strands

2.493
2.493
2.493
2.493
2.493
Xrelease = SOH(StaCkIVLt’(Ldb + Lt) ’Xp_top’xpocket—H =| 2.493 |ft
2.493
2.493
2.493
10
12.493

Extracting repreated X from the vector
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k<« 0

X < Lg

Xrelease =

for iel.. length(X 1

release) a

ke k+1 if(X # X

release; release, 1)

Xk < Xreleasei

2.493
10 |-ft
12.493

Xrelease ~

Area of strands in each row at each stress check location

Agp = | for i€0.. length(xrelease) =1
for z€ 0.. length(Row) — 1

Aj,z¢ Rowz-Agond
for j€0.. length(Ndb) -1

J
TOW <— I'Ode'
J

J

*release;
A, row—1 ¢ (Ai,rOW—l - n'Astrand)' L if Xrelease; < L¢
t

Ai,row—1 < Ai row-1 = MAgrang if Ly < Xreleasei <L

Aj,row—1 < Ai,row—1 — 0" Agtrand -~ if L < Xreleasei <L+L;
(Xreleasei - L)
+n-A R E—
strand L,
A
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143 143 143 0.72
Agp=|143 143 143 072 |in”
143 143 143 0.72

Beam stresses at release due to prestressing only

Sign convention; negative and positive stresses/forces for compression and tension respectively

-261.53 -261.53 -261.53 —130.76
Pps = _Fpt'Adb: —261.53 —-261.53 —261.53 —130.76 |-kip
-261.53 -261.53 -261.53 —-130.76

Midspan moment due to prestressing at release

~1877.872
Mps = Ppg (dtrand = ¥1) = | ~1877.872 | kip-ft
~1877.872

Top and bottom concrete stresses at check locations due to prestressing ONLY
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fps = [ for i€0.. length(xrelease) -1

M« Mpsi

f
Beam stresses at release due to selfweight

Moment due to self weight of beam at check locations

Wheam X

Mgw (%) = T'(Lbeam - X)

fow = | for i€0.. length(xrelease) -1

M Mgy, (Xreleasei)

-M
fi,o—
St

M
fi,1e—
SB

f

Area of top prestressing strands at distance X.release from the end

top bottom

666 —2623
fps: 666 —2623 |-psi
666 —2623

Top and bottom concrete stresses at check locations due to beam self weight ONIY

top bottom
-81 125

fo = | —284 440 [-psi
—338 525
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for i€0.. length(x 1

top -~ release) -

for z€O0.. length(RowtOp) -1

Xreleasei
if x

Ai,z ¢ ROWtopz'A releas

strand’ ¢ < Lt

t
Ai,z ¢ RowtopZ'Astrand if Ly < *release; < Xp top
Xrelease; ~ *p_top
A,z ¢ RowtopZ'Astrand - L '(RowtopZ'Astrand) if Xp top < *release; <3
t

Aj 7z 0 if x + L

release; > Xp top

0.358 0.358 2.493
.2
0.358 0358 |in°  Xegease =| 10 |ft
0 0 12.493

Atop =

-17.90 -17.90
-17.90 —17.90 |-kip
-0.00 -0.00

P F A

p_top = “Tp_top “itop T

44.183

My top = Pp_top(dtop = Y) = | 44183 | kip-ft
0
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fp top = for ie 0..length(x 1

release) B

M« Mp_tOPi

cols(Pp_top)— 1

P« Z Pp_topi ;
j=0

A Abeam

StOp — ST

Spott < SB

Stresses in the beam due to the top prestressing strands only

_54.685 22716
£ op=| 5468 2716 |psi
_1.925x 10" * 7997x 107 12

Check for beam stresses at release against allowable stresses

Beam stresses at release

top bottom
531.169 -2475.416 2.49
fo release = fps + fow *+ fy top = | 327954 —2160.061 |-psi Xrelease = | 10-00 |ft
328.243 -2098.363 12.49
i release = max(fc-release) = Bl Maximum tensile stress at release
fei release = mm(fﬂelease) = 2475psi Maximum compressive stress at release
. . > . n " n n — n " — T
lf(f'fl 2 Tt release-"OK" , "ot ok ) 6 Allowable tension check i = 07
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if (~foi > ~fi releases"0K" ,"not ok") = "ok" f ; = —4160psi

Allowable compression check c

Camber immediately after transfer

Camber due to prestressing assuming constant maximum force (ignore debonding)

. 2
_mm(Mps)'Lbeam 1.065-i
= 1.065-in
8-E

c.beam_i'lbeam

Deflection due to top prestressing assuming constant maximum force (including debonding transfer
length)

2
My topyp_top

-3,
o= =2446x 10 "-in
p_top 2-(E

S

c.beam i’ Ibeam)

Deflection due to selfweight of the beam

4
=5 wbeam'Lbeam

384-E

= —0.37-in

c.beam_i'lbeam

Considering the reduced camber due to the effect of debonding

46.00
46.00
44.00
44.00

d .= | for i€ 0..length(row4,,) — 1 = -in
strand.db g ( db) 42.00

dsi «—d- (2in)r0wdbi 42.00

d 40.00
40.00
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2
5. . (Ndb'Astrand' Fpt'(dstrand.db - yt)'(Ldb + Lt) —|
db = 2.E 1 B
c.beam_i""beam

-in

S O O O o o o o

Z‘Sdb = 0-in
4

. 2
_mm(Mps) "Lheam 5 Wheam' Lbeam
8-E 384-E

Cambertr = - Z 5db - Sp_top = 0.692-in

c.beam i’ Ibeam c.beam i’ Ibeam

Positive sign indicates camber upwards. Negative sign indeicates deflection

Check the stresses of the beam during shipping and handling, where the supports are not at
the ends of the beam (Find the exact location of the supports during shipping and handlin

Moment due to self weight of beam at check locations

2
~Wheam X

MSW.Ship(X) = if 0-in< x < IShlp

2
L‘)beam'Lbeam'(x - lship) (L‘Jbeam'x ) ) Lpeam
- if lshl <xL—
2 2 P 2

Top and bottom concrete stresses at check locations due to beam self weight ONIY

fsw.ship = | for i€0.. length(xrelease) -1 top bottom
M« Msw.ship(xreleasei)
—-13 21
fi 0« M .
RO fow.ship = | ~217 336 |-psi
=271 420
M
fi, 1< —
SB
f
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Check for beam stresses during handling & shipping against allowable stresses

Beam stresses during shipping @ handling

top bottom
598.445 —2579.818 2.49
. chip = fos * fsw.ship + Ty top = | 39523 —2264.463 |-psi Xrelease = | 10-00 |ft
395.519 —2202.765 12.49
fti.ship = max(fc.ship) = 598 psi Maximum tensile stress at release
fci.ship = min(fc.ship) = —2580psi Maximum compressive stress at release
if (fﬁ > fj ship- "ok, "not ok") = "ok" Allowable tension check f; = 607 psi
if (_fci > ~fj ships "0k" , "not ok") = "ok" Allowable compression check f ; = —4160psi

Service | limit State - Check for compressive stresses at top of deck at service conditions
due to permanent loads only

Compressive stress at top of deck due to loads on composite section

~(Mpc2 + Mpy)
St3nKsq1n

f

cf actual mid = = —102psi

if(_fcf.deckp > _fcf_actual_mid’"()k" ,"'no good") = "ok"

Service | limit State - Check for compressive stresses at top flange of beam at service
conditions due to prestress and permament loads only

Compressive stress at top flange of beam due to prestressing and permanent loads

“Pe  Pegeg Mpcp Mpeop+Mpy

15005, ], B B + = —253 psi
- - Abeam ST ST St.bm.3n
if (_fcfp > ~fof actual_mid»"0k" "m0t ok") = "ok" Allowable stress check

Service | limit State - Check for compressive stresses at top of deck at service conditions due
to permanent and transient loads

Compressive stress at top of deck due to loads on composite section including wind effect
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according to AASHTO LRFD 2016 Interim revision

; 6 1 = _ _

= —620psi

St3n' ksdl'n S‘[n'k'n Stn' k-n

if (_fcf. deck >~ cf_actual_mid’""k" ,"'no good") = "ok" Allowable stress check

Service | limit State - Check for compressive stresses at top flange of beam at service
conditions due to prestress, permanent, and transient loads

Compressive stress at top flange of beam due to prestressing and all loads................

P Peeg Mpcp Mpep+Mpw  Mppp  LO-Myg :
Lefuactuatmmid = i - - - = = —785psi
- - Apeam St St St bm.3n St bm.n St bm.n

lf(_fcf > ~fof actual mid-"ok","not ok ) =l Allowable stress check

Service lll limit State - Check for tensile stresses at bottom flange of beam at service conditions

Tensile stress at bottom flange of beam due to prestressing and all loads

_ Pe Peeg Mpcep Mpeo+Mpy  08Mppg
ftf_actual_mid TA i u i

= —110-psi
beam SB SB Sb3n Sbn

if (ftf > fif actual mid-"K" »"not ok") = "ok" Allowable stress check

Calculate bar area required to resist tension in the top flange at release, AASHTO Table
5.9.4.1.2-1:

Maximum top flange tensile stress at
release or handling, whichever is larger
(usually, handling stresses are larger)

Bottom flange compressive stress
corresponding to the maximum top flange
tensile stress at release/shipping

3
f, = viookup( £y ship fe ship+ 1)0 = ~2.58x 107 psi

f. .. —f .
slope,, = _tiship ¢ = 66.214-& Slope of the section stress over the depth
d Ll of the beam
_ fti.ship _ 0.038:i Distance measured from the top of the
Xo = slope, = SalEkFl] beam to the point of zero stress
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Calculate the width of the beam where the tensile stresses are acting
Xo
b;., = | for i€ 0..ceil| —
ten i

Xo'l

X
ceil[,—oj
in

bi< b if 0< xi < dg

Xj €<

bj« by, if dg < xj

Calculate the tensile stress values every inch of depth starting from the top surface of the beam

%o
f:= | for i€0..ceil| —
in

Xo'l

X
ceil (—Oj
in

fi« fti.ship — slope .- xj

Xj <

598.445 84

£ 538.6 84
478.756 84

418911 ’4

359.067 84

f = 299.222 1bien = | 84 |in

239.378 84

179.533 23

119.689 23

59.844 23

6.754x 107 4 23

Calculate the tensile force that shall be resisted by top reinforcement
length(f)—-2

1 *o

o= —(f; + f; (b +b ——— | = 206.548-ki

T Z 4 ( i 1+1) ( ten; teni+1) X, P
i=0 ceil

m
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Calculate area of tensile reinforcement required in the top of the

T 2 beam. The stress in bars is limited to 30ksi per AASHTO
Astop = Jo e - 0885 5.9.4.1.2. See Figure C.5.9.4.1.2-1 which is based upon .5 f.y of
steel rebar
Abar.top = 0.44~in2 Cross sectional area of No. 6 steel rebars

As.top IJ _ 16 number of No. 6 bars provided in the top flange to

Dpar release = Ceﬂ( A resist tension at release in the beam ends.
bar.top

Calculation of minimum length of top tensile reinforcement

AASHTO LRFD Table 5.9.4.1.2-1 specifies a maximum concrete tensile stress of
0.0948- /fci beam < 0.2 ksi for tensile zones without bonded reinforcement

f .
[ fei b
f, max = min(0.0948~ % ’0‘2J'kSi = 0.2-ksi

Calculate the minimum required length of top reinforcement based on the stress calculated at distances
x.release during release or shipping and handling, whichever is greater. If all the stresses are larger tha
f.t.max, estimate the stress after the last point of debonding

L h« x

release

0
.ship

topr "=
f« f,

i<« length(f) —1

while fj < £ .-
break if i=0
i—i—-1

X<« 1-ft

fps(_ fpsrows(fp )—1 ,0

2
wbeam'Lbeam'(X - 1ship) (“‘)beam'X )

2 2
St

S(x) fps ~ ft max ~

g < 100t(S(X),Xx)
g if flength(f)-1> f max

Lbeam

if Im(g) # 0 A flength(f)-1 > f{ max

hj+1 otherwise
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Calculate the tension development length required for
the tensile reinforcement in the top of the beam. As
provided AASHTO 5.11.2.1.1 taking into account 1.4
modification factor per AASHTO 5.11.2.1.2

Minimum Iength required for the top reinforcement

Liopr = 29.083 t
- g
1 25~T-60
I = l4d————in= 1.367-ft
fc_bearn
ksi
LiopR = Ltopr t1g = 30451t from each end

Flexural Capacity

Stress block factor, AASHTO 5.7.2.2. Assuming depth of neutral axis lies within the deck

By :=|0.65 if fc_deckz 8000psi

085 if f, geck < 4000psi

f — 4000psi
deck P
|:085 - [ £ e

1000psi

Egy = 0.003

f

pu
Epy = = = 0.0145

p

foe

€pe = E_p = 0.0075

=0.8

j0.0S} otherwise

Maximum usable concrete compressive strain

Ultimate tensile strain of CFCC strand
Effective CFCC prestressing strain

Reserve strainin CFCC
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49.00
Depth of prestressing strands

47.00 | from top of concrete deck
d; := dg¢rang + haunch + deck: ) = -in
45.00
43.00
1.43
Area of strands in rows
A A R 143 | o
o= ‘ROW = -1n
f strand 1.43
0.72
225.72
22572 Effective prestressing force of strands in rows
Paery = Af'fpe = -kip
225.72
112.86
0
. 2. Distance from each layer of prestressing
sj:= | for i€0..length(Row) -1 = 4" strands to the bottom prestressting layer
sji<—d: —d:
Ty Ty 6
S
b = d d — 0. Effective thickness (total thickness minus
eff = deckipick + df ~ tyear = 90 assumed sacrificial wearing surface thickness)

Balanced reinforcement ratio

e Depth of neutral axis at balanced failure

cu
@© = —d: = 14.66-in
bal EqutEO 0

Balanced reinforcement ratio assuming flanged section

085 deck Mefr”(Pefr —by) + 0-85%; deck B1'by chal ~ Pe
Ep€0beffd

PFl bal = . = 0.0044
Yo
Balanced reinforcement ratio assuming rectangular section

0.85-f; deck B1Peff Chal ~ Pe
EPEObeffd

pR_bal = = 0.0056

1o

Depth of the N.A. and reinforcement ratio assuming Flanged Tension contorlled section
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FI T:=

F1

c<« 1.0-in

.2
AecLs<_ 1.0-in

Aeq £ 2.0-in”

N« length(di) =1

while [Acgy = Acq f| > 0.01in"
N S;.
i
A <«— 1- -A
ca s D, d —c| Ti
i=0 0
e E €0 Agq s+ Pe~ 0'85'fc_deck'(beff B bv)'heff
0'85'fc_deck'61'bv
N Si-
1
A <« 1- -A
Cq_f Z d1 —C f1
i=0 0
A
f
P
eff” iO
L
in
p

—10.6832
T =
0.0012

cpy T = FLTp-in = —10.683-in

ppi_T = FLLTI = 0.0012
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Depth of the N.A. and reinforcement ratio assuming Rectangular Tension contorlled section

R T:= |ce 1.0:in

Aeq_

.2
& 1.0-in

Aeq £ 2.0-in”

N« length(di) =1

. .2
while |Aeq_s_Aeq_f| > 0.01-in
N S;.
1
A <« 1- A
ca s D d —c| Ti
i=0 0
E -€0-A +P
ce P eq s’ e
0.85-f; deck B1 befr
N Si-
1
A <« 1- -A
Cq_f Z dl —C f1
i=0 0
Aeq_f
b d;
eff i
in
5.203783 CR_T = R_T0~in = 5.204-in
(R_T) =
DL PR T = R_T| = 0.0011
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Depth of the N.A. and reinforcement ratio assuming Flanged Compression contorlled section

diO —C
£0l0) = Eqy

@
Fl1 C:= |c« l:in

.2
Aeq_s<_ 1.0-in

Aeq £ 2.0-in”

N« length(di) -1

. .2
while |Aeq_s_Aeq_f| > 0.01-in
N S;.
i
A <« 1- -A
cas< D d —c| T
i=0 0

£(c) < 0.85-f; gecic(befr — by) hegr + 0.85F; geciBreby -
+(~Ep€o(©)Agq 5= Po)

Cc« root(f(c) ,c,O.l-in,diO)

Si~

N
1
A «— 1- A
eq_f Z d: —-c f;
i=0

Yo
Aeq_f
b.pe-d;
eff i
<
in
p
5 = 6.245089 cpj ¢ = FI_Co-in = 6.245-in
- 0.001144
PFL C = F1 C1 = 0.0011
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Depth of the N.A. and reinforcement ratio assuming Rectangular Compression contorlled section

R C:= Jce liin
.2
Aeq_s < 1.0-in
.2
Aeq_f<_ 2.0-in
N« length(di) =1
hil .2
while |[Agq = Agq ¢| > 0.01in
N S;.
i
Aeq s ), S
i=0 '
g(C) < 0'85fC_dCCk. Blcbeff = Ep'Eo(C)'Aeq_S = PC
c« root(g(c) ,c,O.l-in,diO)
N S;.
i
A <« 1- A
ca f< D d —c| T
i=0 0
Aeq_f
begp-d;
153
in
P
_ 8.0426 R C = R Cp-in = 8.043-in
a 0.0011
PR ¢ :=R_C1 =0.0011
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Check the mode of failure
Section_Mode := | "Rectangular_Tension" if Bj-cgp T < hepr A PR T < PR bal
"Rectangular_Compression" if 3j-cgp ¢ < hepr A PR > PR bal

"Flanged Tension" if Bq-cg; T > heer A PRI T < PFI bal

"Flanged Compression" if Bl'cFl_C > hogr A PFL C > PFI bal
(Section_Mode) = "Rectangular Tension"
Select the correct depth of the N.A.
&= [ T I Brer 7= hefp APR T < PR bal
cR_c if Brer ¢S heff APR € > PR bal

pL T if BrCpl T > hefr A PFL T < PFI bal

°ri_C if Byep ¢ > hefr A PRI C > PFI bal

¢ = 5.204-in
Calculate the strain in the extreme CFRP based on the mode of failure
€0 = |€pu~ Epe if Section Mode = "Rectangular Tension" = 7.027 x 10_3
€pu~ Epe if Section Mode = "Flanged Tension"
di —C
0 3 T - T n
Eour . if Section Mode = "Rectangular Compression
dl —C
- . if Section Mode = "Flanged Compression"
0.0070
0.0067
€ = | for i€0..length(Row) -1 =
, 0.0064
L ¢ 0.0061 strain in ith layer of prestressing strands
E{ < €0-
i —C
0
€
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€q = EO.[d < J = 0.00083 strain in the concrete top of the deck
i =C
1
0

Strength limit state Flexural Resistance:

— Bl.c Bl.c .
Mn = Ep(EAf) dl—T +Pe' df— ) if BIC > heff

Bre hefr
+0'85fc_deck'(beff_bv)'heff' > 2

o — BIC BIC )
Ep(EAf) dl—T +Pe' df— ) if BIC < heff

M,, = 5498.407 kip-ft

Nominal moment capacity

¢ = 10.85 if g9 = 0.005 =0.85
0.5167 + 66.67-g¢ if 0.002 < gp < 0.005
0.65 if gp < 0.002

M, = &M, = 4673.65 kip-ft My strength = 3531.65-kip-f

if (Mr > Mu_strength’"()k" ,'"no good") = "ok"

M;

=132
Mu_strength

Minimum reinforcement against cracking moment

f, = 0.24- /fc_beam'kSi = 678.823 psi Modulus of rupture of beam concrete, AASHTO A 5.4.2.6

V=16 Flexural variability factor
o =11 Prestress viariability factor
V3 =10 Reinforcement strength ratio
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P, P.e Compressive stress in concrete due to effective prestress

fcpe = + = 2264.03 psi forces only (after allowance for all prestress losses) at
Apeam SB extreme fiber of section where tensile stress is caused by
externally applied loads (ksi)
S .
bn . Cracking moment
Mer = 43| (V1 £+ V2 fepe) Sbn = MDCl(g - 1}} = 3679.54-kip-ft

if(Mr > min(Mcr, 1‘33'Mu_strength) ,"ok" , "not ok") = "ok"

Approximate mid-span deflection at failure

The deflection calculations follows the approach outlined in the paper " Flexural behaviour of CFRP
precast Decked Bulb T beams " by Grace et al. in May/June 2012, Journal of Composites for
Construction. In order to calculate the deflection at failure, the moment capacity of the composite
section is used as the bending moment. The stress level in the bottom most row is used to calculate
the flexural rigidity. The deflection calculated below is approximate, but will give an indication of the
deformbility and the level of warning exhibited near failure of the beam.

d; =49.00-in Depth of the bottom row of strands to the extreme compression
0 fiber
¢ = 5.20-in Depth of the neutral axis to the extreme compression fiber
Vg = dio —c =43.80-in Distance from neutral axis to the bottom row of strands
M. -y Lo .
) n'’s .2 Flexural rigidity of the beam/deck section based on the
El := o 411215285.27-kip-in stress level in the bottom row of prestressing strands
My kip . . . s
wp = 8—— = 11.083-— Failure load (dead and live loads) uniformly dirstibuted over the
12 ft entire span
s-wf-L4
op = = 9.553-in Midspan deflection at strength limit state
384EI
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Disclaimer

"This publication is disseminated in the interest of information exchange. The
Michigan Department of Transportation (hereinafter referred to as MDOT) expressly
disclaims any liability, of any kind, or for any reason, that might otherwise arise out of
any use of this publication or the information or data provided in the publication.
MDOT further disclaims any responsibility for typographical errors or accuracy of the
information provided or contained within this information. MDOT makes no
warranties or representations whatsoever regarding the quality, content, completeness,
suitability, adequacy, sequence, accuracy or timeliness of the information and data
provided, or that the contents represent standards, specifications, or regulations.”

“This material is based upon work supported by the Federal Highway Administration
under SPR-1690. Any opinions, findings and conclusions or recommendations
expressed in this publication are those of the author(s) and do not necessarily reflect
the views of the Federal Highway Administration.”
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About this Design Example
Description

This document provides guidance for the design of CFCC prestressed precast concrete beams
according to AASHTO LRFD Bridge Design Specifications with the neccessary ammendmets where
applicable, based on available literature and experimental data from tests conducted by Grace et. al at
Lawrence Technological University. The example provided herein is an | beam with a constant web
thickness of 7 in. The cross-section of the bridge is Type K as described by AASHTO Table
46.2.211.

Standards

The following design standards were utilized in this example:

e AASHTO LRFD Bridge Design Specification, 7th Edition, 2014

e Michigan Department of Transportation Bridge Design Manual, Volume 5
e Michigan Department of Transportation Bridge Design Guide

e ACI440.4R-04, Prestressing Concrete Structures with FRP Tendons

Code & AASHTO LRFD UPDATES

This Mathcad sheet is developed based on available design guidelines and available
AASHTO LRFD edition at the time of writing the sheet. Designer shall check and update
design equations according to the latest edition of AASHTO LRFD

General notes

The following notes were considered in this design example:

1- Guarnateed strength of CFRP is reduced to account for environmental effect. The design guarnateec
strength is taken as 0.9 x guarnateed strength recommended by manufacturer

2- Initial prestressing stress is limited to 65% of the design (reduced) guaranteed strength according to
current AC1 440.4R-04. This limit is subject to change. Check the latest recommendations for
initial/jacking stress in CFRP strands

3- CFCC strength immediately following transfer is limited to 60% of the design (reduced) guaranteed
strength according ccording to current AC1 440.4R-04. This limit is subject to change. Check the latest
recommendations

4- The depth of the haunch is ignored in calculating section properties or flexural capacity, while is
included in calculating the dead loads

5- In strength limit state flanged section design, the concrete strength of the beam portion participating i
the stress block was conservatively assumed equal to the concrete strength of the deck (AASHTO LRF
C5.7.2.2)
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6- Barrier weight was taken as 475 Ib/ft. While, weight of midspan diaphragm was 500 Ib/beam

7- In the Mathcad sheet, the option of debonding as well as top prestressing strands are offered as
means of reducing the end tensile stresses of the beams

8- In strength limit state check, the design addresses six different failure modes as follows:

Tension controlled rectanqular section (depth of stress block is less than or equal the depth of the
deck slab and the reinforcement ratio is less than balanced reinforcement ratio, CFRP ruptures before
concrete crushing)

Compression controlled rectanqular section (depth of stress block is less than or equal the depth
of the deck slab and the reinforcement ratio is larger than balanced reinforcement ratio, Concrete
crushes before CFRP rupture)

Tension controlled flanged section (depth of stress block is larger than the depth of the deck slab
but less than the combined depth of the deck slab and beam top flange. The reinforcement ratio is less
than balanced reinforcement ratio, CFRP ruptures before concrete crushing)

Compression controlled flanged section (depth of stress block is larger than the depth of the deck
slab but less than the combined depth of the deck slab and beam top flange. The reinforcement ratio is
larger than balanced reinforcement ratio, Concrete crushes before CFRP rupture)

Tension controlled double flanged section (depth of stress block is larger than the combined
depth of the deck slab and beam top flange. The reinforcement ratio is less than balanced
reinforcement ratio, CFRP ruptures before concrete crushing)

Compression controlled double flanged section (depth of stress block is larger than the combined
depth of the deck slab and beam top flange. The reinforcement ratio is larger than balanced
reinforcement ratio, Concrete crushes before CFRP rupture)

Designer is advised to check the ductility of the beam and the deflection at failure in case of
double flanged section because in that case, the N.A. of the section lies within the web of the
beam and the ductility of the section may be compromised

9- This design example is developed based on allowable jacking strength and stress immediately after
transfer according to the limits presented in the AC1440.4R-04. The document can be updated using
other prestress limits such as those presented in MDOT SPR-1690 research report and guide
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LRefToRef = 68ft
DRefAtoBearing = 18in

DRethoBearing = 18in

A= LRefToRef ~ DRefAtoBearing - DRethoBearing = 651t Center to center span Length
brg, ¢ = 5.5in Center of bearing offset to end of beam (same valLue at both ends is
assumed)

Lipeam = L +2-brg e = 65.917-ft  Total length of beam

lship = 24-in Distance from support to the end of the beam after force transfer
and during shipping and handling

Lship =1 = lship'z = 61.917ft Distance between supports during handling and shipping

deckyyiqeh = 63ft + 3in Out to out deck width

Clearroadway := 52ft + Oin CLear roadway width

deckpick = 9in Deck slab thickness

tweqr = 0-in Wearing surface is included in the structural deck thickness only

when designing the deck as per MDOT BDM 7.02.19.A 4. Itis not
used when designing the beam.

tewg = 2in Future wearing surface is applied as dead laod to accuant for
additional deck thickness if a thicker rigid overlay is placed on deck

walk i g, = Oft + Oin sidewalk width
walkyp i := Oin sidewalk thickness (0" indicates no separate sidewalk pour)
S,:= 8ft + 0in Center to center beam spacing
NOpeams = 8 Total number of beams
haunch := Oin Average haunch thickness for section properties and
strength calculations
haunchy := 2.0in Average haunch thickness for Load calculations
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overhang := 2ft + 11.5in Deck overhang width (same valLue on both overhangs is

assumed)

barriery, 4y, = 1ft +2.5in Barrier width; include offset from back of barrier to edge of
deck

Sexterior == S6ft + 0in Hz distance between center of gravity of two exterior
girders

clear
Lanes := ﬂoor(wj = 4.00 The number of design traffic Lanes can be calculLated as

12ft
anglecrossing := 90deg ﬁ\ngle measured from centerline of bridge to the reference
ine
Ogkew = 90deg — anglecrossing = 0.00-deg  Angle measured from a line perpendicular to the

centerline of bridge to the reference line

Concrete Material Properties

fo deck = Sksi Deck concrete compressive strength
fo beam = 8ksi FinaL beam concrete compressive strength
fei beam = 0-8f; peam = 6-4-ksi Beam concrete compressive strength at reLease
Weone = O.lSOk—lf Unit weight of reinforced concrete for load calculations
ft
barrierweight = 0.475% Weight per foot of barrier (aesthetic parapet tube, see MDOT BDG
t

6.29.10)

Unit weights of concrete used for modulus of eLasticity calculations, AASHTO Table 3.5.1-1

kip . .
Ye(fo) = |0145= if £ < Sksi

ft Ye.deck = ’Yc(fc_deck) = 145-pef
. f .
k k _ _
0.140—2 ¢ o.om-(—c_j P otherwise Yebeam = V(fe_beam) = 148-pef
> ksi) g

L Ycibeam = Wc(fci_beam) = 146.4-pef
Concrete Modulus of Elasticity

Elastic modulus for concrete is as specified by AASHTO A 5.4.2.4 with a correction factor of 1.0

Noi 2.0 £
E — 120000- ci.beam ( ci_beam

0.33
i -ksi = 4745.73-ksi Beam concrete at reLease
c.beam i Kkip ksi j S Sl

it
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Beam concrete at 28 days

0.33
j -ksi = 5220.65-ksi

~ 2.0 N
Eg boam = 120000 c.beam ( c_ll::iam
)
Ye.deck =0 fe deck
E. deck = 120000 ki ( I(si

o

CFCC Material Properties
dS = 15.2mm = 0.6-in

2
Agtrand = 0-179-in
Ep := 21000ksi
Tyt = 60.70kip
T
t

fy = o = 339,11 ksi

As‘[rand
CESC =0.9
fou.service = Chsefpu = 305-2+ksi
CESt =0.9
fou = CEgt fpy = 305.2:ksi

Modular Ratio

E
L ST
Ec.deck
E
ny = P _ 4389
Ec.deck

| Beam Section Properties:

0.33
j -ksi = 4291.19-ksi
Deck concrete at 28 days

Prestressing strand diameter

Effective cross sectional area

Tensile elastic modulus

Guaranteed ultimate tensile capacity
Calculated ultimate tensile stress

Environmental reduction factor for prestressed concrete
exposed to weather for service limit state calculations

Environmental reduction factor for prestressed concrete
exposed to weather for strength limit state calculations

Modular ratio for beam

Modular ratio for Prestressing CFCC
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BEAM PROPERTIES

WEIGHT AREA 51 SB I
T\[j_ r " 2 s I ' 3 @
|bs/f1 N ind N2 in4
] 288 276 1475 1805 22,800
| ] 584 69 2530 52720 51,000
[ 11 8 3 60 5070 6190 [ 125,000
Y% 827 89 8910 10,550 [ 261,000

The values given in the Table are rounded. Exact values can be calculated manually and are given
below for section lll

.2
Abearn = 558.9375in

d = 45in

byep = 7in
byeb.max = 7in
byg = 16in

dg = 7in

dy, = 4.5-in

bg, = 22in

dg, = 7in

bV %= bweb = 7.00-in

Minimum area of beam section

Depth of beam

Minimum web thickness

Maximum web thickness

Width of top flange

Thickness of top flange

Depth of a first haunch under the top flange

Width of bottom flange

Thickness of bottom flange

Total web shear depth

Wheam = Apeam (150pcf) = 582.23-pIf ~ Beam weight per foot
Ipeam = 125164.6in4 Minimum moment of inertia
Yt i= 24.706in Depth from centroid to top of beam
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Yp = 20.2936in Depth from centroid to soffit of beam

I
b - .
St = e _ 5066.16-in3 Minimum section modulus about top flange
Yt
heam 3 - .
Sg = = 6167.69-in Minimum section modulus about bottom flange
Yb

Effective Flange Width of Concrete Deck Slab, AASHTOA 4.6.2.6

Beam_ Design := "Interior" Choose the design of the beam either
"Interior” or "Exterior"

beffint == S = 8.00ft Effective flange width of deck slab for interior beams

1 . , .
beffext = ;S + overhang = 6.96ft Effective flange width of deck slab for exterior beams

beff = |beffint if Beam_Design = "Interior" = 2.438

b ¢ if Beam Design = "Exterior"

eff.ex

diotal = deckipicy +d = 54-in Total depth of section including deck

Dynamic load Allowance

Dynamic load allowance from AASHTO Table 3.6.2.1-1 is applied as an increment to the static wheel

loads to account for wheel load impacts from moving vehicles.
IM :=1+33% = 1.33
Design Factors

These factors are related to the ductility, redundancy and operational importance of the bridge

structure components and are applied to the strength limit state.

Ductility
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For Strength limit State, a factor of 1.05 is used for nonductile components and connections, 1.00 for
conventional designs and details complying with these specifications, and 0.95 for components and
connections for which additional ductility-enhancing measures have been specified beyond those
required by these specifications, AASHTOA 1.3.3.

np = 1.00

Redundancy

For Strength limit State, a factor of 1.05 is used for nonredundant members, 1.00 for conventional levels
of redundancy, foundation elements where ¢ already accounts for redundancy as specified in AASHTC
A 10.5, and 0.95 for exceptional levels of redundancy beyond girder continuity and a torsionally-closed
cross-section, AASHTOA 1.3.4.

nR = 1.00

Operational Importance

For the Strength limit State, a factor of 1.05 is used for critical or essential bridges, 1.00 for typical
bridges, and 0.95 for relatively less important bridges, AASHTO A 1.3.5.

ny := 1.00

Ductility, redundancy, and operational classification considered in the load modifier, AASHTO Eqn.
1.3.2.1-2.

M =MpMrNy = 1.00

Composite Section Properties

This is the moment of inertia resisting superimposed dead loads.

Elastic Section Properties - Composite Section: k=2

del = 2
by ) .
Apaunchkn = K -haunch = 0-in effective area of haunch
sdl ™
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haunch

dhaunchkn = 4+ = 45-in Depth of centroid of haunch to bottom of beam

. 3
Adpaunchkn = %haunchkn Ahaunchkn = 0-in

b .
b _ eff _ 39.45.in Transformed deck width

effkn Kk

sdl
deckiq.: g, —

d := d + haunch + M = 49.5-in Depth from center of deck to beam soffit

slabkn 5
Aglabkn = deckipick Peffkn = 355.09-in2 Area of transformed deck section
Adglabkn = Aslabkn’ 9slabkn = 17576.89-in3 Static moment of inertia of transformed

section about soffit of beam

_ Apeam'Yb + Adglabkn T Adhaunchkn

dy, = =31.64-in Depth of CG of composite section from beam
k A A A
beam * “slabkn T “*haunchkn soffit
by -dl 3
| _ Deffkn’ eKihick _ 5306.85:n" Moment of inertia of transformed deck about
oslabkn = 12 = LRI centroid
by
-haunch
Ksqrn 4 . L
I aunchkn = T = 0-in Effective moment of interia of the haunch

Moment of inertia of composite section to resist superimposed dead loads calculated using parallel
axis theorem

2 2 . 4
I3n = Ipeam + Abeam'(dk - yb) +1oslabkn * Aslabkn'(dslabkn - dk) *+ Ihaunchkn - = 312785.5-in
2
+ Ahaunchkn'(dhaunchkn - dk)

Yb3n = d = 31.64-in Depth of CG of composite section from
beam soffit
I, 3 Section modulus about bottom of beam
Sp3n = —— = 9885.78:in
Yb3n
Ytbm.3n = 4= Yp3p = 13.36-in Depth of CG of composite section
from top of beam
IZm 3 .
St bm.3n = —— = 23412:in Section modulus about top of beam
Yt.bm.3n
Yi3p := d + haunch + deckypi 1 = tyear — Yp3n = 22-36-in Depth of CG of composite section
from top of deck
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I
Si3n = S = 13988.59-in3 Section modulus about top of deck
Yt3n

Elastic Section Properties - Composite Section: k=1

These properties are used to evaluate the moment of inertia for resisting live loads

Assumed wearing surface not included in the structural design deck thickness, per MDOT BDM
7.0219.A4.......

k=1
by 2 .
Dhaunchlknn = k—-haunch = 0-in effective area of haunch
n
haunch . .
Jhaunchkn:= 4+ = 45-in Depth of centroid of haunch to bottom of
beam
.3
Ahavnehkn.= dhaunchkn Ahaunchkn = 0-10
betr .
Defflaan= o 78.91-in Transformed deck width
n
deckipicy -
delabka. = d + haunch + +twear = 49.5-in Depth from center of deck to beam soffit
Aglabkan= deckipick Peffin = 710.18-in” Area of transformed deck section
Adslablaa= Aslabkn Yslabkn = 35153.77-in3 Static moment of inertia of transformed

section about soffit of beam

_ Apeam'Yb + Adglabkn T Adhaunchkn

M= = 36.64-in Depth of CG of composite section
Apeam T Aslabkn T Ahaunchkn from beam soffit
be i deckipic

effkn’ hick .4 Moment of inertia of transformed deck about
Jostabka =~ = 47937in centroid

by

k—-haunch
Jhaunehlan = =t _  _ O-in4 Effective moment of interia of the haunch

12

Moment of inertia of composite section to resist superimposed dead loads calculated using parallel
axis theorem
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2 2 . 4
I = lheam * Abeam'(dk - yb) +loslabkn * Aslabkn'(dslabkn - dk) *+ Ihaunchkn - = 396757.9-in

2
+ Ahaunchkn'(dhaunchkn - dk)

Ypn = d = 36.637-in

1
Spy = —— = 10829.42in’
Ybn

Yebm.n = 4~ Ypp = 8:36-in

I

Stbm.n =
Yt.bm.n

= 47442.37-in3

Y := d + haunch + deckyp: 1 — twear — Ypp = 17.36-in

1
Sy, = —- = 22850.84-in"

Ytn

live load lateral Distribution Factors

Cross-section classification

Depth of CG of composite section from
beam soffit

Section modulus about bottom of beam

Depth of CG of composite section
from top of beam

Section modulus about top of beam

Depth of CG of composite section from
top of deck

Section modulus about top of deck

............................................................................. Type K

Distribution of live loads from the deck to the beams is evaluated based on the AASHTO specified
distribution factors. These factors can only be used if generally, the following conditions are met;

Width of deck is constant.

Unless otherwise specified, the number of beams is not less than four.

Beams are parallel and have approximately the same stiffness.

Curvature in plan is less than the limit specified in AASHTOA 4.6.1.2.4.

Unless otherwise specified, the roadway part of the overhang does not exceed 3.0 ft.

Cross-section is consistent with one of the cross-sections shown in AASHTO Table 4.6.2.2.1-1.

Unless otherwise stated, stiffness parameters for area, moments of inertia and torsional stiffness used
shall be taken as those of the cross-section to which traffic will be applied (composite section)

Distance between the centers of gravity of the basic beam and deck

&g =d+

deckgpick
2

logitudinal stiffness parameter

j + haunch -y = 29.206-in

2 . 4
Kg = n'(Ibeam +Abearn'eg ) = 732326.17-in
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Distribution of live loads for Moment in Interior Beams, AASHTO Table 4.6.2.2.2b-1

Range of Applicability.......c.cccveereneierienens
if (3.5t < S < 16ft,"ok" ,"not ok") = "ok"
if(4.5in < deckthick < 12in,"ok" , "not ok") = "ok"

if (20ft < L < 240ft,"0k" , "not ok") = "ok"
if (NOpgams = 4 "0k ,"not ok") = "ok"

if(lOOOO in4 < Kg < 7000000 in4 ,"ok" , "not ok") = "ok"

One lane loaded

0.1
04 ,.\03 K
My =006+ | (2] | ——& M (407
lanel int 14t L 5
12LdethhICk
Two or more lanes loaded
0.1
0.6 , 02 K
S S ft
M = 0075+ | — | (2] - = —| =0683
lane2 int 9 5ft L e
: 120Ldeckthlck

live load moment disribution factor for interior beam

Mlane_int o max(Mlanel_int’Mlane2_int) = 0.683

Distribution of live loads for Moment in Exterior Beams, AASHTO Table 4.6.2.2.2d-1

One lane loaded (using the lever rule)

The lever rule involves the use of statics to determine the lateral distribution to the exterior girder by
summing moments about the adjacent interior girder to determine the wheel-load reaction at the exterio
girder assuming the concrete deck is hinged at the interior girder. A wheel cannot be closer than 2'-0" to
the toe of barrier, and the standard wheel spacing is 6'-0". The evaluated factor is multiplied by the
multiple presence factor, AASHTO Table 3.6.1.1.2-1.

Summing moments about the center of the interior beam

g 6-ft This factor is based on the lever arm
S + overhang — b oy o Ohf e
. ( overhang = batielyidth j rule considring the wheel load and
R= S = 0.594 not the resultant of both wheel

Moment distribution factor for exterior beam, one load loaded. The 1.2 accounts for the multiple
presence factor, m from AASHTO Table 3.6.1.1.2-1 for one lane loaded

Mignel ext = R-12 = 0.713

Two or more lanes loaded
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Horizontal distance from the centerline of the exterior web of exterior beam at deck level to the interior
web edge of curb or traffic barrier must be greater than 0'-0"

d

e = max(overhang = barrierwidth,Oft) = 1.75ft

Range of Applicability
if (—lft < dg < 5.5ft,"ok" , "not ok") = "ok"

lane fraction

de
= 077+ —— = 0.962
A o911t

Moment distribution factor for exterior beam, two or more lanes loaded

Miane2_ext = Mjane_int€ = 0.658

Distribution of live loads for Moment in Exterior Beams, AASHTO C4.6.2.2.2d

AASHTO LRFD 2014 recommends the rigid plate analysis only for steel beam-slab bridges. This was
a change from ealier versions of AASHTO. Itis up to the designed to ignore the rigid plate analysis or
take it into consideration when calculating the DF for exterior beam

Additional special analysis investigation is required because the distribution factor for multigirder in
cross section was determined without consideration of diaphragm or cross frames. The multiple
presence factors are used per AASHTO Table 3.6.1.1.2-1. This analysis should be done by sketching
the cross section to determine the variables required for this example, the defined deck geometry is
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used. For any other geometry, these variables should be hand computed and input:
Horizontal distance from center of gravity of the pattern of girders to the exterior girder

Sexterior

Xext = — — = 28.00f

Eccentricity of the center line of the standard wheel from the center of gravity of the pattern of girders

6ft
e = Xgxt T overhang — barriery; 4, — 2ft — 7 = 24.75ft

e =¢| - 12ft = 12.75ft
€3 :=¢y— 12ft = 0.75ft
€4 =e3— 12t = —11.25ft

Summation of eccentricities for number of lanes considered:

eNL] = € = 24.75ft One lane loaded
eNL2 = €] + &y = 37.51t Two lanes loaded
eNL3 = eNL2 T €3 = 38.25ft Three lanes loaded
eNL4 = eNL3 T €4 = 271t Four lanes loaded

Horizontal distances from the center of gravity of the pattern of girders to each girder

28.00
20.00
12.00
4.00

for i€ 0..NO =1 = ft
beams —4.00

Xj Xext = (i) ~12.00
X -20.00
~28.00

Xpeams =
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Summation of horizontal distances from the center of gravity of the pattern of girders to each girder

2 2
XNB = beeams = 2688.00-ft

1 Xext ®NL1 Reaction on exterior beam when one lane is loaded

+ = 0.459 h : - :

NO X enhanced with the appropriate multiple lane factor
beams NB

myR = 1.2~[
from AASHTO Table 3.6.1.1.2-1

X .
2 t"°NL2 . .
myp = 1.0- X = 0.641 Reaction on exterior beam when two lanes are loaded
NOpeams XNB enhanced with the appropriate multiple lane factor
from AASHTO Table 3.6.1.1.2-1
X .
myp = 0.85 3 + SN = 0.657 Reaction on exterior beam when three lanes are
NOpeams XNB loaded enhanced with the appropriate multiple lane

factor from AASHTO Table 3.6.1.1.2-1

Reaction on exterior beam when four lanes are
loaded enhanced with the appropriate multiple lane

X .
4 . ext eNL4) _ 0508
factor from AASHTO Table 3.6.1.1.2-1

myR = 0.65-
Nobeams XNB

live load moment disribution factor for exterior beam

Miane ext = max(Mlanel_ext Mpane2 ext>MIR>MoR>M3R m4R) = 0.713

Reduction of load Distribution Factors for Moment in longitudinal Beams on Skewed Supports

When the line supports are skewed and the difference between skew angles of two adjacent lines of
supports does not exceed 10 degrees, the bending moments and shear forces are reduced in
accordance with AASHTO Table 4.6.2.2.2e-1 and 4.6.2.2.3c-1 respectively.

Moment

Range of Applicability

if (30deg < Ogyeey, <

60deg, "ok" , "Check below for adjustments of C1 and Oskew") = "Check below for adj
if (3.5ft < S < 16ft,"ok" , "not ok") = "ok"
if (20ft < L < 240ft, "ok" , "not ok") = "ok"

if (NOpgamg = 4,"0k", "not ok") = "ok"
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Oskewn= | Oskew If Ogkew < 60-deg = 0-deg

60-deg if Ogqy, > 60-deg

Cp =10 if Ogpey < 30-deg =0

0.25
Ko ft )% .
0.25- TR || = otherwise
12.0'L'deckthick n L

Mcorrp, ior = 1—C1~tan(eskew)1'5 =1 Correction factor for moment

Reduced distribution factors at strength limit state for interior girders due to skew

DF Miane ingMEOMTyeqor = 0.683 Moment

strength moment_int ‘=

Reduced distribution factors at strength limit state for exterior girders due to skew

DF =0.713

strength moment_ext "= Mlane_ext' Meorrgyotor Moment

Design distribution factors for service and strength limit states

Distribution factor for moment at strength limit state

DF DFstrength_moment_int if Beam Design = "Interior" = 0.683

strength moment *=

DF ¢ if Beam Design = "Exterior"

strength moment ex

live load Analysis

Flexure

As per AASHTO A 3.6.1.2.1, vehicular live loading designated by the standard HI-93 truck shall be a
combination of the design truck or design tandem, and the design lane load. To produce extreme force
effects, the spacing between the two 32-kip axles are taken as 14 ft.

Calculate the maximum moment due to the truck load. Maximum truck load moment occurs when the
middle axle is positioned at distance 2.33 ft from the midspan. Maximum momment occurs under the
middle axle load. Moment due to distributed load occurs at midspan.

Unless more detailed analysis is performed to determine the location and value for the maximum
moment under combined truck and distributed loads at both service and strength limit state, the
maximum moment from the truck load at distance 2.33 ft from midspan can be assumed to occur at
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the midspan and combined with the maximum moment from other dead and live distributed loads

Calculate the reaction at the end of the span

L L L
8kip~(5 - 16.33ft) + 32kip-(5 - 2.33ft) + 32kip~(5 + 11.67ft)
R .

MM L

= 38.588-kip

Calculate the maximum moment

L . .
Miuck = R(E 4 2.33ft) — 32-kip-14-ft = 896.031 -kip-ft

Maximum moment due to design lane load, AASHTOA 3.6.1.2.4

X=Z-3sn
2
0.64KIf-L-X X
Migpe i= ————— = 0.64KIf — = 338.00 kip-f

Maximum moment due to design tandem, MDOT BDM 7.01.04.A

~ 60kipL
tandem -~ 4

M = 975-kip-ft

Maximum moment due to vehicular live loading by the modified HI-93 design truck and tandem per
MDOT BDM 7.01.04.A. Modification is by multiplying the load effects by a factor of 1.20. Dynamic load
allowance is considered only for the design truck and tandem, AASHTOA 3.6.1.2.2,3.6.1.2.3 &
3.6.1.24.

My py = [ 1.20Mjgne + IM:(1.20-max(Mgryck - Miandem) ) | D strength_moment = 1340.77-kip-ft

Dead load Analysis

Dead load calculations are slightly adjusted for exterior beam design.

Noncomposite Dead load (Dcl)

2
wbeam'L

M = 307.49-kip-ft Total moment due to selfweight of beam

swbeam ‘=
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ki .
deck 1= (deckgick-begr + haunchd-bft)-o.ls%’ = 0.93-kIf  Selfweight of deck and haunch on

ft beam
2
deck-L . .
Meck = = 492.92-kip-ft Moment due to selfweight of deck and
haunch
sip = 15psf~(beff _bft) = 0.1-kIf 15 psf weight included for stay-in-place
forms per MDOT BDM 7.01.04.1
L2
sip-L . .
Msip = 3 = 52.81-kip-ft Moment due to stay-in-place forms
diaj, := 0.5-kip Weight of steel diaphragms at mid-span
per each interior beam
. n . Weight of steel diaphragms at mid-span
G = 025 per each exterior beam
diaphragm := |dia;,, if Beam_Design = "Interior" = 0.5-kip
diagy, if Beam_Design = "Exterior"
SPa iy = Z(S - bﬂ))'tan(eskew) = 0ft One row of diaphragms at midspan are
used.
. L .
Mgia = dlaphragm-z = 8.125-kip-ft
DC| = wyeam + deck + sip = 1.616-kIf Dead load (o.wt of beam+ deck+ SIP

forms) acting on non-composite section

Mpc1 = Mgwbeam T Mdeck * Msip + Mg, = 861.34-kip-ft Total midspan moment act[ng
on the non-composite section

Composite Dead load (DCZ)

; 1 No utilities are supported by the
util := 5'(0plf) = 0-Kif superstructure i Y
) ) kip Weight per foot of first barrier (aesthetics
barrierl yejgpt = 0475~ parapet tube, MDOT BDG 6.29.10)

. . . . kip kip  Weight per foot of second barrier
R & 0'569'? (modified aesthetics parapet tube,
MDOT BDG 6.29.10)
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2 walkyigih Walkipick Wconc

Weight to due extra thickness of

sidewalk := NOp = 0.00-kIf sidewalk per beam
cams
barrierl ,oiop¢ + barrier2 o oions
barrier := e e 0.13-kIf Total barrier weight per beam
NOpeams
kip
soundwally,ejgp = 0'0'? Weight of the sound wall, if

there is a sound wall

Weight of the sound wall for exterior beam design assuming lever arm and an inetremiate hinge on

the firstinterior beam
kip . . .
soundwall := 0-—t if Beam Design = "Interior"

(S + overhang)

{soundwallweighf :

DC2 := sidewalk + barrier + util + soundwall = 0.13-kIf

DC, L

Mpcy = = 68.90-kip-ft

(DW) Wearing Surface load

kip
DW = (begy)-0.025—> = 0.2-kIf
fit

Maximum unfactored dead load moments

DW-L2

M =
DW 3

= 105.63-kip-ft

Wind load on the sound wall

Kip
ft

=0

} if Beam Design = "Exterior"

Total dead load acting on the
composite section

Total midspan moment acting on the
composite section

Self weight of future wearing surface

Total midspan moment due to loads acting
on the composite and non-composite
section

Midspan moment due to weight of future
wearing surface

kip Moment due to wind acting at the sound
Myyind = O'O'ft'? wall
Myind i Extra load on the interior beam due to wind
W= WInG _ .22 load assuming lever arm analysis and an
S ft intermediate hinge at the first interior beam
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Moo i WL~ 0-kio i Interior beam moment due to wind acting at
ws = T = Ukapt the sound wall

load Combinations

Load Combinations: Strength, Extreme Event, Service and Fatigue load combinations are defined per
AASHTO 3.4.1. Verify which combination are appropriate. For this concrete box beam design, wind
load is not evaluated, and no permit vehicle is specified. However, the design live loading is MDOT
HL-93 Modified which accounts for Michigan's inventory of legal and permit vehicles.

Strength I, lll, IV and Strength V limit states are considered for the design of this beam. Load
combinations factors according to AASHTO LRFD 2016 Interim revision are used

M_Strengthy := 1 (1.25Mpc + 1.50Mpyy + 1.75My [ 1) = 3667.60-kip-ft
M_Strengthyyy = 1;(1.25Mpe + 1.50Mpyy + 1.0Myyg) = 1321.25-kip-ft
M_Strengthyy := n;[ 1.50-(Mpc + Mpyy ) | = 1553.81-kip-ft

M_Strengthy, = 1 (1.25Mp + 1.50Mpyy + 1.35M [ 1 + 1.0-Myyg) = 3131.29-kip-ft

Mu_strength = max(M_StrengthI,M_StrengthIH,M_StrengthIV,M_Strengthv) = 3667.6-kip-ft

Number of Prestressing Strands

The theoretical number of strands required is calculated using the Service Il limit state

Tensile stress in bottom flange due to
applied loads

fb =

Mpci . Mp o + Mpyw N 0.8My [ |
S Sb3n Sbn

= 3.08-ksi

Allowable stress limits for concrete

fij = 0.24/f¢; peamksi = 0.61 ksi Initial allowable tensile stress

fo; = —0.65-f,; peam = —4-16-ksi Initial allowable compressive stress (according to AASHTO
- LRFD 2016 interim revision)
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fif = 0-/fc_peam'ksi = 0.00-ksi Final allowable tensile stress (allowing no tension)

No tension is allowed under service Ill limit state to avoid potential cracks and shear action on the
strands

f

cfp —3.60-ksi Final allowable compressive stress in the beam due to

sum of effective prestress and permanent loads

= ~045-f, peam =

fcf.deckp = _0'45'fc_deck = —2.25-ksi Final allowable compressive stress in the slab due to
permanent loads

Final allowable compressive stress in the beam due to sum of

fof =064 effective prestress, permanent loads, & transient loads

beam = —4-80-ksi

Final allowable compressive stress in the beam due to

fof.deck = _0'6'fc_deck = 3.00-ksi - gum of permanent loads and transient loads

C

fp = fp, — fip = 3.08-ksi Excess tension in the bottom flange due to applied loads

Assuming strand pattern center of gravity is midway between the bottom two rows of strands, i.e. the
same number of strands are used in the top and bottom rows of the bottom flange.

Yps = 3in Distance from soffit of beam to center of gravity of strands
€t = Yp — Yps = 17-29-in Eccentricity of strands from the centroid of beam

Final prestressing force required to counteract excess tension in the bottom flange. Set allowable stres:
equal to the excess tension, solve for Pe.

fp

Py = ————— = 669.771-kip
1 Cst
L=
Apeam SB
fj.max = 0~65'fpu.service = 198.377-ksi g/lgximum allowable Jacking stress, ACI1 440.4R Table
Pj = Astrand'fj.max = 35.51-kip Maximum Jacking prestressing force per strand
fi = 0'64fpu.service = 195.33-ksi Initial prestressing stress immediately prior to transfer.
shall be less than or equal to the maximum jacking
strength, and shall be adjusted accordingly to make
sure the stress immedietely following transfer is not
exceeding 0.6 times guaranteed strength as shown on
the following page
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Initial prestressing force per strand prior to

Pin = Agtrand ft = 34.96-kip transfer
Ppet = Agtrand 075 = 26.22-kip Effective prestressing force assuming 25% final
prestress losses per 0.6" diameter strand
Pet L .
NostrandS_i = ceil =26 Minimum number of strands required
pet

Strand distribution per row. Row 0 is the bottom most row in the beam. Start adding strands from the
bottom row going up until the number of strands is reached. do not skip rows inbetween. Extra rows witr
zero strands will be eliminated in the analysis.

row( = 8 row] := 10  rowp = 8§ row3 = 0 row4 = 0 rows = 0
rowg := 0 row7 := 0 rowg := 0 rowg := 0
8
10
8
0
0
row =
0
0
0
0
0
Row = [a< 0
for 1€ 0.. length(row) — 1 8
a<a+1 if rowj> 0 Row = | 10
a<— a otherwise g
for je0..a—1
Dj « row;
D
NOgtrands = ZRow = 26.00 Total number of prestressing strands
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43.00

dgrand = | for i€ 0..length(Row) — 1 = [41.00 |-in Depth of CFCC strands in each layer from
. . the top of the beam section. This calculation
dsi‘_ d - (2in) - (2in)i 39.00 assumes a 2" vertical spacing of the strand
rows
dS
Row-(d—-d
CG: ( ( Strand)—l = 4.00-in Center of gravity of the strand group measured from
ZROW the soffit of the beam section

dg := (d - CG) + haunch + decky,; ., = 50.00-in  Depth from extreme compression fiber to centroid of

CFCC tension reinforcement

& =Yyp— CG = 16.29-in Eccentricity of strands from centroid of beam

A AN Qi = 4.65~in2 Total area of prestressing CFCC strands

ps =

Prestress losses

loss due to Elastic Shortening, AASHTO Eqn. C5.9.5.2.3a-1

2
Aps Tt (Ibeam te 'Abeam) ~ € Mswbeam Abeam

Af = = 12.59-ksi
PES A I E
2 beam ‘beam ~c.beam i
Aps|Ibeam * €5 “Abeam ) * E
P
Fpt = fi — Afppg = 182.74-ksi Prestressing stress immediately following transfer
P = Aps'Fpt = 850.452-kip

According to ACI 440.4R, Table 3.3, the allowable stress immediately after transfer shall
not exceed 0.6 fpu

0.6-f = 183.117-ksi

pu.service

if (Fpy < 0.6

pu.service , llokn , uNOt Okn) — llokn

Approximate Estimate of Time dependent losses, AASHTOA 5.9.5.3

H =175 Average annual ambient relative humidity
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Yy = 1.7-0.01-H = 0.95 Correction factor for relative humidity of ambient air

_ 5 068 Correction factor for specified concrete strength at time
st = - of prestress transfer to the concrete member

fci beam
1 4+ —

ksi

Relaxation loss taken as 1.75% of the initial pull
per experimental results from Grace et. al based
on 1,000,000 hours (114 years)

Afyg = f1.75% = 3.42ksi

f-A

t

AprT = 10- Ay b Vst T 12Ksi Yy Ygr + Apr = 21.56-ksi long term prestress loss
cam

Difference in thermal coefficient expansion between concrete and CFCC

a =6 10_6-l Difference in coefficient of thermal expansion
F between concrete and CFCC
tamp = 68F Ambient temperature
tlow = —10F lowest temperature in Michigan according to AASHTO
IRFD 3.12.2
At =t b~ tow = 78F Change in the temperature
Afpt = a~At-Ep = 9.83-ksi Prestress losses due to temp. effect

fpe =fi—- AprT — Afpgg - Afpt = 151.35-ksi  Effective prestressing stress after all losses

P, = Aps-fpe = 704.37-kip Effective prestressing force after all losses
f; = 195.33-ksi Initial prestress prior to transfer, not including
anchorage losses
fpe = 151.35-ksi Prestress level after all losses
f, —
t
loss := ffpe = 22.52-% Total prestress loss
t
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Debonding Criteria

Estimate the location from each beam end where top prestressing or debonding is no longer needed
The vectors are developed for possible two different deboning lengths per row. Enter the number of
debonded strands and the estimated debonding length in the vectors below per each row location

Location: number of strands: debonding length:
1 3 22
1 0 0 For debonding pattern, follow
staggering guidelines in MDOT

2 4 16 BDM 7.02.18.A.2

2 0 0

3 3 8

3 0 0

Rowyy, = " ngp = " lyp = " -ft

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

rowgp, := | for i€0..2length(Row) — 1 Ngy = | for ic0. length(rowdb) 1

1 Dl < Ildb
D 1
D
Lgp = | for i€0.. length(rowdb) -1
1
D
1 3 22
1 0 0
2 N 4 L 16 ;
Trow = e = t
db 2 db 0 db 0
3 3 8
3 0 0
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Debondy; = ———— = 38.46-% Portion of partially debonded strands in beam section
strands

if (Debondy < 40%, "ok" ,"No Good" ) = "ok"

Total number of debonded strands in rows

3.00
Nib.row == | for i€ 0..length(Row) — 1 =14.00
aj« 0 3.00
for j€0.. length(Ndb) =1
aj< aj+Ngp if rowg, =i+1
J J
a
37.50
Debond,, = | for i€ 0..length(Row) — 1 =140.00 |-%
aj<« 0 37.50
Ndb.rowi
aj«<— — if Rowj > 0
Row;j
0 otherwise
a
if (max(Debondy ) < 40%, "ok" ,"No Good" ) = "ok" The limit of 40% is taken
according to MDOT BDM
7.02.18.A2

Optional: only needed if debonding scheme is not sufficient to eliminate the tensile stresses
at beam ends either at transfer or due to handling and shipping
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CFCC strand transfer length, ACI 440.4R Table 6.1 L; == 50dg = 2.49ft

Number of top prestressing strands in the top flange

2
ROWtOp = 5

Depth of the top prestressing strands from the top surface of the beam

3 .
dtop = s -in

Initial prestressing stress/force at the top prestressing strands

Fp_top = 50-ksi

Distance from the end of the beam to the point where the top prestressing is no longer needed

Xp_top = 10-ft

Top prestressing strands shall not extend the the middle third of the beam. Otherwise, it could affect the
stresses at service limit state

Lbeam
Check Top prestressing Length := | "Okay" if Xp top < T = "Okay"
L
" 2 - beam
Check service stress @ x.p_top" if Xp top > 5

Distance from the end of the beam to the pocket where top prestressing strand is cut after concrete
pouring. The middle region between the cut pockets shall be dobonded to avoid force transfer to the
middle region

Xpocket = Xp_top + Lt = 12.493 ft

Serviceability Checks

Stress check locations along the beam
Stress locations after the transfer length for bonded and de-bonded strands
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2.493
2.493
2.493
2.493
IO T—— sort[stack[Lt,(Ldb 4+ Lt) ’Xp_tOp’Xpocket]] = 10 |t
10.493
12.493
18.493
24.493

Extracting repreated X from the vector

k<« 0

X < Lg

Xrelease =

for iel.. length(Xrelease) -1
k<« k+1 if (Xreleasei # Xreleasei_l)

Xk < Xreleasei

X

2.493
10

10.493

X = -ft
release 12.493

18.493
24.493

Area of strands in each row at each stress check location
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Agp = | for ie 0..1ength(x 1

release) a

for z€ 0.. length(Row) — 1
Ai,z < Rowz Agrand

for j€0.. length(Ndb) -1

TOW <— TOW db.
J

J

W n'Astrand'

0.90 1.07 0.90
0.90 1.07 1.33
090 1.07 143 | »
Adb: -1n
0.90 1.07 1.43
0.90 1.79 1.43

1.43 1.79 1.43

Ai,row—l <~ Ai,row—l - n'Astrand if Lt < X

Ai row-1 ¢ Aj,row-1 —N'A

xreleasei

A, row-1 ¢ (Ai,rOW—l - n'Astrand)' L if Xrelease; < L¢

t
releasei <L

if L<x sL+Lt

strand " releasei

(Xreleasei - L)

Ly

Beam stresses at release due to prestressing only

Sign convention; negative and positive stresses/forces for compression and tension respectively

—-163.55
—-163.55
—-163.55
—-163.55
—-163.55
—261.68

PpS = _FptAdb =

—-196.26 —163.55
-196.26 —242.26
—196.26 —261.68
—196.26 —261.68
—-327.10 —261.68
-327.10 —261.68

-kip

Midspan moment due to prestressing at release

Grace et al.
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—710.629
—804.385
—827.517 Ko f
Mps = Pps (dstrand =) = | g7 517 [1PR
—-1005.174
—1154.771
Top and bottom concrete stresses at check locations due to prestressing ONLY
fps = | for i€0.. length(xrelease) -
M« Mpsi
cols(PpS)—l
P« Ppsl,_]
=0 top bottom
A< Apeam 7 =2
Sy S1 828 2642
848 —2722
Sbott < SB - o
fps 848 2722 P
-M P
fi o< - 1035 3302
Sto A
P
1214 —3768
M P
fi, 1< T
bott A
f

Beam stresses at release due to selfweight

Moment due to self weight of beam at check locations

Wheam X

Mgw (%) = T'(Lbeam - X)

Top and bottom concrete stresses at check locations due to beam self weight ONIY
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fow = | for i€0.. length(xrelease) =1
top bottom
M« M X
sw( releasei) ~109 90
-M -
fi 0 — 386 317
St ) —401 329 |
= -psi
W 460 378 |°
fl,l — —
SB ~605 497
f —700 575
Area of top prestressing strands at distance X.release from the end
Atop = | for i€0.. length(xrelease) =1
for z€0.. length(RowtOp) -1
Xrelease;
Ai,z ¢ ROw‘topZ'Astrand' if Xreleasei < Ly
t
Ai,z ¢ RowtopZ'Astrand if Ly < *release; < Xp top
Xrelease; ~ *p_top
A,z ¢ ROw‘ropZ'Astrand - L '(RowtopZ'Astrand) if Xp top < *release; <3
t
Aj,z< 0 if *release; > Xp topt Lt
A
0.358 0.358 2.493
0.358 0.358 10
0.287 0.287 | 1 10.493 .
Atop = 0 0 ‘n Xrelease = 12.493 U
0 0 18.493
0 0 24.493
-17.90 -17.90
-17.90 -17.90
-14.36 -14.36 |
Pp_top = Fp_topop = | g9 _ggo [P
0.00  0.00
0.00  0.00
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61.773

61.773
49.548 |
Mp_top = Pp_top'(dtop - Yt) = 0 -kip- ft
0
0
fp_top = | for i€ 0. length(xlrelease) -1
M« Mp_topi
COlS(Pp_top)—l
P« P
Z _topi’ i
1=0

A< Apeam
StOp < ST
Spott <~ SB

-M P
fio—+—

top A
P

fi, 1< +—=

Spott A

f

Stresses in the beam due to the top prestressing strands only

210,369 56.137
210.369 56.137
_168.738 45.028 .
"p_top = 7406% 1074 1976x 1074 |7
0 0
0 0

Check for beam stresses at release against allowable stresses

Beam stresses at release top bottom
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427.481 -2173.247 2.49
232.212 -2269.343 10.00
. . 278.436 —-2347.505 ) 10.49 "
= + + = ps1 X, = t
c.release fps SW fp_top 387.969 —2343.902 p release 12.49
430.179 -2804.936 18.49
514.094 -3193.636 24.49
£ olease = max(fc.release) = 514psi Maximum tensile stress at release
£ release = min(fc.release) = —3194psi Maximum compressive stress at release
if(fti > fij releases Ok, "not ok") = "ok" Allowable tension check i = 07
if (_fci > £ release- 0K, "not ok") = "ok" Allowable compression check fei = ~4160psi

Camber immediately after transfer

Camber due to prestressing assuming constant maximum force (not including debonding effect)

. 2
—min(M._..)-L
b
(Mps) Loeam = 1.825-in

8'Ec.beam_i'lbeam

Deflection due to top prestressing assuming constant maximum force (including debonding transfer
length)

2
My topyp_top

-3,
= —8985x 10 ~-in
p_top 2(E

d

c.beam i’ Ibeam)

Deflection due to selfweight of the beam

4
=5 wbeam'Lbeam

384-E

= —0.416-in

c.beam_i'lbeam

Considering the reduced camber due to the effect of debonding
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43.00
43.00
41.00
dgtrand.db = | for ie 0..length(rowdb) -1 = 4100 -in
d5, = d - Qinrowgp, 39.00
d 39.00
0.131
0
2
. (Ndb'Astrand'pr(dstrand.db B yt)'(Ldb * Lt) —| _ B il
2'Ec.beam_i'lbeam v
0.019
0

Z&db = 0.238-in

. 2 4
_mm(Mps) ‘Lheam 5 Wheam' Lbeam

8-E 384-E

Cambertr = - Z 5db - Sp_top = 1.162-in

c.beam i’ Ibeam c.beam i’ Ibeam

Positive sign indicates camber upwards. Negative sign indeicates deflection

Check the stresses of the beam during shipping and handling, where the supports are not at
the ends of the beam (Find the exact location of the supports during shipping and handling)

Moment due to self weight of beam at check locations

2
“Wheam*
Msw.ship(x) = —2 if 0-in< x < lship
1 2
wbeam'Lbeam'(x_ ship) Yheam'X | e Lpeam
2 e ship = x =
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Top and bottom concrete stresses at check locations due to beam self weight ONIY

f for i€0.. length(x 1

sw.ship ‘= release) - top bottom
M« Msw.ship(xreleasei) -80S
—295 242
-M
fi,o<—s— . =310 255 )
T sw.ship = | 3¢9 303 [P
f; 1« M -514 422
2 SB
-609 500
f
Check for beam stresses during handling & shipping against allowable stresses
Beam stresses during shipping @ handling
top bottom
518.387 —2247.917 2.49
323.118 —2344.013 10.00
369.341 —2422.175 ) 10.49
fe ship = Tps + fsw.ship T _top = 478.875 —2418.572 ‘PSI Xrelease = 12.49 ft
521.084 —2879.606 18.49
604.999 —3268.306 24.49
fti.ship = max(fc.ship) = 605 psi Maximum tensile stress at release
it min(fc.ship) = —3268psi Allowable tension check
2 n non n n n 1 f = 607PSI
1f(fﬁ > £ ship-"ok" ,"not ok ) = "ok Allowable compression check ti
3 n non n n n 1 : f 8 = _4160p31
if (_fci >~ ship- "0k" , "ot ok ) = "ok" Maximum compressive stress atrelease ¢l

Service | limit State - Check for compressive stresses at top of deck at service conditions
due to permanent loads only

Compressive stress at top of deck due to loads on composite section

~(Mpc2 + Mpy)
S3nKsqrn

fcf_actual_mid s

= —62psi

if(_fcf.deckp > _fcf_actual_mid’"()k" ,"'no good") = "ok"
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Service | limit State - Check for compressive stresses at top flange of beam at service
conditions due to prestress and permament loads only

Compressive stress at top flange of beam due to prestressing and permanent loads

“Pe  Pgeg Mpcp Mpeop+Mpy

Aovactuatomid = i = ~1125psi
- - Abeam ST ST St.bm.3n
if (_fcfp > ~fof actual_mid»"0k" "m0t ok") = "ok" Allowable stress check

Service | limit State - Check for compressive stresses at top of deck at service conditions

Compressive stress at top of deck due to loads on composite section including wind effect
according to AASHTO LRFD 2016 Interim revision

= = St3nKsq1n Sipk'n Sink-n

= —640psi

if (_fcf.deck > — cf_actual_mid’"()k" ,"'no good") = "ok" Allowable stress check

Service | limit State - Check for compressive stresses at top flange of beam at service conditions

Compressive stress at top flange of beam due to prestressing and all loads................

“Pe  Peeg Mpcy Mpep+Mpyw My 1LO-Myg .
ot actuaiwmid = S - - - = —lastp
- - Abeam ST ST St.bm.3n St.bm.n St.bm.n

lf(_fcf > e actual mid>"okK","not ok ) = "ol Allowable stress check

Service lll limit State - Check for tensile stresses at bottom flange of beam at service conditions

Tensile stress at bottom flange of beam due to prestressing and all loads

—Pe  Poeg N Mpcg N Mpca + Mpw N 0.8My | |

f, 1= - = —45.psi
tf actual mid p
- - Abeam SB SB Sb3n Sbn
if (ftf > fif actual mids"oK" - "not ok") = "ok" Allowable stress check
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Calculate bar area required to resist tension in the top flange at release, AASHTO Table
5.9.4.1.2-1:

Maximum top flange tensile stress at
release or handling, whichever is larger
(usually, handling stresses are larger)

Bottom flange compressive stress
corresponding to the maximum top flange
tensile stress at release/shipping

3 .
f. = VIOOkup(fti.ship’fc.ship’1)0 = —3.268 x 10” psi

f. .. —f . .
__ tiship™ ¢ psi Slope of the section stress over the depth
slope,, = = 4 86.073-E of the beam
_ fti.ship Distance measured from the top of the

X0 - slope, = 7.029-in beam to the point of zero stress

Calculate the width of the beam where the tensile stresses are acting

X0
b;.. := | for i€0..ceil| —
ten i

XO'I

X
ceil (—Oj
in

bi< by if 0< xi < dg

Xj €<

Xi— dft
bi < {bft - d—-(bft - bv)} if dg < xj < dg +dp,
h

b« b, if dg+dp < xj

Calculate the tensile stress values every inch of depth starting from the top surface of the beam
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X
for ie0.. ceil[,—oj
m

Xo'l

X
ceil (—Oj
in

Xj <

604.999
529.374
453.75
378.125
f=| 3025 |[psi
226.875
151.25
75.625
0

fi« fti.ship — slope .- xj

16
16
16
16
ben =| 16 |in
16
16
16
15.942

Calculate the tensile force that shall be resisted by top reinforcement

length(f)—-2

T

i=0

.2
Abar.top = 0.44-in

A
Npar release == Ceil

1
= (fi+ fis1):(byun +b _—
4 (Fi+ fir1) ( ten; teni+1) X,
ceil| —
m

S.top

,lj:_’)

Abar.top

X0

= 34.019-kip

Calculate area of tensile reinforcement required in the top of the
beam. The stress in bars is limited to 30ksi per AASHTO
5.9.4.1.2. See Figure C.5.9.4.1.2-1 which is based upon .5 f.y of
steel rebar

Cross sectional area of No. 6 steel rebars

number of No. 6 bars provided in the top flange to
resist tension at release in the beam ends.

Calculation of minimum length of top tensile reinforcement

AASHTO LRFD Table 5.9.4.1.2-1 specifies a maximum concrete tensile stress of
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0.0948- /fci_beam < 0.2 ksi for tensile zones without bonded reinforcement

fci_beam

,0.2 |-ksi = 0.2-ksi
ksi

£ o = min(0.0948~

Calculate the minimum required length of top reinforcement based on the stress calculated at distance
x.release during release or shipping and handling, whichever is greater. If all the stresses are larger tr
f.t.max, estimate the stress after the last point of debonding

L h« x

topr "= release
Fef 0
< I¢ ship
i« length(f) —1
while fj < £ .-
break if i= 0
i—i-1
x <« 1-ft
f .« fp
ps S _
rows(fp) 1,0
1 2
wbeam'Lbeam'(X - ship) Wheam'X
2 2
S(x) « -1 -
(x) fps t.max ST
g <« 1oot(S(x),Xx)
g 1if flength(f)-1 > fi max
L
beam .
if Im(g) # 0 A flength(f)-1 > f{ max
hj+1 otherwise
Ltopr = 32.958 ft
6 2 Calculate the tension development length required for
o 3 the tensile reinforcement in the top of the beam. As
1.25 60 provided AASHTO 5.11.2.1.1 taking into account 1.4
Iq = 14 4 .in = 1.367-ft modification factor per AASHTO 5.11.2.1.2
fc_bearn
ksi
Minimum Iength required for the top reinforcement
LiooR = Liopr + g = 34.3251t from each end, if larger than half the length of
P p the beam, then the top reinforcement shall
continue through the enitre beam length from
end to end.
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Flexural Capacity

Stress block factor, AASHTO 5.7.2.2. Assuming depth of neutral axis lies within the deck

Bl = 10.65 if fc_deck > 8000p51 =0.8

085 if f, geck < 4000psi

f — 4000psi

K p

0.85_ | deck 0.05| otherwise
1000psi

Ecy = 0.003 Maximum usable concrete compressive strain
fpu
€pu = = = 0.0145 Ultimate tensile strain of CFCC strand
p
€pe = % = 0.0072 Effective CFCC prestressing strain
p
£9 = €pu— Epe = 0.0073 Reserve strainin CFCC

Depth of prestressing strands
52.00 from top of concrete deck

di = dstrand + haunch + dethhick =150.00 |-in
48.00
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1.43 Area of strands in rows

Af = Agrang' Row = | 1.79 -in2
1.43
216.73 Effective prestressing force of strands in rows
Prow = Apfhe = | 270.91 | kip
216.73
0
) . . Distance from each layer of prestressing
sj:= | for ic0..length(Row) -1 =2 |-in strands to the bottom prestressting layer
sji<—d: —d: 4
Ty Ty
S
deck e = d _ 0. Effective deck thickness (total thickness minus
eckepp = deckipick — tyear = 9-10 assumed sacrificial wearing surface thickness)
Balanced reinforcement ratio
€cu Depth of neutral axis at balanced failure
Cbal = —dl = 15.107-in
EcqutEO O

Balanced reinforcement ratio assuming Rectangular section

0.85-f¢ deck B1Peff Chal ~ Pe
EPEObeffd

pR bal = = 0.0055
Yo
Balanced reinforcement ratio assuming Flanged section

085, geck deckef(befr — bfi) + 0.85f _geck B b Cpal = Pe

Ep'EO'beff'diO

PFl bal = = 0.0041

Balanced reinforcement ratio assuming Double Flanged section

0.85-f_deck-deckesp(Defr ~ byyeb) +0-85-F; deck df(Ps ~ bueb) +0-85T_deck'B1-bweb Ch
Ep€0beffd

PDFI bal = .
1
0

Grace et al. Lawrence Tech. University 7/1/2019
College of Engineering
21000 W 10 Mile Rd., Southfield, Ml
48075, U.S.A.




Depth of the N.A. and reinforcement ratio assuming Flanged Tension contorlled section
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FI T:= |c« 1.0:in

.2
Aeq_s<_ 1.0-in

Aeq £ 2.0-in”

N« length(di) =1

~30.4585
FILT=
0.0009

Depth of the N.A. and reinforcement ratio assuming Rectangular Tension contorlled section

. .2
while |Aeq_s_Aeq_f| > 0.01:in
N S;.
1
A, 1- A
ca s D, d —c| Ti
i=0 0
. E€0Agq s+ Pe o.zzs-fc_deck-(beff - bft)-deckeff
C
0.85-f; deck B1-bt
N Si-
1
A, o 1- A
Cq_f Z dl —C f1
i=0 0
A
f
-
eff %,
&
in
p

cp1 T = FLTp-in = —30.459-in

ppi_ T = FLLTI = 0.0009
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R T:= |ce 1.0:in

.2
Aeq_s<_ 1.0-in

Aeq £ 2.0-in”

N« length(di) =1
while [Acy = Acq | > 0.01in"

Si.

N
1

- = A

ca s D, d —c| Ti
i=0 0

Ep'EO'Aeq_s 1P

0.85-f¢_deck B1-beff

C <

Si-

N
1
A <« 1- A
eq_f Z d —-c fi
i=0

o

Aeq_f

b.pe-d:

eff )
&
in
P
4.259743 cR T =R Tp-in = 4.26:in

(RT) = [ j —

0.000893 bR T = R_T] = 0.0009

Depth of the N.A. and reinforcement ratio assuming Double-Flanged Tension contorlled section. The
depth of the stress block is deeper than the depth of the deck and the top flange together.
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DFI T :=

DFI1

c<« 1.0-in

Ay s 10:in”

€q_!
A 204 2
eq_f<_ .0-in

N« length(di) =1

. .2
while |Aeq_s = Aeq_f| > 0.01-in
N S;.
i
A “«— 1- -A
ca s D d —c| Ti
i=0 0
« Ey€0Aeq st Pe—0.85 'fc_deck'(beff - bweb)'deCkeff - 0.85 'fc_deck'(bft - bweb)'dft
c
0.85- fc_deck' B1 Dyeb
N Si-
1
A <« = -A
Cq_f Z dl —C f1
i=0 0
A
f
P gy
eff” iO
£
in
p

-95.0130
T=
0.0009

cpf] T = DFL Tg-in = —95.013-in

Depth of the N.A. and reinforcement ratio assuming Flanged Compression contorlled section
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diO —C
£0l0) = Eqy

C

Fl1 C:= |c« l:in
A 1.04 2
eq_s<_ .0-1n
A .2
eq_f<_ 2.0-in
N« length(di) -1
hile |A in®
while [Agq = Agq ¢ > 0.01in
N S;.
1
Aeq s Z ST
i=0 '
£() ¢ 0.85-f;_gecic (befr — bfy) deckepr + 0.85-f gociBrcbpy -
+(~Ep€o(©)Agq 5= Po)
Cc« root(f(c) ,c,O.l-in,diO)
N Si~
1
A <« 1- -A
6q_f Z dl —C fl
i=0 0
Aeq_f
b.¢ee-d:
eff i
1
in
p
_ 5.017458 CRl C = F1 Cp-in = 5.017-in
- 0.000893 N
PF] ¢ = FLC| = 0.0009
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Depth of the N.A. and reinforcement ratio assuming Rectangular Compression contorlled section

R C:=

c<« l-in

.2
Aeq_s<_ 1.0-in

Aeq £ 2.0-in”

N« length(di) =1

Re-|

Depth of the N.A.

section

. .2
while |Aeq_s_Aeq_f| > 0.01:in
N S;.
i
Aeq s Z ST R
i=0 ‘o

g(C) < 0'85fC_dCCk. Blcbeff = Ep'Eo(C)'Aeq_S = PC

c« root(g(c) ,c,O.l-in,diO)

N §i.
i
Ay £¢ 1- ‘A
eq_f Z d —c| T
=0 0
Aeq_f
beff'dl
&
in
p
7.3612 crR ¢ =R Cp:in = 7.361-in
0.0009 B

PR_C = R_C1 = 0.0009

and reinforcement ratio assuming Double Flanged Compression contorlled
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DFl C = |c« l-in

.2
Aeq_s<_ 1.0-in

Aeq £ 2.0-in”

N« length(di) -1

. .2
while |Aeq_s_Aeq_f| > 0.01-in
N S;.
i
A <« 1- -A
cas< D d —c| T
i=0 0

f(c) « o.zzs-fc_deck-(beff - bweb)-deckeff + o.zzs-fc_deck.(bft - bweb)-dft
+ 0‘85'fc_deck' 61~C~bweb - Ep'EO(C).Aeq_S - Pe

Cc« root(f(c) ,c,O.l-in,diO)

Si~

N
1
A “«— Il = A
6q_f Z dl —C fl
i=0 0

Aeq_f

b.ee-d:
eff i

DFl C =

(4.357204j ¢pF] ¢ = DFL_Cq-in = 4.357-in

0.000893

Check the mode of failure
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Section Mode :=

"Rectangular_Tension" if Bq-cg T < deckegr A PR T < PR bal
"Rectangular_Compression" if 3j-cp ¢ < deckoer A PR > PR bal

"Flanged Tension" if Bq-cp) T > deckogr A By-cp T < deckepr +dg A PR T < PR] b
"Flanged Compression” if Bq-cp| ¢ > deckepr A Bcp) o < deckepr +dg A PR >
"Double_Flanged Tension" if B1-cpp| 1 > deckepr +dg A PpEl T < PDFI bal

"Double_Flanged_Compression" if 31-cpp) ¢ > deckqgr +dg A PDFI ¢ > PDFI bal

(Section_Mode) = "Rectangular Tension"

Select the correct depth of the N.A.

&= |er T If Byreg T = deckegr APR T < PR bal

cR_c if Byer ¢ S deckegr APR > PR bal

cpl T if Byrep 1> deckepr A Byrcpy T = deckegr +dg A PR T < PRI bal
cpl c if Byep ¢ > deckepr A Bprepy ¢ = deckegr +dg A PR| ¢ > PRI bal
°prl T if Breppl T > deckesr +dg A PDFI T < PDFI bal

°prl ¢ Iif Byepr ¢ > deckesr +dg A PDF]_ ¢ > PDFI bal

¢ =4.26-in

Disclaimer: The design of the section as a dobule flanged section, while theoretically possible,
indicates that the depth of the N.A. is in the web of the beam. That could lead to an
over-reinforced section that has little or no ductility. Designer is advised to avoid designing the
section as a dobule flanged section if possible to ensure proper ducitliy and significant
cracking.deflection before failure

Calculate the strain in the extreme CFRP based on the mode of failure
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3

€0 = |€pu~ Epe if Section Mode = "Rectangular Tension" =7326x10
€pu~ Epe if Section Mode = "Flanged Tension"
€pu~ Epe if Section Mode = "Double Flanged Tension"
di C
0 1 1 -1 : n
Eou’ . if Section Mode = "Rectangular Compression
dl C
0
- . if Section Mode = "Flanged Compression"
di —C
0 1 1 -1 1 n
Eou’ . if Section Mode = "Double Flanged Compression
0.0073
€ = | for i€0..length(Row) —1 = 0.0070
d = 0.0067
L ¢ strain in ith layer of prestressing strands
Ej ¢ €0
iy~ €
€
g = €0~[d < j = 0.00065 strain in the concrete top of the deck
. —C
i
0

Strength limit state Flexural Resistance:

_— Blc Blc .
My = |Ep(eAg)| di- |+ P dr | - if deckggr < B-c < deckgpr +dp
Br-c deckypr
+0.85f ‘(bagr — bg ) -deck o | —— —
c_deck( eff ft) eff [ 5 b
SN By-c By-c '
Ep(EAf) dl - T + PC. df - ) if BIC > deckeff + dft
BI'C deckeff
+ 0'85fc_deck'(beff - bweb)~deckeff- —2 - >
Byc dy
+0.85f;_geck'(Pgt ~ Deb) 'dft'(_z — deckegr ——
SN By-c Brc)
Fs{EAr dj=—— |+ Pe| dp == | if By-c < deckegy

M, = 5598.92-kip-ft
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Nominal moment capacity

¢ := |0.85 if gg = 0.005 =085
0.5167 + 66.67-g¢ if 0.002 < g9 < 0.005
0.65 if g < 0.002

M, = ¢-M,, = 4759.08-kip-ft M, strength = 3667.60-kip-ft
if(Mr > Mu Strength,"ok" ’"no goodll) — llok"
M
=130
Mu_strength

Minimum reinforcement against cracking moment

f, := 0.24- /fc_beam'kSi = 678.823 psi Modulus of rupture of beam concrete, AASHTOA 5.4.2.6

=16 Flexural variability factor
Yo = 1.1 Prestress viariability factor
V3 =10 Reinforcement strength ratio
P P.e Compressive stress in concrete due to effective prestress
fe = S = 3120.97 psi forces only (after allowance for all prestress losses) at
p A e S extreme fiber of section where tensile stress is caused by

externally applied loads (ksi)

S

bn . Cracking moment
Mer = 43| (V1 f+ V2 Tepe) Sbn = MDCl(g - 1}} = 3427.32-kip-ft

if (M, > min(Mg;, 1.33-M

cr u_strength) ,"ok" ,"not ok") = "ok"

Approximate mid-span deflection at failure

The deflection calculations follows the approach outlined in the paper " Flexural behaviour of CFRP
precast Decked Bulb T beams " by Grace et al. in May/June 2012, Journal of Composites for
Construction. In order to calculate the deflection at failure, the moment capacity of the composite
section is used as the bending moment. The stress level in the bottom most row is used to calculate
the flexural rigidity. The deflection calculated below is approximate, but will give an indication of the
deformbility and the level of warning exhibited near failure of the beam.

d; = 52.00-in Depth of the bottom row of strands to the extreme compression
0 fiber
¢ =4.26-in Depth of the neutral axis to the extreme compression fiber
Grace et al. Lawrence Tech. University 7/1/2019
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Vg = dio —c¢ =47.74-in

Distance from neutral axis to the bottom row of strands

Flexural rigidity of the beam/deck section based on the
stress level in the bottom row of prestressing strands

Failure load (dead and live loads) uniformly dirstibuted over the

entire span

Midspan deflection at strength limit state

M .y
EI = —"5 _ 437820996.50-kip-in”
€0
M 0
K
wp = 8 = 10.602—"
. fi
5.wp L
5 = = 9.725-in
384El
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ustments of C1 and Oskew"
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