Design Examples

The following five design examples illustrate the use of the design guide specifications prepared in this
project and subsequently published by AASHTO (AASHTO Guide Specifications, 2018):

Example B-1: Design of a rectangular beam pretensioned with straight CFRP cables
Example B-2: Design of a Decked AASHTO pretensioned girder with straight CFRP cables
Example B-3: Design of a Decked AASHTO pretensioned girder with harped CFRP cables
Example B-4: Design of a rectangular beam post-tensioned with straight CFRP cables

Example B-5: Design of a Decked AASHTO post-tensioned girder with draped CFRP cables
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Example B-1: Design of arectangular beam pretensioned with straight CFRP cables

The following example illustrates the analysis of rectangular beam pretensioned with two prestressing
cables of 0.6 inch diameter and a jacking stress of 0.70-f,,. The beam is 31 ft in length and carries a

superimposed dead load of 20% of it's self-weight and the live load of 0.35 katp in addition to its own

weight. The analysis includes checking all applicable service and strength limit states according to
AASHTO-LRFD (2017) and AASHTO Guide Specifications (2018). They are referred in the following
example as AASHTO and AASHTO-CFRP respectively. The analysis also includes the computations of
deflection corresponding to the moment of 130.0 ft-kip.

7.25"
I—

! 31 \
i
o |
r‘: 2 Prestressing 8
P
~ 12"
Overall beam Length Lepan:=31 ft
Design Span L gesign == 30 ft
Concrete Properties
Concrete strength at release, fii:=5.5 ksi
Concrete strength at 28 days, f'.:=9.0 ksi
Unit weight of concrete ye:= 150 pcf
Prestressing CFRP
Diameter of one prestressing CFRP cable dy,:=0.6 in
Area of one prestressing CFRP cable Ap:=0.18 in’
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The design tensile load is the characteristics value of the tensile test data conducted as a part of
NCHRP 12-97 project and computed according to ASTM D7290 as recommended by the proposed
material guide specification. The design tensile stress is obtained as follows:

Design tensile stress fous= 64.14 kip =356.33 ksi
pf
Modulus of elasticity (AASHTO-CFRP Art. 1.4.1.3) E;:=22500 ksi
f
Design tensile strain Epui= % =0.016
f

Stress limitation for prestressing CFRP (AASHTO-CFRP Art. 1.9.1)
Before transfer foi:=0.70 - f,=249.43 ksi
At service, after all losses foe:=0.65 -y, =231.62 ksi

Nonprestressed Reinforcement:

Yield strength f,:=60 ksi
Modulus of elasticity (AASHTO Art. 5.4.3.2) E,:=29000 ksi

Beam Section Properties

Width of beam b:=12-in

Height of beam h:=20-in
Cross-section area of beam A:=b-h=240 in’
Distance from centroid to the extreme bottom fiber of Ypi= % =10 in

the non-composite precast girder

Distance from centroid to the extreme top fiber of the Yi:=h—y,=10in
non-composite precast girder

3
Moment of inertia of deck about it centriod l:= b 12 = <8 .10’ ) in
Section modulus referenced to the extreme bottom fiber of S¢ ::L =800 in’

the non-composite precast girder Yo

Section modulus referenced to the extreme top fiber of the St ::L =800 in’
non-composite precast girder Yt
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Weight of the beam

Material Properties for Girder and Deck Concrete:

Modulus of elasticity of concrete (AASHTO Art. 5.4.2.4)
At release

At 28 days (Girder)

Modulus of rupture of concrete (AASHTO Art 5.4.2.6)
At release

At 28 days (Girder)

Number of Strands and Strand Arrangement:

Total number of prestressing CFRP
Concrete cover

Depth of prestressing CFRP from the top fiber of
the beam

Eccentricity of prestressing CFRP

Load and Moment on Beam:

Unit weight due to superimposed load

Unit weight due to live load

w:=(b+h).y,=0.25 k]:—tp

ez Zf (]

pcf psi
Eq:=E (Fy) = (4.63-10°) ksi

E.:=E(f)=(5.45-10%) ksi
o

fror (') :=0.24 - \[ k_s"l <ksi

fri:="For (Fei) =0.56 ksi

foi=fopr (Fc) =0.72 ki

p::2

cc:=2.75in

dp :==h—cc=17.25 in

&:=d,—y;=7.25in

Wep:=0.2+w=0.05 %

w,_:=0.35 katp

M, =unfactored bending moment due to beam self-weight, k-ft

2
W e Lo
Mb — design

=28.13 ftkip

Mgp =unfactored bending moment due to superimposed dead

load, k-ft
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M, =unfactored bending moment due to live load, k-ft
ML::W:E.% ftkip
Moment at service [Il [AASHTO Table 3.4.1-1]
Mg :=Mp+Mgp+0.8- M =65.25 ft-kip
Moment at Strength [ [AASHTO Table 3.4.1-1]
My:=1.25 My+ 1.5 Mgp+ 1.75 M =112.5 ft-kip

Prestressing Loss

Prestressing CFRP stress before transfer foi:=0.70 - f, =249.43 ksi

Elastic Shortening

E¢

Aoes = = “fegp [AASHTO-CFRP Eq. (1.9.2.2.3a-1)]

ct

Where E;=modulus of elasticity of prestressing CFRP (ksi)

E.;=modulus of elasticity of the concrete at transfer or time of load application
(ksi)=E;

fogp =the concrete stress at the center of gravity of CFRP due to the prestressing
force immediately after transfer and the self-weight of the member at sections of
maximum moment (Ksi)

AASHTO Article C5.9.5.2.3a states that to calculate the prestress after transfer, an initial
estimate of prestress loss is assumed and iterated until acceptable accuracy is achieved. In this
example, an initial estimate of 10% is assumed.

eloss:=10%

Force per strand at transfer

_ P Piee’  Mg-e
cgp— 4 -
A, lg |

f
g

Where, P;=total prestressing force at release=n,*p

e.=eccentricity of strands measured from the center of gravity of the precast beam

at midspan
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Solver Constraint§&uess Values

Mg =moment due to beam self-weight at midspan (should be calculated using the

overall beam length)

2
_Wwe I-span

Mg =30.03 ftkip

eloss:=10%

eloss =

E NyeAp e (1—eloss)  (ny-Ay-fy-(1—eloss))-e.>  Mg-e,
pi =] A I I
eloss := find {eloss) = 0.01
Therefore, the loss due to elastic shortening= eloss=0.01

The stress at transfer=
The force per strand at transfer=

The concrete stress due to prestress= n-p
f P

2
Np*Pre€

for:=Toi+ (1 —eloss) =246.39 ki

pri=Apte foi+ (1 —eloss) =44.35 kip

M,

c =
gp A I

The prestress loss due to elastic shortening=
Total prestressing force at release

Final prestressing loss including Elastic Shortening

Assume a total prestress loss of 18% [This assumption is based on the average of all cases in the design

space considered in the reliability study]
ploss:=18%

foe 1= Ty« (1 —ploss) =204.54 ksi
Force per strand at service

Pe :=fpe » Agr =36.82 kip

Check prestressing stress limit at service limit state:
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.ec A
I =646.53 psi

E, .
AprS::—'f =3.14 kSI
ci

Py:=n,-p;=88.7 kip

cgp

[AASHTO-CFRP Table 1.9.1-1]



if f,,<0.6-1y, =“Stress limit satisfied”

“Stress limit satisfied”
else

“Stress limit not satisfied”

Check Stress at Transfer and Service:
Stresses at Transfer
Total prestressing force after transfer Py:=n,-p;=88.7 kip
Stress Limits for Concrete
Compression Limit: [AASHTO Art. 5.9.2.3.1a]
0.6+f;=3.3 ksi
Where, f';;=concrete strength at release=5.5 ksi

Tension Limit: [AASHTO Art. 5.9.2.3.1b]

Without bonded reinforcement

[t
—0.0948 - k_"' ksi=—0.22 ksi <-0.2 ksi
Sl

Therefore, tension limit, 1=—0.2 Kksi

With bonded reinforcement (reinforcing bars or prestressing steel) sufficient to resist the
tensile force in the concrete computed assuming an uncracked section where reinforcement
is proportioned using a stress of 0.5f,, not to exceed 30 ksi.

[t
—0.24+4[|—= ksi=—0.56 ksi
ksi

If the tensile stress is between these two limits, the tensile force at the location being considered
must be computed following the procedure in AASHTO Art. C5.9.4.1.2. The required area of
reinforcement is computed by dividing tensile force by the permitted stress in the reinforcement
(0.5,< 30 ksi)

Stresses at Transfer Length Section

Stresses at this location need only be checked at release since this stage almost always
governs. Also, losses with time will reduce the concrete stresses making them less
critical.
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Transfer length |t=—pi i [AASHTO-CFRP Eq. 1.9.3.2.1-1]

Where, d,=prestressing CFRP diameter (in.)

a;=coefficient related to transfer length taken as 1.3 for cable

Also can be estimated as l;:=50-d,=30 in
Moment due to self-weight of the beam at transfer length
Mpt:=0.5wel- (Ldesign — It) =8.59 ft-kip

Stress in the top of beam:

PP, My

fii=— +——=—0.31 ksi
A Sy Sy
Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement
[NOT OK]
-0.56 ksi with bonded reinforcement
[OK]
stress in the bottom of the beam:
P, P,.e M
fyr=—tp— S — 1 04 ksi
A Se S;
Compressive stress limit for concrete = 3.3 ksi
[OK]
Stresses at midspan
Stress in the top of beam:
P, P;.e M
frm LU L 0 0,01 ksi
A Sy Sy
Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement
[NOT OK]
-0.56 ksi with bonded reinforcement
[OK]
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stress in the bottom of the beam:

P, Pie. M
fyr=—tp S =075 ksi
A Se Se
Compressive stress limit for concrete = 3.3 ksi [OK]

Stresses at Service Loads

Total prestressing force after all losses Pe:=np+pe=73.63 kip

Concrete Stress Limits: [AASHTO Art. 5.9.2.3.2a]

Due to the sum of effective prestress and permanent loads (i.e. beam self-weight, weight of
future wearing surface, and weight of barriers) for the Load Combination Service 1:

for precast beam 0.45+f'.=4.05 ksi

Due to the sum of effective prestress, permanent loads, and transient loads as well as during
shipping and handling for the Load Combination Service 1:

for precast beam 0.60+f'.=5.4 ksi

Tension Limit: [AASHTO Art. 5.9.2.3.2b]

For components with bonded prestressing tendons or reinforcement that are subjected to
not worse than moderate corrosion conditions for Load Combination Service 111

f|
for precast beam —0.19+9 /k—c ksi=—0.57 ksi
Sl

Stresses at Midspan
Concrete stress at top fiber of the beam

To check top stresses, two cases are checked:

Under permanent loads, Service I:

Pe Pere,  My+M
fgim— e — e fe MO _ 15 ksi <4.05 ksi [OK]
A Sy St
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Under permanent and transient loads, Service I:

f

i tg

M
o= + 5 —0.74 ksi <5.4 ksi [OK]
S

ct

Concrete stress at bottom fiber of beam under permanent and transient loads, Service I11:

Pe Pecec My+Mgp+(0.8)(M
szzr%r e My+Msp+(08)- ( L>:—4.65-10‘3 ksi

Sc Sc >_057ksi  [OK]

If the tensile stress is between these two limits, the tensile force at the location being considered
must be computed following the procedure in AASHTO Art. C5.9.2.3.1b. The required area of
reinforcement is computed by dividing tensile force by the permitted stress in the reinforcement
(0.5,< 30 ksi)

Stregth Limit State

Effective prestressing strain Epe = g =9.09.107"
f

If £, <0.003, the stress block factors are given by

f'e
Ern =
€ 11 ksi

4 ( €cc )
b1 (ecc , sco> :=max | 0.65, feo

<107°=0.0024

+1.6

fl
o[ — ¢ -|+1.1 [AASHTO-CFRP Eq. C1.7.2.1-3]
( Ecc ) 50 ksi
6—2.|—
Eco
oo 1 [’
€co 3 e f'e
aq <‘9cc , 800) = o — -|+1 [AASHTO-CFRP Eq. C1.7.2.1-4]
i <6‘CC,8CO> 60 ksi
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By using equillibrium and compatibility, the depth of the neutral axis (c) and the strain

at top fiber of the beam can be found using following

é c:=8in d,=17.25 in
o
3| g,:=0.0015 £c0=0.0024
(G
€, <0.003
‘E d,—¢
g spe+ *Ecc = Epy
2
8 (]
o <gcc7gco> foepa <gccvgco> 'b'c=np Apf°Ef'
g C | find (c.e ) — [0:2482 ft
3 [800] ind (¢, ccc) =| ) 0014
€. =0.0014

Pr:=max|0.65, feo

s
|- |+1.1
6—2-(ﬁ) 50 ksi
Eco
(&)_l.(i)z
3 f'
1y =0 fo) [—_|+1]=061
B 60 ksi

Depth of neutral axis,

Strain at prestressing CFRP at ultimate
Total tension force

Total compression force

Check for equillibrium

The capacity of the section is:

B1- 10

£pu=0.0158

d,—c
p
*Ecc
C

c=2.98in
d,—¢
&= - .. =0.0067

Tyi=nye Ay Ege (er+&pe) = 128.28 kip

Cei=aq+f+p1-b-c=128.28 kip

T,—C.=(2.54-107"2) kip



Br-c

M, =T (dy—c) +C; - C__z_) =174.05 ftkip

Selection of strength resistance factor:

$¢:=0.75 [for CFRP prestressed beams ] [AASHTO-CFRP Art. 1.5.3.2]
Check for capacity $+M,=130.54 ft-kip M,=112.5 ft-kip
if g M, >M, = “Section capacity is adequate”

“Section capacity is adequate”
else

“Section capacity is NOT adequate”

Minimum Reinforcement

There is a on-going NCHRP project for revising the minimum reinforcement provisions for
prestressed beams. Therefore, the outcome of the NCHRP 12-94 may also influence the
requirements for CFRP prestressed beams.

At any section of a flexural component, the amount of prestressed and nonprestressed tensile
reinforcement shall be adequate to develop a factored flexural resistance, M, at least equal to
the lesser of:

1.33 times the factored moment required by the applicable strength load combinations

Mer =73 (71 fr + 72+ fepe) * Se—Magne * (SS_C— 1)) [AASHTO-CFRP 1.7.3.3.1-1]

nc

Where, y;= 1.6 flexural cracking variability factor
y,=1.1 prestress variability factor
y3=1.0 prestressed concrete structures

y1:=1.6 yi=1.1 y3:=1.0
P, P.-e. M f
fope = — +——— ——2 =0.55 Ksi frzzo.zo-\/_c_ ksi=0.6 ksi
A Se Se ksi

Meri=73° <V1'fr+72'fcpe> +S.=104.5 ft-kip
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Check for governing moment:
90Vmoment *= if Mcr< 1.33. Mu =104.5 (ft- kip)
| M
else
H 133+ M,

Check for minimum reinforcement requirement

if gOVimoment <@+ M, =“Minimum reinf. requirement OK”

H “Minimum reinf. requirement OK”
else

“Minimum reinf. requirement NOT OK”

Deflection and Camber [Upward deflection is negative]

Deflection due to Prestressing Force at Transfer

Ao _Pt €c* <|-span>2
TE, 8

Deflection due to Beam Self-Weight

=-0.31in

5+We (Lopan)

P 384 B,

Deflection due to beam self-weight at transfer:

4
Abt::M:O,M in

384.E-

Deflection due to beam self-weight used to compute deflection at erection:

_ 5.we <|-design>4
384.E,-

be =0.12 in

Deflection due to Superimposed Dead Load

_ 5+Wgp e <Ldesign> !

: =0.02 in
P 384+ E,- |
Deflection due to Live Load
5ewW, « (Lyeian)
A ="t (Leesion) =0.15 in

384.E, -
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Using ACI 440 multipliers for long-term deflections

Immidiate camber at transfer Op:=Ap+Ap=—0.16 in
Camber at erection Je:=1.80+4p+1.85 4,;=—0.28 in
Deflection at final Opi=1+4+2.70 Ay +4.10- 455+ 4, =0.31 in

Deflection due to Live Load when the Section is Cracked (i.e, for an moment of 160 ft-kip)

Stress at bottom fiber due to the effect of prestress only

Pe Pe-e
fo=_Ct4_ € 7€
A Se

=0.97 ksi

Tensile strength of concrete

fl
fr:=0.24 /_C ksi=0.72 ksi
ksi

Cracking moment of the beam can be computed as:
Mgr i= (fr+fope) « S =112.94 ft-kip

Factor to soften effective moment of inertia (because of the use of prestressing CFRP)

E
By:=0.5 (Ef + 1) =0.89 [AASHTO-CFRP Eq. 1.7.3.4.2-2]
S
Modular ratio
Es
n:=—=4.13
C
Cracked moment of inertia [AASHTO-CFRP Eq. 1.7.3.4.2-3]
b. C3 2 2 -
lori= = +bece(c—05-c) +n-Ay:(d,—c) =257.07 in
Moment at which deflection is computed, M,:=130 ft-kip
Effective moment of inertia, [AASHTO-CFRP Eq.1.7.3.4.2-1]

ly=(4.75-10%) in*

. M, 3-ﬂ-|+
e’ V‘ d

a

. ( Me, ) ’
Ma
Deflection due to live load producing a moment of 130 ft-kip

_ 5. I\/Ia ° (Ldesign>2
48-E -1,

A =0.81 in
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Example B-2: Design of a Decked AASHTO girder pretensioned with straight CFRP cables

The bridge considered for this design example has a span length of 90 ft. (center-to-center (c/c) pier
distance), a total width of 36 ft., and total roadway width of 34 ft. The bridge superstructure consists of
six AASHTO Type IV girders spaced 6 ft. center-to-center, designed to act compositely with an 8 in.
thick cast-in-place (CIP) concrete deck. The wearing surface thickness is 2.0 in., which includes the
thickness of any future wearing surface. T501 type rails are considered in the design. HL-93 is the
design live load. A relative humidity (RH) of 60 percent is considered in the design. The design is
performed for an interior girder based on service and strength limit states according to AASHTO-LRFD
(2017) and AASHTO Guide Specifications (2018). They are referred in the following example as
AASHTO and AASHTO-CFRP respectively.
Total Bridge Width
36

Total Roadway Width

R Future Wearing Suface \ 34 4

| \- Deck

r
w
o]
=}
<
-]
<)
w
L

— bo -
i
K
8"-Deck
AASHTO Type-1V
Overall beam Length Lepan:=91 ft
Design Span L gesign == 90 ft
Girder spacing Ospacing := 6 ft
Number of beams Npeams =06
Total roadway width Wyoadway *= 36 ft
Cast in Place Deck:
Structural thickness, (effective) hg:=7.5In
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Actual thickness, (for dead load calculation) t;:=8in
Concrete strength at 28 days, f cpeck := 6.0 ksi

Thickness of asphalt-wearing surface (including any

future wearing surface) hys:=2 in
Unit weight of concrete ye:= 150 pcf
Haunch thickness hp:=0.5 in

Precast Girders: AASHTO Type IV

Concrete strength at release, f'i:=6.0 ksi
Concrete strength at 28 days, f'.:=9.0 ksi
Unit weight of concrete yec:= 150 pcf

Prestressing CFRP

Diameter of one prestressing CFRP cable dy,:=0.6 in
Area of one prestressing CFRP cable Ap:=0.18 in’
Design tensile stress fous= m: 356.33 ksi
pf

Modulus of elasticity (AASHTO-CFRPArt. 1.4.1.3) E;:=22500 ksi

: , . fou
Design tensile strain Epui= £ =0.016

f

Stress limitation for prestressing CFRP
(AASHTO-CFRP Art. 1.9.1)
Before transfer foi:=0.70 - f, =249.43 ksi

At service, after all losses foe:=0.65 -y, =231.62 ksi

Nonprestressed Reinforcement:

Yield strength f,:=60 ksi
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Modulus of elasticity (AASHTO Art. 5.4.4.2)

Unit weight of concrete

T501 type barrier weight/side

Section Properties of AASHTO Type 1V Girder:

- 20°
| | 8"
6" _\__ ,.H"'II‘ i
i 6"
| g" | 23
gn rI//// \ '
i 81!
- _ ]
26"

Cross-section area of girder

Moment of inertia of about the centroid of the noncomposite

precast girder

Weight of the girder

Height of girder

Width of bottom rectangular flange
Height of bottom rectangular flange
Width of bottom tapered flange
Height of bottom tapered flange
Width of web

Height of web

Width of top rectangular flange

B2-3

E:=29000 ksi
Vaws = 150 pcf

Yow =326 plf

W [T
b >
Ay:=789 in®
l4:=260730 in*
Wy :=0.822 ";—tp
hg :=54.in
Dprf:=26 1N
hpr:=8+in
D=9+ In
hp:=9+1In
by :=8-in
hy:=23-in
bys:=20-in



Height of top rectangular flange
Width of top tapered flange
Height of top tapered flange

Distance from centroid to the extreme bottom fiber of
the non-composite precast girder

Distance from centroid to the extreme top fiber of the
non-composite precast girder

Section modulus referenced to the extreme bottom fiber of
the non-composite precast girder

Section modulus referenced to the extreme top fiber of the
non-composite precast girder

Effective flange width (AASHTO Art. 4.6.2.6.1)
Be = Ospacing =72 in

Material Properties for Girder and Deck Concrete:

htrf::8 . in
bttf::6' In
httf::6' in

Yghot:=24.73 in

Ygtop = hg —Ygbot = 29.27 in

|
Sghoti=—2—=(1.05+10*) in’
ygbot

|
Sgiopi=—2—=(8.91+10°) in’
ygtop

Average spacing of adjacent girders

20 [ g \033
f
Modulus of elasticity of concrete [AASHTO Art. 5.4.2.4] E <f'c> =12 (i) (—C) . psi

At release

At 28 days (Girder) E.:=

At 28 days (Deck)

Modulus of rupture of concrete [AASHTO Art 5.4.2.6]
At release

At 28 days (Girder)

At 28 days (Deck)

E
ny=—2K —0.87

C

B 2-4

pcf psi

Eq:=E (I'y) = (4.77-10%) ksi
E(fo)=(5.45-10%) ksi

Ecpeck:i=E <fcheck> = <4~77 -10° > ksi

fror (') :=0.24 - \[ I:_SCI <ksi

fri:="For (Fei) =0.59 ksi
o=t (Fo) =0.72 ki

frDe(:k = fmr <fICDeck> =0.59 ksi

[Modular ratio for transformed section]



Section Properties of Composite Deck:

Height of deck hg:=7.5+in
Transformed width of deck by:=ny+b,=62.98 in
Cross-section area of deck Ag:=hy-by=472.37 in’

. . . . bd ° hd3 3\ - 4
Moment of inertia of deck about it centriod ly:= = = <2.21 10 > in
Weight of the deck Wy := <be . ts> +9.=0.6 k]:—tp

Due to camber of the precast, prestressed beam, a minimum haunch thickness of 1/2 in. at midspan is
considered in the structural properties of the composite section. Also, the width of haunch must be
transformed.

Height of haunch hp:=0.5 in
Width of haunch by :=by=20 in
Transformed width of haunch bp:=nyebp=17.5In
Area of haunch Ay :=hy by, =8.75 in’
. . . . bth ° hh3 .4
Moment of inertia of haunch about it centriod Ih:= =0.18 In
. kip
Weight of the haunch W, = <bh . hh> +9.=0.0104 S
Total height of composite beam h:=hg+hy+h,=62 in
Total area of composite beam Aci=Agt+Ag+A= <1 27-10° > in’
Total weight of the composite W 3= Wg + Wq + W, = 1.43 Kip
beam ft
hy h,
Ag'ygbot+Ad' hc_7 +Ah' hg+_
Neutral axis location from bottom Yebot = =374 1in
for composite beam Ag+Aq+A,
Neutral axis location from top for Yetop = <hc> —Yepot=24.6 in

composite beam

Moment of inertia of composite beam
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2 2

2 h
d h :
Icomp = Ig +lg+ 1+ Ag y <ycbot_ngot> +Aqge Yetop _7 +Ape Yetop — hd _7) = <5~97 -10° > in‘
Shear Force and Bending Moment Due to Dead L.oads

Dead loads:
Dead loads acting on the non-composite structure:

: . kip
Self-weight of the girder Wq:=0.822 3

t

Weight of cast-in-place deck on each interior girder wy=0.6 kl?p
Weight of haunch on each interior girder w,=0.01 Kip
Total dead load on non-composite section W= Wg +Wg+ W, =1.43 $

Superimposed dead loads:

Dead and live load on the deck must be distributed to the precast, prestressed beams. AASHTO
provides factors for the distribution of live load into the beams. The same factors can be used for
dead loads if the following criteria is met [AASHTO Art. 4.6.2.2.1]:

% Width of deck is constant [OK]
% Number of beams is not less than four,

if Npegs<4 || =“OK”

|“NoT oK~
else
“OK”

% Beams are parallel and have approximately the same stiffness
% The overhang minus the barrier width does not exceed 3.0 feet

D, =0Overhang—17 in
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Overhang:=3 ft 150 P P2
r 2' 6.00'
D, :=Overhang—17 in=19 in \T
L Y 3
8.00" —
L e
4'-6.00" ( }
if D, >3 ft | =“OK” \ /1N
NOT OK 4] &
else

Overhang Girder Spacing
G‘OK”

% Curvature in plan is less than the limit specified in Article 4.6.1.2.4 [OK]

% Cross section of the bridge is consistent with one of the cross sections given in
AASHTO Table 4.6.2.2.1-1 Precast concrete I sections are specified as Type k [OK]

Because all of the above criteria are satisfied, the barrier and wearing surface loads are equally
distributed among the six girders.

Weight of T501 rails or barriers on each girder

wy=2. | 7o) .11 KIP
6 ft

Weight of 2.0 in. wearing surface

ki
Wis1 *= Vaws * <hws> =0.03 ft—zp

This load is applied over the entire clear roadway width. Weight of wearing surface on each girder

Wys1 * Wroadway —0.15 kip

Wyys = ft

Total superimposed dead load, .
Wgp =W, + W, =0.26 %

Calculate modular ratio between girder and deck [AASHTO Eq. 4.6.2.2.1-2]

EC

n:= =1.14

EcDeck
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Calculate e, the distance between the center of gravity of the non-composite beam and the deck.
Ignore the thickness of the haunch in determining ;. It is also possible to ignore the integral wearing
surface, i.e, use hy=7.5 in. However, the difference in the distribution factor will be minimal.
hy .
€y ::ygtop—i-?: 33.02 in
Calculate K; , the longitudinal stiffness parameter. [AASHTO Eq. 4.6.2.2.1-1]
Kgi=n-(ly+Ay-e,”) = (1.28-10°) in*
Moment Distribution Factors
Interior girder type k [AASHTO Art. 4.6.2.2.2 b]
Distribution factor for moment when one design lane is loaded

S \%4 (g\03 K 0.1
Dw.interior = 0.06 + (—) . (_) . 793
14) \L) {12-L-t

Using variables defined in this example

0.4 0.3 0.1
(M) —0.71 (M) —0.44 LT R hy=7.5 in
14 ft design I-design * hd3

Dm.interior1 := 0.06 +

0.4 03 0.1
i i K
Ospacing ) . (gspacmg ) . g 3 —0.41
14 ft LdESign I-design -hy
Distribution factor for moment when two design lanes are loaded

S 0.6 S 0.2 K 0.1
Dw.interior = 0.075 + (—) . (—) —93
9.5) L) (12-L-t

Using variables defined in this example

Oo 0.6 Geonci 02 K o1
Du.interior2 :==0.075 + ( SpaCmg) . ( spacmg) . ! 3 =0.56
9.5 ft I—design I—design : hd

The greater distribution factor is selected for moment design of the beams.

D.interior := max <DM.Interior1 ) DM.Interior2> =0.56
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Check for range of applicability

Dw.interior = || S < <gspacing >3.5 ft) . <gspacing§ 16 ft) =0.56
ty— (hg>4.5 in) - (hy< 12 in)

L (Lgesign>20 ft) + (Lgesign <240 ft)

Np — <Nbeam324>

Ky ¢ (Kg>10000 in*) - (K, < 7000000 in*)

if (SetseL+Np-Ky)

H DM.Interior
else

“Does not satisfy range of applicability”

Exterior girder [AASHTO Art. 4.6.2.2.2 d]
= D, =
D,+S—2ft '
Pl - e— 1 |_5u P1 P2
S r -‘-2' 6.00'
P2 — w 8.00" :— i L \ _‘.{__
(1)
D, =0Overhang—17 in 4'-6.00" [
| ) (1
Overhang:=3 ft | |
g Ly 6 |

D, := Overhang— 17 in=19 in Overhang Girder Spacing

S +=0spacing =06 ft

The distribution factor for one design lanes loaded is based on the lever rule, which includes a 0.5
factor for converting the truck load to wheel loads and a 1.2 factor for multiple truck presence.

2.S+2 D,—8 ft
S

S+D,—2 ft
0.5, + ‘; <0.5(-1.2=0.56

D exterior1 := if (2 ft+6 ft) < (De+ S> )

The distribution factor for two design lane loaded

Dwm exterior = D.interior *

De
0.77 +—
9.1

Using variables defined in this example,

Dwm exterior2 = DM.interior2 *

De
0.77+ =0.53
9.1 ft
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D Exterior = Max (DM.Exteriorl ) DM.ExteriorZ) =0.56

Range of applicability

D exterior := || de < (DeZ—l ft> . <De§5.5 ft> =0.56
if (d,)

H DM.Exterior
else

“Does not satisfy range of applicability”

For fatigue limit state

The commentary of article 3.4.1 in the AASHTO LRFD specification states that for fatigue limit
state a single design truck should be used. However, live load distribution factors given in
AASHTO Art 4.6.2.2 take into consideration the multiple presence factor, m. AASHTO Art
3.6.1.1.2 states that the multiple presence factor, m, for one design lane loaded is 1.2. Therefore, the
distribution factor for one design lane loaded with the multiple presence factor removed should be
used.

DM.Interiorl =034

Distribution factor for fatigue limit state DME Interior := -

Shear Distribution Factors

Interior girder [AASHTO Art. 4.6.2.2.3 a]

Distribution factor for shear when one design lane is loaded

S
D or=0364+|—
S.Interior (25)

Using variables defined in this example

gspacing =024
25 ft

D e :=0.36+
S.Interiorl 25 ft

%ﬂ):06

Distribution factor for shear when two design lanes are loaded

S 5 \**
D ior=02+—|—[—
S.Interior ( 12) (35 )
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Using variables defined in this example

Ds interior2 :=0.075 +

gspacing _ gspacing 2 —0.55
12 ft 35 ft '

The greater distribution factor is selected for moment design of the beams.

Ds interior := Max <DS.Interior1 ) DS.Interior2> =0.6

Check for range of applicability

Ds interior =

S« (Uspacing = 3-5 ft) * (Ispacing < 16 ft) =0.6
ty— (hg>4.5 in) - (hy<12 in)

L <Ldesign >20 ft> * <Ldesign <240 ft>

Np <Nbeams > 4>

Ky (Kg>10000 in*) - (K, < 7000000 in*)

if (Sets+L+Ny-Ky)

H DS.Interior
else

“Does not satisfy range of applicability”

The AASHTO Specifications specify the dynamic load effects as a percentage of the static live load
effects. AASHTO Table 3.6.2.1-1 specifies the dynamic allowance to be taken as 33 percent of the
static load effects for all limit states, except the fatigue limit state, and 15 percent for the fatigue
limit state. The factor to be applied to the static load shall be taken as:

where:

(1 +IM/100)

IM = Dynamic load allowance, applied to truck load or tandem load only
= 33 for all limit states except the fatigue limit state
= 15 for fatigue limit state
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The maximum shear forces and bending moments due to HS 20-44 truck loading for all limit states
is calculated using the influence line approach. The live load moments and shear forces for the
simple span is computed by positioning the axle load of HS-20 truck in following locations

32 kips 32kips  8kips

X
V V /
A
£ 14t —
F— 28ft ———=
Case |
32 kips  32kips  8kips
X
V V /
A
£ 14t —
F— 28ft ——

Case ll

Case I: HS-20 truck moment and shear
P,:=32 kip P,:=32 kip P3:=8 kip X:=5 ft [Initialize value]

L gesign— X —28 ft) "

Mirucka (X) = I:)1'EM°X+ P, <Ldesign_x_ 14 ft> «X+Pj- (

design design design
L gesian — X L gesign— X — 14 ft Lgesion — X —28 ft
Vtruckl (X) — Pl . &emgn ) + PZ . < design ) + P3 . < design >
design design design

Case II: HS-20 truck moment and shear

L design — L gesian — L gosiqn — X — 14 ft
o) o )y o) (e x=141)
I—design design design
—(x— L gesion — L gosiqn — X — 14 ft
Vo (epre 1) L (=) (L =314 1)
design design design
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Mirucky (maximize (M, ,X)) = (1.3 10%) ftkip
Mirucke (maximize (M0, X)) = (1.34- 10°) ftkip
Maximum bending moment due to HS 20-44 truck load
M:=(1.344.10°) ftkip

The calculation of shear force is carried out later for the critical shear section.

Distributed bending moment due to truck load including dynamic load allowance (M 1) is calculated

as follows:
M, = (Moment per lane due to truck load)(DFM)(1+1M/100)
IM:=33

DM.Interior: 0.56

MLT::M.DM,mterior-(1+%):(1.01-1o3> ft-kip

The maximum bending moments (M| ) due to a uniformly distributed lane load of 0.64 kif are
calculated using the following formulas given by the PCI Design Manual (PCI 2017).

Maximum bending moment, M, = 0.5(0.64)(X)(L — Xx)

where:

X = Distance from centerline of bearing to section at which
the bending moment or shear force is calculated, ft.

L = Design span length

At the section of maximum truck load maximize <Mtruck2 , X) =47.33 ft
x:=47.333 ft

M, :=0.5+0.64 kaf-(x) (Laesign— X) = 646.26 ft-kip

ML :=Dw.interior * ML =364.96 ft-kip

For fatigue limit state:
Therefore, the bending moment of the fatigue truck load is:
Mf = (bending moment per lane)(DFM)(1 + IM)

Mf = M . DMF.Interior' (1 +1I—(I\)/|0) :61173 ft' klp

Shear forces and bending moments for the girder due to dead loads, superimposed dead loads at
every tenth of the design span, and at critical sections (hold-down point or harp point and critical
section for shear) are provided in this section. The bending moment (M) and shear force (V) due to
uniform dead loads and uniform superimposed dead loads at any section at a distance X from the
centerline of bearing are calculated using the following formulas, where the uniform load is
denoted as w.
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M =0.5w x (L —X)
V=w(0.5L —x)
The critical section for shear is located at a distance h./2 from the face of the support. However,

as the support dimensions are not specified in this project, the critical section is measured from
the centerline of bearing. This yields a conservative estimate of the design shear force.

excel  :=3.28084 (Leesign) excel  :=0.5-328084 (Leesign)
" exceI“Bl” :=0.0000685217 <Wg>
3 excel | :=0.0000685217 (Wg+Wwp)
- exceI“Bz” :=0.0000685217 <Wb>
'wg 0.822 0.61042 00.000 L 00.000
Wep 0.109
| Dead Load

. Section| . . . .

Distance (*/L) Girder Weight Slab Weight Barrier weight | Total Dead Load
X Shear |Moment| Shear | Moment | Shear [Moment| Shear | Moment
ft. k k-ft k k-ft k k-ft k k-ft
0 0.000 | 36.990 | 0.00 27.469 0.00 4.890 0.00 69.35 0.00
4.654 | 0.052 | 33.164 | 163.25 | 24.628 121.23 4384 | 21.58 | 62.18 306.06
10.858 | 0.121 | 28.065 | 353.18 | 20.841 262.27 3710 | 46.69 | 52.62 662.14
21.717 | 0241 | 19.139 | 609.47 | 14.212 452.59 2.530 | 80.57 | 35.88 | 1142.64
32575 | 0362 | 10.213 | 768.82 | 7.584 570.93 1.350 | 101.64 | 19.15 | 1441.39
43,433 | 0483 | 1.288 | 831.26 | 0.957 617.30 0.170 | 109.89 | 2.41 1558.45

z V= excel“cg” -kip V= exceI“Egﬂ kip  Vy= exceI“Gg” «kip
o
é Mg, :== exceI“Dg” ftekip  Mg,:= exceI“Fg” - ft-kip My, = exceI“Gg” -ft-kip

The AASHTO design live load is designated as HL-93, which consists of a combination of:

% Design truck with dynamic allowance or design tandem with dynamic allowance,
whichever produces greater moments and shears, and
% Design lane load without dynamic allowance. [AASHTO Art. 3.6.1.2]

The design truck is designated as HS 20-44 consisting of an 8 kip front axle and two 32 kip
rear axles. [AASHTO Art. 3.6.1.2.2]

The design tandem consists of a pair of 25-kip axles spaced 4 ft. apart. However, for spans
longer than 40 ft. the tandem loading does not govern, thus only the truck load is investigated
in this example. [AASHTO Art. 3.6.1.2.3]

The lane load consists of a load of 0.64 klf uniformly distributed in the longitudinal direction.
[AASHTO Art. 3.6.1.2.4]
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This design example considers only the dead and vehicular live loads. The wind load and the extreme
event loads, including earthquake and vehicle collision loads, are not included in the

design. Various limit states and load combinations provided by AASHTO Art. 3.4.1 are investigated,
and the following limit states are found to be applicable in present case:

Service [: This limit state is used for normal operational use of a bridge. This limit state provides the
general load combination for service limit state stress checks and applies to all conditions except
Service III limit state. For prestressed concrete components, this load combination is used to check for
compressive stresses. The load combination is presented as follows[AASHTO Table 3.4.1-1]:

Q =1.00 (DC + DW) + 1.00(LL + 1M)

Service III: This limit state is a special load combination for service limit state stress checks that applies
only to tension in prestressed concrete structures to control cracks. The load combination for this limit
state is presented as follows [AASHTO Table 3.4.1-1]:

Q=1.00(DC + DW) + 0.80(LL + IM)

(Subsequent revisions to the AASHTO specification have revise this load combination)

Strength I: This limit state is the general load combination for strength limit state design relating to the
normal vehicular use of the bridge without wind. The load combination is presented as follows
[AASHTO Table 3.4.1-1 and 2]:

Q =yP(DC) + yP(DW) + 1.75(LL + IM)

Load Factor, ye

Type of Load MMaxmmum | Minmmum
DC: Structural components and non- 125 0.90
structural attachments - )
DW: Weanng surface and utihnes 1.50 0.65

The maximum and minimum load combinations for the Strength I limit state are presented as
follows:

Maximum Q = 1.25(DC) + 1.50(DW) + 1.75(LL + IM)

Minimum Q = 0.90(DC) + 0.65(DW) + 1.75(LL + IM)

Estimation of Required Prestress
The required number of strands is usually governed by concrete tensile stress at the bottom fiber
of the girder at the midspan section. The load combination for the Service III limit state is used to
evaluate the bottom fiber stresses at the midspan section. The calculation for compressive stress in
the top fiber of the girder at midspan section under service loads is also shown in the following
section. The compressive stress is evaluated using the load combination for the Service I limit
state.

Service Load Stresses at Midspan

Bottom tensile stress due to applied dead and live loads using load combination Service I11

1S:
(= Mg+ My N My +Mys+(0.8) « (Mir+My,)

Sb Sbc
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f,=Concrete stress at the bottom fiber of the girder, ksi
M, =unfactored bending moment due to beam self-weight, k-ft

W+ Lesign”
Mg::ng—:832.28 ft-kip

Mg=unfactored bending moment due to deck self-weight and haunch, k-ft

<Wd + Wh) ° I—design2

My = =618.05 ft-kip

M, =unfactored bending moment due to barrier self-weight, k-ft
Wy * L gesian”
Mb ::%_: 110.03 ftklp

M,s =unfactored bending moment due to future wearing , k-ft

Mys = WWS':’@: 151.88 ft-kip
M, r=unfactored bending moment due to truck load (kip-ft) M = <1 01.10° ) ft-kip
M, | =unfactored bending moment due to truck load (kip-ft) M, =364.96 ft-kip
S, =composite section modulus for extreme bottom fiber of precast beam (in’ )

Using the variables used in this example

|
Sepori= 2" = (1.6-10*) in’
Yebot

Mg+ My N Mp+Mys+(0.8) « (M1 + My, )

Sgbot Scbot
Stress Limits for Concrete
The tensile stress limit at service load=0.19 - \/K [AASHTO Table 5.9.2.3.2b-1]

where: f'c = specified 28-day concrete strength of beam, ksi

fl
Concrete tensile stress limit = fy:=0.19+1 /k—c ksi=0.57 ksi
Sl
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Required Number of Strands

The required pre-compressive stress at the bottom fiber of the beam is the difference the between
bottom tensile stress due to the applied loads and the concrete tensile stress limits:

Required pre-compressive stress at bottom fiber, fop:=fp—fy=2.1 ksi
Assume the distance between the center of gravity of the bottom strands and the bottom fiber of the
beam:

€c:=Yghot=24.73 in

If Py is the total prestressing force, the stress at the bottom fiber due to prestress is:

. Ppe Ppe <€
po=—" T <
A Sy
Using the variables in this example
fpb .
Ppe ::lie:582.18 kip
— 4 _c
Ag Sgbot

Final prestress force per strand, Py = (area of prestressing CFRP) (f,;) (1 — ploss, %)
ploss:=20%

. P
Ppri=Ape+ fii+ (1 —ploss) =35.92 kip Npi=—"-=16.21
pf
The number of prestressing CFRP is equal to
Change the number of bars based on the value of n,.

The maximum number of bars at each layer is:

2 nb1:12 [
Ny = 12 dpy:=51.25 in Npp =12
Npz=12 \ Vs _

(n ) If no bars is needed at certain layer input 0.
( P ) 244=20

Np := dyp:=49.25 in Npy =10
nb5 =8

nb3 = dp3 = 4725 in

nb4 = dp4 = 4525 in

nb5 = dp5 = 4325 |n
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The center of gravity of the strands, c.g.s. =

PN
N

where: n;=number of strands in row i

y; = distance to center of row i from bottom of beam section
N = total number of strands

p

—h.— Ny = dpg + Ny = Aop + Ny = Aoz + Ny = Aoy + Ny = s

=3.551in

Np1 + N2 + Npz + Npg + Ny

€c:=Yghot—Xp=21.18 in

Using the variables in this example

€

—+

A Sgbot

=642.01 kip

Final prestress force per strand, Py = (area of prestressing CFRP) (f,;) (1 — ploss, %)

ploss:=20%

Pori= Ao+ (1 —ploss) =35.92 kip

The number of prestressing CFRP is equal to n,:=—" —=17.87

ny:= round (<r]2—p>) 2+4=22

Npp =12
Npy:= 10
Npg:=0
Npg:=
Nps :=

My o1+ Ny = Ao+ Nyg = Aoz + Ny = Ay + Ny = s

dp1:=51.25 in Change the number of bars based on the value of
N, . If no bars is needed at certain layer input 0.

dp2 :=49.25 in The maximum number of bars at each layer is:
nb1:12

dp3:=47.25in  Mee=12
nb3:12

dp:=45251in  Mba=10
nb5:8

dp5 :=43.25 in

=3.66 in
Np1 + N2 + Npz + Npg + Ny

€c:=Yghot—Xp=21.07 in

B 2-18



Using the variables in this example

f
Pooi=— _ =644.05 kip
e
L+ ¢
Ag Sgbot

Final prestress force per strand, Py = (area of prestressing CFRP) (f,;) (1 — ploss, %)
ploss:=20%
Pori= Ao+ (1 —ploss) =35.92 kip
P
The number of prestressing CFRP is equal to Np:= P —-17.93
(np)
N, :=round 5 24+4=22

Strand Pattern

n,=22

midspan center of gravity of prestressing CFRP Yps =X, =3.66 in

midspan prestressing CFRP eccentricity €c = Ygbot — Ybs =21.07 in
Prestress Losses [AASHTO Art. 5.9.3]

Total prestress loss
Apr — AprS +Afp|_'|'

Afjes=sum of all losses or gains due to elastic shortening or extension at time of
application of prestress and/or external loads (ksi)

Af o r=losses due to long-term shrinkage and creep of concrete, and relaxation of
the prestressing CFRP (ksi)

Elastic Shortening

When the prestressing force is transferred from the prestressing strands to the concrete member,
the force causes elastic shortening of the member as it cambers upward. This results in a loss of
the initial prestress of the strands. However, some of that loss is gained back due to the self-

weight of the member which creates tension in the strands.
Es
Af ES=——"* f
TE

ct

cgp [AASHTO-CFRP Eq. 1.9.2.2.3a-1]
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Solver Constraint§&uess Values

Where Eq=modulus of elasticity of prestressing CFRP (ksi)

E.;=modulus of elasticity of the concrete at transfer or time of load application
(ksi)=Eg;

fogp =the concrete stress at the center of gravity of CFRP due to the prestressing force

immediately after transfer and the self-weight of the member at sections of maximum
moment (ksi)

AASHTO Article C5.9.3.2.3a states that to calculate the prestress after transfer, an initial
estimate of prestress loss is assumed and iterated until acceptable accuracy is achieved. In this
example, an initial estimate of 10% is assumed.

eloss:=10%

Force per strand at transfer

P, N P,-e.’ _ Mg-e

fegp=——
Ag Ig Ig
Where, P;=total prestressing force at release=n, *p
e.=eccentricity of strands measured from the center of gravity of the precast beam
at midspan
Mg =moment due to beam self-weight at midspan (should be calculated using the
overall beam length)
Wy * (Lgpan)”
Mg := w_ =850.87 ft«kip
eloss:=10%
2
eloss = Er (N Aprfyie (1—eloss) N (npAp-foi (1 —eloss)) -e.”  Mg-e
fpi . ECi Ag Ig Ig
eloss := find (eloss) = 0.04
Therefore, the loss due to elastic shortening= eloss=0.04
The force per strand at transfer= Pi=Apsefoie (1 —eloss)=43.2 kip
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The concrete stress due to prestress= 2
¢ _Npep | Nyepegg Mg-€e. .
cgp = + - =2 ksi
Ag Ig Ig
The prestress loss due to elastic shortening= Afoes =, fogp=9.43 ksi
Ci
Total prestressing force at release Pj:=n,-p=950.41 kip

Long Term Losses

AprT = <AfpSR +AprR +Apr1> + <AfpSD +AprD +Apr2 _AfpSS>

Afsg=prestress loss due to shrinkage of girder concrete between time of transfer and deck
placement (ksi)

Afcr=prestress loss due to creep of girder concrete between time of transfer and deck
placement (ksi)

Af i =prestress loss due to relaxation of prestressing strands between time of transfer and
deck placement ksi)

Afsp =prestress loss due to shrinkage of girder concrete between time of deck placement and
final time (ksi)

Afcp=prestress loss due to creep of girder concrete between time of deck placement and
final time (ksi)

Afro=prestress loss due to relaxation of prestressing strands in composite section between
time of deck placement and final time (ksi)

Afss=prestress gain due to shrinkage of deck in composite section (ksi)

<Afp5R + Afcr +Apr1) =sum of time-dependent prestress losses between time of transfer and
deck placement (ksi)

<Afp5D + Afocp +Aforo —Afpss) =sum of time-dependent prestress losses after deck
placement (ksi)

Prestress Losses: Time of Transfer to Time of Deck Placement
Shrinkage of Girder Concrete

Af s =epig * Epc * Kig [AASHTO Eq. 5.9.3.4.2a-1]
where,  ¢&,,q=shrinkage strain of girder between the time of transfer and deck placement
=K+ Kps * Ke+ Kig+0.48+ 107 [AASHTO Eq. 5.4.2.3.3-1]
and, k;=factor for the effect of volume to surface ratio of the component
ks=1.45-0.13(V/S) [AASHTO Eq. 5.4.2.3.2-2]

where (V/S)=volume to surface ratio=(Area/Perimeter)
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Perimeter

b > b .
Py=2 % + Mg+ Bo” + o + N+ Vb + N +Pgr+ %f) =166.43 in
K 1 (Ag .
s:=1.45—-0.13.— | —=[=0.83 k:=|lif k<1 =1
in \ P
’ |
else
&

K;,s =humidity factor for shrinkage=2.00-0.014H [AASHTO Eq. 5.4.2.3.3-2]
H:=70
Kns:=2.00—0.014-H=1.02
ki=factor for the effect of concrete strength [AASHTO Eq. 5.4.2.3.2-4]
_ 5

L+f
= =0.71

L]
ksi

kig=time developement factor
_ t [AASHTO Eq. 5.4.2.3.2-5]

61 —4.f,;+t
td —90 tl =1

t—t;

ktd <t ’ t|> ) :

ktd <td 9 t|> = 071

Epid = kS . khS . kf' ktd <td 5 t|> . 048 . 10_3 = 247 . 10_4
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Kiq=transformed section coefficient that accounts for time-dependent interaction between

concrete and bonded steel in the section being considered for time period between transfer and
deck placement

- ! [AASHTO Eq. 5.9.3.4.2a-2]
Epe _ Apsc Ag+Epg”
1+ P+ (14+0.7 % (t;,1))
Eci Ag Icomp
where, P, (t, 1) =1.9 < kg Ky <Ko kg o ;" [AASHTO Eq. 5.4.2.3.2-1]
K. =humidity factor for creep=1.56-0.008H [AASHTO Eq. 5.4.2.3.2-3]

€y =€, =21.07 in

Kne:=1.56—0.008 H=1

t;:=20000 -

K (tr, 1) =1

Py 6) =19k (8)- ()
¥, (t,) =135

Kid = ! =1

2
1+E-i-(l+ Ay (140.7- %, (t, 1))

Ei A

9 9

Afosr = epig * B+ Kig=5.53 ksi

Creep of Girder Concrete

E

=_PC f . A’E
Afycr acl fegp * ¥ (ta. 1) - Kig [AASHTO Eq. 5.9.3.4.2b-1]
Where, Y% (td , ti> =girder creep coefficient at time of deck placement due to loading
introduced at transfer
=1.9. kS . th . kf' ktd . <t|> —0.118
E; .
AprR = E_ . fcgp . yjb (td 9 t|> . Kid = 9 kSl

Cl
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Relaxation of Prestressing Strands

f
= B L .24).
AfPRl‘(O'Ow (fpuJ 0'0066) log (t-24) Ty, [AASHTO-CFRP Eq. 1.9.2.5.2-2]
Where, for=stress in prestressing strands immediately after transfer,

for:=foi — Afes =240 ksi
t=time between strand prestressing and deck placement (days)
t:i=t;+1t3=91
Therefore,

f .
Appy = (0.019- (fﬂJ - 0.0066) log (t+24) +f,,=7.37 ksi
pu

Prestress Losses: Time of Deck Placement to Final Time
Shrinkage of Girder Concrete

Afosp = epar * Ep+ Kyt

where ¢,g=shrinkage strain of girder between the time of deck placement and final time

= Epif ~ Epid
pi = Ks = Kns « Ky ki (tr, 1) - 0.48+ 10 =3.49. 10~
Ebdf *= Epif — Epig=1.02+ 107

Kg=transformed section coefficient that accounts for time-dependent interaction between

concrete and bonded steel in the section being considered for time period between deck

placement and final time

- ! [AASHTO Eq. 5.9.3.4.3a-2]

2
1+E.Apsc'(l+Ac-epC (1—|—07 lpb<tf,ti>>

ci Ac c

where, e,.=eccentricity of prestressing force with respect to centroid of composite section (in);
positive in common construction where force is below centroid
=Yebot — Ybs
A.=area of section calculated using the gross composite concrete section properties of
the girder and the deck, and the deck-to-girder modular ratio

I. =moment of inertia calculated using gross composite concrete properties of the
girder and the deck. and the deck-to-girder modular ratio at service= l.....

B 2-24



T V - 7 A i o o Loy
€pc = Yebot — Ybs =33.74 in

ij <tf ) t|> = 135

1
de'_ Ef Af Ac'e02 -
1+—'—p° 1+—p <1+07'yjb<tf,t|>>
Eci Ac comp

AfpSD = &gt * Ef . de = 229 kSl

Creep of Girder Concrete

Es Es
AprD:E “fogn® (P (tr, 1) — ¥ (ta, 1)) + de+E— < A+ Py (tr,tg) « Kgg
: ¢ [AASHTO Eq. 5.9.3.4.3b-1]
Where, Y (tf , td> =girder creep coefficient at final time due to loading at deck

placement
=1.9 <Ky Kpc * Ks + Kig <tf,td> . <ti> ~0.118

Y/b <tf ) td> == 08
Af.y=change in concrete stress at centroid of prestressing strands due to long-term losses between

transfer and deck placement, combined with deck weight on the non-composite transformed section,
and superimposed loads on the composite transformed section (ksi)

A A, -e.’ Mc-e M, +M,.)-e
Ag | It e

9

Where e ;=eccentricity of the prestressing force with respect to the centroid of the non-composite

transformed section
eptc =eccentricity of the prestressing force with respect to the centroid of the non-composite

transformed section
l;s=moment of inertia of the non-composite transformed section

I, =moment of inertia of the composite transformed section

To perform the calculations, it is necessary to calculate the non-composite and composite transformed
section properties

E¢ E
Ng=—=4.72 =t =413

Cl C
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Inputs

excel :=A;-39.3701°
-

excel“w :=Yghot *+ 39-3701

excel | :=ng+ny+Ay-39.37017  excel _:=yps+39.3701

excel = Ig
Gy

39.3701*

Qutputs

Inputs

Qutputs

Non-composite transformed section properties at transfer
A i i i A*(.‘-b:tt' P
Area ¥ Ay, Yo it )2 I (in) I+A *(yp,u-
. . L ¥ In .
(in?) | (im) (in?) (in) * ¥p)? (in?)
(in”)
Beam 785.00]124.73 |19512.00 24 24 187.67 |260730.56) 260%918.23
Pre. CFRP| 18.6%9 | 3.66 68.41 - 7920.47 0.00 7820.47
g07.70 19580.41 I(in®) 268838.70
excel :=A,+39.3701° excel  :=Y+39.3701  excel :=1,-39.3701"
“B3” 9 “C3” gbot “G3” 9

— 2
exceI“BM =NgeNpeApe+39.3701

excel“w :=Yps+39.3701

Non-composite transform ed section properties at service

Are;a Vb Ay Vb.u A*(}'b,n‘}'h}: l[in"] I+A*(}-b,|t'yb}:
(in”) (in) (in¥) | (in) (in?) (in%)
Beam 789.00 24.73 |19512.00 24 30 144 44 260730.56 260875.01
Pre. CEFRP 16.35 3.66 59.84 6968 87 0.00 6968.87
805.35 19571.84 I (in4) 267843 87

Eptf = excel“m” «in

ls:=excel «in
.

4

Inputs

Qutputs

excel :=A,.39.3701°
.

— 2
exceI“BM =NgeNpeApe+39.3701

excel“w =Yoot * 39-3701

excel“w :=Yps+39.3701

excel = leomp+39.3701°
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Composite transformed section properties at service
Area ¥b AVn Yo | AT (Vo.u- .4 I+ A% (¥o,u
.2 : . 3 . I P I(in") I P
(in") (in) (in®) (in) [yp) (in”) ¥u)© (in”)
Beam and Slab| 127012 | 3740 |47502.24 36 07 233 .66 |597437.16|397670.82
Pre. CFRP 16.35 3.66 59.84 ) 18147.23 0.00 18147.23
1286.47 47562.08 I(in") 615818.05
epci=excel  -in l:=excel «in?
ptc “E3” tc “H5”



From table above €prt=24.3 in Eptc=36.97 in

ly=(2.68-10°) in* le=(6.16-10°) in*

Apf Ag ) eC2 Mg+ Cptf <Mb + Mws> *€ptc .
AMogi=—(Aysg+ Apcr + Afre) « ==+ | 1+ - + =—0.87 ksi

Ag Ig Itf Itc

E¢

E .
AprD = fcgp . (g’b <tf , t|> - Ylb <td ) t|>> N de+E—f'Ade ° Ylb <tf ’ td> . de: 086 kSl

ci c
Relaxation of Prestressing Strands

Afppo = Afpre— Afpry

f
Aori= (0.019 . (ﬂ) — 0.0066) log (t-24)- fou

fou [AASHTO-CFRP Eq. 1.9.2.5.2-2]

Where, for=stress in prestressing strands immediately after transfer,
fpt = fpl _AprS = 240 kSl

t=time between strand prestressing and final (days)
t=t;+t=2-10"
Therefore,

f
AMopei= (0.019- (fﬂJ — 0.0066) log(t-24)-f,,=12.55 ksi
pu

Aprz ::Aprf—Aprl = 5 17 kSl

Shrinkage of Deck Concrete

E
AfpSS:E_f.Adef. de' <1 + 07 * Wb <tf,td>>

C

[AASHTO Eq. 5.9.3.4.3d-1]

Where, Afqs=change in concrete stress at centroid of prestressing strands
due to shrinkage of deck concrete (ksi)
_ Edgi*Ad*Eg ( 1 epc'ed)

(1407 % (t,t)) (A I
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Where, Ay=area of deck concrete
E.4=modulus of elascity of deck concrete
eq4=eccentricity of deck with respect to the gross composite
section, positive in typical construction where deck is
above girder (in)
YcDeck == hc —0.5- hd =58.25in
€4:=Yepeck — Yebot = 20.85 in

eqqt =shrinkage strain of deck concrete between placement

and final time
:ks' khs' kf‘ ktd <tf,ti> . 048 . 10_3

and, k;=factor for the effect of volume to surface ratio of the component
(this has to be recalculated for deck)

k;=1.45-0.13(V/S)
where (V/S)=volume to surface ratio of deck (in)
=Area/Perimeter (excluding edges)

Pyi=be+2=144in [AASHTO Eq. 5.4.2.3.2-2]

A
ke=1.45—0.13 - [ 2] =1.02
in \ Py

ke:=1 if k,<1 ' =1.02
|
else
&
k= 5 f';i=specified compressive strength of deck
i concrete at time of initial loading may be taken as
I 0.80F ¢peck
= > —086
1 E' f' cDeck
ksi
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t—t
0.8 fcheck
ksi

kg (t, 1) :=

61—4- +t—t,

gddf = kS . khS. kf' ktd <tf,td> . 048 . 10_3 :431 . 10_4

. €adi*Ad*Ecpesk (L_ epc'ed) =—0.24 ksi

Af, o=
U077 (0) \Ae omp

Af s ::g « AMogre Kyes (1407 P, (t,t5)) = —1.56 ki

C
Total Prestress Losses at Transfer
The prestress loss due to elastic shortening:

Stress in tendons after transfer for:=foi — Afes =240 ksi

Force per strand after transfer Pp:=for Apr=43.2 kip
Afes+ 100
Initial loss, % eIOSS::%:Z%]S
pi

Total Prestress Losses at Service

The sum of time-dependent prestress losses between time of transfer and deck placement:
(Afosr+ Afpcr +Afprr) =21.9 ksi

The sum of time-dependent prestress losses after deck placement:

<AfP3D +AprD +Apr2 +AfpSS> =6.76 ksi

The total time-dependent prestress losses:
AprT = <AfpSR +AprR +Apr1> + <AfpSD +AprD +Apr2 +Afp55> = 2866 kS|
The total prestress loss at service:

Apr IZAprS +Afp|_'|' = 3809 kSl
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Stress in strands after all losses,

oo = fyy — Afyr =211.34 ksi

Check prestressing stress limit at service limit state: [AASHTO-CFRP Table 1.9.1-1]

if £, <0.65-fy, =“Stress limit satisfied”

“Stress limit satisfied”
else

|«

I Stress limit not satisfied”

Force per strand after all losses Pe :=fpe » Agr =38.04 kip n,=22
Therefore, the total prestressing force after all losses Pe:=n,-p.=836.91 kip
) Afyr+100
Final loss, % ploss:=———=15.27
pi

Stresses at Transfer

Total prestressing force after transfer Pi:=ny-p;=950.41 kip
Stress Limits for Concrete
Compression Limit: [AASHTO Art. 5.9.2.3.1a]
0.6+f;=3.6 ksi
Where, f';;=concrete strength at release=6 ksi
Tension Limit: [AASHTO Art. 5.9.2.3.1b]
Without bonded reinforcement

[t
—0.0948 - k_"' ksi=—0.23 ksi <-0.2 ksi
Sl

Therefore, tension limit, 1=—0.2 ksi
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With bonded reinforcement (reinforcing bars or prestressing steel) sufficient to resist the
tensile force in the concrete computed assuming an uncracked section where reinforcement
is proportioned using a stress of 0.5f,, not to exceed 30 ksi.

[t
—0.24+4/—2 ksi=—0.59 ksi
ksi

If the tensile stress is between these two limits, the tensile force at the location being considered
must be computed following the procedure in AASHTO Art. C5.9.2.3.1b. The required area of
reinforcement is computed by dividing tensile force by the permitted stress in the reinforcement
(0.5,< 30 ksi)

Stresses at Transfer Length Section

Stresses at this location need only be checked at release since this stage almost always governs.
Also, losses with time will reduce the concrete stresses making them less critical.

.d
Transfer length  1,=—" b [AASHTO-CFRP Eq. 1.9.3.2.1-1]

Where, d,=prestressing CFRP diameter (in.)
a;=coefficient related to transfer length taken as 1.3 for cable

Also can be estimated as l;:=50-d,=30 in
Moment due to self-weight of the beam at transfer length
Mgg:=0.5 W« |y (Lgesign—It) =89.91 ft-kip

Stress in the top of beam:

P, P;-e M
fo=—t——L 4 % — 0092 ksi
Ag Sgtop Sgtop
Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement [NOT OK]
-0.588 ksi with bonded reinforcement [NOT OK]
stress in the bottom of the beam:
P, P;-e M
foi=— 9 =3

Ag Sgbot Sgbot
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Compressive stress limit for concrete = 3.6 ksi [NOT OK]

Since stresses at the top and bottom exceed the stress limits, debond strands to satisfy the specified
limits. Total of 4 strands were debonded at the length of 15 ft and 30 ft.

At a distance of 15 ft dl:=15 ft Nog1 =2
x:=dl+1,=210 in Py:= (Np—Npg1) + Pr=2864.01 kip

Since the 2 strands are debonded at the end, the CG of the strands need to be revised

<nb1 - npd1> * oy +Npp+App +Npg = Aoz +Npg+ Aoy +Nps - d

Xpe =Ny — > =3.75 in
(nbl - npdl> + Npz + Npz + Npg + Nys
€ce := Ygbot — Xpe =20.98 in
Moment due to self-weight of the beam at transfer length
Mggi:= 0.5 +Wg X+ (Lesign — X) =521.46 ft-kip
Stress in the top of beam:
P, P;-e M
fa=—t—_t ey 00— (24 ksi
Ag SQIOP Sgtop
Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement [NOT OK]
-0.588 ksi with bonded reinforcement [OK]
stress in the bottom of the beam:
P, P;-e M
fb ::_t ¢ ce ——gd|:222 kSl
Ag Sgbot Sgbot
Compressive stress limit for concrete = 3.6 ksi [OK]
Stresses at Midspan
X:= Lesign * 0.5 =45 ft Pi:=ny-p;=950.41 kip

Moment due to self-weight of the beam at mid-span

B 2-32



Mg :=0.5 Wy X+ (Lgesign—X) =832.28 ft-kip

Stress in the top of beam:

t::i—ie—% Ma 0.0 ksi
Ag Sgtop Sgtop
Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement [OK]
-0.588 ksi with bonded reinforcement [OK]
stress in the bottom of the beam:
fmriplitte . My ) 16 ki
Ay Sgoot  Sgpot
Compressive stress limit for concrete = 3.6 ksi [OK]
Stresses at Service Loads
Total prestressing force after all losses P.=836.91 kip
Compression Limit: [AASHTO Art. 5.9.2.3.2a]

Due to the sum of effective prestress and permanent loads (i.e. beam self-weight, weight of
slab and haunch, weight of future wearing surface, and weight of barriers) for the Load
Combination Service 1:

for precast beam 0.45.f'.=4.05 ksi
for deck 0.45 «f' ;peck =2.7 ksi

Due to the sum of effective prestress, permanent loads, and transient loads as well as during
shipping and handling for the Load Combination Service 1:

for precast beam 0.60-f'.=5.4 ksi
for deck 0.60 «f';peck = 3.6 ksi
Tension Limit: [AASHTO Art. 5.9.2.3.2b]

For components with bonded prestressing tendons or reinforcement that are subjected to
not worse than moderate corrosion conditions for Load Combination Service III

f|
for precast beam —0.19-”k—c_ ksi=—0.57 ksi
Sl
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Stresses at Midspan
Concrete stress at top fiber of the beam

To check top stresses, two cases are checked:
Under permanent loads, Service I:

|
Segtop™= ——® = (3.49.10*) in’

yctop_hd
Pe Peeee My+My My+M
fgr=——— 4 0F Mg | MW _ 10 ksi <4.05ksi  [OK]
Ag Sgtop Sgtop chtop

Under permanent and transient loads, Service I:

M1+ M
:fwg: 1.6 ksi <5.4 ksi [OK]

cgtop

ftg :

Concrete stress at bottom fiber of beam under permanent and transient loads, Service I11:

P, P.,.e. M,+My; M,+M,+(08) (M +M
_ e Tet® Mgt My Myt NMustl )« (M + LL>:0.37 ksi <5.4 ksi [OK]

g Sgtop Sgbot Scbot

Fatigue Limit State
AASHTO Art. 5.5.3 specifies that the check for fatigue of the prestressing strands is not required
for fully prestressed components that are designed to have extreme fiber tensile stress due to the
Service III limit state within the specified limit of 0.19f'.. The AASHTO Type IV girder in this

design example is designed as a fully prestressed member, and the tensile stress due to Service 111
limit state is less than 0.19f'; . Hence, the fatigue check for the prestressing strands is not required.

Strength Limit State

The total ultimate bending moment for Strength I is:
M,=1.25(DC) + 1.50(DW) + 1.75(LL + IM) [AASHTO Art. 3.4.1]

Using the values of unfactored bending moment used in this example
My =125 (My+Mg+Mp) +1.50+ M+ 175+ (M p+ M, ) = (4.58-10°) ft-kip
fpe -3
pu=0.016 Epei=—=9.39-10 £y :=0.003

Es
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dy:= (hy+hy—2.75 in) =58.75 in M| (12
L) 10
dps == (hg+hg—4.75 in) =56.75 in Ny |[=| 0
Mps 0
dpp:= (hg+hg—6.75 in) =54.75 in Nos 0
dps == (hg+hg—8.75 in) =52.75 in
dpa == (hg+hg—10.75 in) =50.75 in
Corm— % .d)=18.66 in f=0.85

&yt €pu— €pe

o
o
Il

=D, =06 ft

Total compressive force

Cor= || if By cp<hy

0.85Fepeck*Breby-C

else if hy<py+c,y < (hyr+hy)

0.85 f'peck* (Dg* hg+ By (B1 - C,—hyg))

else

0.85 « 'opeck * (Ba * Ny + Byes Nyes + (Bys + (s — (B o — (Mg +Nr) ) +bu) « (Br+ € — (hue +g)))

Area of prestressing reinforcement for Aot =—°=10.12 in®
balance condition pu
. Aoty
Number of cables required for Npp :=——=56.23
balance condition At
Check for
if n,<ny, =“Section is tension controlled”

“Section is tension controlled”

else

“Section is compression controlled”
e = fIcDeck
@\ 11 ksi

4— (&J
fl
b1 <gCC73co> :=max | 0.65, Eco N cDeck-
62 (%) 50 ksi

€co

+1.6|-107°=0.0021

+1.1 [AASHTO-CFRP Eq. C1.7.2.1-3]
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Guess Values

Constraints

Solver

2
€cc I (&
— |5 o [AASHTO-CFRP Eq. C1.7.2.1-4]
_ \%co 3 \éeo cDeck
* <gcc s 8co> = |~ +1

o <6cc , 8c0> 60 ksi

c:=91in dy:=58.75 in &py=0.02 gec:=0.0025 €c0:=0.002

d,—c
Epe+ PC " Ecc = Epy [AASHTO-CFRP Eq. 1.7.3.1.1-3]

if By <gcc s 8co> -c<hy

o <£cc , aco> f' peck * 1 <acc , 8CO> «by-C

else if hy<p; <8CC , 8CO> -c< <htrf+ hd>

o <8cc ) 8co> ' cDeck* <bd * Ny + Dy e < 1 <8cc ) 8co> C— hd))

else

o <8cc ) 8co> ' cDeck* <bd * g+ bys e Nyp + (bttf+ (httf_ (ﬁl <€cc ) 800) «C— <htrf+ hd>>> + bw) . ( 1 <acc ) 800) «C— <htrf'*

c 0.6897 ft
:=find (¢ =
|:gcc:| ind (¢, cc) [0.0011 ]

£.=0.0011
fl
ﬁlzzmax 0.65, feo -(—( cDeck- +1.1 =0.69
Ecc 50 ksi
6—2.[—
€co
(&)_l.(i)z
o= €co 3 e o f cDeck 11]=0.54
. B, 60 ksi
c=R8.28in
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C
dy—2in—c
g 1= +&..=0.0062
C
dy—4in—c
&= - £ =0.0059

Ti:=Npy; Apf - E;- <8f+8pe> =769.68 kip

Tr1:= Ny Apse Ege (11 +pe) =631.06 kip

sz = nb3 Apf . Ef . <8f2 + E,‘pe) = 0 klp

Co:=||if py-c<hy

else

Mp:=Tr (dp =€) + Trr» (A1 =€) + o+ (dpp =€) +Co»

M, = (6.39-10%) ft-kip

$#:=0.75

¢+M,=(4.79-10%) ft-kip

H al'fcheck‘ﬂl' bd °C

[for CFRP prestressed beams ]

8f3 =

&4 3=

dp—6 in—c¢
«£,.=0.0057

dp—8 in—c¢
< £, =0.0054

Tf3 = nb4 Apf . Ef . <8f3 + E,‘pe) = 0 klp

Tog:=Nys Apse Eg+ (14 + ) =0 kip

=(1.32.10%) kip

H o1+ f'epeck* (bd « g+ Dby (ﬂl «C— hd>>

Br-c

Cc—

M, = (4.58-10%) ft-kip
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Minimum Reinforcement

There is a on-going NCHRP project 12-94 for revising the minimum reinforcement provisions
for prestressed beams. Therefore, the outcome of the NCHRP 12-94 may also influence the
requirements for CFRP prestressed beams.

At any section of a flexural component, the amount of prestressed and nonprestressed tensile
reinforcement shall be adequate to develop a factored flexural resistance, Mr, at least equal to the
lesser of:

% 1.33 times the factored moment required by the applicable strength load
combinations

and

o\

S
o Me, =73 (yl-fr+y2-fcpe>-SC—MdnC-(S—C—1)) [AASHTO-CFRP 1.7.3.3.1-1]

nc

Where, y;= 1.6 flexural cracking variability factor
y,=1.1 prestress variability factor
y3=1.0 prestressed concrete structures

y1:=1.6 yoi=1.1 73:=1.0
Pe Pe-e [+
fopei=—+——"=2.73 ksi f:=0.20+4/—= ksi=0.6 ksi
Ay Sgoot ksi

Mane = Mg+ My = (1.45-10°) ft-kip

Using the variables defined in this design example, S; =Sy, and Sy = Sy

S .
Mg :=7y3- ((Vl fr 2 'fcpe> * Scbot — Mne * ( chot _ 1)) = (4-53 ° 103> ft-kip
gbot

9OVmoment = if Mg <1.33-M,, =(4.53-10°) (ft-kip)

if gOVimoment <@+ M, =“Minimum reinf. requirement OK”

H “Minimum reinf. requirement OK”
else

“Minimum reinf. requirement NOT OK”
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Shear Design
Transverse shear reinforcement will be provided where [AASHTO Eq. 5.7.2.3-1]

Vy>0.5 ¢+ (Ve+V,)

Where,

V,=factored shear force (kip)

V.=nominal shear resistance provided by tensile stresses in the concrete (kip)
V,=component of prestressing in the direction of shear force (kip)

#=0.90=resistance factor for shear [AASHTO Art. 5.5.4.2]

Critical Section for Shear [AASHTO Art. 5.7.3.2]
The location of the critical section for shear shall be taken as d, from the internal face of the
support.

Where, d,= effective shear depth taken as the distance, measured perpendicular to the
neutral axis, between the resultant of the tensile and compressive force due to
flexure. It need not to be taken less than the greater of 0.9d, or 0.72h (in).
~d, _a [AASHTO Art. 5.7.2.8]

Where,

a = depth of compression block

h = overall depth of composite section

d.= Effective depth from the extreme compression fiber to the centroid of the tensile

force in the tensile reinforcement (For harped and draped configuration, this values
varies along the length). For CFRP prestressed beams, this value can be taken as the
centroid of prestressing CFRP at that location (substituting f,; by f,, and A;@34#in

AASHTO Eq. 5.8.2.9-2)
Ypse :=Xpe=3.75 In

de:=hg+hy—Ype=57.75 in a:=f+c=5.67in
Effective Shear Depth d,:= de—%: 5491 in
0.9+d,=51.98 in 0.72+ (hg+hg) =44.28 in

dy:=max (0.9+d,,0.72+ (hy+hg)) =51.98 in

d, :=max (dl , dv> =5491 in
The bearing width is yet to be determined. It is conservatively assumed zero and the critical
section for shear is locatied at the distance of

X
X.:=d,=54.91 in ¢ _=0.05

design
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(0.049L) from the centerline of the bearing, where L is the design span length.

The value of d, is calculated at the girder end, which can be refined based on the critical
section location. However, it is conservative not to refine the value of d, based on the critical
section 0.049L. The value, if refined, will have a small difference (PCI 2017).

Shear Stress

Shear stress in the concrete (V) is given as:
- V,— qSV£

¢+b,-d,
Where,

u

[AASHTO Eq. 5.7.2.8-1]

S = A factor indicating the ability of diagonally cracked concrete to transmit tension
¢ = resistance factor for shear

$:=0.9
b, = effective web width (in)
b,:=b,=8in
d,=54.91 in

V,=factored shear force at specified section at Strength Limit I state

Using the equation to calculate shear force due to the design truck X:=X.=54.91 in

Viruckt (X) =Py <Ld65ign _ X> +Pye <Ld€5ign —x—14 ft) +Pge <Ldesign —X—28 ft>

design design design

(X_ 14 ﬂ) +P,- <Ldesign_x> +P,e <Ldesign_x_ 14 ft>

design design design

(y).— —
Vtruck2 \X) = Pl °

Viruekt (X) =60.87 kip
Viruckz (X) =40.07 kip
V:=max <Vtruck1 (X) s Virucka (X)> =60.87 kip

Distributed bending shear due to truck load including dynamic load allowance (V| 1) is calculated as

follows:
V1 = (Moment per lane due to truck load)(DFS)(1+IM/100)
IM:=33

DS.Interior =0.6

IM .
Vi1:=V.D iore | 1 +——|=48.58 ki
LT S.Interior ( 100) p
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The maximum shear force (V| ) due to a uniformly distributed lane load of 0.64 klf are calculated
using the following formulas given by the PCI Design Manual (PCI 2017).

2
ip  (Ldesign—X
Maximum bending moment, V, = 0.64 Kip M
ft 2 I-design
where:

X = Distance from centerline of bearing to section at which the shear force is calculated, ft.
L = Design span length

2

ip  (Lgesign— X
V, :=0.64 kip <‘;‘ESE+>:25.95 kip

VL= Ds interior * VL =15.57 kip

design

Vis 1= Wy * (0.5  Lesign — X) =6.06 kip
Vyi= 125 (Vg4 Vet V) + 1.5+ Vg + 175+ (V7 + V) = 199.07 kip

V,, = Component of the effective prestressing force in the direction of the applied shear, kips
= (force per strand)(number of harped strands) (sin (%))

Vp:=0 kip

Therefore,

._ Vu_¢'v

u*

=4 7 P_05 ksi
¢'bv'dv

Contribution of Concrete to Nominal Shear Resistance [AASHTO Art. 5.7.3.3]

The contribution of the concrete to the nominal shear resistance is given as:
[AASHTO Egq. 5.7.3.3-3]

Ve =0.0316 B+\/Fegirger 0y = dy

where:

S = A factor indicating the ability of diagonally cracked concrete to transmit tension
f'.irder = Compressive strength of concrete at service

b, = Effective web width taken as the minimum web width within the depth d,,
d,= Effective shear depth
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Strain in Flexural Tension Reinforcement
The 8 and f values are determined based on the strain in the flexural tension reinforcement.
The strain in the reinforcement, &, is determined assuming that the section contains at least
the minimum transverse reinforcement as specified in AASHTO-CFRP Eq. 1.8.3.2-1

MU

- T05-Ny+05- (Vu=V,) —Age oo

v
&g =

Ep ° Apf
M, =Applied factored bending moment at specified section.
Mygy 3= Wy * X+ (0.5 + Lyegign—X) =27.75 ft-kip
M:=max <Mtruck1 () s Miryeie (X)> =278.56 ft-kip
kip .

M :=0.5.0.64 ?-(x) (Lgesign—X) = 125.09 ft-kip
MLy = Dm.interior * ML=70.64 ft-kip

IM .
MLTV:: DM.Interior ] 1 +— . M :20922 ft . klp

100
My :=1.25 (Mg, + Mg, +Mp,) +1.50 « My, + 1.75 « (M1, + My ) =892.46 ft-kip
M, :=max (M, V,+d,) =910.96 ft-kip

N, =Applied factored normal force at the specified section, 0.049L = 0 kips
N,:=0

foo = Parameter taken as modulus of elasticity of prestressing tendons multiplied by the

locked-in difference in strain between the prestressing tendons and the surrounding concrete
(ksi). For pretensioned members, AASHTO Art. C5.7.3.4.2 indicates that f,, can be taken as

the stress in strands when the concrete is cast around them, which is jacking stress fy;, or f,,.
oo =Ty =249.43 ksi Ay:=0 in E=(225-107) psi  Ay=0.18 in’

M .
d—”+0.5 kip « Ny + (Vi — V) — (Mg = Npar) = Apt= Fio

Epi=— =—6.17-107°
Er+ (Np—Npar) * Apr
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Since this value is negative, ¢; should be recalculated using AASHTO Eq. 5.7.3.4.2-4
replacing the denominator by <EC e A+ Eg A+ E;e Apft)

A = Area of the concrete on the flexural tension
side below h/2 6'

hy +hy _
Agi=|-2 — Nt — Net |+ By + N » Bigg + Ny« B =399 in?

b4" T 155; """""
h!’2=27"( (, /

M :
d—”+0.5 kip « Ny + (V= V) — (Mg —Npr) = Apt= Fio

i =-222.107""
f (Ec+ Aq+Er+ (Ny—Npgg) * Ay

gr=max (g1, —0.40-107) =—2.22.10"*

Therefore, f, factor indicating the ability of diagonally cracked concrete to transmit tension and
shear can be calculated as:

4.8

p= 14750+

=5.76 [AASHTO Eq. 5.7.3.4.2-1]

And, 6, angle of inclination of diagonal compressive stress can be calculated as:

0:=2943500.5=28.22 [AASHTO Eq. 5.7.3.4.2-3]

6:=28.2 deg
Computation of Concrete Contribution

The contribution of the concrete to the nominal shear resistance is given as:

fl
V,:=0.0316 /M/k_? -b, - d, - ksi=239.76 kip
Sl
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Contribution of Reinforcement to Nominal Shear Resistance

. (Ve+Vy) : :

if Vi<gpo——+~ = “Transverse shear reinforcement provided”
“Transverse reinforcement not provided” [AASHTO Eg. 5.7.2.3-1]

else

“Transverse shear reinforcement provided”

Required Area of Shear Reinforcement
v

The required area of transverse shear reinforcement is: f'u =0.06

v, i

—<V, V=V +Vp+ Vs

Where,

V,=Shear force carried by transverse reinforcement
Vu - .« . .

Vgi=——V,—V,=—18.58 kip [Minimum Shear Reinforcement shall be
¢ provided]

Determine Spacing of Reinforcement [AASHTO Art. 5.7.2.6]

Check for maximum spacing of transverse reinforcement

check if v;<0.125 f';
or v, >0.125 f';

Smax = || if v, <0.125 f'; =24 in
Hmin(O.S-dv,24 in)
else
| min (0.4-4,,12 in)
Use s:=22in
if S <Spax = “transverse reinforcement spacing OK”

“transverse reinforcement spacing OK”

else
“transverse reinforcement spacing NOT OK”
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Minimum Reinforcement Requirement [AASHTO Eq. 5.7.2.5-1]

The area of transverse reinforcement should not be less than:

/f' b, -
0.0316+4/—% .~ >
ksi f,

[ f. byes
Aymin:=0.0316- —C " ksi=0.28 in?
ksi fy

Use #4 bar double-legged stirrups at 12 in. c/c,

Avprov=2+(0.20 in*) =0.4 in

Vi Avpmv . fy «d,+cot (9)

=111.72 kip Viprov:=Ve
S

it Ayprov>Avmin = “Minimum shear reinforcement criteria met”

” “Minimum shear reinforcement criteria met”
else

“Minimum shear reinforcement criteria not met”

Therefore, #4 stirrups with 2 legs shall be provided at 22 in spacing

Maximum Nominal Shear Resistance

In order to ensure that the concrete in the web of the girder will not crush prior to yielding of
the transverse reinforcement, the AASHTO Specifications give an upper limit for V,, as

follows:
V,=0.25-f.b,d,+ Vp [AASHTO Eq. 5.7.3.3-2]

Comparing the above equation with AASHTO Eq. 5.7.3.3-1
Ve+V<0.25-f.+b,-d,=1
V.+V,=351.49 kip
0.25.f".+b,-d,=988.44 kip
This is a sample calculation for determining the transverse reinforcement requirement at the critical

section. This procedure can be followed to find the transverse reinforcement requirement at
increments along the length of the girder.
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Interface Shear Transfer [AASHTO Art. 5.7.4]

Factored Interface Shear

To calculate the factored interface shear between the girder and slab, the procedure in the
commentary of AASHTO Art. 5.7.4.5 will be used. This procedure calculates the factored
interface shear force per unit length.

At the Strength I Limit State, the factored interface shear force, Vy,;, at a section on a per unit

basis is:
Vi
Vyi= = [AASHTO Eq. C5.7.4.5-7]
Vv
where: V; = factored shear force at specified section due to total load (noncomposite

and composite loads)
The AASHTO Specifications does not identify the location of the critical section. For
convenience, it will be assumed here to be the same location as the critical section for
vertical shear, at point 0.049L.

V,=199.07 kip

V,:=V,=199.07 kip

V -
Vyjim L =363 XIP
d, in

Required Nominal Interface Shear Resistance

The required nominal interface shear resistance (per unit length) is:
V..

V= 7” [AASHTO Eq. 5.7.4.3-1]
where: V,; >V [AASHTO Egq. 5.7.4.3-2]
where, V= Vi =3.63 K2

in
Vui
Therefore, V,j=—
V . -
V=t 4,03 KIP
¢ in

Required Interface Shear Reinforcement

The nominal shear resistance of the interface surface (per unit length) is:
Vi = ¢ Ay + u(Ay f, +Po) [AASHTO Eq. 5.7.4.3-3]
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where:
¢, = Cohesion factor [AASHTO Art. 5.7.4.4]

1 = Friction factor [AASHTO Art. 5.7.4.4]
A., = Area of concrete engaged in shear transfer, in.2

A = Area of shear reinforcement crossing the shear plane, in.2
P. = Permanent net compressive force normal to the shear plane, kips
f, = Shear reinforcement yield strength, ksi

For concrete normal-weight concrete placed against a clean concrete surface, free of laitance,
with surface intentionally roughened to an amplitude of 0.25 in: [AASHTO Art. 5.7.4.4]

€1:=0.28 ksi
Hi= 1
The actual contact width, bv, between the slab and the girder is 20 in.
in’
ACV = btrf:240 f—t dv:54.91 in
P.:=0 kip

The AASHTO Eq. 5.7.4.3-3 can be solved for Aj; as follows:

neP
Vni_cl'Acv_TC in2
A= =—-031 —
wef, ft
. . . Avprov in2
The provided vertical shear reinforcement ——=0.22 e
S t
A
Since, P > Ay,

The provided reinforcement for vertical shear is sufficient to resist interface shear.

A in’
Avtorov = _VZ“)_V —022 0

Minimum Interface Shear Reinforcement

The cross-sectional area of the interface shear reinforcement, Ay, croossing the interface are,
Ay, shall satisty

. 0.05-A,
Minimum Aj>——

g [AASHTO Eq. 5.7.4.2-1]

0.05-A in?
e g N
, it

ksi

A=
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The minimum interface shear reinforcement, A, need not exceed the lesser of the amount
. . : Vi . .
determined using Eq. 5.7.4.2-1 and the amount needed to resist 1.33 —— as determined using

Eq. 5.7.4.3-1.

Vii weP
133 2L ¢ .A, -5 .
In n

A= ¢ —_0.05 "
ety ft

Therefore, minimum amount of shear reinforcement

=2
: in
Avtmin :=min (A , App) = —0.05 —

it Avprov > Avimin =“Minm. Interface shear reinforcement OK”
H “Minm. Interface shear reinforcement OK”
else

“Minm. Interfaceshear reinforcement NOT OK”

Maximum Nominal Shear Resistance

Viiprou = C1 * Agy + 1+ A+ f, = 48.33 k'?p [AASHTO Eq. 5.7.4.3-3]

The nominal shear resistance, V,,;, used in the design shall not be greater than the lesser of

Vii<kgef Ay [AASHTO Eq. 5.7.4.3-4]

Vi <kj A, [AASHTO Eq. 5.7.4.3-5]
Where: For a cast-in-place concrete slab on clean concrete girder surfaces, free of laitance with
surface roughened to an amplitude of 0.25 in.

ki:=0.30  Kky:=1.8 ksi
(] 1 H
Kyef'oe Ay, =648 —-<Kkip
ft
ky+ A, =432 - +kip
ft
Vniprov <kpefeeAy=1 [1=0K]

Vniprov < k2 Ay =1 [1=0K]
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Minimum I.ongitudinal Reinforcement Requirement [AASHTO CFRP Art. 1.8.3.3]

Longitudinal reinforcement should be proportioned so that at each section the following
equation is satisfied:

" M Ny, (V
YA > ———+0.5—+|——0.5-V,—V,| cot(6)
x=1 dy -« 6 n v

[AASHTO-CFRP Eq. 1.8.3.3-1]

where:n+Ay = area of prestressing steel on the flexural tension side of the member at
section under consideration (in )

fou = average stress in prestressing steel at the time for which the nominal
resistance is required (ksi) conservatively taken as effective prestress
M, = factored bending moment at the section corresponding to the factored
shear force (kip-ft)
V, = factored shear force at section under consideration (kip)
Vp, = component of the effective prestressing force in direction of the
applied shear (kip) =0
V, = shear resistance provided by the transverse reinforcement at the

section under investigation as given by Eq. 5.7.3.3-4, except that Vs shall
not be taken as greater than Vu /o (kip)

¢; = resistance factor for flexure

¢, = resistance factor for axial resistance

¢, = resistance factor for shear

0 = angle of inclination of diagonal compressive stresses used in determining

the nominal shear resistance of the section under investigation as determined by Art.
5.7.3.4 (degrees)
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Required Reinforcement at Face of Bearing

Width of the bearing is assumed to be zero. This assumption is more conservative for these calculations.
Thus, the failure crack assumed for this analysis radiates from the centerline of the bearing, 6 in. from

the end of the beam.
As 6 1in. is very close to the end of the beam, shear and moment values at the end of the beam are used

X:=0 ft

Viruekt (X) =64.53 kip

Viruckz (X) =43.73 kip

V:=max <Vtruck1 (%) s Virucke (X)> =64.53 kip

Vi1:=V + Dg interior * (1

V, :=0.64

Y

2

ki_p (Ldesign - X>
2L

design

+—-|=51.5 kip
100

=28.8 kip

VL= Ds interior * VL =17.28 kip
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excel  :=3.28084 (Leesign) excel  :=0.5-328084 (Leesign)
. exceI“Bl” :=0.0000685217 (Wg>
3 excel | :=0.0000685217 (Wg+Wwp)
= exceI“Bz” :=0.0000685217 (Wb>
.wg 0.822 0.61042 90.000 L
Wsgp 0.109
‘ Dead Load
) Section ) ) ) ) )
Distance (x/L) Girder Weight Slab W eight Barrier weight | Total D,
(x) Shear |Moment| Shear | Moment | Shear |Moment| Shear
ft. k k-ft k k-ft k k-ft k
0 0.000 | 36.990 0.00 27.469 0.00 4.890 0.00 69.35
4.58 0.051 | 33.225 | 160.79 | 24.673 119.40 4.392 21.26 62.29
10.858 | 0.121 | 28.065 | 353.18 | 20.841 262.27 3.710 46.69 52.62
21.717 | 0.241 | 19.139 | 609.47 | 14.212 452.59 2.530 80.57 35.88
32.575 | 0.362 | 10.213 | 768.82 7.584 570.93 1.350 ] 101.64 19.15
43.433 0.483 1.288 | 831.26 0.957 617.30 0.170 | 109.89 2.41
45.000 | 0.500 | 0.000 | 832.27 0.000 618.05 0.000 | 110.02 0.00
. V= exceI“CT’ -kip V= exceI“ET, kip  Vyi= exceI“GT, «kip
5
g Mg, := exceI“Dg” ftekip M= exceI“Fg” - ft-kip My, = exceI“Gg” -ft-kip



Vis 1= Wy * (0.5  Lesign — X) =6.75 kip
Vyi=1.25 (Vg+Vo+ V) + 1.5+ Vi +1.75+ (Vip+ V) =217.17 kip
V,=27.47 kip

Vyi=1.25 (Vg+Vo+ V) + 1.5+ Vi +1.75+ (Vip+ V) =217.17 kip

M,:=0 Ny:=0 Therefore,

v

V,
(_“—o.s-vs—vp) cot(6) =345.84 kip
The crack plane crosses the centroid of the 18 straight strands at a distance of

Xe:=6+3.659cot(0) =12.82
in. from the girder end. Because the transfer length is 30 in., the available prestress from 18
straight strands is a fraction of the effective prestress, fy, in these strands. Since the crack plane

is assumed to radiate from the center line of the bearing (i.e., 6 in from the end of the beam, the
moment and axial force can be taken as 0.

Xc+in )
np.Apf-fpe-w—m:357.75 kip [AASHTO Art. 5.7.3.5]
Xcein [V,
np-Apf.fpe-24 > ¢_—o.5-vs—vp cot(¢)  [AASHTO-CFRP Eq. 1.8.3.3-1]
\

Therefore, no additional longitudinal reinforcement is required

Pretensioned Anchorage Zone [AASHTO Art. 5.9.4.4]

Splitting Reinforcement [AASHTO Art. 5.9.4.4-1]

Design of the anchorage zone splitting reinforcement is computed using the force in the strands
just prior to transfer:

Force in the strands before
transfer

Pi:=ny« Ay ,i=987.76 kip [AASHTO Eq. 5.9.4.4-1]
The splitting resistance, P, , should not be less than 4% of P;

P, =f,+A;>0.04-P, 0.04-P,=39.51 kip
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where: A; =  total area of reinforcement located within the distance h/4 from the end of the

beam (in?) For pretensioned I-beams and bulb tees, As shall be taken as the
total area of the vertical reinforcement located within a distance h/4 from the
end of the member, where h is the overall height of the member (in)

fg = stress in the steel not to exceed 20 ksi
fs:=20 ksi

Pi .
A:=0.04-—' =198 in

S

At least 1.98 in? of vertical transverse reinforcement should be provided within a distance of
h/4 from the end of beam.

hy+h .

—~ 91538 in

The area of a #4 stirrup with 2 legs is: A,:=2:0.2in* =0.4 in’
. : A,

The required number of stirrups round [—,0|+1=6

is v

The required spacing for 6 stirrups over a distance of 15.4 in. starting 2 in. from the end of the

beam is:
(15.4—2)

(6-1)

Use (6) #4 stirrups with 2 legs at 2.5 in. spacing starting at 2 in. from the end of the

=2.68

beam.
The provided Agproyi=6+2+0.2 in> =2.4 in?
Asprov >A=1 [1=OK]
Confinement Reinforcement [AASHTO Art. 5.9.4.4.2]

For the distance of 1.5d = 1.5(72) = 108.0 in. from the end of the beam, reinforcement shall be
placed to confine the prestressing steel in the bottom flange. The reinforcement shall not be less
than #3 deformed bars, with spacing not exceeding 6.0 in. and shaped to enclose the strands.

Deflection and Camber [Upward deflection is negative]

Deflection Due to Prestressing Force at Transfer Nyg:=4
For fully bonded strands
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Py = (Np—"Nyg) -p=777.61 kip

_Ptl <€ (Ldesign> 2
8 M ECi * Ig

=—192in

Apy =
For partially debonded strands

Pip:=npg+p=172.8 kip
2

_Ptz <€ (Ldesign =2 dl)
8 . ECi . Ig

=—0.19 in

Aptz =

Deflection Due to Beam Self-Weight

= 5 'Wg ¢ (I-girder>4
384Eg- 1,

9

Deflection due to beam self-weight at transfer:

L 5o (L)’

o =0.98 in
384-Eg-,

Deflection due to beam self-weight used to compute deflection at erection:

25+ Ws (Leesign)*

= =0.98 in
¥ 384.Ey-ly

Deflection Due to Slab and Haunch Weights

— 5.wye <|-design>4
TV

=0.62 in

Deflection Due to Rail/Barrier and Future Wearing Surface (Overlay)

5. (Wb +st> ¢ <|-design>4

Apsi= =0.12 in
e 384+ Eg+ loomp
Ca=% (td , ti> =0.96 [From previous calculation of the creep of concrete]
Camber at transfer A=Ay +App + A =—1.14 in
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Total deflection before deck placement

Agr 3= (dpa +dpp+4g) (1+C5)=-2.22'in

Total deflection after deck placement
A= (Ao + Ao+ 4g) (14C,) +4g9=—1.6 in
Total deflection on composite section
A= (A + App+ Agr) (14 Cq) +Agg+ Apys=—1.48 in

The deflection criteria in S2.5.2.6.2 (live load deflection check) is considered optional. The bridge
owner may select to invoke this criteria if desired.

Deflection Due to Live Load and Impact

Live load deflection limit (optional) = Span / 800 [AASHTO Art. 2.5.2.6.2]

| I
800

If the owner invokes the optional live load deflection criteria specified in AASHTO Article
2.5.2.6.2, the deflection is the greater of:

% That resulting from the design truck alone, orfAASHTO Art. 3.6.1.3.2]
% That resulting from 25% of the design truck taken together with the design lane load.

Therefore, the distribution factor for deflection, DFD, is calculated as follows:

4

DFD:= =0.67

beams

However, it is more conservative to use the distribution factor for moment

Deflection due to Lane Load: ki ki
Design lane load, W :=0.64- thp -DFD=0.43 thp

_ 5ewp . <|-design>4
384Ec+lcomp

LL*® =0.19 in
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Deflection due to Design Truck Load and Impact:

To obtain maximum moment and deflection at midspan due to the truck load, set the spacing
between the rear axles to 14 ft, and let the centerline of the beam coincide with the middle
point of the distance between the inner 32-kip axle and the resultant of the truck load, as

shown in figure below

Resultant of axial loads
72 kips

132 kips 8 Kkips
|
|
|

Lo

I\Iidspan—hi
13333 - 1187 jzpf 14" — .
37.8 kips 233" 75 a3 34 .1 Kkips
# 90’ g

The deflection at point x due to a point load at point a is given by the following

equations:
-_ Peb-x (L2 —p% —x?) for x<a
6+EcelcompeL
. 3 2
A:P—b (x—a) .L+(|_2_b> X=X’ for x>a
6+EcelcompeL b
where: P = point load
L = spanlength
X = location at which deflection is to
determined
b= L-a
E. = modulus of elasticity of precast beam at service loads
lcomp =  gross moment of inertia of the composite section

E.=(5.45-10%) ksi
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excel  :=3.28084 (Luesign) excel = (leomp) - (39.3701*)
£ . -7
2 exceI“Bl” :=1.45038-10" E,
E. 5448.345| Lgesen 90
Leomyp 597437.2
Axle load a b X A
Plaps) | (ft) () () in.
32 33.33 56.6 45 0.2300763
32 47.33 1267 45 0.2569467
8 61.33 28.67 45 0.0502184
op:=excel  «in dp:=excel  «in oz:=excel _-«in
" “E5” “E6” “E7”
5
=
o

The total deflection =
ALT = 51 + 52 + 53 = 054 in

Including impact and the distribution factor, the deflection at midspan due to the design
truck load is:

IM .
A 1:=4,7+D ior*|1+——|=0.4 In
LT LT M.Interior ( 100)

Therefore, the live load deflection is the greater of:

AL:: lf ALT>025 .ALT +ALL :04 in

| 40r
else

H 0.25+ A1+ 4y,

if A4,>4, =“Deflection Limit Satisfied”

“Deflection Limit Satisfied”
else
“Deflection Limit Not Satisfied”
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Example B-3: Design of a Decked AASHTO pretensioned girder with harped CFRP cables

The bridge considered for this design example has a span length of 90 ft. (center-to-center (c/c) pier
distance), a total width of 36 ft., and total roadway width of 34 ft. The bridge superstructure consists of
six AASHTO Type IV girders spaced 6 ft. center-to-center, designed to act compositely with an 8 in.
thick cast-in-place (CIP) concrete deck. The wearing surface thickness is 2.0 in., which includes the
thickness of any future wearing surface. T501 type rails are considered in the design. HL-93 is the
design live load. A relative humidity (RH) of 60 percent is considered in the design. The design is
performed for an interior girder based on service and strength limit states according to AASHTO-LRFD
(2017) and AASHTO Guide Specifications (2018). They are referred in the following example as
AASHTO and AASHTO-CFRP respectively.
Total Bridge Width
36

Total Roadway Width

R Future Wearing Suface \ 34 4

L3 6 6 6" 6 6" L5
n be -
i
iwm
8"-Deck
AAS..H.T.O T&pe-IV
Overall beam Length Lepan:=91 ft
Design Span L gesign == 90 ft
Girder spacing Ospacing := 6 ft
Number of beams Npeams =6
Total roadway width Wroadway *= 36 ft
Cast in Place Deck:

Structural thickness, (effective) hg:=7.5In
Actual thickness, (for dead load calculation) t;:=8in
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Concrete strength at 28 days, f' .Deck :=6.00 ksi

Thickness of asphalt-wearing surface (including any

future wearing surface) hys:=2 in
Unit weight of concrete =150 pcf
Haunch thickness hy:=0.5 in

Precast Girders: AASHTO Type IV

Concrete strength at release, f';i:=16.00 ksi
Concrete strength at 28 days, f'.:=9.00 ksi
Unit weight of concrete ye:= 150 pcf

Prestressing CFRP

Diameter of one prestressing CFRP cable dy,:=0.6 in
Area of one prestressing CFRP cable Ap:=0.18 in’
Design tensile stress fous= m: 356.33 ksi
pf

Modulus of elasticity (AASHTO-CFRP Art. 1.4.1.3) E;:=22500 ksi

: , . fou
Design tensile strain Epui= £ =0.02

f

Stress limitation for prestressing CFRP

(AASHTO-CFRP Art. 1.9.1)

Before transfer foi:=0.70 - f, =249.43 ksi

At service, after all losses foe:=0.65 -y, =231.62 ksi
Nonprestressed Reinforcement:

Yield strength y =60 ksi

Modulus of elasticity (AASHTO Art. 5.4.3.2) E:=29000 ksi
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Unit weight of concrete Yaws == 150 pcf
T501 type barrier weight/side Yow := 326 plf

Section Properties of AASHTO Type IV Girder:

= 20" =
‘ 8"
6" ——-—I[ - _1
f 6" )
., 23"
9
.. .t
9" *
IS o 8"
- -1
26"

Cross-section area of girder Ag:=789 in’
Moment of inertia of about the centroid of the noncomposite l4:=260730 in
precast girder
Weight of the girder Wq:=0.822 k]:—tp
Height of girder hy:=54-in
Width of bottom rectangular flange Dprr:=26«1n
Height of bottom rectangular flange hpf:=8+in
Width of bottom tapered flange D=9+ In
Height of bottom tapered flange hp:=9+1In
Width of web by :=8-in
Height of web hy:=23-in
Width of top rectangular flange Dys:=20-in
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Height of top rectangular flange

Width of top tapered flange

Height of top tapered flange

Distance from centroid to the extreme bottom fiber of
the non-composite precast girder

Distance from centroid to the extreme top fiber of the
non-composite precast girder

Section modulus referenced to the extreme bottom fiber of
the non-composite precast girder

Section modulus referenced to the extreme top fiber of the
non-composite precast girder

Effective flange width (AASHTO Art. 4.6.2.6.1)

be:= Ospacing = 72 in

Material Properties for Girder and Deck Concrete:

htrf::8 . in
bttf::6' In
httf::6' in

Yoot :=24.73 in

Ygtop = hg —Ygbot = 29.27 in

|
Sghoti=—2—=(1.05+10*) in’
ygbot

|
Sgiopi=—2—=(8.91+10°) in’
ygtop

Average spacing of adjacent girders

20 [ g \033
f
Modulus of elasticity of concrete (AASHTO Art. 5.4.2.4) E <f'c> =12 (k) (—C) . psi

At release

At 28 days (Girder) E.:=

At 28 days (Deck)

Modulus of rupture of concrete (AASHTO Art 5.4.2.6)
At release

At 28 days (Girder)

At 28 days (Deck)
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pcf psi

Eq:=E (Fy) = (4.77-10°) ksi
E(f) =(5.45-10%) ksi

Ecpeck:=E <f'cDeck> = <4~77 -10° > ksi

fror (') :=0.24 - \[ I:_SCI <ksi

fri:="For (Fei) =0.59 ksi
o=t (Fo) =0.72 ki

frDe(:k = fmr <fICDeck> =0.59 ksi



EcDeck —0.87

Ny := [Modular ratio for transformed section]

C

Section properties composite deck:

Height of deck hg:=7.5+in
Transformed width of deck by:=ny+b,=62.98 in
Cross-section area of deck Ag:=hy-by=472.37 in’

. . . . bd ° hd3 3\ .. 4
Moment of inertia of deck about it centriod ly:= - = <2.21 10 > in
Weight of the deck Wy i= <be . t5> +9.=0.6 k]:—tp

Due to camber of the precast, prestressed beam, a minimum haunch thickness of 1/2 in. at midspan is
considered in the structural properties of the composite section. Also, the width of haunch must be
transformed.

Height of haunch hp:=0.5 in
Width of haunch bp:=Dby =20 in
Transformed width of haunch bp:=nyebpy=17.5In
Area of haunch Ay :=hy by, =8.75 in’
. . . . bth ° hh3 .4
Moment of inertia of haunch about it centriod = =0.18 in
. kip
Weight of the haunch W, := <bh . hh> +9.=0.0104 Tt
Total height of composite beam h:=hg+hy+h,=62 in
Total area of composite beam Aci=Agt+Ag+A= <1 27-10° > in’
Total weight of the composite W 3= Wg + Wq + W, = 1.43 Kip
beam ft
hq h,
Ag'ygbot+Ad' hc_7 +Ah' hg+_
Neutral axis location from bottom Yebot = =374 1in
for composite beam Ag+Aq+A,
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Neutral axis location from top for Yetop *= <hc> —Yepot =24.6 in
composite beam

Moment of inertia of composite beam

leomp= g+ lg+ lp+ A+ (ycbot—ygbot)2 +Ay ymp—jd +Ap+ [ Vetop— o —%) =(5.97-10%) in*

Shear Force and Bending Moment due to Dead Loads

Dead Loads:

Dead loads acting on the non-composite structure:

Self-weight of the girder wy:=0.822 I(]:_tp

Weight of cast-in-place deck on each interior girder wy=0.6 %

Weight of haunch on each interior girder w,=0.01 kl_p

Total dead load on non-composite section Wi i=Wg + Wy + W, = 1.43 $

Superimposed Dead loads:

Dead and live load on the deck must be distributed to the precast, prestressed beams. AASHTO
provides factors for the distribution of live load into the beams. The same factors can be used for the
dead loads if the following criteria is met [AASHTO Art. 4.6.2.2.1]:

% Width of deck is constant [OK]
% Number of beams is not less than four,

if Npporg <4 | =“OK”
|“NoT oK~

else

“OK”

% Beams are parallel and have approximately the same stiffness
% The overhang minus the barrier width does not exceed 3.0 feet

D, =0Overhang—17 in
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Overhang:=3 ft

En p1 p2
. . 15 2' 6.00'
D:=0Overhang—17 in=19 in
So0! ¥ y

if Dg>3 ft =“OK ’ "_—?*_ —j

“NOT OK” 4'-6.00"
else |/ 71N

“OK” L 3. _L 6' ]

Overhang Girder Spacing

% Curvature in plan is less than the limit specified in Article 4.6.1.2.4 [OK]

% Cross section of the bridge is consistent with one of the cross sections given in
AASHTO Table 4.6.2.2.1-1 Precast concrete I sections are specified as Type k [OK]

Because all of the above criteria are satisfied, the barrier and wearing surface loads are equally
distributed among the six girders.

Weight of T501 rails or barriers on each girder

wye=2. | 7o) .11 KIP
6 ft

Weight of 2.0 in. wearing surface

ki
Wis1 = Vaws * <hws> =0.03 ft_zp
This load is applied over the entire clear roadway width. Weight of wearing surface on each
girder
W1 * W, i
wsl * YWroadway —0.15 m

ft

Wiys :=

Total superimposed dead load, .
Wqp = Wy + Wy = 0.26 %

Calculate modular ratio between girder and deck (AASHTO Eq. 4.6.2.2.1-2)
E

n:= ¢ =1.14
EcDeck

Calculate e, the distance between the center of gravity of the non-composite beam and the deck.
Ignore the thickness of the haunch in determining ;. It is also possible to ignore the integral wearing
surface, i.e, use hy="7.5 in. However, the difference in the distribution factor will be minimal.

hq .
€y ::ygtop—i-?: 33.02 in
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Calculate K; , the longitudinal stiffness parameter. (AASHTO Eg. 4.6.2.2.1-1)
Kgi=n-(ly+A,-e,”) =(1.28-10°) in*
Moment Distribution Factors

Interior Girder (AASHTO Art. 4.6.2.2.2 b)

Distribution factor for moment when one design lane is loaded

S \%4 (g\03 K 0.1
Dw.interior = 0.06 + (—) . (_) . 793
14) \L) {12-L-t

Using variables defined in this example

0.4 0.3 0.1
Yspacing |~ _ .7 Yspacing | _ 44 T P hy=7.5 in
14 ft I-design : hd3

design

Dm.interior1 := 0.06 +

0.4 03 0.1
i i K
Ospacing ) . (gspacmg ) . g 3 —041
14 ft LdESign I-design -hy
Distribution factor for moment when two design lanes are loaded

S 0.6 S 0.2 K 0.1
Dw.interior = 0.075 + (—) . (—) —93
9.5 L 12 . L o ts

Using variables defined in this example

O 0.6 Geonci 02 K o1
Du.interior2 :=0.075 + ( SpaCmg) . ( spacmg) . ! 3 =0.56
9.5 ft I—design I—design : hd

The greater distribution factor is selected for moment design of the beams.

D.interior := max <DM.Interior1 ) DM.Interior2> =0.56
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Check for range of applicability

Dw.interior = || S < <gspacing >3.5 ft) . <gspacing§ 16 ft) =0.56
ty— (hg>4.5 in) - (hy< 12 in)

L (Lgesign>20 ft) + (Lgesign <240 ft)

Np — <Nbeam324>

Ky ¢ (Kg>10000 in*) - (K, < 7000000 in*)

if (SetseL+Np-Ky)

H DM.Interior
else

“Does not satisfy range of applicability”

Exterior Girder (AASHTO Art. 4.6.2.2.2 d)
De-l-S—Z ft 4 D
5" 2
1|-5 2 6.00
D.+S—38 ft T
py=—e >N | ‘ | ] |
S 800", [ — .
. / |/
D, =Overhang—17 in 400"
71N AN
Overhang:=3 ft i L1 ] (|
] P

. . Overhang Girder Spacing
D.:=0Overhang—17 in=19 in

Si= Ospacing = 6 ft

The distribution factor for one design lane loaded is based on the lever rule, which includes a 0.5
factor for converting the truck load to wheel loads and a 1.2 factor for multiple truck presence.

2.542D,—8ft _ S+D,—2 ft
T2 D78 5 2F ———-05]-12=06

(2 ft+6 ft) <(De+9), S

Dwm exterior1 == if

The distribution factor for two design lane loaded

D exterior = D.interior *

De
0.77 +—
9.1

Using variables defined in this example,

Dwm exterior2 = DM.interior2 *

De
0.77+ =0.53
9.1 ft

D Exterior = Max (DM.Exteriorl ) DM.ExteriorZ) =0.56
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Range of applicability

D exterior := || de (DeZ—l ft> . <De§5.5 ft> =0.56
if (d,)

H DM.Exterior
else

“Does not satisfy range of applicability”

For fatigue limit state

The commentary of article 3.4.1 in the AASHTO LRFD specification states that for fatigue limit
state a single design truck should be used. However, live load distribution factors given in
AASHTO Art 4.6.2.2 take into consideration the multiple presence factor, m. AASHTO Art
3.6.1.1.2 states that the multiple presence factor, m, for one design lane loaded is 1.2. Therefore, the
distribution factor for one design lane loaded with the multiple presence factor removed should be
used.

DM.Interiorl —034

Distribution factor for fatigue limit state DME interior := -

Shear Distribution Factors

Interior Girder [AASHTO Art. 4.6.2.2.3 a]

Distribution factor for shear when one design lane is loaded

S
D or=0364+|—
S.Interior (25)

Using variables defined in this example

gspacing —0.24
25 ft '

D or1:=0.36+
S.Interiorl 25 ft

%ﬂ):06

Distribution factor for shear when two design lanes are loaded

S s \**
D ior=024+—|—|—
S.Interior ( 12) (35 )

Using variables defined in this example

gspacing ) _ ( gspacing )2 —0.55

D ior2:=0.075 4+
S.Interior2 12 fi 35 ft
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The greater distribution factor is selected for moment design of the beams.

Ds interior := Max <DS.Interior1 ) DS.Interior2> =0.6

Check for range of applicability

Ds.interior := || S < (gspacing >3.5 ft> . (gspacing <16 ft> =0.6
ty— (hg>4.5 in) - (hy< 12 in)

L— <Ldesign >20 ft) . <Ldesign <240 ft>

Np < <Nbeams > 4>

Ky (Kg>10000 in*) - (K, < 7000000 in*)

if (SetoeL+Ny-Ky)

H DS.Interior
else

“Does not satisfy range of applicability”

The AASHTO Specifications specify the dynamic load effects as a percentage of the static live load
effects. AASHTO Table 3.6.2.1-1 specifies the dynamic allowance to be taken as 33 percent of the
static load effects for all limit states, except the fatigue limit state, and 15 percent for the fatigue
limit state. The factor to be applied to the static load shall be taken as:

(1 +1M/100)

where:

IM = Dynamic load allowance, applied to truck load or tandem load only
= 33 for all limit states except the fatigue limit state
= 15 for fatigue limit state
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The maximum shear forces and bending moments due to HS 20-44 truck loading for all limit states
is calculated using the influence line approach. The live load moments and shear forces for the
simple span is computed by positioning the axle load of HS-20 truck in following locations

32 kips 32kips  8kips

X
V V /
A\
£ 14t —
F— 28ft ——=
Case |
32 kips  32kips 8 Kkips
X
V V /
A\
£ 14ft —~
— 28ft ———o

Case ll

Case I: HS-20 truck moment and shear
P,:=32 kip P,:=32 kip P3:=8 kip X:=5 ft

. (Ldesign_x_28 ft) .

L gesign — X Lgesign —X— 14 ft
Mtruckl(x)::Pl'h—eagn >'X"‘Pz'< Sl >'X‘i‘Ps

X
design design design
L gesian — X L gesign— X — 14 ft Lgesion — X —28 ft
Vtruckl (X) — Pl . &emgn ) + PZ . < design ) + P3 . < design >
design design design
Case II: HS-20 truck moment and shear
Lgesion — X L gesian — X L gesign— X — 14 ft
Mtruckz (X) — Pl .hemgn ) . (X— 14 ft) + P2 . ( design > X+ P3 . < design ) X
I—design design design
—(x— L gesion — X L gesign —X— 14 ft
Viuses (X) =P, ._(X 14 ft) +P,- < design ) +P, < design >
design design design
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Mirucky (maximize (M, ,X)) = (1.3 10%) ftkip
Mirucke (maximize (M0, X)) = (1.34- 10°) ftkip
Maximum bending moment due to HS 20-44 truck load
M:=(1.344.10°) ftkip

The calculation of shear force is carried out later for the critical shear section.
Distributed bending moment due to truck load including dynamic load allowance (M 1) is calculated

as follows:
M, = (Moment per lane due to truck load)(DFM)(1+1M/100)
IM:=33

DM.Interior: 0.56

MLT::M.DM,mterior-(1+%):(1.01-1o3> ft-kip

The maximum bending moments (M| ) due to a uniformly distributed lane load of 0.64 kif are
calculated using the following formulas given by the PCI Design Manual (PCI 2017).

Maximum bending moment, M, = 0.5(0.64)(X)(L — Xx)

where:

X = Distance from centerline of bearing to section at which
the bending moment or shear force is calculated, ft.

L = Design span length

At the section of maximum truck load maximize <Mtruck2 , X) =47.33 ft
X:=47.33 ft

M, :=0.5+0.64 kaf-(x) (Laesign— X) = 646.26 ft-kip

ML :=Dw.interior * ML =364.96 ft-kip

For fatigue limit state:
Therefore, the bending moment of the fatigue truck load is:
Mf = (bending moment per lane)(DFM)(1 + IM)

Mf = M . DMF.Interior' (1 +1I—(I\)/|0) :61173 ft' klp

Shear forces and bending moments for the girder due to dead loads, superimposed dead loads at every
tenth of the design span, and at critical sections (hold-down point or harp point and critical section for
shear) are provided in this section. The bending moment (M) and shear force (V) due to uniform dead
loads and uniform superimposed dead loads at any section at a distance X from the centerline of
bearing are calculated using the following formulas, where the uniform load is denoted as w.
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M =0.5w x (L —X)
V=w(0.5L —x)
The critical section for shear is located at a distance h./2 from the face of the support. However, as

the support dimensions are not specified in this project, the critical section is measured from the
centerline of bearing. This yields a conservative estimate of the design shear force.

excel  :=3.28084 (Leesign) excel  :=0.5-328084 (Leesign)
" exceI“Bl” :=0.0000685217 (Wg>
3 excel | :=0.0000685217 (Wg+Wwp)
- excel“Bz” :=0.0000685217 (Wb>
W 0.822 0.61042 90.000 L 90.000
Wsn 0.109
Dead Load
. Section| . . . . .
Distance (x/L) Girder Weight Slab Weight Barrier weight | Total Dead Load
(x) Shear |Moment| Shear | Moment | Shear |[Moment| Shear | Moment
ft. k ke-ft k k-1t k le-ft k le-ft
0 0.000 | 36.990 | 0.00 | 27.469 0.00 4.890 | 0.00 69.35 0.00
4.654 | 0.052 | 33.164 | 163.25 | 24.628 | 121.23 | 4384 | 21.58 | 62.18 | 306.06
10.858 | 0.121 | 28.065 | 353.18 | 20.841 | 262.27 | 3.710 | 46.69 | 52.62 | 662.14
21.717 | 0241 | 19.139 | 609.47 | 14212 | 45259 | 2.530 | 80.57 | 35.88 | 1142.64
32,575 | 0362 | 10.213 | 768.82 | 7.584 | 570.93 | 1.350 | 101.64 | 19.15 | 1441.39
43433 | 0483 | 1.288 | 831.26 | 0.957 | 617.30 | 0.170 | 109.89 | 2.41 | 1558.45
45.000 | 0.500 | 0.000 | 832.27 | 0.000 | 618.05 | 0.000 | 110.02 | 0.00 | 1560.35
3 V= excel“cg” -kip V= exceI“Egﬂ kip  Vy= exceI“Gg” «kip
>
§ Mg :=excel  -ft-kip ~Mg:=excel _-ft-kip My, =excel _«ft-kip

The AASHTO design live load is designated as HL-93, which consists of a combination of:
% Design truck with dynamic allowance or design tandem with dynamic allowance,

whichever produces greater moments and shears, and
% Design lane load without dynamic allowance. [AASHTO Art. 3.6.1.2]

The design truck is designated as HS 20-44 consisting of an 8 kip front axle and two 32 kip
rear axles. [AASHTO Art. 3.6.1.2.2]

The design tandem consists of a pair of 25-kip axles spaced 4 ft. apart. However, for spans
longer than 40 ft. the tandem loading does not govern, thus only the truck load is investigated
in this example. [AASHTO Art. 3.6.1.2.3]

The lane load consists of a load of 0.64 klf uniformly distributed in the longitudinal direction.
[AASHTO Art. 3.6.1.2.4]
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This design example considers only the dead and vehicular live loads. The wind load and the
extreme event loads, including earthquake and vehicle collision loads, are not included in the
design. Various limit states and load combinations provided by AASHTO Art. 3.4.1 are
investigated, and the following limit states are found to be applicable in present case:

Service I: This limit state is used for normal operational use of a bridge. This limit state provides the
general load combination for service limit state stress checks and applies to all conditions except
Service I1I limit state. For prestressed concrete components, this load combination is used to check for
compressive stresses. The load combination is presented as follows[AASHTO Table 3.4.1-1]:

Q=1.00 (DC + DW) + 1.00(LL + IM)

Service III: This limit state is a special load combination for service limit state stress checks that
applies only to tension in prestressed concrete structures to control cracks. The load combination for
this limit state is presented as follows [AASHTO Table 3.4.1-1]:

Q=1.00(DC + DW) + 0.80(LL + IM)

(Subsequent revisions to the AASHTO specification have revise this load combination)

Strength I: This limit state is the general load combination for strength limit state design relating to the
normal vehicular use of the bridge without wind. The load combination is presented as follows
[AASHTO Table 3.4.1-1 and 2]:

Q =yP(DC) + yP(DW) + 1.75(LL + IM)

Load Factor, ye
MMaxmmum | Minmmum

1.25 050

Type of Load

DC: Structural components and non-
structural attachments
DW: Weanng surface and utihnes 1.50 0.65

The maximum and minimum load combinations for the Strength I limit state are presented as
follows:

Maximum Q = 1.25(DC) + 1.50(DW) + 1.75(LL + IM)

Minimum Q = 0.90(DC) + 0.65(DW) + 1.75(LL + IM)

Estimation of Required Prestress

The required number of strands is usually governed by concrete tensile stress at the bottom fiber
of the girder at the midspan section. The load combination for the Service III limit state is used to
evaluate the bottom fiber stresses at the midspan section. The calculation for compressive stress in
the top fiber of the girder at midspan section under service loads is also shown in the following
section. The compressive stress is evaluated using the load combination for the Service I limit
state.

Service Load Stresses at Midspan

Bottom tensile stress due to applied dead and live loads using load combination Service I11

1S:
f = Mg+ My N My +Mys+(0.8) « (Mir+My,)

Sb Sbc
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f,=Concrete stress at the bottom fiber of the girder, ksi

M, =unfactored bending moment due to beam self-weight, k-ft

W+ Lesign”
Mg::ng—:832.28 ft-kip

Mg=unfactored bending moment due to deck self-weight and haunch, k-ft

_ <Wd + Wh) ° I—design2

My =618.05 ft-kip

M, =unfactored bending moment due to barrier self-weight, k-ft
Wy * L gesian”
M, ::%_z 110.03 ft-kip

M,s =unfactored bending moment due to future wearing , k-ft

Wi * Ljosion”
Mg i= 22 8"%:151.88 ft-kip

Ws

M, r=unfactored bending moment due to truck load (kip-ft) M = <1 01.10° ) ft-kip

M, | =unfactored bending moment due to truck load (kip-ft) M, =364.96 ft-kip

S, =composite section modulus for extreme bottom fiber of precast beam (in’ )
Using the variables used in this example

|
Sepori= 2" = (1.6-10*) in’
Yebot

=2.67 ksi

_ Mg+My N Mp+Mys+(0.8) « (M1 + My, )

fb :
Sgbot Scbot

Stress Limits for Concrete

The tensile stress limit at service load=0.19 - \/K [AASHTO Table 5.9.2.3.2b-1]

where: f'c = specified 28-day concrete strength of beam, ksi

f|
Concrete tensile stress limit = fy:=0.19+4 /k—c ksi=0.57 ksi
Sl
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Required Number of Strands

The required pre-compressive stress at the bottom fiber of the beam is the difference the between
bottom tensile stress due to the applied loads and the concrete tensile stress limits:

Required pre-compressive stress at bottom fiber, fop:=fp—fy=2.1 ksi
Assume the distance between the center of gravity of the bottom strands and the bottom fiber of the
beam:

€c:=Yghot=24.73 in

If Py is the total prestressing force, the stress at the bottom fiber due to prestress is:

. Ppe Ppe <€
po=—" T <
A Sy
Using the variables in this example
fpb .
Ppe ::lie:582.18 kip
— 4 _c
Ag Sgbot

Final prestress force per strand, Py = (area of prestressing CFRP) (f,;) (1 — ploss, %)
ploss:=20%

Pori= Ao+ (1 —ploss) =35.92 kip
P

The number of prestressing CFRP is equal to n, =—P —16.21
pf
n
N, :=round (ﬁ) «2+4=20 Change the number of bars based on the value of n,.
2 If no bars is needed at certain layer input 0.
Npp:=12 dpl :=51.25in The maximum number of bars at each layer is:
Ny =12 b
— — ; =12
Nyp = dpp:=49.25 in Np2 .
Nys=12 AN / S _
Np3:= d,3:=47.25 in Npy =10 OOy A =
b3 p3 N =8 NNQ© D
b5 m - - N N
Npy = d,x:=45.25in ﬂ'ﬁ'\‘(})‘_
b4 p4 . _ <t q. v
nb5 = dp5 = 4325 |n
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PN
N

The center of gravity of the strands, c.g.s. =

where: n;=number of strands in row i
y; = distance to center of row i from bottom of beam section
N = total number of strands

—h Ny = dpg + Ny = Aop + Ny = Aoz + Ny = Aoy + Ny = s =355 ]
oi=hg— =3.551n
Np1 + N2 + Npz + Npg + Ny

€c:=Yghot—Xp=21.18 in
Using the variables in this example

f
Pi=— P —642.01 kip
(5]
L+ ¢
Ag Sgbot

Final prestress force per strand, Py = (area of prestressing CFRP) (f,;) (1 — ploss, %)
ploss:=20%

Pori= Ao+ (1 —ploss) =35.92 kip

49.25"
51.25"

P
The number of prestressing CFRP is equal to n, ::P—pe =17.87
pf
n,:=round (@) «2+4=22
pi= > =
Npp:i=12 dp1:=51.25 in Change the number of bars based on the value of
N, . If no bars is needed at certain layer input 0.
Npo:=10 de :=49.25 in The maximum number of bars at each layer is:
nbl =12
nb3 = dp3 :=47.25 in nb2:12 |
nb3:12 \
nb4 = dp4 ::4525 |n nb4:10 :'--OEO
I’]b5 =8 N N
Nps := dys:=43.25 in o NGy
b5 pS <t %

|=——43.25"

000 N

c00 0

o000

o900 00

oo
o0
o

/

A

il

[
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=h Ny = dyg + Ny = Aoy + Nyg = Aoz + Ny = Ay + Ny = s —366i
oi=hg— =3.66 in
Np1 + Np2 + Npz + Npg + Ny

€c:=Ygbhot—Xp=21.07 in
Using the variables in this example

f .
Ppe =2 =644.05 kip
1, &

A, S
g gbot
Final prestress force per strand, Py = (area of prestressing CFRP) (f,;) (1 — ploss, %)

ploss:=20%

Pori= Ao+ (1 —ploss) =35.92 kip

P

The number of prestressing CFRP is equal to Npi= _P—17.93

pf
(np)
N, :=round 5 24+4=22

Strand Pattern

n,=22 [ To satisfy strength limit state only]

midspan center of gravity of prestressing CFRP Yps =X, =3.66 in

midspan prestressing CFRP eccentricity €c:=Ygbot — Yps =21.07 in
Prestress L.osses [AASHTO Art. 5.9.3]

Total prestress loss
Apr — AprS +Afp|_'|'

Afjes=sum of all losses or gains due to elastic shortening or extension at time of
application of prestress and/or external loads (ksi)

Afy r=losses due to long-term shrinkage and creep of concrete, and relaxation of
the prestressing CFRP (ksi)
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Solver Constraint§&uess Values

Elastic Shortening

When the prestressing force is transferred from the prestressing strands to the concrete member,
the force causes elastic shortening of the member as it cambers upward. This results in a loss of
the initial prestress of the strands. However, some of that loss is gained back due to the self-
weight of the member which creates tension in the strands.

E
Af co=——of
pES E

ct
Where Eq=modulus of elasticity of prestressing CFRP (ksi)
E.;=modulus of elasticity of the concrete at transfer or time of load application
(ksi)=Eg;
fogp =the concrete stress at the center of gravity of CFRP due to the prestressing
force immediately after transfer and the self-weight of the member at sections of
maximum moment (ksi)

AASHTO Article C5.9.3.2.3a states that to calculate the prestress after transfer, an initial
estimate of prestress loss is assumed and iterated until acceptable accuracy is achieved. In this
example, an initial estimate of 10% is assumed.

eloss := 10%

cgp [AASHTO-CFRP Eq. 1.9.2.2.3a-1]

Force per strand at transfer

P, N P,-e.’ _ Mg-e

fegp=——
Ag Ig Ig
Where, P;=total prestressing force at release=n, *p
e.=eccentricity of strands measured from the center of gravity of the precast

beam at midspan

Mg =moment due to beam self-weight at midspan (should be calculated using the

overall beam length)

Wy * (Lgpan)”
Mg := W— =850.87 ft-kip

eloss:=10%
eloss = i [MpAye foi+ (1—eloss) N (N Apt i+ (1 —eloss)) - e, _ Mg-e

A I I

pi * Eci g

9 9

eloss := find (eloss) = 0.04

Therefore, the loss due to elastic shortening= eloss=0.04
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The force per strand at transfer= Pi=Apsefoie (1 —eloss)=43.2 kip

The concrete stress due to prestress= 2
‘ _Npep  Nyepegg MG-eC_ .
cgp = + - =2 ksi
Ag Ig Ig
. . E; .
The prestress loss due to elastic shortening= A g i=—+Fgy=9.43 ksi
Ci
Total prestressing force at release Pj:=n,-p=950.41 kip

Long Term Losses
AprT = <AfpSR +AprR +Apr1> + <AfpSD +AprD +Apr2 _AfpSS>

Afsg=prestress loss due to shrinkage of girder concrete between time of transfer and deck

placement (ksi)
Afcr=prestress loss due to creep of girder concrete between time of transfer and deck
placement (ksi)
Afry =prestress loss due to relaxation of prestressing strands between time of transfer and
deck placement ksi)

Afsp =prestress loss due to shrinkage of girder concrete between time of deck placement and

final time (ksi)
Afcp=prestress loss due to creep of girder concrete between time of deck placement and
final time (ksi)

Afro=prestress loss due to relaxation of prestressing strands in composite section between

time of deck placement and final time (ksi)
Afss=prestress gain due to shrinkage of deck in composite section (ksi)

<Afp5R + Afcr +Apr1) =sum of time-dependent prestress losses between time of transfer and

deck placement (ksi)
<Afp5D + Afocp +Aforo —Afpss) =sum of time-dependent prestress losses after deck
placement (ksi)

Prestress Losses: Time of Transfer to Time of Deck Placement
Shrinkage of Girder Concrete

Afysr=tbid* Epc * Kig [AASHTO Eq. 5.9.3.4.2a-1]

where,  ¢&,,q=shrinkage strain of girder between the time of transfer and deck placement

=K+ Kps * Ke+ Kig+0.48+ 107 [AASHTO Eq. 5.4.2.3.3-1]
and, k;=factor for the effect of volume to surface ratio of the component
ks=1.45-0.13(V/S) [AASHTO Eq. 5.4.2.3.2-2]

where (V/S)=volume to surface ratio=(Area/Perimeter)
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Perimeter

Pyi=2

gi=

A
ke=1.45—0.13 - [ 22| =0.83
in \ Py

ki, =humidity factor for shrinkage=2.00-0.014H
H:=70
Kps:=2.00—0.014-H=1.02

ki=factor for the effect of concrete strength
5
1+ flci

5

141
ksi

kig=time developement factor
= t -
61 —4.f ;+t

td :=90 ti =1

kea (1, ) =

61—4.—% 41—,
ksi

ktd <td 9 t|> = 071

Epid = kS . khS . kf' ktd <td ) t|> . 048 . 10_3 = 247 . 10_4
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%‘i‘ Nort+ Vo™ +hor” +hy+ Vb +hy” + htrf"'%) =166.43 In

k:=|lif k<1 =1
|
else
%

[AASHTO Eq. 5.4.2.3.3-2]

[AASHTO Eq. 5.4.2.3.2-4]

[AASHTO Eq. 5.4.2.3.2-5]



Kjq=transformed section coefficient that accounts for time-dependent interaction between

concrete and bonded steel in the section being considered for time period between transfer and
deck placement

- ! [AASHTO Eq. 5.9.3.4.2a-2]
Epe _ Apsc Ag-epg”
1+ P+ (14+0.7 % (t,1))
Eci Ag Icomp
where, P, (t, 1) =1.9 < kg Ky <Ko kg o ;" [AASHTO Eq. 5.4.2.3.2-1]
K. =humidity factor for creep=1.56-0.008H [AASHTO Eq. 5.4.2.3.2-3]

&g =€, =21.07 in

Kne:=1.56—0.008 H=1

t;:=20000 -

K (tr, 1) =1

Py 6) =19k (8)- ()
¥, (t,) =135

Kid = ! =1

2
1+E-i-(l+ Ay (140.7- %, (t, 1))
E;, A

9 9

Afosr = epig * B+ Kig=5.53 ksi

Creep of Girder Concrete

E
= pC . . . ) e -
Afocr nct fegp* ¥ (ta. 1) - Kio [AASHTO Eq. 5.9.3.4.2b-1]
Where, Y% (td , ti> =girder creep coefficient at time of deck placement due to loading
introduced at transfer
=1.9. kS . th . kf' ktd . <t|> —0.118
E; .
AprR = E— . fcgp . yjb (td 9 t|> . Kid = 9 kSl
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Relaxation of Prestressing Strands

f
= B L .24).
AfPRl‘(O'Ow (fpuJ 0'0066) log (t-24) Ty, [AASHTO-CFRP Eq. 1.9.2.5.2-2]
Where, for=stress in prestressing strands immediately after transfer,

for:=foi — Afes =240 ksi
t=time between strand prestressing and deck placement (days)
t:i=t;+t3=91
Therefore,

f .
Af gy = (0.019- (fﬂJ - 0.0066) log (t+24) +f,,=7.37 ksi
pu

Prestress Losses: Time of Deck Placement to Final Time
Shrinkage of Girder Concrete

Afosp = epar * Ep+ Kyt

where ¢,g=shrinkage strain of girder between the time of deck placement and final time

= &hif ~ Epid
epifi= K+ Kng = ke Kyg (1, 1) < 0.48-107°=3.49. 107

-4
Epdt 1= Epif — Epig = 1.02+ 10
Kg=transformed section coefficient that accounts for time-dependent interaction between
concrete and bonded steel in the section being considered for time period between deck
placement and final time

- ! [AASHTO Eq. 5.9.3.4.3a-2]

2
1+E.Apsc'(l+Ac-epC (1—|—07 lpb<tf,ti>>

ci Ac c

where, e,.=eccentricity of prestressing force with respect to centroid of composite section (in);
positive in common construction where force is below centroid

=Yebot — Ybs
A.=area of section calculated using the gross composite concrete section properties of

the girder and the deck, and the deck-to-girder modular ratio
|.=moment of inertia calculated using gross composite concrete properties of the

girder and the deck, and the deck-to-girder modular ratio at service= I omp
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€nc *= Yoot — Ybs = 33.74 in

ij <tf ) t|> = 135

1
o Er Ay Ac'e02 -
I+ — e T+ (140.7 %, (&, 1))
Eci Ac comp

AfpSD = E&pgf* Ef . de = 229 kSl

Creep of Girder Concrete

Es Es
AprD:E “fogn® (P (tr, 1) — ¥ (ta, 1)) + de+E— < A+ Py (tr,tg) « Kgg
: ¢ [AASHTO Eq. 5.9.3.4.3b-1]
Where, Y (tf , td> =girder creep coefficient at final time due to loading at deck

placement

=1.9 <Ky Kpc * Ks + Kig <tf,td> . <ti> ~0.118

Tb <tf ) td> = 08
Af.y=change in concrete stress at centroid of prestressing strands due to long-term losses between

transfer and deck placement, combined with deck weight on the non-composite transformed section,
and superimposed loads on the composite transformed section (ksi)

+ Ag'ec2 _(Ms'eptf + <Mb+Mws> 'eptc

| L lic

A
= _<AfpSR +AprR +Aprl> . A_Pf . (1
g

9

Where e ;=eccentricity of the prestressing force with respect to the centroid of the non-composite

transformed section
eptc =eccentricity of the prestressing force with respect to the centroid of the non-composite

transformed section
l;s=moment of inertia of the non-composite transformed section

I, =moment of inertia of the composite transformed section

To perform the calculations, it is necessary to calculate the non-composite and composite transformed
section properties

E¢ E
Ngi=—=4.72 =t =413

Cl C
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excel :=Ay+39.37017 excel :=Yghor+39.3701  excel :=14-39.3701"

vy
3 2
g excel | s=ngieNpeAy-39.3701°  excel  :=Ypg+39.3701
Non-composite transformed section properties at transfer
Area Vi Ay, Vot A* ('5’-1:-_.::' I G 4} I+A* (}-b,n_
.2 . . 3 . 1n -
(in®) | (i) | oY) | (m) | vy)7(in?) ¥s)® (in?)
Beam 789.00 | 24.73 [19512.00 2424 187.67 260730.56 | 260918.23
Pre. CFRP] 18.69 3.66 6841 |7 7920.47 0.00 7920.47
807.70 19580.41 I (in® 268838.70
vl
5
j=1
=
o
excel  :=A;-39.3701° excel_ i=Ygo+39.3701  excel :=1,-39.3701"
“B3” “Cc3” “G3”
vy
3 2
2j excel | :=ncenpeAy39.3701 excel  :=Yps39.3701
Non-composite transformed section properties at service
Area ¥u AV Y.t A*(}'b_.n'}'b): I 4) I+A*(}'b,n‘}.b):
. 2 . . . in
(in%) (in) (in*) | (in) ) )
Beam 789.00 | 24.73 119512.00 24 30 144.44 260730.56| 260875.01
Pre. CFRP| 16.35 3.66 5084 |7° 6968.87 0.00 £6968.87
805.35 19571.84 I (inJ') 267843.87
v - H . H
3| e excel“w «in Iy := exceI“HS” -in
=
O
2 4
excel  :=Ac-39.3701 excel  :=Yenot+39-3701 excel  :=lcomp39.3701
wvi
E 2
g excel | :=ncenyeAy-39.3701 excel  :=Yps39.3701
Composite transformed section properties at service
Area b AYs Yoot A*G'b_-n'}'h): I (m4) I+A*':'."b_-n'}'h):
(in") (in) @n% | (i) @n @n*)
Beam and slab| 1270.12 | 37.40 | 47502.2 36.97 233.66 [597437.16| 597670.82
Pre. CERP 16.35 3.66 59.84 ) 18147.23 0.00 18147.23
1286.47 47562.08 I (1'114) 615818.05
= epci=excel «in lo:=excel _-in®
=
o

B 3-26




From table above €ptf:=20.02 in €ptc:=33.15 in

ly:=266584.66 in* I, :=686823.24 in*

A,-e’

1+ g| =—0.72 ksi

Apt
Afcd = _<Afp5R +AprR +Aprl> ] A_p .
g

_ ( Md * €pif + <Mb + Mws> *€ptc
g Itf Itc

E¢

E .
AMocpi=—+fogn+ (¥ (tr, 1) — ¥ (ta, 1)) » de+E_f-Afcd- W (1, tg) « Kgr=1.36 ki

ci c

Relaxation of Prestressing Strands

Afpro = Afpre— Afpry

f
Aori= (0.019 . (ﬂ) — 0.0066) log (t-24)- fou

fou [AASHTO-CFRP Eq. 1.9.2.5.2-2]

Where, for=stress in prestressing strands immediately after transfer,
fpt = fpl _AprS = 240 kSI

t=time between strand prestressing and final (days)
te=t;+t=2-10"
Therefore, f
AMoppi= (0.019- (ﬂJ — 0.0066) log(t-24)-f,,=12.55 ksi

fou

Aprz ::Aprf—Aprl = 5 17 kSl

Shrinkage of Deck Concrete

E; [AASHTO Eq. 5.9.3.4.3d-1]
AfpSS:E_'Afcdf' de' <1 + 07 . S”b <tf 5 td>>

C
Where, Afqs=change in concrete stress at centroid of prestressing strands
due to shrinkage of deck concrete (ksi)

Ac e

_ tgdi*AdtBeg (1 Bpergy
(140.7+ % (1, tg))

B 3-27



Where, Ay=area of deck concrete
E.4=modulus of elascity of deck concrete
eq4=eccentricity of deck with respect to the gross
composite section, positive in typical construction where
deck is above girder (in)

Yepeck :=Nc—0.5+hy=58.25 in
€4°=Yepeck — Yebot = 20.85 in

eqqt =shrinkage strain of deck concrete between

placement and final time
:ks' khs' kf‘ ktd <tf,ti> «0.48. 10_3

and, k;=factor for the effect of volume to surface ratio of the component
(this has to be recalculated for deck)

k,=1.45-0.13(V/S) [AASHTO Egq. 5.4.2.3.2-2]

where (V/S)=volume to surface ratio of deck (in)
=Area/Perimeter (excluding edges)

Pgi=be2=144 in

A
ke= 1.45—0.13 - (_")zl.oz

in \ Py
ke:=1 if ky<1 ' =1.02
|
else
&
K 5 f';i=specified compressive strength of deck
f i concrete at time of initial loading may be taken as
! +G 0.80 flcDeck
=2 =086
1 E' f'cDeck
ksi
t—t;
K (5 t;) = 03T '
61 —4. Dk 4,
ksi
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gddf = kS . khS. kf' ktd <tf,td> . 048 . 10_3 :431 . 10_4

_ €adi*Ad*Ecpesk (L_ epc'ed) =—0.24 ksi

Af 1=
0T % () \Ae oomp

AfpSS :zg.Adef. de' <1 + 07 . Tb <tf,td>> = —156 kSl
C

Total Prestress Losses at Transfer

The prestress loss due to elastic shortening:

Assuming a 5% loss due to friction (Based on the NCHRP 12-97 project tests). Only 4
prestressing CFRP were harped. Hence, assume a loss of 1% in all prestressing CFRP

Stress in tendons after transfer for:=0.99 « £ — Af e =237.51 ksi
Force per strand after transfer Pp:=for e Apr=42.75 kip

AprS * 100 —

Initial loss, % eloss := 3.78

pi

Total Prestress Losses at Service

The sum of time-dependent prestress losses between time of transfer and deck placement:
(Afosr+Afycr+Afgry) =21.9 ki

The sum of time-dependent prestress losses after deck placement:
(Afosp + Afpcp + Afopy + Afyss) =7.26 ksi

The total time-dependent prestress losses:

A= (Afpsp+ Afper + Afopy) + (Afsp + Afycp + Ao + Afpss) =29.16 ki

The total prestress loss at service:

Aoy = Afjes + Af 1 =38.59 ki

Stress in strands after all losses,

oo =099 + £ — Af;r =208.35 ki
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Check prestressing stress limit at service limit state: [AASHTO-CFRP Table 1.9.1-1]
if £, <0.65-1y, =“Stress limit satisfied”

“Stress limit satisfied”

else

“Stress limit not satisfied”

Force per strand after all losses Pe:=fpe» Agr=37.5 kip

Therefore, the total prestressing force after all losses Pe:=n,-p,=825.05 kip
) Afyr+100
Final loss, % ploss:=————=1547
pi

Stresses at Transfer

Total prestressing force after transfer Py:=ny-p;=940.53 kip
Stress Limits for Concrete
Compression Limit: [AASHTO Art. 5.9.2.3.1a]
0.6+f;=3.6 ksi

Where, f';;=concrete strength at release=6 ksi

Tension Limit: [AASHTO Art. 5.9.2.3.1b]

Without bonded reinforcement

[t
—0.0948 - k_"' ksi=—0.23 ksi <-0.2 ksi
SI

Therefore, tension limit, 1=—0.2 ksi

With bonded reinforcement (reinforcing bars or prestressing steel) sufficient to resist the
tensile force in the concrete computed assuming an uncracked section where reinforcement
is proportioned using a stress of 0.5f,, not to exceed 30 ksi.

[t
—0.24 4/ —L ksi=—0.59 ksi
ksi
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If the tensile stress is between these two limits, the tensile force at the location being considered
must be computed following the procedure in AASHTO Art. C5.9.2.3.1b. The required area of
reinforcement is computed by dividing tensile force by the permitted stress in the reinforcement
(0.5,< 30 ksi)

Stresses at Transfer Length Section

Stresses at this location need only be checked at release since this stage almost always governs.
Also, losses with time will reduce the concrete stresses making them less critical.

Transfer length It:—pi i AASHTO-CFRP Eq. 1.9.3.2.1-1

Where, d,=prestressing CFRP diameter (in.)
a;=coefficient related to transfer length taken as 1.1 for cable

Also can be estimated as l;:=50-d,=30 in

Moment due to self-weight of the beam at transfer length

Mgg:=0.5 W« |y (Lgesign—It) =89.91 ft-kip

Stress in the top of beam:

P, P;-e M
=L 00— 9] ksi
Ag Sgtop Sgtop
Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement [NOT OK]
-0.588 ksi with bonded reinforcement [NOT OK]
stress in the bottom of the beam:
P, P;-e M
fb::_t ¢ ¢ ——gt:297 kSl
Ag Sgbot Sgbot
Compressive stress limit for concrete = 3.6 ksi [OK]

Since stresses at the top and bottom exceed the stress limits, harp prestressing CFRP to satisfy the
specified limits

Number of harped strands n,:=4
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Height of top most row of harped strands at end of beam dy:=hy—2.5 in=51.5 in

Harp strands at 0.4L points of the girder as shown in figure below where L is the overall beam length
and

Xp:= 0.4 + Lopan =36.4 ft

6 strands 28 strands

| :

Compute the center of gravity of the prestressing strands at the transfer length section using the
harped strand pattern.

The distance between the center of gravity of the 4 harped strands at the end of the beam and the
top fiber of the beam:

Npp =2 dy:=2.51n

Npp :=2 dypp:=4.5in

Np3:=0 dpz:=6.5 in

Npa:=0 dps:=8.5iIn

Yopi= Ny * Aha + N2 * Ong + Npg = Ayg + Ny » Ay —35in
Nh1+Nh2 +Npg+Npg

€ch*=Ygtop — Yt =25.77 in

The distance between the center of gravity of the 4 harped strands at the harp point and the bottom
fiber of the beam:

Ny =2
Ny :=
Ny3:=
Nhg =
Nhyedys+nN,edy, +Nogedig+npy-d .
Yoo =Py — h* Ops Mo * Gpp + Mh3* Ohg + Mg = Gna _ o o o

Np1 + Nho + Nhg+ Ny
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The distance between the center of gravity of the 4 harped strands and the top fiber of the beam at the
transfer length section:

| .
Yei=Yne+ (Ng— Yne— Yho) 'X—t:6-57 in
h

The distance between the center of gravity of the bottom straight 18 strands and the extreme bottom
fiber of the beam:

<nb1 - nh3> <o+ <nb2 - nh2> oo+ <nb3 - nhl) -d
Np1 + Np2 + Np3 +Npg — <nh1 +Np2+Nh3+ nh4>

=h,— P _319in

Xpt =g
€ct = Ygbot — Xpt=21.54 in

Therefore, the distance between the center of gravity of the total number of strands measured to
the bottom of the precast beam at transfer length is:

(np =) Xpt+ Ny = (g =)

€ce = Ygbot — =13.49 in
Mp
Recompute the stresses at the transfer length section with harped strands:
Provision for harped strands [AASHTO-CFRP 1.9.1.1]
The prestress force per strand before seating losses is: Pj:= Ay - fi=44.9 kip
. _ hg—Ynt—VYno | _
From above figure, the harp angle is: ¥':=atan | ——————|=5.85 deg
Xh
if ¥<9 deg =“PCI limit satisfied”
H “PCI limit satisfied”
else
“PCI limit not satisfied”
Moment due to self-weight of the beam at transfer length
Mg := 0.5 W« |y (Lgesign— It) = 89.91 ft-kip

Stress in the top of beam:

P, P;-e M

fr=—t— L 4 00— _0.1] ki

Ag Sgtop Sgtop

Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement [OK]
-0.588 ksi with bonded reinforcement [OK]
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Stress in the bottom of the beam:

P, P;ee M
fyi=—t g 0% 229 ksi
Ag Sgbot Sgbot
Compressive stress limit for concrete = 3.6 ksi

Stresses at Harping Point
The strand eccentricity at harp points is the same as at midspan

X:=X,=36.4 ft
Moment due to self-weight of the beam at transfer length
Mg :=0.5 Wy X+ (Lgesign—X) =801.88 ft-kip

Stress in the top of beam:

P P,.-e M
fi=—t— L 4 70 —0.05 ksi
Ag Sgtop Sgtop
Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement

-0.588 ksi with bonded reinforcement

stress in the bottom of the beam:

P, Py;ee M
for=—t 49 =216 ki
Ag Sgbot Sgbot
Compressive stress limit for concrete = 3.6 ksi

Stresses at Midspan
X:= Ldesign «0.5=45 ft

Moment due to self-weight of the beam at transfer length
Mg :=0.5 Wy X+ (Lgesign—X) =832.28 ft-kip

Stress in the top of beam:

L P Pre M
A, S

9 —0.09 ksi
gtop SgtOp
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Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement [OK]
-0.588 ksi with bonded reinforcement [OK]

stress in the bottom of the beam:

P, Pee. M
fb::_t ¢ ¢ ——92212 kS|

Ag Sgbot Sgbot

Compressive stress limit for concrete = 3.6 ksi [OK]
Hold-Down Forces
Therefore, the hold-down force per strand is: Pp:=1.05+P;-sin (¥)=4.8 kip

Note the factor of 1.05 is applied to account for friction.

The total hold-down force Ph:=n,+p,=19.22 kip
The hold-down force and the harp angle should be checked against maximum limits for local
practices.
Stresses at Service Loads
Total prestressing force after all losses P.=825.05 kip

Due to the sum of effective prestress and permanent loads (i.e. beam self-weight, weight of
slab and haunch, weight of future wearing surface, and weight of barriers) for the Load
Combination Service 1:

Compression Limit: [AASHTO Art. 5.9.2.3.2a]
for precast beam 0.45+f'.=4.05 ksi
for deck 0.45 «f' ;peck=2.7 ksi

Due to the sum of effective prestress, permanent loads, and transient loads as well as during
shipping and handling for the Load Combination Service 1:

for precast beam 0.60-f'.=5.4 ksi

for deck 0.60 «f';peck = 3.6 ksi
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Tension Limit: [AASHTO Art. 5.9.2.3.2b]

For components with bonded prestressing tendons or reinforcement that are subjected to
not worse than moderate corrosion conditions for Load Combination Service III

f|
for precast beam —0.19-wk—c_ ksi=—0.57 ksi
Sl

Stresses at Midspan
Concrete stress at top fiber of the beam

To check top stresses, two cases are checked:
Under permanent loads, Service I:

|
Segtop ™= ——® = (3.49.10*) in’

yctop_hd
P, P.ee. My;+My M,+M
fg=—t—— "+ 97 My Vst Mo _ ) 14 ki <4.05 ksi [OK]
Ag Sgtop SgtOP SCQIOP

Under permanent and transient loads, Service I:

M1+ M
ftg::ftg+g: 1.61 ki <5.4 ksi [OK]

cgtop

Concrete stress at bottom fiber of beam under permanent and transient loads, Service I11:

‘o P, N Peree  Mg+My  My+My+(0.8)« (Mr+My,)
b-—— — —_—

Ag Sgbot Sgbot Scbot

=0.02 ksi 1<5.4 ksi [OK]

Fatigue Limit State
AASHTO Art. 5.5.3 specifies that the check for fatigue of the prestressing strands is not required
for fully prestressed components that are designed to have extreme fiber tensile stress due to the
Service III limit state within the specified limit of 0.19f',. The AASHTO Type IV girder in this

design example is designed as a fully prestressed member, and the tensile stress due to Service 111
limit state is less than 0.19f'; . Hence, the fatigue check for the prestressing strands is not required.

Stregth Limit State

The total ultimate bending moment for Strength I is:
M,=1.25(DC) + 1.50(DW) + 1.75(LL + IM) [AASHTO Art. 3.4.1]
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Using the values of unfactored bending moment used in this example

My =125 (My+Mg+Mp) +1.50+ M+ 175+ (M + M, ) = (4.58-10°) ft-kip

fpe -3
£ =0.016 fpoi=L-=9.26+10 £6y=0.003
f
dy:= (hy+hy—2.75 in) =58.75 in M| (12
L) 10
dps := (hg+hg—4.75 in) =56.75 in Ny |=| 0
Mps 0
dpp:= (hg+hg—6.75 in) =54.75 in Nos 0
dps == (hg+hg—8.75 in) =52.75 in
dpa == (hg+hg—10.75 in) =50.75 in
-— Scu e 1 -—
Cpi=— o -d, =184 in B1:=0.85

&yt €pu— €pe

Total compressive force

Ceo:= | if fr-cy<hy

0.85- fIcDeck ‘ﬂl * bd C

else if hy<py+Cy < (hyr+hy)

0.85 +f'peck* (Dg* hg+ By (B1 - C,—hyg))
else

0.85 « 'opeck * (Ba * Ny + Byes = Nyes + (Bys + (s — (B o — (Mg +Nr) ) +bu) « (Br+ ¢ — (hue +g)))

C .
Area of prestressing reinforcement for Aoty = —£=9.09 in®
balance condition pu
. Aoty
Number of cables required for Nop :=——=150.51
balance condition pf
Check for
if n,<ny, =“Section is tension controlled”

“Section is tension controlled”

else

“Section is compression controlled”
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Constraints

Solver

Guess Values

+1.6(-107°=0.0021

o 1= fIcDeck
11 ks

b1 <8CC , 8co> :=max |0.65, oo

1:IcDeck
. 11 [AASHTO-CFRP Eq. C1.7.2.1-3]
Ece 50 ksi
6—2. |l
€co
—\fo) 3 \fe Fepeck | , AASHTO-CFRP Eq. C1.7.2.1-4
a1<gccagco>'— = — |+ [ - q. 7.2.1-4]
P <gcca8co> 60 ksi
c:=9 in d,:=58.25 in 0 =0.02 6= 0.0025  £.5:=0.002
dp—c
fpot  Eee < Epu [AASHTO-CFRP Eq. 1.7.3.1.1-3]
£0.<0.003

if p; <ecc , gco> «c<hy

o <acc , aco> 1 peck * 1 <acc , 8CO> «by-C

else if hy<p; <8cc , gco> -c< <htrf + hd>

oy <acc , aco) ' Deck <bd «hy+Dyse < 1 (scc , eco> .Cc— hd>)

else

o1 <€cc ) €co> ' cDeck* <bd * g+ bys e Nys + (bttf + (httf_ (ﬁl <€cc ) 8co> «C— <htrf + hd>>> + bw) . ( 1 <€cc ) 8co> «C— <htrf 1

[ ¢ 0.7314 ft
::fnd C =
_gcc:| ind (¢, cc) [0.0012 ]
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£ =0.0012

B, :=max | 0.65 Eeo LI

6_2.(&) Hso s

€co
oy = €co 3 \éco o fcheck- 4
'n 60 ksi
c=8.78 in
dp—c
&= .. =0.0066
C
dp—2 in—c
& 1= £ =0.0064
C
dp—4 in—c
g 1= +&..=0.0061
C

Tyi=npy Ao Ege (g142pe) =772.91 kip

Tr1:= Ny Apte B+ (611 + ) =633.32 kip

Tr:=Nyg Apse Eg+ (612 + ) =0 kip
hys+hg=15.5in

Cei=||if py-c<hy

H al'fcheck‘ﬂl' bd °C

else

H oy epeck (bd «hy+ Dy e (ﬂl «C— hd>>

M, =Ty (dy—¢) + T+ (dy—c—2 in) + T+ (dy—c—4 in) + C,-

M, = (6.39-10%) ft-kip
$:=0.75 [for CFRP prestressed beams ]

¢+M,=(4.79-10%) ft-kip
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=0.69
=0.58
dy—6in—c
&= + . =0.0058
C
d,—8in—c
= - + £ =0.0056

Tf3 = nb4 Apf . Ef . <8f3 + E,‘pe) = 0 klp

Tf4 = nb5 Apf . Ef . <8f4 + 8pe> = O klp

=(1.33-10%) kip

Br-c

c—=- —
2

M, = (4.58-10%) ft-kip

[AASHTO-CFRP Art. 1.5.3.2]

>M, [0K]

+ T3+ (dy—C—6 in) + Tyy+ (dy—c—8 in



Minimum Reinforcement

There is a on-going NCHRP project for revising the minimum reinforcement provisions for
prestressed beams. Therefore, the outcome of the NCHRP 12-94 may also influence the
requirements for CFRP prestressed beams.

At any section of a flexural component, the amount of prestressed and nonprestressed tensile
reinforcement shall be adequate to develop a factored flexural resistance, Mr, at least equal to the
lesser of:

1.33 times the factored moment required by the applicable strength load combinations

and
Sc
Mer =73 (71 fr + 72+ fepe) * Se—Magne* (S_— 1)) [AASHTO-CFRP 1.7.3.3.1-1]
nc

Where, y;= 1.6 flexural cracking variability factor
y,=1.1 prestress variability factor
y3=1.0 prestressed concrete structures

y1:=1.6 yo:=1.1 y3:=1.0

P, P..e f
fopei=—+——"=2.69 ksi frzzo.zo-\/_c_ ksi=0.6 ksi
Ay Sgoot ksi

Mane = Mg+ My = (1.45-10°) ft-kip

S .
M =73+ ((Vl fet7 'fcpe> * Sebot — Mgnc * ( ot 1)) = (4-48 . 103> ft-kip
gbot

9OVmoment = if Mg <1.33-M,, =(4.48-10°) (ft-kip)
| M
else
H 133+ M,

if gOVimoment <@+ M, =“Minimum reinf. requirement OK”

” “Minimum reinf. requirement OK”
else

“Minimum reinf. requirement NOT OK”
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Shear Design
Transverse shear reinforcement will be provided where [AASHTO Eq. 5.7.2.3-1]

Vy>0.5 ¢+ (Ve+V,)

Where,

V,=factored shear force (kip)

V.=nominal shear resistance provided by tensile stresses in the concrete (kip)
V,=component of prestressing in the direction of shear force (kip)

¢#=0.90=resistance factor for shear [AASHTO Art. 5.5.4.2]

Critical Section for Shear [AASHTO Art. 5.7.3.2]
The location of the critical section for shear shall be taken as d, from the internal face of the
support.

Where, d,= effective shear depth taken as the distance, measured perpendicular to the
neutral axis, between the resultant of the tensile and compressive force due to
flexure. It need not to be taken less than the greater of 0.9d, or 0.72h (in).
~d, _a [AASHTO Art. 5.7.2.8]

Where,

a = depth of compression block

h = overall depth of composite section

d.= Effective depth from the extreme compression fiber to the centroid of the tensile

force in the tensile reinforcement (For harped and draped configuration, this values
varies along the length). For CFRP prestressed beams, this value can be taken as the
centroid of prestressing CFRP at that location (substituting f,; by f,, and A;@34#in

AASHTO Eq. 5.8.2.9-2)
Ypse :=Xpt=3.19 in

de:=hg+hy—Ype=58.31 in a:=f;-c=6.05in
Effective Shear Depth d,:= de—%: 55.28 in
0.9+d,=52.48 in 0.72+ (hg+hg) =44.28 in

dy:==max (0.9+d,,0.72+ (hy+hy)) =52.48 in
d, :=max (dl , dv> =55.28 in

The bearing width is yet to be determined. It is conservatively assumed zero and the critical
section for shear is locatied at the distance of
. X
x.:=d,=55.28 in ¢ _=0.05

design
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(0.049L) from the centerline of the bearing, where L is the design span length.

The value of d, is calculated at the girder end, which can be refined based on the critical
section location. However, it is conservative not to refine the value of d, based on the critical
section 0.049L. The value, if refined, will have a small difference (PCI 2017).

Shear Stress

Shear stress in the concrete (V) is given as:
- V,— qSV£

¢+b,-d,
Where,

[AASHTO Eq. 5.7.2.8-1]

u

S = A factor indicating the ability of diagonally cracked concrete to transmit tension
¢ = resistance factor for shear

$:=0.9
b, = effective web width (in)
b,:=b,=8in
d,=55.28 in

V,=factored shear force at specified section at Strength Limit I state

Using the equation to calculate shear force due to the design truck X:=X.=55.28 in

Viruckt (X) =Py <Ld65ign _ X> +Pye <Ld€5ign —x—14 ft) +Pge <Ldesign —X—28 ft>

design design I—design

(yv).— —
Vtruck2 \X) = Pl °

(x—14 ft) P, (Leesign—X) P, (Lesign—X— 14 ft)

design design design
Viruert (X) = 60.85 kip
Viruekz (X) =40.05 kip

Vi=max (Vinyera (X) 5 Virueka (X)) = 60.85 kip

Distributed bending shear due to truck load including dynamic load allowance (V1) is
calculated as follows:

V1 = (Moment per lane due to truck load)(DFS)(1+IM/100)
IM:=33
Ds.interior = 0.6

IM .
Vi1:=V.D iore | 1 +——| =48.56 ki
LT S.Interior ( 100) p
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The maximum shear force (V| ) due to a uniformly distributed lane load of 0.64 klf are
calculated using the following formulas given by the PCI Design Manual (PCI 2017).

2
ip  (Ldesign—X
Maximum bending moment, V, = 0.64 Kip M
ft 2 I-design
where:

X = Distance from centerline of bearing to section at which the shear force is calculated, ft.
L = Design span length

2

iD (Lgesign—X
V,:=0.64 kip Mzzs.% kip
2 I—design
VL = Ds interior * VL= 15.56 kip
Vis 1= Wy * (0.5  Lesign — X) =6.06 kip
Vyi= 125 (Vg Vet V) + 1.5+ Vg + 175+ (Vi1 + V) = 199.01 kip

V,, = Component of the effective prestressing force in the direction of the applied shear, kips
= (force per strand)(number of harped strands) (sin (%))

Vpi=Pe+Npesin(¥) =15.29 kip

Therefore,
V,—¢-V
= M=t Vo _ 047 ki
¢-by-d,
Contribution of Concrete to Nominal Shear Resistance [AASHTO Art. 5.7.3.3]

The contribution of the concrete to the nominal shear resistance is given as:
[AASHTO Eq. 5.7.3.3-3]

Ve=0.0316 B/ egirder + 0y = dy

where:

S = A factor indicating the ability of diagonally cracked concrete to transmit tension
' .irder = Compressive strength of concrete at service

b, = Effective web width taken as the minimum web width within the depth d,,
d,= Effective shear depth
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Strain in Flexural Tension Reinforcement
The 8 and p values are determined based on the strain in the flexural tension reinforcement.
The strain in the reinforcement, &, is determined assuming that the section contains at least

the minimum transverse reinforcement as specified in AASHTO-CFRP Eq. 1.8.3.2-1

M
d—“+0.5-Nu+0.5-(vu—vp)—Apf-fpo

v

&g =
Ep ° Apf

M, =Applied factored bending moment at specified section.
Mygy 3= Wy * X+ (0.5 + Lyegign—X) =27.91 ft-kip
M :=max <Mtruck1 () s Miryeie (X)> =280.3 ft-kip
kip .

M :=0.5.0.64 ?-(x) (Lgesign—X) = 125.88 ft-kip
MLy = Dmuinterior * ML=71.09 ft-kip

IM .
MLTV:: DM.Interior ] 1 +— . M :21053 ft . klp

100
My :=1.25 (Mg, + Mg, +Mp,) +1.50 « My, + 1.75 « (M1, + My ) =895.78 ft-kip
M, :=max <Muv , Ve dv> =916.75 ft-kip

N, =Applied factored normal force at the specified section, 0.049L = 0 kips
N,:=0

foo = Parameter taken as modulus of elasticity of prestressing tendons multiplied by the
locked-in difference in strain between the prestressing tendons and the surrounding concrete
(ksi). For pretensioned members, AASHTO Art. C5.7.3.4.2 indicates that f,, can be taken as

the stress in strands when the concrete is cast around them, which is jacking stress fy;, or f,,.
oo =Ty =249.43 ksi As=01in?  E=(225-10") psi  Ay=0.18 in®
M, )
d__i_o'5 kip + N, + <VU_VP> - (np_nh> Aot Too

v =-584.10"°
Ere (np—np) « Ay

Sf =
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Since this value is negative, ¢; should be recalculated using AASHTO Eq. 5.7.3.4.2-4
replacing the denominator by <EC « A+ Eye Apﬁ>

A = Area of the concrete on the flexural tension
side below h/2 6'

hy +hy _
Agi=|- — Nt — Npet |+ By + N » Bigg + N+ B =399 in?

%+0.5 Kip - Ny + (Vy—Vp) — (ng—1p) = Age f

eV =—1.89.107"
f (Ec+ Aq+Er+ (Ng—np) - Ay

gr=max (g1, —0.40-107) =—1.89.10~*

Therefore, S, factor indicating the ability of diagonally cracked concrete to transmit tension and
shear can be calculated as:

g 48

=5.59 [AASHTO Eq. 5.7.3.4.2-1]
14750 &

And, 6, angle of inclination of diagonal compressive stress can be calculated as:
0:=29+3500-¢=28.34 [AASHTO Eq. 5.7.3.4.2-3]
6:=28.34 deg

Computation of Concrete Contribution

The contribution of the concrete to the nominal shear resistance is given as:

fl
V,:=0.0316 /3.\/k_°_ -b, - d, - ksi=234.54 kip
Sl

B 3-45



Contribution of Reinforcement to Nominal Shear Resistance

. (Ve+Vy) : .

if Vi<gpo——+~ = “Transverse shear reinforcement provided”
“Transverse reinforcement not provided” [AASHTO Eg. 5.7.2.3-1]

else

“Transverse shear reinforcement provided”

Required Area of Shear Reinforcement

The required area of transverse shear reinforcement is:

VLI VU
—<V, Vin=Ve+Vp+ Vs ]T:O.OS
c
Where,
V,=Shear force carried by transverse reinforcement
Vy . . . .
V= ? —Ve—V,=-2871 kip  [Minimum Shear Reinforcement shall be provided]
Determine Spacing of Reinforcement [AASHTO Art. 5.7.2.6]

Check for maximum spacing of transverse reinforcement

check if v, <0.125 f',
or v, >0.125 f';

Smax = || if v, <0.125 f'; =24 in
Hmin(O.S-dv,24 in)
else
| min (0.4-4,,12 in)
Use s:=22in
if S<Spax = “transverse reinforcement spacing OK”

“transverse reinforcement spacing OK”

else
“transverse reinforcement spacing NOT OK”
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Minimum Reinforcement Requirement [AASHTO Eq. 5.7.2.5-1]

The area of transverse reinforcement should not be less than:

/f' b, -
0.0316+4/—% .~ >
ksi f,

[ f. byes
Aymin:=0.0316- —C " ksi=0.28 in?
ksi fy

Use #4 bar double-legged stirrups at 12 in. c/c,

Avprov=2+(0.20 in*) =0.4 in

Vi Avpmv . fy «d,+cot (9)

=111.81 kip Viprov:=Vs
S

it Ayprov>Avmin = “Minimum shear reinforcement criteria met”

” “Minimum shear reinforcement criteria met”
else

“Minimum shear reinforcement criteria not met”

Therefore, #4 stirrups with 2 legs shall be provided at 22 in spacing
Maximum Nominal Shear Resistance

In order to ensure that the concrete in the web of the girder will not crush prior to yielding of
the transverse reinforcement, the AASHTO Specifications give an upper limit for V,, as
follows:

Vo=025-fc-b,-d,+V, [AASHTO Eq. 5.7.3.3-2]
Comparing the above equation with AASHTO Eq. 5.7.3.3-1
Ve+V<0.25-f.¢b,-d,=1

V. +V;=346.36 kip

0.25+f' b, +d,=995.03 kip

This is a sample calculation for determining the transverse reinforcement requirement at the critical
section. This procedure can be followed to find the transverse reinforcement requirement at
increments along the length of the girder.
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Interface Shear Transfer [AASHTO Art. 5.7.4]

Factored Interface Shear

To calculate the factored interface shear between the girder and slab, the procedure in the
commentary of AASHTO Art. 5.7.4.5 will be used. This procedure calculates the factored
interface shear force per unit length.

At the Strength I Limit State, the factored interface shear force, Vy,;, at a section on a per unit

basis is:
Vi
Vyi= = [AASHTO Eq. C5.7.4.5-7]
Vv
where: V; = factored shear force at specified section due to total load (noncomposite

and composite loads)
The AASHTO Specifications does not identify the location of the critical section. For
convenience, it will be assumed here to be the same location as the critical section for
vertical shear, at point 0.049L.

V,=199.01 kip

V;:=V,=199.01 kip

V -
= 1_36 Kip

Vi
" d, in

Required Nominal Interface Shear Resistance

The required nominal interface shear resistance (per unit length) is:
V..
V= 7” [AASHTO Eq. 5.7.4.3-1]

where: V,; >V [AASHTO Egq. 5.7.4.3-2]

where, Vii=Vy=3.6 m
In

_ Vui
Therefore, V,j=—

V. -
Vni::J:4 m

) in

Required Interface Shear Reinforcement

The nominal shear resistance of the interface surface (per unit length) is:
Vi = ¢ Ay + u(Ay f, +Po) [AASHTO Eq. 5.7.4.3-3]
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where:
¢, = Cohesion factor [AASHTO Art. 5.7.4.4]

1 = Friction factor [AASHTO Art. 5.7.4.4]
A., = Area of concrete engaged in shear transfer, in.2

A = Area of shear reinforcement crossing the shear plane, in.2

P. = Permanent net compressive force normal to the shear plane, kips
f, = Shear reinforcement yield strength, ksi

For concrete normal-weight concrete placed against a clean concrete surface, free of laitance,
with surface intentionally roughened to an amplitude of 0.25 in: [AASHTO Art. 5.7.4.4]
€1:=0.28 ksi
wi=1
The actual contact width, bv, between the slab and the girder is 20 in.
in’
ACV = btrf:240 f—t dv:55.28 in

P.:=0 kip

The AASHTO Eq. 5.7.4.3-3 can be solved for Aj; as follows:

neP
Vni_cl'Acv_TC in2
A= =—032 —
wef, ft
. . . Avprov in2
The provided vertical shear reinforcement ——=0.22 e
S t
A
Since, P > Ay,

The provided reinforcement for vertical shear is sufficient to resist interface shear.

22
Avprov _ In

Avfprov = T =0.22 ?
Minimum Interface Shear Reinforcement

The cross-sectional area of the interface shear reinforcement, Ay, croossing the interface are,
Ay, shall satisty

o 0.05-A,

Minimum Aj>——

g [AASHTO Eq. 5.7.4.2-1]

0.05-A in
v _po N
f, ft

ksi

A=
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The minimum interface shear reinforcement, A, need not exceed the lesser of the amount
determined using Eq. 5.7.4.2-1 and the amount needed to resist 1.33 ﬁas determined using
Eq. 5.7.4.3-1.
1.33 ﬁ—cl-AC\,—ﬂ:—Pc .,
in in

A= ¢ ——0.06 N
ety ft

Therefore, minimum amount of shear reinforcement

=2
: in
Avtmin :=min (Ayry , Ap) = —0.06 =

it Avtprov > Avimin =“Minm. Interface shear reinforcement OK”

H “Minm. Interface shear reinforcement OK”
else

“Minm. Interfaceshear reinforcement NOT OK”
Maximum Nominal Shear Resistance

Viioroy =1+ Agy 1+ A+ £, =48 ";_tp [AASHTO Eq. 5.7.4.3-3]

The nominal shear resistance, V,,;, used in the design shall not be greater than the lesser of
Vi5i<kiefoeAy [AASHTO Eq. 5.7.4.3-4]
Vii<ks Ay [AASHTO Eq. 5.7.4.3-5]

Where: For a cast-in-place concrete slab on clean concrete girder surfaces, free of laitance with

surface roughened to an amplitude of 0.25 in.

Ki:=0.30  kyi=1.8 ksi

ky - oo Ay, =648 f—lt-kip

1 .
Ky« A, =432 F.klp
Vniprov< k1 y flc ‘Ay=1 [1=0K]

Vniprov < k2 Ay =1 [1=0K]
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Minimum I.ongitudinal Reinforcement Requirement [AASHTO-CFRP Art. 1.8.3.3]

Longitudinal reinforcement should be proportioned so that at each section the following
equation is satisfied:

" M Ny, (V
YA > ———+0.5—+|——0.5-V,—V,| cot(6)
x=1 dy -« 6 n v

[AASHTO-CFRP Eq. 1.8.3.3-1]

where:n Ay = area of prestressing steel on the flexural tension side of the member at
section under consideration (in )

fou = average stress in prestressing steel at the time for which the nominal
resistance is required (ksi) conservatively taken as effective prestress

M, = factored bending moment at the section corresponding to the factored
shear force (kip-ft)

V, = factored shear force at section under consideration (kip)

Vp, = component of the effective prestressing force in direction of the
applied shear (kip) =0

V, = shear resistance provided by the transverse reinforcement at the

section under investigation as given by Eq. 5.7.3.3-4, except that Vs shall
not be taken as greater than Vu /o (kip)

¢; = resistance factor for flexure

¢, = resistance factor for axial resistance

¢, = resistance factor for shear

0 = angle of inclination of diagonal compressive stresses used in determining

the nominal shear resistance of the section under investigation as determined by
AASHTO Eq. 5.7.3.4.2-3 (degrees)
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Required Rei

nforcement at Face of Bearing

Width of the bearing is assumed to be zero. This assumption is more conservative for these calculations.
Thus, the failure crack assumed for this analysis radiates from the centerline of the bearing, 6 in. from

the end of the beam.
As 6 1in. is very close to the end of the beam, shear and moment values at the end of the beam are used

excel  :=3.28084 (Leesign) excel  :=0.5-328084 (Leesign)
. exceI“Bl” :=0.0000685217 (Wg>
3 excel | :=0.0000685217 (Wg+Wwp)
= exceI“Bz” :=0.0000685217 (Wb>
.wg 0.822 0.61042 90.000 L
Wsgp 0.109
‘ Dead Load
) Section ) ) ) ) )
Distance (x/L) Girder Weight Slab W eight Barrier weight | Total D,
(x) Shear |Moment| Shear | Moment | Shear |Moment| Shear
ft. k k-ft k k-ft k k-ft k
0 0.000 | 36.990 0.00 27.469 0.00 4.890 0.00 69.35
4.62 0.051 | 33.192 | 162.12 | 24.649 120.39 4.388 21.43 62.23
10.858 | 0.121 | 28.065 | 353.18 | 20.841 262.27 3.710 46.69 52.62
21.717 | 0.241 | 19.139 | 609.47 | 14.212 452.59 2.530 80.57 35.88
32.575 | 0.362 | 10.213 | 768.82 7.584 570.93 1.350 ] 101.64 19.15
43.433 0.483 1.288 | 831.26 0.957 617.30 0.170 | 109.89 2.41
45.000 | 0.500 | 0.000 | 832.27 0.000 618.05 0.000 | 110.02 0.00
. V= exceI“CT’ -kip V= exceI“ET, kip  Vy= exceI“GT, «kip
5
g Mg, := exceI“Dg” ftekip M= exceI“Fg” - ft-kip My, = exceI“Gg” -ft-kip

X:=0 ft

Viruera (X) = 64.53 kip Virueka (X) =43.73 kip

V:=max <Vtruck1 (%) s Virucke (X)> =64.53 kip

M

Vi1:=V.D iore | 1+——|=51.5 ki
LT S.Interior ( 100) p

2
m. <Ldesign - X>
2 I—design

VL= Ds interior * VL =17.28 kip

V, :=0.64 =28.8 kip
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Vis 1= Wy * (0.5  Lesign — X) =6.75 kip
Vyi=1.25 (Vg+Vo+ V) + 1.5+ Vi +1.75+ (Vip+ V) =217.17 kip

$y:=0.9 V=V

sprov
M,:=0 N,:=0 Therefore,

Y
(_”—o.s-vs—vp) cot(6) =315.4 kip

v

The crack plane crosses the centroid of the 18 straight strands at a distance of
X :=6+3.659-cot(6) =12.78

in. from the girder end. Because the transfer length is 24 in., the available prestress from 18
straight strands is a fraction of the effective prestress, fy,, in these strands. The 4 harped strands

do not contribute to the tensile capacity since they are not on the flexural tension side of the
member.

X.in
Ny—ny) e Aef o> =359.58 ki
(Mp =) + Age= e an P

(”p‘”h)'Apf'fpe'Xc.m (VU

—>|—2—0.5-V;—V,| cot(6) [AASHTO-CFRP Eq. 1.8.3.3-1]
24 in b,

Therefore, no additional longitudinal reinforcement is required

Pretensioned Anchorage Zone [AASHTO Art. 5.9.4.4]
Splitting Reinforcement [AASHTO Art. 5.9.4.4.1]

Design of the anchorage zone splitting reinforcement is computed using the force in the strands
just prior to transfer:

Force in the strands before transfer

Pi:=ny« Ay ,i=987.76 kip [AASHTO Eq. 5.9.4.4-1]
The splitting resistance, P, , should not be less than 4% of P;

P =f+A;>0.04-P; 0.04-P;=39.51 kip

where: A; =  total area of reinforcement located within the distance h/4 from the end of

the beam (in?) For pretensioned I-beams and bulb tees, As shall be taken as
the total area of the vertical reinforcement located within a distance h/4
from the end of the member, where h is the overall height of the member (in)
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P.
f :=20 ksi A:=0.04-—L=1098 in’

S

At least 1.98 in? of vertical transverse reinforcement should be provided within a distance of
h/4 from the end of beam.

hy+hy

=15.38 in
The area of a #4 stirrup with 2 legs is: A,:=2:0.2in* =0.4 in’
. . . A,
The required number of stirrups is round [—,0|+1=6
Vv

The required spacing for 6 stirrups over a distance of 15.4 in. starting 2 in. from the end of the
beam is:

(15.4—2)
(6-1)

Use (6) #4 stirrups with 2 legs at 2.5 in. spacing starting at 2 in. from the end of the

=2.68

beam.
The provided Agproy:=5+2-0.2 in* =2 in’
Asprov >A=1 [1=0K]
Confinement Reinforcement [AASHTO Art. 5.9.4.4.2]

For the distance of 1.5d = 1.5(72) = 108.0 in. from the end of the beam, reinforcement shall be
placed to confine the prestressing steel in the bottom flange. The reinforcement shall not be less
than #3 deformed bars, with spacing not exceeding 6.0 in. and shaped to enclose the strands.

Deflection and Camber [Upward deflection is negative]
Deflection Due to Prestressing Force at Transfer
For fully bonded strands
Py :=n,-p=950.41 kip

e':=e,—e,=7.58In difference between the eccentricity of the prestressing
steel at midspan and at the end of the beam

a:=x,=36.4 ft

—Py (e (Ldesign> 2 e a’
8 6

A= =-2.17in

pt
ECi . I

9
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Deflection Due to Beam Self-Weight

_ 5+ Wy (Lgirger)”
o=
384-Eg -1y

Deflection due to beam self-weight at transfer:

5ewg e (Lopan)?
Agt::M:I.Oz in
384-Eg- 1y

Deflection due to beam self-weight used to compute deflection at erection:

— 5. Wg ° <|-design>4
¥ 384.Ey-ly

=0.98 in

Deflection Due to Slab and Haunch Weights

— 5.wye <Ldesign> !

gd =0.27 in
384E¢*lcomp

Deflection Due to Rail/Barrier and Future Wearing Surface (Overlay)

5. (Wb +st> ¢ <|-design>4

Apwsi= =0.12 in
ors 384+ Eg+ loomp
C.:=% (td , ti> =0.96 [From previous calculation of the creep of concrete]
Camber at transfer A=Ay +A4g=—1.14in

Total deflection before deck placement
A= (dp+4g) (14C5)=—2.24in
Total deflection after deck placement

Agpi= (Ay+4g) (14Cy) +4gq=—1.97 in
Total deflection on composite section

A= (Ay+4g) (14Cy) +Agg+dpys=—1.85 in

The deflection criteria in S2.5.2.6.2 (live load deflection check) is considered optional. The bridge
owner may select to invoke this criteria if desired.
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Deflection Due to Live Load and Impact

Live load deflection limit (optional) = Span / 800 [AASHTO Art. 2.5.2.6.2]

| I
A= —200 _ 1 35 jn

If the owner invokes the optional live load deflection criteria specified in AASHTO Article
2.5.2.6.2, the deflection is the greater of:

% That resulting from the design truck alone, orfAASHTO Art. 3.6.1.3.2]
% That resulting from 25% of the design truck taken together with the design lane load.

Therefore, the distribution factor for deflection, DFD, is calculated as follows:

4

DFD:= =0.67

beams

However, it is more conservative to use the distribution factor for moment

Deflection due to Lane Load: i i
Design lane load, W =0.64- thp -DFD=0.43 thp

_ 5ewp . <|-design>4
384Ec*lcomp

LL*® =0.19 in

Deflection due to Design Truck Load and Impact:

To obtain maximum moment and deflection at midspan due to the truck load, set the spacing
between the rear axles to 14 ft, and let the centerline of the beam coincide with the middle
point of the distance between the inner 32-kip axle and the resultant of the truck load, as
shown in figure below

Resultant of axial loads
72 Kips

32 kips 8 Kips

33.33 ——#— 1167 —H4£— 14 —+

i A AL i
37.8 kips 233" 233" 34.1 kips

’ 90" ¥
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The deflection at point x due to a point load at point a is given by the following
equations:

-_ Peb-x (L2 —p% —x?) for x<a
6+EcelcompeL
. 3 2
A:P—b (x—a) .L+(|_2_b> X=X for x>a
6+EcelcompeL b
where: P = point load
L = span length
X = location at which deflection is to
determined
b= L-a
E. = modulus of elasticity of precast beam at service loads
lcomp =  gross moment of inertia of the composite section

E.=(5.45-10°) psi

excel  :=3.28084 (Luesign) excel = (leomp) - (39.3701*)
b ._ -7
§L exceI“Bl” :=1.45038-10" E,
E. 5448.345| Lgegen 90
Leomyp 597437.2
Axle load a b X A
Plaps) | (ft) () () in.
32 33.33 56.6 45 0.2300763
32 47.33 1267 45 0.2569467
8 61.33 28.67 45 0.0502184
op:=excel «in dp:=excel  «in oz:=excel _-«in
" “E5” “E6” “E7”
5
5
O

The total deflection =
ALT = (Sl + 52 + 53 = 054 |n
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Including impact and the distribution factor, the deflection at midspan due to the design
truck load is:

IM .
A 1:=4,7-D ior*|1+——|=0.4 In
LT LT M.Interior ( 100)

Therefore, the live load deflection is the greater of:

AL:: if ALT>025 .ALT+ALL :04 |n

| 40r
else

HO.25-ALT+ALL

if 4,>4, =“Deflection Limit Satisfied”
“Deflection Limit Satisfied”
else

H “Deflection Limit Not Satisfied”
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Example B-4: Design of a rectangular beam post-tensioned with straight CFRP cables

The following example illustrates the analysis of rectangular beam post-tensioned with two unbonded
prestressing cables of 0.6 inch diameter and a jacking stress of 0.70-f,,. The beam is 31 ft in length

and carries a superimposed dead load of 20% of it's self-weight and the live load of 0.35 katp in

addition to its own weight. The analysis includes checking all applicable service and strength limit
states according to AASHTO-LRFD (2017) and AASHTO Guide Specifications (2018). They are
referred in the following example as AASHTO and AASHTO-CFRP respectively. The analysis also
includes the computations of deflection corresponding to the moment of 130.0 ft-kip.

7.25"
I—

0
N =
t 2 Prestressing 8
CFRP
@=06in
] L
Overall beam Length Lgpan:=31 ft
Design Span L gesign == 30 ft
Concrete Properties
Concrete strength at release, f';i:=15.50 ksi
Concrete strength at 28 days, f'.:=9.00 ksi
Unit weight of concrete ye:= 150 pcf
Prestressing CFRP
Diameter of one prestressing CFRP cable dy,:=0.6 in
Area of one prestressing CFRP cable Ap:=0.18 in’
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Design tensile stress f, = m: 356.33 ksi

pu
pf
Modulus of elasticity (AASHTO-CFRP Art. 1.4.1.3) E;:=22500 ksi
: , . fou
Design tensile strain Epui= E =0.02
f
Stress limitation for prestressing CFRP
(AASHTO-CFRP Art. 1.9.1)
Before transfer foi:=0.70 - f,=249.43 ksi
At service, after all losses foe:=0.65 -y, =231.62 ksi
Nonprestressed Reinforcement:
Yield strength f,:=60 ksi
Modulus of elasticity (AASHTO Art. 5.4.4.2) E,:=29000 ksi
Beam Section Properties
Width of beam b:=12-in
Height of beam h:=20-in
Cross-section area of beam A:=b-h=240 in’
Distance from centroid to the extreme bottom fiber of Ypi= n =10 in
the non-composite precast girder
Distance from centroid to the extreme top fiber of the Yi:i=h—y,=10in
non-composite precast girder
3

Moment of inertia of deck about it centriod l:= b 12 = <8 .10’ ) in
Section modulus referenced to the extreme bottom fiber of S¢ ::L =800 in’
the non-composite precast girder Yo
Section modulus referenced to the extreme top fiber of the St ::L =800 in’
non-composite precast girder Yt

. kip
Weight of the beam w:=(b-h).y,=0.25 3
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Material Properties for Girder and Deck Concrete:

20 [ g \033
f
Modulus of elasticity of concrete (AASHTO Art. 5.4.2.4) E <f'c> =12 (k) (—C) . psi

pcf psi
At release E.:=E <f'ci> = <4.63 .10’ ) ksi
At 28 day (Girder) E.:=E(f,)=(5.45-10%) ksi
Modulus of rupture of concrete (AASHTO Art 5.4.2.6) fonr <f'c> :=0.24 - \/7 II_SCI « ksi
At release fris=Funr <f'ci> =0.56 ksi
At 28 day (Girder) foi=fopr (Fc) =0.72 ki

Number of Strands and Strand Arrangement:

Total number of prestressing CFRP Ny:=2

Concrete cover cc:=2.75 in

Depth of prestressing CFRP from the top fiber of dy:=h—cc=17.25 in
the beam

Eccentricity of prestressing CFRP &:=d,—y;=7.25in

Load and Moment on Beam:

Unit weight due to superimposed load Wgp:=0.2.-w=0.05 %
o . kip
Unit weight due to live load w, :=0.35 f_t

M, =unfactored bending moment due to beam self-weight, k-ft

2
_Wwe I-design

M, : '=28.13 ftkip

Mgp =unfactored bending moment due to superimposed dead

load, k-ft Wea Lo 2
Msp ::SDTdes'gn:563 ft-kip
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M, =unfactored bending moment due to live load, k-ft

W, * Lyesign”
M, := - %I _ 39 38 ft.kip
8

Moment at service Ms:=My+Mgp+0.8 - M =65.25 ft-kip

Moment at ultimate My:=125 My+ 1.5 Mgp+ 1.75 M =112.5 ft-kip

Prestressing L.oss

Prestressing CFRP stress before transfer foi:=0.70 - f, =249.43 ksi

Elastic Shortening

(N,—1) E
Mpgg=~P L g [AASHTO-CFRP Eq. 1.9.2.2.3a-1]
2.N, E,

Where E;=modulus of elasticity of prestressing CFRP (ksi)
E.;=modulus of elasticity of the concrete at transfer or time of load application

(ksi)=Eg;

fogp =the concrete stress at the center of gravity of CFRP due to the prestressing
force immediately after transfer and the self-weight of the member at sections of
maximum moment (Ksi)

Np= The number of identical prestressing CFRP

AASHTO Article C5.9.5.2.3a states that to calculate the prestress after transfer, an initial
estimate of prestress loss is assumed and iterated until acceptable accuracy is achieved. In this

example, an initial estimate of 10% is assumed.

eloss := 10%

Force per strand at transfer

Pi Pi-e’ Mg-e

cgp =
A, |

f

9

Where, P;=total prestressing force at release=n,*p
e.=eccentricity of strands measured from the center of gravity of the precast beam

at midspan
Mg =moment due to beam self-weight at midspan (should be calculated using the

overall beam length)
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WeLga?
Mg:%ﬁom ft-kip

eloss := 10%

E N Ape+ fyi+ (1 —eloss) N (N Apg o+ (1 —eloss)) -e.? _ Mg-e) (ny—1)
A | | 2N

eloss =

pi * Eci p

eloss := find (eloss) =3.09- 10~

Therefore, the loss due to elastic shortening= eloss=3.09-107°
The stress at transfer= for=="Toi+ (1 —eloss) =248.66 ksi
The force per strand at transfer= Pr:=Apge i (1 —eloss)=44.76 kip
The concrete stress due to prestress= 5

£ NpePt | Np*Pi*€ Mb'ec_6553 :

cop = + - =655.3 psi

A I I
The prestress loss due to elastic shortening= Afoes =, fogp=3.18 ksi
Ci

Total prestressing force at release Pj:=n,-p;=89.52 kip

Final prestressing loss including Elastic Shortening

Assume a prestress loss of 18% [This assumption is based on the average of all cases in the design space
considered in the reliability study]

ploss:=18%

foe:=T5i+ (1 —ploss) =204.54 ksi

Force per strand at service Pe :=fpe » Ag=36.82 kip
Check prestressing stress limit at service limit state: [AASHTO-CFRP Table 1.9.1-1]
if f,,<0.6-fy, =“Stress limit satisfied”

“Stress limit satisfied”

else

|

“Stress limit not satisfied”
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Check Stress at Transfer and Service:

Stresses at transfer

Total prestressing force after transfer Py:=n,-p;=89.52 kip

Stress Limits for Concrete
Compression Limit: [AASHTO Art. 5.9.2.3.1a]
0.6+f;=3.3 ksi
Where, f';;=concrete strength at release=5.5 ksi
Tension Limit: [AASHTO Art. 5.9.2.3.1b]
No tension allowed.
Stresses at end zone

Stresses at this location need only be checked at release since this stage almost always
governs. Also, losses with time will reduce the concrete stresses making them less
critical.

Moment due to self-weight of the beam end zone

My :=0 ft-kip

Stress in the top of beam:

P_Pue, My

fii=— +—=—0.44 ksi
A Sy Sy
Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement
[NOT OK]
-0.48 ksi with bonded reinforcement
[OK]
stress in the bottom of the beam:
P, P,.e M
fr=— 46 O 118 ksi
A Se S;
Compressive stress limit for concrete = 3.3 ksi [OK]
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Stresses at midspan

Stress in the top of beam:

P, P,-e M
fo=_t— U4 70— 0,02 ksi
A Sy Sy
Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement
[OK]
-0.48 ksi with bonded reinforcement
[OK]
stress in the bottom of the beam:
P, P,.e M
fyr=—tp—C =076 ksi
A Se Se
Compressive stress limit for concrete = 3.3 ksi [OK]
Stresses at Service Loads
Stress Limits for Concrete
Total prestressing force after all losses Pe:=np+pe=73.63 kip
Concrete Stress Limits: [AASHTO Art. 5.9.2.3.2a]

Due to the sum of effective prestress and permanent loads (i.e. beam self-weight, weight of
future wearing surface, and weight of barriers) for the Load Combination Service 1:

for precast beam 0.45+f'.=4.05 ksi

Due to the sum of effective prestress, permanent loads, and transient loads as well as during
shipping and handling for the Load Combination Service 1:

for precast beam 0.60-f'.=5.4 ksi

Tension Limit: [AASHTO Art. 5.9.2.3.2b]

For components with un-bonded prestressing tendons, there should be no tensile stress at
the bottom concrete fiber.
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Stresses at Midspan
Concrete stress at top fiber of the beam

To check top stresses, two cases are checked:

Under permanent loads, Service I:

P, P.e, M,+M
fo=_0__© 4 bF VD _ 15 ksi <4.05 ksi [OK]

ig
A Sy Set

Under permanent and transient loads, Service I:

M
g ::ftg+S—L:0.74 ksi <54 ksi [OK]

ct

Concrete stress at bottom fiber of beam under permanent and transient loads, Service I11:

Pe  Perec  Mp+Mgp+(0.8)- (M)

f,:= Te + =—47+107° ksi No Tension: [OK]

If the tensile stress is between these two limits, the tensile force at the location being considered
must be computed following the procedure in AASHTO Art. C5.9.2.3.1b. The required area of
reinforcement is computed by dividing tensile force by the permitted stress in the reinforcement
(0.5,< 30 ksi)

Stregth Limit State
Effective prestressing strain Epei= g =9.09.107"
f

S1:=0.85 a1:=0.85

Strain reduction factors:

p =
(Lspan) [AASHTO-CFRP Eq. 1.7.3.1.2-6]
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By using equillibrium and compatibility, the depth of the neutral axis (c) and the strain
at top fiber of the beam can be found using following

& c=8in d,=17.25 in 60y =0.0158  £4,:=0.0015

g !

g

S

©l £, =0.003

£ d,—¢

g €pe T 'gcc'QupS‘gpu

§ : d,—¢

ay+fcefiebeCc= np-Apf- Es. Epet . -ecc-.Qup

E C |._find (c _|0.1187 ft

S [gcc] ind (¢,200) =| ) 003
£ =0.003 &y +=0.003
Depth of neutral axis, c=1.42in

: . : d,—¢

Strain at prestressing CFRP at ultimate &= *&ge* 2yp=0.0046
Total tension force Tiz=ng= Ayt E¢e <8f + 8pe> =111.18 kip
Total compression force Cei=aq+f+pi-b-c=111.18 kip
Check for equillibrium T;—C.=0 kip

The capacity of the section is:

-C
M, :=Tse (dp — c) +C.-|C —ﬁ—lz—) =154.21 ft-kip
Check for
if ec =6y =“Section capacity is compression-controlled”

“Section capacity is compression-controlled”
else

“Section capacity is tension-controlled”
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Selection of strength resistance factor:

$¢:=0.75 [for CFRP prestressed beams ] [AASHTO-CFRP Art. 1.5.3.2]
Check for capacity
if g M, >M, = “Section capacity is adequate”

“Section capacity is adequate”
else

“Section capacity is NOT adequate”

Deflection and Camber [Upward deflection is negative]

Deflection due to Prestressing Force at Transfer

Ao _Pt ec'<|-span>2

= =—0.3in
TE, 8

Deflection due to Beam Self-Weight

Sewe (Lspan> !

P 384 B,

Deflection due to beam self-weight at transfer:

4
Abt::M:Q,m in

384.Ey- |

Deflection due to beam self-weight used to compute deflection at erection:

_ 5.we <|-design>4
384.E,- |

be =0.12 in

Deflection due to Superimposed Dead Load

— 5+Wgp e <Ldesign> !

: =0.02 in
*P 384 E,- |
Deflection due to Live Load
5ewW, « (Lyeian)
A ="t (Leesion) =0.15 in

384.E, -
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Using ACI 440 multipliers for Long-term deflections

Immidiate camber at transfer Op:=Ap+Ap=—0.16 in
Camber at erection 0e:=1.80+4p+1.85 4,;=—0.29 in
Deflection at final Op:=1+4+2.70 A +4.10- 455+ 4, =0.31 in

Deflection due to Live Load when the Section is Cracked (i.e, for an moment of 130 ft-kip)

Stress at bottom fiber due to the effect of prestress only

Pe Pe-e
f ::_e+ e’ ‘¢
A Se

=0.97 ksi
Tensile strength of concrete

fl
fr:=0.24 /_C ksi=0.72 ksi
ksi

Cracking moment of the beam can be computed as:
Mgr i= (fr+fope) « S =112.94 ft-kip

Factor to soften effective moment of inertia (because of the use of prestressing CFRP)

E
Bq:=0.5 (Ef + 1) =0.89 [AASHTO-CFRP Eq. 1.7.3.4.2-2]
S
Modular ratio
Es
n:=—=4.13
C
Cracked moment of inertia [AASHTO-CFRP Eq. 1.7.3.4.2-3]
b. C3 2 2 -
lori=— +bece(c—0.5-c) +n-n,-Ay-(d,—c) =383.89 in
Moment at which deflection is computed at, M,:=130 ft-kip
Effective moment of inertia, [AASHTO-CFRP Eq. 1.7.3.4.2-1]

. M, 3-ﬂ-|+
e’ V‘ d

a

M 3
1—(M"r) )-lcr:(4.79.103> in*

a
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Design of the Anchorage Zone

Deflection due to live load producing a moment of 160 ft.kip

_ 5. Ma ° (Ldesign>2
48+E -1,

A =0.81 in

[AASHTO Art. 5.9.5.6]

Stress at bottom fiber due to the effect of prestress only

Plate dimensions

b:=12-in b,:=5.5-in t,:=0.625-in

14.50

fcpi :=0.5. flci =2.75 ksi

. — i Lo |
Pji=1.2 fo - Aoy 0.75 = 115.45 kip 3 {Q‘ @)
12.00
P . .
foi:=———=1.75 ksi <f,;;  No reinforcement needed for
by - by the local zone
Check the plate thickness
n:=2-in n: largest distance from edge of wedge plate to edge of the
bearing plate |
n\2
fy:=3fye (—) =53.74 ksi fs: bending stress in bearing plate
t
p

<08 f, [OK]
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Design of General Zone: Strut and Tie Model

"'.%

Y

|
~
Y
[

A
| 4" l 4" |

—_ -l >

B H/2 _{

Geometry and Forces distributions

F
b 4
I
w
_3.5”_\_ 45" _\2

T=009P g T=009P
Cal l -
\
\

) |
“\6_‘\{) :O.E
A \i‘i ®

A% | =
et O =T
T=0.09P A
|
10.09 P 1o
2 | =
P 004P. }_ P | P
1. —t - —
BN NP

¥ K

ot 10” -— ‘
Forces in Each element

Tie force
T:=P;-0.09=10.39 kip
Try no. 3 steel rebar
n:= T =1.57 Use 2 # 3 U bar concentrated a head of the anchorage plates

f,+0.11-in?
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Design for bursting force
T:=P;-0.09=10.39 kip

Try no. 3 steel rebar

N T =0.79

f,-(2-0.11)-in?

Use additional 1 closed ties stirrups @4"
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Example B-5: Design of a Decked AASHTO post-tensioned girder with draped CFRP cables

The bridge considered for this design example has a span length of 90 ft. (center-to-center (c/c) pier
distance), a total width of 34 ft., and total roadway width of 36 ft. The bridge superstructure consists of
six AASHTO Type IV girders spaced 6 ft. center-to-center, designed to act compositely with an 8 in.
thick cast-in-place (CIP) concrete deck. The beams are fully post-tensioned before removal from the
casting bed. The wearing surface thickness is 2.0 in., which includes the thickness of any future wearing
surface. T501 type rails are considered in the design. HL-93 is the design live load. A relative humidity
(RH) of 60 percent is considered in the design.The design is performed for an interior girder based on
service and strength limit states according to AASHTO-LRFD (2017) and AASHTO Guide
Specifications (2018). They are referred in the following example as AASHTO and AASHTO-CFRP
respectively.

Total Bridge Width

36"
Total Roadway Width
R Future Wearing Suface 3 4
| AN
8.007
5‘]1.. \ Deck |
L_3l J_ ﬁ' _]_ 6' J 6I J_ 6' J_ 6 J— 3' _J
— bo -
i
“
8"-Deck
AASHTO Type-1V
Overall beam Length Lepan:=91 ft
Design Span L gesign == 90 ft
Girder spacing Ospacing := 6 ft
Number of beams Npeams =6
Total roadway width Wyoadway *= 36 ft
Cast-in-Place Deck:
Structural thickness, (effective) hg:=7.5In
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Actual thickness, (for dead load calculation) t;:=8in
Concrete strength at 28 days, f' .peck :=8.00 ksi
Thickness of asphalt-wearing surface (including any future wearing surface) h,:=2 in

Unit weight of concrete ye:= 150 pcf

Precast Girders: AASHTO Type IV

Concrete strength at release, f';i:=16.00 ksi
Concrete strength at 28 days, f'.:=9.00 ksi
Unit weight of concrete ye:= 150 pcf

Prestressing CFRP

Diameter of one prestressing CFRP cable dy:=0.76 in

Area of one prestressing CFRP cable Api:=0.289 - in’

Design tensile stress fous= 105.2 kip _ 364 ksi
pf

Modulus of elasticity (AASHTO-CFRP Art. 1.4.1.3) E;:=22700 « ksi

Design tensile strain Epui= fé_: =0.016

Stress limitation for prestressing CFRP (AASHTO-CFRP Art. 1.9.1)

Before transfer foi:=0.70 < f, =255 ksi
Maximum allowable jacking strain €pj :=Mmin (spu —0.004, h) =0.01
f
Jacking stress foi == &pi» Ef=255 ksi
At service, after all losses foe = (:ﬂ — 0.05) «fou=237 ksi
pu
Nonprestressed Reinforcement:
Yield strength f,:=60 ksi
Modulus of elasticity (AASHTO Art. 5.4.3.2) E:=29000 ksi
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Unit weight of concrete

T501 type barrier weight/side

Section Properties of AASHTO Type IV Girder:

- 20“ _' A b

Cross-section area of girder
Moment of inertia of about the centroid of the noncomposite precast girder
Weight of the girder

Height of girder

Width of bottom rectangular flange
Height of bottom rectangular flange
Width of bottom tapered flange
Height of bottom tapered flange
Width of web

Height of web

Width of top rectangular flange
Height of top rectangular flange
Width of top tapered flange

Height of top tapered flange
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Vaws = 150 pcf

Yow := 326 plf
Ay:=789 in®
l:=260730 in*
W :=0.822 k;—tp
hg :=54-.in
Dprr:=26«1n
hp:=8+in
Ppis:=9+in
hp:=9+1n

by :=8-in
hy:=23-in
bys:=20-in
Nys:=8«in
Dyr:=06+in
hyr:=06+<in



Distance from centroid to the extreme bottom fiber of Ygbot :=24.73 in
the non-composite precast girder

Distance from centroid to the extreme top fiber of the Ygtop :=Ng — Ygpot =29.27 In
non-composite precast girder

Section modulus referenced to the extreme bottom fiber of Sgbot *= 8 — <1 .05 1O4> in’
the non-composite precast girder Ygbot
Section modulus referenced to the extreme top fiber of the Sgtop = g = <8.91 .10’ ) in’
non-composite precast girder Yotop

Effective flange width [AASHTO Art. 4.6.2.6.1]
B¢ := Ggpacing =72 IN Average spacing of adjacent girders

Material Properties for Girder and Deck Concrete:

Modulus of elasticity of concrete (AASHTO Art. 5.4.2.4) E <f'c> =12 (%) " (%)O ) . psi
At release E.:=E <f'ci> = <4.77 .10’ > ksi

At 28 days (Girder) E.:=E(f)=(5.45-10%) ksi

At 28 days (Deck) Eepeck = E (Fepecy) = (5.24+10%) ksi
Modulus of rupture of concrete (AASHTO Art 5.4.2.6) fonr <f'c> :=0.24 - I:_SCI « ksi
At release fris=Funr <f'ci> =0.59 ksi

At 28 day (Girder) o=t (Fc) =0.72 ki

At 28 day (Deck) frpeck = frnr (Fepeck) =0.68 ki

E
Ng:= cDeck —0.96 [Modular ratio for transformed section]
C

Section Properties Composite Deck:
Height of deck hg:=7.5+in

Width of deck bg:=ny - by =69.26 in
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Cross-section area of deck Agi=hyeby=519.41 in?

. . . . bd ° hd3 3\ - 4
Moment of inertia of deck about it centriod ly:= = = <2.43 10 > in
Weight of the deck Wy := <be . ts> +9.=0.6 Kip

ft

Due to camber of the precast, prestressed beam, a minimum haunch thickness of 1/2 in. at midspan is
considered in the structural properties of the composite section. Also, the width of haunch must be
transformed.

Height of haunch hp:=0.5 in
Width of haunch by :=by=20 in
Transformed width of haunch bp:=ny+b,=19.24 in
Area of haunch An:=hy by, =9.62 in’
. . . . bth ° hh3 .4
Moment of inertia of haunch about it centriod = =0.21In
. kip
Weight of the haunch W, = <bh . hh> +9.=0.0104 S
Total height of composite beam h;:=hg+hy+h,=62 in
Total area of composite beam Aci=Ag+Ag+A= <1.32 .10’ > in’
Total weight of the composite We 3= Wg + Wq + W, = 1.43 kip
beam ft
hg h,
Ag'ygbot+Ad' hc_7 +Ah' hg+_
Neutral axis location from bottom Yebot = =38.16 in
for composite beam Ag+Aq+ A,
Neutral axis location from top for Yetop = <hc> —Yebot=23.84 in
composite beam
Moment of inertia of composite beam
2 2

2

Icomp::|g+|d+|h+Ag'<ycbot_ygbot> +Aqge +Aqe

h .
Yt:top_7d yctop_hd_yh) :<6~18'105> |n4
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Shear Force and Bending Moment due to Dead Loads

Dead Loads:

Dead loads acting on the non-composite structure:

Self-weight of the girder wy=0.82 kl?p
Weight of cast-in-place deck on each interior girder wy=0.6 %
Weight of haunch on each interior girder w,=0.01 kl?p
Total dead load on non-composite section Wri=Wg +Wg+ W, =1.43 Kip

Superimposed Dead Loads:

Dead and live load on the deck must be distributed to the precast, prestressed beams. AASHTO
provides factors for the distribution of live load into the beams. The same factors can be used for
dead loads if the following criteria is met [AASHTO Art. 4.6.2.2.1]:

% Width of deck is constant [OK]
% Number of beams is not less than four,

if Npegns<4 || =“OK”

|“NoT oK~
else
“OK”

% Beams are parallel and have approximately the same stiffness

% The overhang minus the barrier width does not exceed 3.0 feet

D, =0Overhang—17 in = D -
1l_5" P"] P2
Overhang:=3 ft - ~2 - 6.00 ‘
) - ‘. N |
D,:=Overhang—17 in=19 in  8.00"| . —
\ (|/
if Dg>3 ft =“0OK” 4'-6.00" ‘ \
“NOT OK” d a0
else Log 6 |
[ “QK” Overhang Girder Spacing
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% Curvature in plan is less than the limit specified in Article 4.6.1.2.4 [OK]

% Cross section of the bridge is consistent with one of the cross sections given in
AASHTO Table 4.6.2.2.1-1 Precast concrete I sections are specified as Type k [OK]

Because all of the above criteria are satisfied, the barrier and wearing surface loads are equally
distributed among the six girders.

Weight of T501 rails or barriers on each girder Wp:i=2- (Vb?w) =0.11 @
t

Weight of 2.0 in. wearing surface Wipst = Vaws * (hws> =0.03 kl_zp

ft
This load is applied over the entire clear roadway W oW i
width. Weight of wearing surface on each girder Wy 1= _ws1” Troadway _ 15 kip

ft
Total superimposed dead load Wgp := Wy + W, =0.26 kLﬁp
. . E.

Calculate modular ratio between girder and deck n:= =1.04
(AASHTO Eq. 4.6.2.2.1-2) E coeck

Calculate e, the distance between the center of gravity of the non-composite beam and the deck.
Ignore the thickness of the haunch in determining ;. It is also possible to ignore the integral wearing
surface, i.e, use hy="7.5 in. However, the difference in the distribution factor will be minimal.

hy .
eg = ygtop + 7 = 3302 In

Calculate K; , the longitudinal stiffness parameter. (AASHTO Eq. 4.6.2.2.1-1)

Kgi=n-(ly+Ay-e,°) = (1.17-10°) in*

Moment Distribution Factors

Interior girder typr k (AASHTO 4.6.2.2.2 b)

Distribution factor for moment when one design lane is loaded
Ospacing ) 04 . (gspacing )0‘3 . Kg 01 041
14 ft LdESign I-design . hd3

Distribution factor for moment when two design lanes are loaded

g ) 0.6 g . 0.2 K 0.1
Dy.nteriorz = 0-075 + ( spa““g) : ( sp“'”g) : | =056
95 ft I—design I—design ‘ hd

Dm.interior1 := 0.06 +
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The greater distribution factor is selected for moment design of the beams.

D.interior := max <DM.Interior1 ) DM.Interior2> =0.56

Check for range of applicability

D interior ==

Exterior girder (AASHTO 4.6.2.2.2 d)

D.,+S—-2 ft

Pl=7e+
S

D.+S—8 ft

P2=—e+
S

D, =Overhang—17 in

Overhang:=3 ft
Dg:=0Overhang—17 in=19 in

S +=0spacing =06 ft

S <gspacing >3.5 ft) . <gspacing <l6 ft) =0.56
ty— (hg>4.5 in) - (hy<12 in)

L <Ldesign >20 ﬂ) . (Ldesign <240 ft>

Np <Nbeam324>

Ky ¢ (Kg>10000 in*) - (K, < 7000000 in*)

if (SetgeL«NyeKy)

H DM.Interior
else

“Does not satisfy range of applicability”

10
_gn P1 P2
1= 2' 6.00'
N
8.00" " ‘ -"
U 1 ) T
4'-6.00" J ( ]
N
AR dah
;___3' | 6|

Overhang Girder Spacing

The distribution factor for one design lane loaded is based on the lever rule, which includes a 0.5
factor for converting the truck load to wheel loads and a 1.2 factor for multiple truck presence.

2.S+2 D,—8 ft

S+D,—2 ft

D exterior1 := if (2 ft+6 ft) < (De+ S> )

0.5, .0.5/-1.2=0.56
S S

The distribution factor for moment when two design lanes are loaded
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Dwm exterior = D.interior *

De
0.77 + —
9.1

Using variables defined in this example,

Dwm exterior2 = DM.interior2 *

De
0.77+ =0.53
9.1 ft

D Exterior = Max (DM.Exteriorl ) DM.ExteriorZ) =0.56

Range of applicability

D exterior := || de < (DeZ—l ft> . <De§5.5 ft> =0.56
if (d,)

H DM.Exterior
else

“Does not satisfy range of applicability”

For fatigue limit state

The commentary of article 3.4.1 in the AASHTO LRFD specification states that for fatigue limit
state a single design truck should be used. However, live load distribution factors given in
AASHTO Art 4.6.2.2 take into consideration the multiple presence factor, m. AASHTO Art
3.6.1.1.2 states that the multiple presence factor, m,for one design lane loaded is 1.2. Therefore, the
distribution factor for one design lane loaded with the multiple presence factor removed should be
used.

DM.Interiorl —0.34

Distribution factor for fatigue limit state DME Interior := -

Shear Distribution Factors

Interior Girder [AASHTO Art. 4.6.2.2.3 a]
Distribution factor for shear when one design lane is loaded
Ds interior = 0.36 + i

' 25

Using variables defined in this example

gspacing —0.24
25 ft '

Ds interior1 :=0.36 +

Ospacing | _ ) 6
25 ft '
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Distribution factor for shear when two design lanes are loaded
S s\
D ior=024+—[—|—
S.Interior (12) (35)
Using variables defined in this example

gspacing ) _ ( gspacing )2 —0.55

D ior2:=0.075+
S.Interior2 12 fi 35 ft

The greater distribution factor is selected for moment design of the beams.

Ds interior := Max <DS.Interior1 ) DS.Interior2> =0.6

Check for range of applicability

Ds interior := || S <— (gspacing >3.5 ft> . <gspacing <leé ft> =0.56
ty— (hg>4.5 in) - (hy< 12 in)

L« (Ldesign>20 ft) + (Lgesign <240 ft)

Np <Nbeams > 4>

Ky (Kg>10000 in*) - (K, < 7000000 in*)

if (Sets+L+Ny-Ky)

H DM.Interior
else

“Does not satisfy range of applicability”

The AASHTO Specifications specify the dynamic load effects as a percentage of the static live load
effects. AASHTO Table 3.6.2.1-1 specifies the dynamic allowance to be taken as 33 percent of the
static load effects for all limit states, except the fatigue limit state, and 15 percent for the fatigue
limit state. The factor to be applied to the static load shall be taken as:

(1 +1M/100)

where:

IM = Dynamic load allowance, applied to truck load or tandem load only
= 33 for all limit states except the fatigue limit state
= 15 for fatigue limit state

The maximum shear forces and bending moments due to HS 20-44 truck loading for all limit states
is calculated using the influence line approach. The live load moments and shear forces for the
simple span is computed by positioning the axle load of HS-20 truck in following locations
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32 kips 32kips  8Kkips

i

)
£ 14it J’ j}
28ft
Case |
32 kips 32kips  8Kkips
A
X
T
7 14t J’ j}
28ft

Case ll

Case I: HS-20 truck moment and shear
P,:=32 kip P,:=32 kip P3:=8 kip x:=5 ft

. (Ldesign_x_28 ft) .

L gesign — X Lgesion — X — 14 ft
Mtruckl (X) — Pl' < design ) -X+P2- < design > -X+P3

X
design design design
L design —X Lgesign —X— 14 ft Loy —X—28 ft
Viruckt (X) =Py < design ) +P,e. < design ) +P3. < design >
design design design

Case II: HS-20 truck moment and shear

L gesion — L gesian — Lgosiqn — X — 14 ft
Mtruckz (X) — Pl' < design X) -(X—14 ft)+P2- ( design X) -X+P3- < design X ) X
I—design design design
—(x— L gesian — Lgesign — X — 14 ft
Virukz (x) =Py - (k=14 1) +Ppe (Laesin =) +Ps- (Loesin = )
design design design

Mirucky (maximize (M, ,X)) = (1.3 10%) ftkip
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Mirucke (maximize (M0, X)) = (1.34- 10°) ftkip
Maximum bending moment due to HS 20-44 truck load
M:=(1.344.10°) ftkip
The calculation of shear force is carried out later for the critical shear section.

Distributed bending moment due to truck load including dynamic load allowance (M 1) is calculated

as follows:
M, 1 = (Moment per lane due to truck load)(DFM)(1+1M/100)
IM:=33

DM.Interior: 0.56

M .
Myt :=M Dy interior * (1 +W) = (1 * 103> ft-kip

The maximum bending moments (M| ) due to a uniformly distributed lane load of 0.64 kif are
calculated using the following formulas given by the PCI Design Manual (PCI 2017).

Maximum bending moment, M, = 0.5(0.64)(X)(L — Xx)

where:

X = Distance from centerline of bearing to section at which
the bending moment or shear force is calculated, ft.

L = Design span length

At the section of maximum truck load maximize <Mtruck2 , X) =47.33 ft
X:=47.333 ft

M, :=0.5+0.64 kaf-(x) (Laesign— X) = 646.26 ft-kip

ML :=Dw.interior * ML =361.97 ft-kip

For fatigue limit state:
Therefore, the bending moment of the fatigue truck load is:
Mf = (bending moment per lane)(DFM)(1 + IM)

M= M+ Dy prerior (1 +1'_('\)"0) = 606.79 ft-Kip

Shear forces and bending moments for the girder due to dead loads, superimposed dead loads at
every tenth of the design span, and at critical sections (hold-down point or harp point and critical
section for shear) are provided in this section. The bending moment (M) and shear force (V) due to
uniform dead loads and uniform superimposed dead loads at any section at a distance X from the
centerline of bearing are calculated using the following formulas, where the uniform load is
denoted as w.
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M =0.5w x (L —X)
V=w(0.5L —x)

The critical section for shear is located at a distance h./2 from the face of the support. However, as
the support dimensions are not specified in this project, the critical section is measured from the

excel  :=3.28084 (Lgesign

S

excel :=0.5-3.28084 (Lesign)

L excel :=0.0000685217 (wg)
3 excel | :=0.0000685217 (Wg+Wwp)
= exceI“Bz” :=0.0000685217 <Wb>
'wg 0.822 0.61042 00.000 L 00.000
Wsp 0.109
| Dead Load

. Section| . . . .

Distance (x/L) Girder Weight Slab Weight Barrier weight | Total Dead Load
(%) Shear |Moment| Shear | Moment | Shear |[Moment| Shear | Moment
ft. k k-ft k k-ft k k-ft k k-ft
0 0.000 |36.990 | 0.00 | 27.469 | 0.00 4890 | 0.00 | 6935 | 0.00
4.654 | 0.052 |33.164 | 163.25 | 24.628 | 121.23 | 4384 | 21.58 | 62.18 | 306.06
10.858 | 0.121 |28.065 | 353.18 | 20.841 | 262.27 | 3.710 | 46.69 | 52.62 | 662.14
21.717 | 0241 | 19.139 | 609.47 | 14.212 452.59 2.530 | 80.57 | 35.88 | 1142.64
32575 | 0362 | 10.213 | 768.82 | 7.584 570.93 1.350 | 101.64 | 19.15 | 1441.39
43433 | 0483 | 1.288 | 831.26 | 0.957 617.30 0.170 | 109.89 | 2.41 1558.45

g V= excel“cg” -kip V= exceI“Egﬂ kip  Vy= exceI“Gg” «kip
E_
S Mys=excel -ft-kip My:=excel -ft-kip My, =excel _ -ft-kip

The AASHTO design live load is designated as HL-93, which consists of a combination of:

% Design truck with dynamic allowance or design tandem with dynamic allowance,
whichever produces greater moments and shears, and
% Design lane load without dynamic allowance. [AASHTO Art. 3.6.1.2]

The design truck is designated as HS 20-44 consisting of an 8 kip front axle and two 32 kip
rear axles. [AASHTO Art. 3.6.1.2.2]

The design tandem consists of a pair of 25-kip axles spaced 4 ft. apart. However, for spans
longer than 40 ft. the tandem loading does not govern, thus only the truck load is investigated

in this example. [AASHTO Art. 3.6.1.2.3]

The lane load consists of a load of 0.64 klf uniformly distributed in the longitudinal direction.
[AASHTO Art. 3.6.1.2.4]
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This design example considers only the dead and vehicular live loads. The wind load and the extreme event
loads, including earthquake and vehicle collision loads, are not included in the

design. Various limit states and load combinations provided by AASHTO Art. 3.4.1 are investigated, and
the following limit states are found to be applicable in present case:

Service [: This limit state is used for normal operational use of a bridge. This limit state provides the
general load combination for service limit state stress checks and applies to all conditions except
Service III limit state. For prestressed concrete components, this load combination is used to check for
compressive stresses. The load combination is presented as follows[AASHTO Table 3.4.1-1]:
Q=1.00 (DC + DW) + 1.00(LL + IM)

Service III: This limit state is a special load combination for service limit state stress checks that applies
only to tension in prestressed concrete structures to control cracks. The load combination for this limit
state is presented as follows [AASHTOTable 3.4.1-1]:

Q=1.00(DC + DW) + 0.80(LL + IM)

(Subsequent revisions to the AASHTO specification have revise this load combination)

Strength I: This limit state is the general load combination for strength limit state design relating to the
normal vehicular use of the bridge without wind. The load combination is presented as follows
[AASHTO Table 3.4.1-1 and 2]:

Q =vP(DC) + yP(DW) + 1.75(LL + IM)

Load Factor. ve
Type of Load Maimum | Minmmm
DC: Structural components and non- 125 0.90
structural attachments - )
DW: Weanng surface and utihnes 1.50 0.65

The maximum and minimum load combinations for the Strength I limit state are presented as
follows:

Maximum Q = 1.25(DC) + 1.50(DW) + 1.75(LL + IM)

Minimum Q = 0.90(DC) + 0.65(DW) + 1.75(LL + IM)

Estimation of Required Prestress
The required number of strands is usually governed by concrete tensile stress at the bottom fiber
of the girder at the midspan section. The load combination for the Service III limit state is used to
evaluate the bottom fiber stresses at the midspan section. The calculation for compressive stress in
the top fiber of the girder at midspan section under service loads is also shown in the following
section. The compressive stress is evaluated using the load combination for the Service I limit
state.

Service Load Stresses at Midspan

Bottom tensile stress due to applied dead and live loads using load combination Service I11

1S:
(= Mg+ My N My +Mys+(0.8) « (M r+My,)

Sb Sbc
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f,=Concrete stress at the bottom fiber of the girder, ksi

M, =unfactored bending moment due to beam self-weight, k-ft

W+ Lesign”
Mg;:%"es@“:%zzg ft-kip

Mg=unfactored bending moment due to deck self-weight and haunch, k-ft

<Wd + Wh) ° I—design2

My = =618.05 ft-kip

M, =unfactored bending moment due to barrier self-weight, k-ft
Wy * L gesian”

M,s =unfactored bending moment due to future wearing , k-ft

Wiys * Lesion
My = —2 8"%: 151.88 ftkip
M, r=unfactored bending moment due to truck load (kip-ft) M = <1 -10° > ft-kip

M, | =unfactored bending moment due to truck load (kip-ft) M, =361.97 ft-kip

S, =composite section modulus for extreme bottom fiber of precast beam (in’ )

Using the variables used in this example

|
Sepori=—2" = (1.62+10*) in
Yebot

=2.65 ksi

fi Mg+ Mgy + Mb+Mws+(O-8) . <MLT+ MLL)

Sgbot Scbot

Stress Limits for Concrete
The tensile stress limit at service load =0 [AASHTO Table 5.9.2.3.2b-1]

Concrete tensile stress limit = fy:=0-ksi
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Required Number of Strands

The required pre-compressive stress at the bottom fiber of the beam is the difference the between
bottom tensile stress due to the applied loads and the concrete tensile stress limits:

Required pre-compressive stress at bottom fiber, fop:=fp—fy=2.65 ksi
Assume the distance between the center of gravity of the bottom strands and the bottom fiber of the
beam:

€c:=Ygoot=24.73 in

If Ppe is the total prestressing force, the stress at the bottom fiber due to prestress is:

Using the variables in this example

f
P i=— P —73438 kip
1 €

A, S
g gbot
Final prestress force per strand, Py = (area of prestressing CFRP) (f,;) (1 — ploss, %)

ploss:=20%

Pori= Ao+ (1 —ploss) =58.91 kip
The number of prestressing CFRP is equal to Ny := P —1247

N, :=round (<r]2—p>) 24+4=16
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Change the number of bars based on the value of n,.

Npy =6 dy1:=511in If no bars is needed at certain layer input 0.
The maximum number of bars at each layer is:
an ::6 dp2 = 47 |n nbl :6 ! ]
nb2 =6
Nog =4 dy3:=43 in Np3 =4
I’]b4 =2
nb4 =0 dp4 :=39 in nb5:1
nb6:1
nbs ::O dp5 = 35 |n nb7:1 8 é
Mg =0 doe:=31 in 3
nb7 :O dp7 ::27 in
Mg =0 dygi=23 in % 000
: OO0OO0O0O00O0
Npg =0 dyo:=19 in 1 O0000O0
1
i
The center of gravity of the strands, c.g.s. = N

where: n;=number of strands in row i
y; = distance to center of row i from bottom of beam section
N = total number of strands
—h.— Ny = Ayg + Ny = Ayp + Ny = Ayg + Ny = Apg + Nps = Ayg + Ny + Ay + Nz + Az +Nyg + g +Npg + A — 6.5 in
p="g =6.
Np1 + Np2 + N3 + Npa + Nps + Npg + N7 + Npg + Npg

€= Ygnot — X, = 18.23 in Yghot=24.73 in

np = Np1 + Npy + N3+ Ny + Nps + Npg + N7 + Npg + Npg = 16

Ppe:=n,+Pps=942.59 kip hy=54 in
e
i Ppe.(i+ ¢ |=2.82 ksi
g Sgbot
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midspan center of gravity of prestressing CFRP Yps =X, =6.5 n

midspan prestressing CFRP eccentricity €c:=Ygbot — Ybs = 18.23 In
Prestress L.osses [AASHTO Art. 5.9.3]

Total prestress loss " Afr"

Apr - Apr +Apr +AprS +Afp|_-|-

Af = loss due to friction (ksi)
Afop= loss due to anchorage set (ksi)

Afjes= sum of all losses or gains due to elastic shortening or extension at time of
application of prestress and/or external loads (ksi)

Afy 1= losses due to long-term shrinkage and creep of concrete, and relaxation of
the prestressing CFRP (ksi)

Fricition Losses [AASHTO Art. 5.9.3.2.2b]

Losses due to friction between the internal prestressing tendons and the duct wall may be
taken as:

A .

foj= stress in the prestressing CFRP at jacking (ksi)

x = length of a prestressing CFRP from the jacking end to any point under consideration (ft)
K = wobble friction coefficient (per ft of tendon)

= coefficient of friction

a=sum of the absolute values of angular change of prestressing CFRP path from jacking end,
or from the nearest jacking end if tensioning is done equally at both ends, to the point under
investigation (rad.)

e = base of Napierian logarithms

Values of K and ushould be based on experimental data for the materials specified and shall
be shown in the contract documents.

K:=0.00026 L w:=03 Note: These numbers are based on the
ft experiments done in AASHTO-CFRP

a:=0-rad As a starting point, assume all cables are straight
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Friciton losses at the non-jacking end
X := L gsign = 90 ft A=ty (1 —e K 49) = 5,89 ksi
Fricton losses at the middle
X ::@: 45 ft A=ty (1—e ™ 49) =2 96 ksi
Anchorage Set Losses

Based on experimental investigation in NCHRP Project 12-97, the anchorage set losses for
Socket type anchor was measured for the full-scale post-tensioned beams and found to be less
than 1.0 percent [AASHTO-CFRP C1.9.2.2.1]

Afyp:=0.01 -, =2.55 ksi

Elastic Shortening

When the prestressing force is transferred from the prestressing strands to the concrete member,
the force causes elastic shortening of the member as it cambers upward. This results in a loss of
the initial prestress of the strands. However, some of that loss is gained back due to the self-
weight of the member which creates tension in the strands.

MNo=1) &
2:N, Ey ¥

Where E;=modulus of elasticity of prestressing CFRP (ksi)

Aes = [AASHTO-CFRP Eq. 1.9.2.2.3a-1]

E.;=modulus of elasticity of the concrete at transfer or time of load application
(ksi)=Eg;

fogp =the concrete stress at the center of gravity of CFRP due to the prestressing force
immediately after transfer and the self-weight of the member at sections of maximum
moment (ksi)
AASHTO Article C5.9.5.2.3a states that to calculate the prestress after transfer, an initial estimate
of prestress loss is assumed and iterated until acceptable accuracy is achieved. In this example, an
initial estimate of 10% is assumed.

where

Np= The number of Identical Prestressing CFRP
Force per strand at transfer
P, Pi-e.’ Mg e,

cgp =
A, |

f

9
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Where, P;=total prestressing force at release=n, *p

e.=eccentricity of strands measured from the center of gravity of the precast
beam at midspan

Mg =moment due to beam self-weight at midspan (should be calculated using the
overall beam length)

Wy (Lepan)
MG::%ZSSO}W ft-kip

eloss:= 10%

E N At foi+ (1 —eloss) N (= Apt o+ (1 —eloss)) -e;? _ Mg-e) (ny—1)

Solver Constraint§&uess Values

eloss =
I pi * Eci Aq lg ly 2n,
eloss :=find {eloss) =0.0195
Therefore, the loss due to elastic shortening= eloss=0.02
The force per strand at transfer= pi=Apsefoie (1 —eloss)=72.21 kip
The concrete stress due to prestress= nep nepee’ Mg-e
fogpi=—— 22— —C € =2 ksi
Ag Ig Ig
n,—1) E
The prestress loss due to elastic shortening= Afoes ::<2p—> —. fogp=4.96 ksi
N .
p ci

Total prestressing force at release
Pi:=ny-p=(1.16-10") kip

Long Term Losses

A1 = (Afpsp + Afper + Afory) + (AFsp + Aycp + Afgrp — Af ss)
Afsg=prestress loss due to shrinkage of girder concrete between time of transfer and deck
placement (ksi)
Afcr=prestress loss due to creep of girder concrete between time of transfer and deck
placement (ksi)
Afri =prestress loss due to relaxation of prestressing strands between time of transfer and
deck placement ksi)
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Afsp =prestress loss due to shrinkage of girder concrete between time of deck placement and
final time (ksi)

Afcp=prestress loss due to creep of girder concrete between time of deck placement and
final time (ksi)

Afro=prestress loss due to relaxation of prestressing strands in composite section between
time of deck placement and final time (ksi)

Afss=prestress gain due to shrinkage of deck in composite section (ksi)

<Afp5R + Afcr +Apr1) =sum of time-dependent prestress losses between time of transfer and
deck placement (ksi)

<Afp5D + Afocp +Aforo —Afpss) =sum of time-dependent prestress losses after deck
placement (ksi)

Prestress Losses: Time of Transfer to Time of Deck Placement
Shrinkage of Girder Concrete

Afssr=epig * Epc * Kig [AASHTO Eq. 5.9.3.4.2a-1]
where,  ¢&,,q=shrinkage strain of girder between the time of transfer and deck placement

=K+ Kps * Ke+ Kig+0.48+ 107 [AASHTO Eq. 5.4.2.3.3-1]
and, k;=factor for the effect of volume to surface ratio of the component

k;=1.45-0.13(V/S)
where (V/S)=volume to surface ratio=(Area/Perimeter)

[AASHTO Eq. 5.4.2.3.2-2]

Perimeter

b — b .
P,:=2 %4‘ hbrf+ \ bbtf2 +hbtf2 +hw+\/bttf2 +httf2 +htrf+%rf) =166.43 In

gi=

=083  ke=|ifk<l =1

|

else

&

K, =humidity factor for shrinkage=2.00-0.014H  [AASHTO Eq. 5.4.2.3.3-2]
H:=70

A
ke= 1.45— 0,13 [ 22
in \ Py

Kns:=2.00 —0.014+ H=1.02

ki=factor for the effect of concrete strength [AASHTO Eq. 5.4.2.3.2-4]
5
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141

1+
ksi

kig=time developement factor
t [AASHTO Eq. 5.4.2.3.2-5]

6l —4efgtt

ktd <td 9 t|> = 071
Epid = kS . khS . kf' ktd <td 5 t|> . 048 . 10_3 = 247 . 10_4

Kjq=transformed section coefficient that accounts for time-dependent interaction between

concrete and bonded steel in the section being considered for time period between transfer and
deck placement

- ! [AASHTO Eq. 5.9.3.4.2a-2]
Epc _ Apsc Ag-eng’
14+ _—Pc, 1+ (14+0.7 % (t,1))
Eci Ag Icomp
where, P, (t, 1) =1.9 < kg Ky <Ko kg o ;' [AASHTO Eq. 5.4.2.3.2-1]
K, =humidity factor for creep=1.56-0.008H [AASHTO Eq. 5.4.2.3.2-3]

€pg:=€.=18.23 in
Kpo:=1.56—0.008 H=1
t;:=20000 t:=1
K (t, 1) =1

W (£, 1) == 1.9 Kg+ Kng - g+ kig (t, 1) + (&)
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Ylb <tf ) t|> = 135

Kid:: 12 :099
E; A A -e
1+—f-—pf-(1+ 9 | (14+0.7+ %, (t,1))
Eci Ag g
AfpSR = gbid . Ef . Kid = 557 kSl
Creep of Girder Concrete
A or= Ere foan® P (tg, t) < K
PCR ™ *fogp® 7 (to, i) + Kig [AASHTO Eq. 5.9.3.4.2b-1]
ciACI
Where,

Y (td , ti> =girder creep coefficient at time of deck placement due to loading
introduced at transfer

=1.9. kS . th . kf' ktd . <t|> —0.118

E
Afycr ::E_f_-fcgp- ¥, (tg,1;)  Kig=10.08 ki

Cl

Relaxation of Prestressing Strands

f
Aprl = (00215 . ( pt J _ 00076) |og (t . 24) . fpu

; [AASHTO-CFRP Eq. 1.9.2.5.2-2]

Where, for=stress in prestressing strands immediately after transfer,
for:=foi — Afes =249.85 ki
t=time between strand prestressing and deck placement (days)
t:=t;+t3=91
Therefore,

Aprl = (00215 .

f
ﬂ) - 0.0076) log (t-24)f,,=8.7 ksi
pu

Prestress Losses: Time of Deck Placement to Final Time
Shrinkage of Girder Concrete

Afncn =gnare Eeoe Kae
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where ¢,g=shrinkage strain of girder between the time of deck placement and final time

= &pif ~ Epid
epifi= K+ Kns = ke Kig (1, 1) < 0.48-107°=3.49. 107
Ebdf *= Epif — Epig=1.02+ 107

Kgs=transformed section coefficient that accounts for time-dependent interaction between
concrete and bonded steel in the section being considered for time period between deck
placement and final time

- ! [AASHTO Eq. 5.9.3.4.3a-2]

2
LB A -(1+ Ac-lepc (1+0.7 %, (t;, 1))

c

ci Ac

where, e,.=eccentricity of prestressing force with respect to centroid of composite section (in);
positive in common construction where force is below centroid
=Yebot — Ybs
A.=area of section calculated using the gross composite concrete section properties of
the girder and the deck, and the deck-to-girder modular ratio
I. =moment of inertia calculated using gross composite concrete properties of the
girder and the deck, and the deck-to-girder modular ratio at service= I oy,

epC:: beOt_be:31'66 in ij <tf,ti> =1.35
Ky L =0.99
E;: A A.-e
1+—f-—pf-(1+i (140.7+ % (1, 1))
Eci Ac comp

AfpSD = &gt * Ef . de = 23 kSl

Creep of Girder Concrete

Es Es
AprD:E “fogn® (P (tr, 1) — ¥ (ta, 1)) + de+E— < A+ Py (tr,tg) « Kgg
: ¢ [AASHTO Eq. 5.9.3.4.3b-1]
Where, Y (tf , td> =girder creep coefficient at final time due to loading at deck

placement
=1.9. kS . th . kf' ktd <tf ) td> . <t|> —0.118
Y/h (tc . t.q\ = 08
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w1/ uy

Af4=change in concrete stress at centroid of prestressing strands due to long-term losses between
transfer and deck placement, combined with deck weight on the non-composite transformed section,
and superimposed loads on the composite transformed section (ksi)
A Ay-e Ms-e M, +M,.) - €
:_<AfpSR +AprR+Apr1> . pf J1+ g vc _ S * Cptf + < b WS) ptc
A, lg It lic

Where e;=eccentricity of the prestressing force with respect to the centroid of the non-composite

transformed section
eptc —eccentricity of the prestressing force with respect to the centroid of the non-composite

transformed section
liy=moment of inertia of the non-composite transformed section

l;,;=moment of inertia of the composite transformed section
To perform the calculations, it is necessary to calculate the non-composite and composite transformed
section properties

= =
Ng:=—=4.76 ng:=—=4.17
a Eci C
| Excel | =Aq-39.3701 : excel :=Ygoor+39.3701  excel :=14-39.3701"
2
=) excel | =ngeny-Ay+39.3701°  excel :=yp-39.3701
Non-composite transformed section properties at transfer
Area i Ay, Voo | ATObar HA*(¥p o
.. . . o 2. I (mi) 2.
(i) | (@ | (nd) (i) | y)*(in’) ¥’ (in)
Beam 789.00 24.73 | 19512.00 24.23 193.36 | 260730.56 | 260923.92
Pre. CFRH 22.02 6.50 143.15 ' 6927.10 0.00 6927.10
811.02 19655.16 I (inJ') 267851.02

Qutputs
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excel :=Ay+39.37017 excel _:=Ygoor+39.3701  excel :=14-39.3701"

Inputs

-—_ 2 -—
exceI“BM =Ng Ny Ape+39.3701 excel“w = Yps + 39.3701

Non-composite transformed section properties at service
- . Yh.at A*(."b,ﬂ_ I+A *(‘V'h gt
Awea ()| ¥ () |Ay (@) ) I (in .
o @ | wrad| "™ | )
Beam 789.00 24.73 19512.00 24.30 148.97 | 260730.56 | 260879.53
Pre. CFRP 19.27 6.50 125.23 ' 6100.99 0.00 6100.99
808.27 19637.23 | (mﬁ 266980.52
g epr=excel «in ly:=excel _-in®
S
| excel i=Ac-39.3701 : excel =Yopor+39.3701  excel = legpp+39.3701°
=
| excel | =ngenyeAy-39.37017  excel | :=ypg+39.3701
Conposite transformed section propetties at service
Ara | | A | Y [ ATOwe) (in’) A e
. 2 Jb . 2. 2.
(i) n) | () |y (nh W) (i)
Beam | 1318.034| 38.1551 | 50289.72 3770 274.11 |617603.94|617878.04
Pre. CFRP| 1927 |6.500004| 125.23 ' 18752.69| 000 | 18752.69
1337.30 50414.95 | (i114) 636630.73
£ epci=excel «in l:=excel _-in®
=
o
From table above €t :=20.02 in €ptc:=33.15 in
ly:=266584.66 in* l,c:=686823.24 in*
A As-e’ Mg-e Mp+ M) - €
A= —(Afpsp + Afyop+ Ay » 2o | 14 | [ 070 (Mo +Mus) €e) _ 73 4
Aq I I lie
Eq Eq _
AprD ::E—' fcgp . (ij <tf ) t|> —_— Tb <td ’ t|>> ° de+E— .Ade . Tb <tf ’ td> . de: 177 kSl
ci C
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Relaxation of Prestressing Strands

Aprz = Aprf - Aprl

f
- JPt) . .
Aprf_(o.ozo ( J 0-0066) log (t-24) Ty, [AASHTO-CFRP Eq. 1.9.2.5.2-2]

fou

Where, for=stress in prestressing strands immediately after transfer,
for:=foi — Afps =249.85 ki
t=time between strand prestressing and final (days)
te=t;+t=2.10"
Therefore,

f -
Afpre= (0.020- (fﬂJ—o.OO%) log (t+24)+f,,=14.74 ksi
pu

Aprz ::Aprf—Aprl = 604 kSl

Shrinkage of Deck Concrete

E
AfpSS:E_f.Adef. de' <1 + 07 * S”b <tf,td>>

C

[AASHTO Eq. 5.9.3.4.3d-1]

Where, Afqs=change in concrete stress at centroid of prestressing strands
due to shrinkage of deck concrete (ksi)

Ac e

eagr*AgcBea [ 1 Epc8q
(140.7+ % (1, t4))

Where, Ay=area of deck concrete
E.q=modulus of elascity of deck concrete

e.=eccentricitv of deck with respect to the gross
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and,

u v 1 o

composite section, positive in typical construction where
deck is above girder (in)

Yepeck :=Nc—0.5+hy=58.25 in
€4°=Yepeck — Yebot = 20.09 in

eqqt =shrinkage strain of deck concrete between placement

and final time
:ks' khs' kf‘ ktd <tf,ti> . 048 . 10_3

k;=factor for the effect of volume to surface ratio of the component
(this has to be recalculated for deck)

k;=1.45-0.13(V/S)
where (V/S)=volume to surface ratio of deck (in)
=Area/Perimeter (excluding edges)

[AASHTO Eq. 5.4.2.3.2-2]
Pgi=be2=144 in

A
ke=1.45— 0,13 [ 29| =0.98
in \ Py

k:=1if k,<1 =1
|
else
&
K 5 f';i=specified compressive strength of deck
f i concrete at time of initial loading may be taken as
! +G 0.80 flcDeck
k=2 =0.68
1+ E' f' cDeck
ksi
t—t;
K (t, 1) := 0S T :
61 —4. Dk 4,
ksi

def = ks' khS. kf' ktd <tf,td> '048 . 10_3:33 . 10_4

Af =
caf <1 +07' Sl]b <tf,td>>

€ddr * Ad * Ecpeck .(1 epC'ed):—omksi
Ac Icomp
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AfpSS ::g.Adef. de' <1 +O7 . Tb <tf,td>> :—101 kSl

c
Total Prestress Losses at Transfer
The prestress loss due to elastic shortening:

Stress in tendons after transfer for:=foi — Afps =249.85 ksi

Force per strand after transfer Pr:="for Apr=72.21 kip
Afes+ 100
Initial loss, % eloss := %: 1.95
pi

Total Prestress Losses at Service

The sum of time-dependent prestress losses between time of transfer and deck placement:
(Afosr+Afycr+ Afgrs) =24.35 ki
The sum of time-dependent prestress losses after deck placement:
(Afysp+ Af oo + Afypy + Afss) =9.1 ksi
The total time-dependent prestress losses:
A ri= (Afpsp + Afper + Afopy) + (Afsp + Afycp + Af o + Afyss) = 33.45 ki
The total prestress loss at service:

Apr ::Afpl: +Apr +Apr5 +Afp|_'|' = 4393 kSl

Stress in strands after all losses,

oo = fyy — A,y =210.88 ksi
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Check prestressing stress limit at service limit state: [AASHTO-CFRP Table 1.9.1-1]

if f,,<0.6-fy, =“Stress limit satisfied”

“Stress limit satisfied”

else

“Stress limit not satisfied”

Force per strand after all losses g :=f,. « Ayy=60.95 kip

Therefore, the total prestressing force after all losses Pe:=ny-p.=975.12 kip
) Afyr+100
Final loss, % ploss:=———=17.24
pi

Stresses at Transfer

Total prestressing force after transfer Pi:=ngep= <1 16.10° > kip
Stress Limits for Concrete
Compression Limit: [AASHTO Art. 5.9.2.3.1a]
0.6-f;=3.6 ksi
Where, f';;=concrete strength at release = 5.5 ksi

Tension Limit: [AASHTO Art. 5.9.2.3.1b]
Without bonded reinforcement

'

—0.0948-\/_"! ksi=—0.23 ksi <-0.2 ksi
ksi

Therefore, tension limit, 1=—0.2 ksi

With bonded reinforcement (reinforcing bars or prestressing steel) sufficient to resist the
tensile force in the concrete computed assuming an uncracked section where reinforcement
is proportioned using a stress of 0.5f,, not to exceed 30 ksi.

[t
—0.24+4[|—= ksi=—0.59 ksi
ksi
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If the tensile stress is between these two limits, the tensile force at the location being considered
must be computed following the procedure in AASHTO Art. C5.9.4.1.2. The required area of
reinforcement is computed by dividing tensile force by the permitted stress in the reinforcement
(0.5,< 30 ksi)

Stresses at end of the beam

Stress in the top of beam:

P, P;-e
fi=—t——1 =09 ksi
Ag SgtOp
Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement  [NOT OK]

-0.588 ksi with bonded reinforcement [NOT OK]
stress in the bottom of the beam:

P, P;-e
fy:=—+——==3.46 ksi
g Sgbot
Compressive stress limit for concrete =3.6 ksi [NOT OK]
e.=18.23 in

Eccentricity required to satisfy the tension limit

€1 =

P; S

—L 4048 +ksi [+ L% =14.99 in

Ag

Since stresses at the top end do not satisfy the stress limits, one strand was draped
Ygbot := 24.73«in hg :=54.in

Ng1:=6 dg1:=511in o §: §l . |
Ngp:=4 dgp:=47 in 8 y i E
Ny =2 dyg =43 in i O '
Ngg = dgs:=17in g § § )
Ngs = dgs:=13in
Nge = dgs:=9 in _7/0 o
Ng7:= dg7:=5in O 0 O O

00 QCQ O
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nd8 ::O dd8 = 1925 in
ndg ::O dd9 = 1525 in

>Ny

The center of gravity of the strands, c.g.s. = N

where: n;=number of strands in row i
y; = distance to center of row i from bottom of beam section
N = total number of strands
_ Ngy*dgg +Nyp + dgp + Ng3 * dyz + Nyg * Ags + Ngs + dys + Ng * A + N7 * Az + Nyg * dgg +Ngg * Ao _ 15 in
o =
Ng1 + Ng2 + N3 + Nga + Ngs + Ngg + Ng7 + Ngg + Nag

X,:=h

pi=

€ce *= Ygbot — Xp=9.73 in

Stress in the top of beam:

P, P;-e
f=— Ll ——L =02 ksi
Ag Sgtop
Tensile stress limits for concrete= -0.2 ksi without bonded reinforcement [OK]
-0.588 ksi with bonded reinforcement [OK]
Stress in the bottom of the beam:
P, P;-e
foi=—+——==2.53 ksi
Ag Sgbot
Compressive stress limit for concrete = 3.6 ksi [OK]

Stresses at midspan
X:= Ldesign «0.5=45 ft
Mg :=0.5 Wy X+ (Lgesign—X) =832.28 ft-kip

Stress in the top of beam:

P, P;-e M
f=t L1 < 9 =0.22 ksi
Ag Sgtop Sgtop
Compressive stress limit for concrete = 3.6 ksi [OK]
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stress in the bottom of the beam:

P, P;-e M
fpi=—L+—————9 =251 ksi
Ag Sgbot Sgbot
Compressive stress limit for concrete = 3.6 ksi [OK]

Stresses at Service Loads

Total prestressing force after all losses P.=975.12 kip

Compression Limit: [AASHTO Art. 5.9.2.3.2a]

Due to the sum of effective prestress and permanent loads (i.e. beam self-weight, weight of
slab and haunch, weight of future wearing surface, and weight of barriers) for the Load
Combination Service 1:

for precast beam 0.45+f'.=4.05 ksi
for deck 0.45 «f' ;peck = 3.6 ksi

Due to the sum of effective prestress, permanent loads, and transient loads as well as during
shipping and handling for the Load Combination Service 1:

for precast beam 0.60-f'.=5.4 ksi
for deck 0.60 « f';peck =4.8 ksi
Tension Limit: [AASHTO Art. 5.9.2.3.2b]
Tension limit = 0 ksi For components with unbonded prestressing
tendons
Stresses at Midspan

Concrete stress at top fiber of the beam

To check top stresses, two cases are checked:
Under permanent loads, Service I:

|
Segtop™= ——® = (3.78-10*) in®
yctop_ hd
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P P.e. M.4+M, M.+M
fomre_TetC Mgt Mg  MustMy o i

tg
Ag Sgtop Sgtop chtop

Under permanent and transient loads, Service I:

f f+MLT+MLL

. =1.71 ksi

g =
cgtop

Concrete stress at bottom fiber of beam under permanent and transient loads, Service I11:

P, N Porec  Mg+My Mp+Mys+(0.8) « (M7 + My )

=0.58 ksi  [OK]
g Sgtop Sgbot Scbot

Strength Limit State

The total ultimate bending moment for Strength I is: [AASHTO Art. 3.4.1]
Mu = 1.25(DC) + 1.50(DW) + 1.75(LL + IM)

Using the values of unfactored bending moment used in this example

My =125 (Mg+Mg+Mp) +1.50+ Mg+ 175+ (M + M) = (4.56+10°) ft-kip

fpe -3
£pu="0.02 o= L-=9.29+10 €6y =0.003
f
dy:= (g +hy—3.5 in) =58 in Mos | 161
Np2 6
dps == (hg+hg—8.25 in) =53.25 in o3 | |4 hg=7.5 in
Moa | |0
dpp = (hg+hg—13 in) =48.5 in Ny (=0
Nps | |0
dps = (hg+hg—17.75 in) =43.75 in No7 8
Npg
dpg = (Ng+hy—22.5 in) =39 in nyg| -
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Guess Values

Constraints

Solver

dys == (hg+hg—23 in) =38.5 in
dys == (hg+hg—27 in) =34.5 in

dy7:= (hg+hg—31 in) =30.5 in

dyg := (hg+hg—35 in) =26.5 in
S1:=0.65 a1:=0.85

Strain reduction factors:

3 3
Qqu =—— _=0.09 Qup7 =
( Lspan ) ( Lspan )
dos dy7
c:=71in £y :=0.002
d,—
Epe T et Qup<ép, gey = 0.003
if f1.c<hy

ag* flcDeck 'ﬂl * bd °C

else if hy<p+c < (hye+hy)

a1+ Fopeck* (Bg* hg+bys+ (B1+c—hy))
else

c 0.3968 ft
:=find (C =
_%] ind (¢, ) [0.003 ]

[AASHTO-CFRP Eq. 1.7.3.1.2-6]

=0.15 Qupo= 3 013
( Lspan
dpo
=0.11 Qups = 3 o1
( Lspan)
dos
=0.08 Qups = 3 _0.07

AASHTO-CFRP C 1.7.2.1

01+ Fopeck® <bd * g+ bys e Ny + (bttf+ (httf_ (ﬁl «C— <htrf+ hd>>> + bw) . (ﬂl «C— <htrf+ hd>>>

= (nm'

(
Epe T -
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c=4.76 in

= if,B]_'CShd

oy fIcDeck ‘ﬂl * bd *
else if hy<py+c < (hye+hy)

a1+ Fopeck s (0 g+ byre (B1+c—hy))

else

d
Trr:=Npg ApeEpe [epe+

c

3 d,—¢
geu=3-10 Epe t . *&eu* Ly =0.01

=(1.46-10%) kip

a1+ Fopeck s (00 Ng+ Byer hys+ (Bus + (s — (B1 ¢ — (hys+hg))) +by) « (Br-c— (hyr+hyg)))

—C
g+ Qup | =576.02 kip

dy1—¢C .
Tf2::nb2'Apf'Ef' Spe-i- '8CU°QUP1 :541.56 klp
dy,—C .
Tf3::nb3-Apf-Ef- Epet 'gcu'gupz =340.12 kip
dys—C .
Tf4::nb4'Apf'Ef' Epe T+ '5cu"Qup3 =0 kip
dos—C .
Tis:=Nps* A+ Eg | gpe + *&cu* Qypa | =0 kip
dos—C .
TfG::an'Apf'Ef' Epe T+ '5cu"Qup5 =0 kip
dys—C .
Tf7::nb7'Apf'Ef' €pe T+ '5cu"Qup6 =0 kip
dy;—cC .
TfS::an'Apf'Ef' Epe T '5cu"Qup7 =0 kip
dog—C . .
nglznbg'Apf'Ef' Spe+ 'gcu"Qup8 :0 klp ng' <dp8—C>:0 klp'ft
Tn+Tp+Te+Ty+ T+ T+ T+ Tg—Ce+Te=0 kip (dpg—c) =21.74 in

Mn::Tfl'<dp—C>+Tf2°<dp1—C>+Cc'(C—

Br-c

+ Tf3 M <dp2 - C) + Tf4 . <dp3 - C> + Tf5 M <dp4 - C> + Tf6 M <dp5 - C) + Tf7
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$#:=0.75 [for CFRP prestressed beams ] [AASHTO-CFRP Art. 1.5.3.2]

¢+M,=(4.78-10%) ft-kip M,=(4.56-10%) ft-kip  >M, [OK]

Shear Design

Transverse shear reinforcement will be provided where [AASHTO Eq. 5.7.2.3-1]
Vy>0.5 ¢+ (Ve+Vp)

Where,
V,=factored shear force (kips)

V.=nominal shear resistance provided by tensile stresses in the concrete (kips)
V,=component of prestressing in the direction of shear force (kips)

#=0.90=resistance factor for shear [AASHTO Art. 5.5.4.2]
Critical Section for Shear [AASHTO Art. 5.7.3.2]
The location of the critical section for shear shall be taken as d, from the internal face of the
support.

Where, d,= effective shear depth taken as the distance, measured perpendicular to the

neutral axis, between the resultant of the tensile and compressive force due to
flexure. It need not to be taken less than the greater of 0.9d, or 0.72h (in).

—q._2 [AASHTO Art. 5.7.2.8]
[

Where,

a = depth of compression block

h = overall depth of composite section

d.= Effective depth from the extreme compression fiber to the centroid of the tensile force in

the tensile reinforcement (For harped and draped configuration, this values varies along the
length) For CFRP prestressed beams, this value can be taken as the centroid of prestressing
CFRP at that location (substituting f,; by f,, and A;@3#in AASHTO Eq. 5.8.2.9-2)

Ypse :=Xp =15 In

de:=hg+hy—Ypee =46.5 in a:=f,-c=3.11in
Effective Shear Depth d,:= de—%:44.95 in
0.9+d,=41.85 in 0.72+« (hg+hg) =44.28 in

dy:=max (0.9+d,,0.72+ (hy+hy)) =44.28 in
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d, :=max (dl , dv> =44.95 in

The bearing width is yet to be determined. It is conservatively assumed zero and the critical
section for shear is locatied at the distance of

Xe

X :=d,=44.95 in =0.04

design

(0.04L) from the centerline of the bearing, where L is the design span length.

The value of d, is calculated at the girder end, which can be refined based on the critical
section location. However, it is conservative not to refine the value of d, based on the critical
section 0.04L. The value, if refined, will have a small difference (PCI 2017).

Shear Stress

Shear stress in the concrete (V) is given as:
- V,— qSV£

¢+b,-d,
Where,

S = A factor indicating the ability of diagonally cracked concrete to transmit tension
¢ = resistance factor for shear

[AASHTO Eq. 5.7.2.8-1]

u

$:=0.9
b, = effective web width (in)

b,:=b,—3 in=5in [Duct size used is 2 inches. Subtract 2x1.5 in.=3 in.
d,=44.95 in

V,=factored shear force at specified section at Strength Limit I state

Using the equation to calculate shear force due to the design truck X:=X,=44.95 in

Viruckt (X) =Py <Ld65ign _ X> +Pye <Ld€5ign —x—14 ft) +Pge <Ldesign —X—28 ft>

design design design

—x—l14 1t L esign —X Lesign— X — 14 ft
Virucke (X) =Py ( )+P2.< design >+P3-< design >

design design design

Viruekt (X) =61.54 kip
Viruekz (X) =40.74 kip

V:=max <Vtruck1 (X) s Virucke (X)> =61.54 kip
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Distributed bending shear due to truck load including dynamic load allowance (V| 1) is calculated as

follows:
V1 = (Moment per lane due to truck load)(DFS)(1+IM/100)
IM:=33

DS.Interior =0.56

IM .
Vi1:=V.D iore | 1 +——-| =45.84 ki
LT S.Interior ( 100) p

The maximum shear force (V| ) due to a uniformly distributed lane load of 0.64 klf are calculated
using the following formulas given by the PCI Design Manual (PCI 2017).

2
ki_p <Ldesign - X>

Maximum bending moment, V, = 0.64
ft 2 I-design

where:

X = Distance from centerline of bearing to section at which the shear force is calculated, ft.
L = Design span length

2

iD (Lgesign—X
v, =064 KIP M:zws kip
design
VL= Ds interior * VL= 14.82 kip
Vis 1= Wy * (0.5 + Lesign — X) =6.19 kip
Vyi= 125 (Vg4 Vet V) + 1.5+ Vg + 175+ (V7 4V, ) = 193.15 kip

V,, = Component of the effective prestressing force in the direction of the applied shear, kips
= (force per strand)(number of harped strands) (sin (%))

Vp:=0 kip
Therefore,

V,—¢-V
u::wZOQS ksi
¢-by-d,

Contribution of Concrete to Nominal Shear Resistance [AASHTO Art. 5.7.3.3]

The contribution of the concrete to the nominal shear resistance is given as:
[AASHTO Eq. 5.7.3.3-3]

Ve=0.0316 B/ egirger by = dy
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where:

S = A factor indicating the ability of diagonally cracked concrete to transmit tension
' .irder = Compressive strength of concrete at service

b, = Effective web width taken as the minimum web width within the depth d,,

d,= Effective shear depth

Strain in Flexural Tension Reinforcement
The 8 and p values are determined based on the strain in the flexural tension reinforcement.
The strain in the reinforcement, &, is determined assuming that the section contains at least

the minimum transverse reinforcement as specified in AASHTO-CFRP Eq. 1.8.3.2-1

M
d—“+0.5-Nu+0.5-(vu—vp)—Apf-fpo

v

&g =
Ep ° Apf

M, =Applied factored bending moment at specified section.
Mgy 3= Wiyg * X+ <O~5 ° I-design - X> =23.18 ft-kip

M:=max <Mtruck1 (%) s Miryeie (X)> =230.52 ft-kip
M, :=0.5-0.64 kaf-(x) (Leesign—X) =103.4 ft-kip
MLy = Dmuinterior * ML=57.91 ft-kip

My = Dw.interior * (1 +%) -M=171.72 ft-kip

Myy:=1.25 (Mg, + Mg, +Mp,) +1.50 « My, + 1.75 « (Mg, + My ) =797.7 ft-kip
M, :=max <Muv , Ve dv> =797.7 ft-kip

N, =Applied factored normal force at the specified section, 0.04L = 0 kips

:2-25.98-|n-2 rad=0.1

N,:=0 n,:=4 v
span
foo = Parameter taken as modulus of elasticity of prestressing tendons multiplied by the

locked-in difference in strain between the prestressing tendons and the surrounding concrete
(ksi). For pretensioned members, AASHTO Art. C5.7.3.4.2 indicates that f,, can be taken as

the stress in strands when the concrete is cast around them, which is jacking stress fy;, or f,,.

foo =Ty =254.81 ksi Ay:=0 in E=(227-107) psi  Ay=0.29 in’
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V,, = Component of the effective prestressing force in the direction of the applied shear, kips
= (force per strand)(number of harped strands) (sin (%))

Vpi=Pe+npesin(¥) =23.16 kip

M ,
d—“+o.5 kip + Ny + (Vy— V) — (ng— 1) « Age = fio

Epi= — =—6.36-10"°
Er+ (Np— ") - Apy

Since this value is negative, ¢; should be recalculated using AASHTO Eq. 5.7.3.4.2-4
replacing the denominator by (EC « A+ Eye Apﬁ>

A = Area of the concrete on the flexural tension
side below h/2

hy+hg

Agi= — Nt — Npet |+ By + N » Bigg + Ny« Bprr =399 in?

M ,
d—“+o.5 Kip + Ny + (Vy— V) — (ng— 1) « Age+ o

g =-222.10""
f (Ec+ Aq+Er+ (Ng—np) - Ay

gr=max (g1, —0.40-107) =—2.22.10"*

Therefore, £, factor indicating the ability of diagonally cracked concrete to transmit tension and
shear can be calculated as:

4.8

p= 14750+ ¢

=5.76 [AASHTO Eq. 5.7.3.4.2-1]

And, 6, angle of inclination of diagonal compressive stress can be calculated as:

0:=2943500.5=28.22 [AASHTO Eq. 5.7.3.4.2-3]

0:=28.23 deg
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Computation of Concrete Contribution

The contribution of the concrete to the nominal shear resistance is given as:

fl
V,:=0.0316 ﬁ.\/k_? «b, +d, - ksi=122.74 kip
Sl

Contribution of Reinforcement to Nominal Shear Resistance
. (Ve+Vy) : . :
if Vy<g- s [AASHTO Eq. 5.7.2.3-1] =“Transverse shear reinforcement will be provided”

“Transverse reinforcement shall not be provided”

else
i “Transverse shear reinforcement will be provided”

Required Area of Shear Reinforcement

The required area of transverse shear reinforcement is:

VLI
— <V, V=V +Vy+ Vs

Where,
V,=Shear force carried by transverse reinforcement

V,
Voi=—2—V,— V,=68.71 kip  [Minimum Shear Reinforcement shall be provided]

Determine Spacing of Reinforcement [AASHTO Art. 5.7.2.6]
Check for maximum spacing of transverse reinforcement

check if v;<0.125 f',
or v, >0.125 f';

if v, <0.125 f, —24 in
Hmin(O.S-dv,24 in)

else
| min (0.4-4,,12 in)

Smax =
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Use s:=22in

if S <Spax = “transverse reinforcement spacing OK”

“transverse reinforcement spacing OK”
else

“transverse reinforcement spacing NOT OK”

Minimum Reinforcement Requirement [AASHTO Eq. 5.7.2.5-1]

The area of transverse reinforcement should not be less than:

0.0316-\/f_°- by-s

ksi

[ f. byes
Aymin:=0.0316- —C_' v ksi=0.17 in?
ksi fy

Use #4 bar double-legged stirrups at 12 in. c/c,

Avprov=2+(0.20 in*) =0.4 in

Vs — Avprov ¢ fy * dv - cot (9)

=91.34 kip Viprov:=Vs
S

if Ayprov>Aumin = “Minimum shear reinforcement criteria met”

H “Minimum shear reinforcement criteria met”
else

Il «c

I Minimum shear reinforcement criteria not met”

Therefore, #4 stirrups with 2 legs shall be provided at 22 in spacing

Maximum Nominal Shear Resistance

In order to ensure that the concrete in the web of the girder will not crush prior to yielding of
the transverse reinforcement, the AASHTO Specifications give an upper limit for V,, as

follows:
V,=0.25-f.b,d,+ Vp [AASHTO Eq. 5.7.3.3-2]
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Comparing the above equation with AASHTO Eq. 5.8.3.3-1
Ve+V<0.25-f.¢b,-d,=1

V.4 V,=214.08 kip

0.25+f' b, +d,=505.71 kip

This is a sample calculation for determining the transverse reinforcement requirement at the critical
section. This procedure can be followed to find the transverse reinforcement requirement at
increments along the length of the girder.

Interface Shear Transfer [AASHTO Art. 5.7.4]

Factored Interface Shear
To calculate the factored interface shear between the girder and slab, the procedure in the
commentary of AASHTO Art. 5.7.4.5 will be used. This procedure calculates the factored
interface shear force per unit length.

At the Strength I Limit State, the factored interface shear force, Vy,;, at a section on a per unit

basis is:
Vi
Vyi= = [AASHTO Eq. C5.7.4.5-7]
Vv
where: V; = factored shear force at specified section due to total load (noncomposite

and composite loads)
The AASHTO Specifications does not identify the location of the critical section. For
convenience, it will be assumed here to be the same location as the critical section for
vertical shear, at point 0.04L.

V,=193.15 kip

V;:=V,=193.15 kip

V -
d, in

Required Nominal Interface Shear Resistance

The required nominal interface shear resistance (per unit length) is:
V..
V= 7” [AASHTO Eq. 5.7.4.3-1]

where: V,; >V [AASHTO Egq. 5.7.4.3-2]
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where, V= Vi =4.3 X0

in
Vui
Therefore, V,j=—
V N -
Vyiim b= g.77 KIP
) in

Required Interface Shear Reinforcement

The nominal shear resistance of the interface surface (per unit length) is:

Vi = €1 Ag + (A T, + Pg) [AASHTO Eq. 5.7.4.3-3]

where:
¢, = Cohesion factor [AASHTO Art. 5.7.4.4]
1 = Friction factor [AASHTO Art. 5.7.4.4]
A., = Area of concrete engaged in shear transfer, in.2
A = Area of shear reinforcement crossing the shear plane, in.2

P. = Permanent net compressive force normal to the shear plane, kips
f, = Shear reinforcement yield strength, ksi

For concrete normal-weight concrete placed against a clean concrete surface, free of laitance,
with surface intentionally roughened to an amplitude of 0.25 in: [AASHTO Art. 5.7.4.4]
C,:=0.28 ksi
p=1
The actual contact width, bv, between the slab and the girder is 20 in.
2

Ag = by =240 % d,=44.95 in

P.:=0 kip
The AASHTO Eq. 5.8.4.1-3 can be solved for Aj; as follows:

neP
Vni_cl'Acv_.—C 2

Agi= n__—_ o171
ety ft
. . . Av rov in2
The provided vertical shear reinforcement —PIY —0.22 ry
S t
A
Since, P > Ay,
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The provided reinforcement for vertical shear is sufficient to resist interface shear.

Minimum Interface Shear Reinforcement

The cross-sectional area of the interface shear reinforcement, Ay, croossing the interface are,
Ay, shall satisty

. 0.05-A, [AASHTO Eq. 5.7.4.2-1]
Minimum As>—F——
y
0.05-A in’
Ay = v —02 1
fy ft
ksi

The minimum interface shear reinforcement, A, need not exceed the lesser of the amount
. . : Vii . .
determined using Eq. 5.7.4.2-1 and the amount needed to resist 1.33 —- as determined using

Eq. 5.8.4.1-3.

Vii WP
133 2L ¢ .A,——° -
In n

Agp=—? =0.15 1
ety ft

Therefore, minimum amount of shear reinforcement

=2
- in
Avtmin=min (A1 ,Aypp) =0.15 =

it Avprov > Avimin =“Minm. Interface shear reinforcement OK”

H “Minm. Interface shear reinforcement OK”
else

|

Maximum Nominal Shear Resistance

“Minm. Interfaceshear reinforcement NOT OK”

Vipro = Gy + Agy 11+ A+, = 57.29 'Lﬂp [AASHTO Eq. 5.7.4.3-3]
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The nominal shear resistance, V,,;, used in the design shall not be greater than the lesser of

Vii<kg-fo-Ay [AASHTO Eq. 5.7.4.3-4]

Vi <kj A, [AASHTO Eq. 5.7.4.3-5]
Where: For a cast-in-place concrete slab on clean concrete girder surfaces, free of laitance with
surface roughened to an amplitude of 0.25 in.

K;:=0.30  kyi=1.8 ksi

ky o'y e Ay, = 648 f—lt-kip

kp+ A, =432 —+kip

ft
Vniprov <kpefeeAy=1 [1=0K]
Vniprov < k2 Ay =1 [1=0K]

Minimum I.ongitudinal Reinforcement Requirement [AASHTO Art. 1.8.3.3]

Longitudinal reinforcement should be proportioned so that at each section the following
equation is satisfied:

. I\/Iu Nu Vu ( N\
ZApf.fpu2W+0.5-_+ —2—05-V,—V,| cot(#) [AASHTO-CFRP Eq. 1.8.3.3-1]
x=1

v * Pf n v

where:n - Ay = area of prestressing steel on the flexural tension side of the member at
section under consideration (in )

fou = average stress in prestressing steel at the time for which the nominal
resistance is required (ksi) conservatively taken as effective prestress

M, = factored bending moment at the section corresponding to the factored
shear force (kip-ft)

V, = factored shear force at section under consideration (kip)

Vp, = component of the effective prestressing force in direction of the
applied shear (kip) =0

V, = shear resistance provided by the transverse reinforcement at the

section under investigation as given by Eq. 5.7.3.3-4, except that Vs shall
not be taken as greater than Vu /o (kip)

¢; = resistance factor for flexure
¢, = resistance factor for axial resistance
¢, = resistance factor for shear
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0 =

angle of inclination of diagonal compressive stresses used in determining the

nominal shear resistance of the section under investigation as determined by AASHTO Eq.
5.7.3.4.2-3 (degrees)

Required Reinforcement at Face of Bearing

Width of the bearing is assumed to be zero. This assumption is more conservative for these calculations.
Thus, the failure crack assumed for this analysis radiates from the centerline of the bearing, 6 in. from

the end of

the beam.

As 6 1in. is very close to the end of the beam, shear and moment values at the end of the beam are used

excel  :=3.28084 (Lesign) excel  :=0.5-328084 (Leesign)
| excel | :=0.0000685217 (w)
3 excel | :=0.0000685217 (wWy+Wy)
= excel  :=0.0000685217 (W)
B2
W 0.822 0.61042 90.000 L
Wsp 0.100
‘ Dead Load
) Section ) ) ) ) )
Distance (x/L) Girder Weight Slab W eight Barrier weight | Total D,
(x) Shear |Moment| Shear | Moment | Shear |Moment| Shear
ft. k k-ft k k-ft k k-ft k
0 0.000 |36.990 | 0.00 27.469 0.00 4.890 0.00 69.35
0.291 0.003 |36.751 | 10.73 | 27.291 7.97 4.858 1.42 68.90
10.858 | 0.121 | 28.065 | 353.18 | 20.841 262.27 3.710 | 46.69 52.62
21.717 | 0.241 | 19.139 | 609.47 | 14.212 452.59 2.530 | 80.57 35.88
32.575 | 0.362 | 10.213 | 768.82 | 7.584 570.93 1.350 | 101.64 | 19.15
43.433 | 0.483 | 1.288 | 831.26 | 0.957 617.30 0.170 | 109.89 2.41
45.000 | 0.500 | 0.000 | 832.27 | 0.000 618.05 0.000 | 110.02 0.00
. V= exceI“CT’ -kip V= exceI“ET, kip  Vy= exceI“GT, «kip
=
g Mg, := excel“m” ftekip M= excel“w -ft-kip My, = exceI“HT’ -ft-kip

X:=0 ft

Viruekt (X) =64.53 kip

Viruckz (X) =43.73 kip

V:=max <Vtruck1 (X) s Viruck (X)> =64.53 kip

Vi1:=V + Dg interior * (

1 +M_ =48.07 kip
100
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2

m_ <Ldesign - X>

design

V. :=0.64 =28.8 kip

VL= Ds interior * VL =16.13 kip
Vis 1= Wy * (0.5  Lesign — X) =6.75 kip
Vyi=1.25 (Vg+Ve+ V) + 1.5 Vs + 175+ (Vir+ Vi ) =209.17 kip
Mygy 3= Wy * X+ (0.5 + Lyegign—X) =0 ft-kip
M:=max <Mtruck1 (%) s Miryeie (X)> =0 ft-kip
=05+0.64 KPP () (Lo —x)=0 ft-ki

M, :=0.5-0.64 o () (Lgesign—X) =0 ft-kip
MLy = Dm.interior* ML =0 ft-kip
M7= Dt pmterior * | 1+ |« M =0 ft- kip

LTv M.Interior 100
Vyi=1.25 (Vg+Ve+Vy) + 1.5 Vs + 175+ (Vir+ Vi ) =209.17 kip

My :=1.25 (Mg, + Mg, +Mp,) +1.50 - My, + 175« (M1, +My,) =0 ft-kip

¢:=0.75 $ni=1 ¢,:=0.9 Vs:=Vsprov

M N,-kip (V
Y +05.—2 IO+(—“—o.5-vs—va cot{6)=304.68 kip

dv ¢ ¢f . ¢n v

The crack plane crosses the centroid of the 12 straight strands at a distance of
Xe:=643.659+cot (0) =12.82

in. from the girder end. Because the transfer length is 24 in., the available prestress from 12
straight strands is a fraction of the effective prestress, fy,, in these strands. The 4 draped strands

do not contribute to the tensile capacity since they are not on the flexural tension side of the

member.
X

«in
(np =) + Age= e -2‘;_"] =390.52 kip [AASHTO-CFRP Eq. 1.8.3.3-1]

(Mp =) + At e

X.ein M N, «Ki V,
el M 05 [0 5.v,— V| cot(6)
24'in — d,- ¢ ?n

Vv

Therefore, additional longitudinal reinforcement is not required
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Deflection and Camber [Upward deflection is negative]
Deflection Due to Prestressing Force at Transfer

Pu:=ny-p=(1.16-10%) kip

e':=e,—e,=28.51In difference between the eccentricity of the prestressing CFRP at

midspan and at the end of the beam
i I-design _
a:=——==45ft
2

—Py (e (Ldesign> 2 _ e a’
ECi . I 8

A::

o =-2.09 in

9

Deflection Due to Beam Self-Weight

= 5 'Wg ¢ (I-girder>4
384+Eg- 1,

9

Deflection due to beam self-weight at transfer:

5ewg e (Lgpan)?
Agt::M:I.Oz in
384-Eg- 1y

Deflection due to beam self-weight used to compute deflection at erection:

=5 W+ (Leesign)*

= =0.98 in
T 384.Ey-ly

Deflection Due to Slab and Haunch Weights

— 5.wye <Ldesign> !

e =0.26 in
384+E¢+ lomp

Deflection Due to Rail/Barrier and Future Wearing Surface (Overlay)

5. (Wb +st> ¢ <|-design>4

Apwsi= =0.11 in
e 384+ Eg+ loomp
Ca=% (td , ti> =0.96 [From previous calculation of the creep of concrete]
Camber at transfer A=Ay + A4y =—1.07 in
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Total deflection before deck placement
A= (A +4g) (14C4)=-2.09 in
Total deflection after deck placement

Agpi= (Ady+4g) (14Cy) +4gg=—1.83 in
Total deflection on composite section

A= (Ay+4g) (14Cy) +dga+dpus=—1.71 in

The deflection criteria in S2.5.2.6.2 (live load deflection check) is considered optional. The bridge
owner may select to invoke this criteria if desired.

Deflection Due to Live Load and Impact

Live load deflection limit (optional) = Span / 800 [AASHTO Art. 2.5.2.6.2]

= Loesion _ 1 3541

L= —

If the owner invokes the optional live load deflection criteria specified in AASHTO Article
2.5.2.6.2, the deflection is the greater of:

% That resulting from the design truck alone, orfAASHTO Art. 3.6.1.3.2]
% That resulting from 25% of the design truck taken together with the design lane load.

Therefore, the distribution factor for deflection, DFD, is calculated as follows:

4

DFD:= =0.67

beams

However, it is more conservative to use the distribution factor for moment

Deflection due to Lane Load: ki ki
Design lane load, W :=0.64. thp -DFD=0.43 thp

_ 5ewp . <|-design>4
384Ec*lcomp

=0.19 in

LL®
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Deflection due to Design Truck Load and Impact:

To obtain maximum moment and deflection at midspan due to the truck load, set the spacing
between the rear axles to 14 ft, and let the centerline of the beam coincide with the middle

point of the distance between the inner 32-kip axle and the resultant of the truck load, as
shown in Figure 15.6-1.

Resultant of axle loads
72 kaps

32 kips 32 kips 8 kips

I

-
T 37.4 kips 233 _,L,:,

§ 34.6ki
Mid ns
=233
[ |
4833 11.67 14 00 43 67
120.00

Figure 15.6-1: Design Truck Axle Load Position for Maximum Bending Moment

The deflection at point x due to a point load at point a is given by the following equations:

=P'—b'x (L2 —b? —X2> for x<a
6+Ecelcomp L
. 3 2
A:P—b (x—a) -L+<L2—b> X=X for x>a
6+Eceleomp L b
where: P = point load
L = span length
X = location at which deflection is to
determined
b= L-a
E. = modulus of elasticity of precast beam at service loads
lcomp =  gross moment of inertia of the composite section

E.=(5.45-10%) ksi
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excel  :=3.28084 (Luesign) excel = (leomp) - (39.3701*)

g excel :=145038-107 E
E 5448.345 L geipn %0
Leomg 617603.9
Axk bad a b X A
P(kips)  (ft) (ft) (ft) .
32 33.33 56.6 45 0.222564
32 47.33 42.67 45 0.248557
3 61.33 28.67 45 0.048579
w O0p:=excel «in oy:=excel  «in o3:=excel «in
5 “ES” “E6” “E7”
b=
S

The total deflection =
ALT = (Sl + 52 + 53 = 052 |n

Including impact and the distribution factor, the deflection at midspan due to the design
truck load is:

IM .
A 1:=4,7-D ior* | 1+——1=0.39 In
LT LT M.Interior ( 100)

Therefore, the live load deflection is the greater of:

AL i=if A,1>0.25+A1+4,, | =039 in

| 40r
else

H 0.25+ Air+ 4y,

if 4,>4, =“Deflection Limit Satisfied”
“Deflection Limit Satisfied”

else

“Deflection Limit Not Satisfied”
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