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1. REFERENCES
LRFD: AASHTO LRFD Bridge Design Specifications, 8th Edition, 2017

AASHTO CFRP: Guide Specifications for the Design of Concrete Bridge Beams
Prestressed with Carbon Fiber-Reinforced Polymer (CFRP) Systems, 1st Edition, 2018

SDG: FDOT Structures Manual, Volume 1 -Structures Design Guidelines

FRPG: FDOT Structures Manual, Volume 4 -Fiber Reinforced Polymer Guidelines

FDOT Standard Plans Index 455-400

FRP Pile Standards by Zach Behring (MathCAD)
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12" X 30" sheet pile

hh := 12in Depth of pile section
bb := 30in Width of pile section
cham := 0.75in Chamfer

cover := 3in Clear cover

(SDG Table 1.4.2-1)

2
h .
Ag — bb-hh — 4t 359~in2 Gross pile
area
bb-hh’ 4
Ig = = 4320-in Moment of inertia
12

Perimeter := (bb + hh)-2 = 84-in

Perimeter of section

2. INPUTS
1
™
_
I 30" A
| |
kef = @
2.1 Geometry i
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2.2 Concrete
W, = 0.145 kip Concrete unit weight
e (SDG 1.4.1A)

f, == 6ksi Specified concrete strength
(SDG Table 1.4.3-2)

f ;= 4ksi Concrete strength at transfer
(Standard Plans Index 455-101)

K;:=10 Correction factor for aggregate

(SDG 14.1A)

2 0.33
W f..
E. .= 120000.1(1.(_0] ( Cl] .ksi = 3987 -ksi Elastic modulus of concrete at transfer

ci kef )\ ksi
(LRFD 5.4.2.4-1)

2 0.33
w f
E.:= 120000-K;- L I S -ksi = 4557-ksi Elastic modulus of concrete
c Plket ) ksi
(LRFD 5.4.2.4-1)

f'. — 10ksi
Q= min| max| 0.85 — 0.02~T,0.75 ,0.851=0.85
si

f, — 4ksi
Bl := min| max| 0.85 — 0.05-———,0.65 {,0.85 | = 0.75

ksi Concrete stress block factor
(LRFD 5.6.2.2)
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2.3 Reinforcement

Stirrups

D = 0.5in

stir -

Prestressing strands

Diameter of GFRP bar (stirrups)
(Standard Plans Index 455-440 series)

[Assume 0.6in diameter CFRP Cable; Properties refer to FDOT Standard Plans Index 455-440
and Specification Section 933 Table 1-2, 7-strand-15.2mm CFRP prestressing strand]

StrandTypecprp = |

CFRP strand type: 1 for Cable; 2 for Bar

n =38 Total number of tendons
p-total .
(Standard Plans Index 455-440 series)
Dp = 0.6in Diameter of CFRP prestressing tendon
Apf = 0.179in2 Effective cross-sectional area of each
tendon
Ap.total = np.total'Apf = 1.432-in2 Total area of tendons
Ep := 22480ksi Elastic modulus of prestressing tendon
P, := 66.2kip Ultimate tensile force for each tendon
Pu
fpu = —— = 370-ksi Ultimate tensile strength
Apf
Design tensile strength , fpu, is defined later
in "other inputs"|
Cgp:==1 Environmental reduction factor

fou = Cpfpy = 370-ksi

f

pllmlt = fpll = 370-ksi

(AASHTO CFRP Table 1.4.1.2-1)

Design tensile strength of CFRP tendon
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Jacking force, need to satisfy jacking
P; := 46.33%ip stress limit

(Standard Plan Index 455-400)

P

f .= — = 259.ksi Jacking stress
p1 A‘p ¢
fpi.limit = 0.70-fpu if StrandTypecppp =1 = 258.9-ksi
0.65.pr if StrandTypecrrp = 2 Jacking stress limit
Pi.limit = fpi.limit-Apf = 46.34-kip (AASHTO CFRP Table 1.9.1.1)
Checkf fimie = ["OK" if i < i Jimit = "OK"

"NOT GOOD" if fi; > £ fimi

Arrangement of prestressing tendons

05 total Number of tendons in rows 1, 2
2 (4j (sum of np = np, total)
n., = =
P 0y total 4
2
0.716
Ap =n ~Apf = ~in2 Area of tendons inrows 1, 2, 3, 4
p 0.716
DP
d'po = | cover + — | + D = 3.8:in Distance from top of the section to the
2 center of the 1st row tendons
hh — 2-d'p0
dygo=——F—— =44in Space of rows
ps rows(n ) -1
p
d 4po (3800] , Distance from top of the section to
= = -1
\ each tendon
P {dpo + dpso 8.200
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epg = 0-1n

e..:= 0in

pc

2.4 Other Inputs

H:= 75
MV

AprH =0

td =120

t¢ == 10000

Eccentricity of prestressing force
(non-composite section)
0 for prestressed piles

Eccentricity of prestressing force with
respect to composite section
0 for prestressed piles

(LRFD 5.9.34.3)

Ambient relative humidity
(SDG 4.6.6)

Prestress loss due to temperature
change. Not considered in this example
Age at transfer (day)

Age at pile installation (day)

final time (day)
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3. DETERMINE PRESTRESS LOSSES

Afp = AprS + AprT + AprH Total prestress loss
(AASHTO CFRP 1.9.2.1)

AprS: prestress loss due to elastic shortening
AprT: long-term time-dependent prestress losses, due to shrinkage, creep, and relaxation

AprH: prestress losses due to temperature change (Not considered in this example)

3.1 Prestress Loss due to Elastic Shortening

Eg

N
ES
b Egy °8P (AASHTO CFRP 1.4.2)

Prestress loss due to elastic shortening

Use vairables defined in this example,

£ Ap.total'fpi — 1.033ksi Concrete stress at gravity center of the
cegp A = 1O prestressing force at transfer
g (c.g. is the center of the cross-section)
EP
AprS = —fcgp = 5.825-ksi Prestress loss due to elastic shortening
E ..
a (AASHTO CFRP 1.4.2)
fpt = fpi - AprS = 253.052-ksi Prestressing stress at transfer
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3.2 Long-Term Time-Dependent Prestress Losses (Refined Estimation)

Afyr = (AfygR + Afycp + Aprl)i o (Afysp + Afyep + Afyro — Afygg) i

Total long-term time-dependent losses
id - time between transfer and pile
installation

df - time between pile installation and the
final time

(LRFD 5.9.3.4.1-1)

--------Time-Dependent losses between transfer and pile installation --------

Shrinkage of pile concrete (i->d)

Af,SR = €pid EpKid

Ag
ks = max| 1.45 - 0.13

Perimeter-in

,1.0} = 1.000

khs :=2.00 — 0.014H = 0.950
khc :=1.56 — 0.008H = 0.960
ke = = 1.000
f fci
1 -
ksi
t; — t
1 0
ktd(to,tl> =
fci
100 — 4-?
si
12 " + (tl - to)
— + 20
ksi

kyg(ti-tq) = 0-739

kyg(ti ty) = 0.996

(LRFD 5.9.3.4)

Factor for the effect of the
volume-to-surface ratio of the component

(LRFD 5.4.2.3.2)

Humidiy factor for shrinkage
(LRFD 5.4.2.3.3)

Humidiy factor for creep
(LRFD 5.4.2.3.2)

Factor for the effect of concrete strength
(LRFD 5.4.2.3.2)

Time development factor
(LRFD 5.4.2.3.2)

Time development factor
Time from transfer to pile installation

Time development factor
Time from transfer to final time
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ktd(td,tf) =0.996 Time development factor
Time from pile installation to final ime

-3 -4 . . .
Epid = ks'khs'kf'ktd(ti’td)'0-48' 10 ~=3370x 10  Shrinkage strain of pile concrete
(LRFD 5.4.2.3.3)
v = 1.9k okpokpkog(to, t )t O Creep coefficient
b(tlato) = 1.9-kgKpeke td(O’ 1)' 0 P
(LRFD 5.4.2.3.2)
‘I’b(td»ti) = 1.348 Creep coefficient
Time from transfer to pile installation
\Ilb(tf,ti) = 1.816 Creep coefficient
Time from transfer to final time
\Ilb(tf,td) =1.032 Creep coefficient
Time from pile installation to final ime
1
Kq:= > =0.958
E A e
.total
1+ —p'AptOta 41 £ b8 (1 + 07‘I’b(td’tl))
Egi  Ag Iy
Transformed section coefficient
(LRFD 5.9.34.3)
A = €p: B K 3 = 7.259-ksi Prestress loss due to
SR = €bid EpKig
fp P Shrinkage of pile concrete
(LRFD 5.9.34)
Creep of pile concrete (i->d)
5 loss
A = 2 f U (tg.t:) K g = 7.524 ksi Prestress loss due to
CR: bltd-ti) Kid
fp Eei °gp ( 1) Creep of pile concrete
(LRFD 5.9.34)
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Relaxation of prestressing CFRP (i->d)

fpu = 370-ksi Design tensile strength
fpt = 253-ksi Prestressing stress at transfer

AfpR(to-t) = [0.019% - 0.0066j-log[24-(t1 - to)]-fpu} if StrandTypecpgrp < |

u

f
pt i
[0.013 g - 0.006}-10g[24-(t1 - to)]-fpu} if 1 < StrandTypecpgp <2

Prestress loss due to relaxation
(AASHTO CFRP 1.9.25.2)

AfpRr) = Apr(ti,td) = 8.18-ksi Prestress loss due to relaxation

Time from transfer to pile installation

Total time-depedent prestress loss betweem transfer and pile installation

AforTid = Apgr + Afycp + Afyp| = 22.963-ksi

-------- Time-Dependent losses between pile installation to final time--------

Shrinkage of pile concrete (d->f)

3 4

Epdf = Ky kng'Kpkig(tg:tr) 04810~ = 4.541 x 10
Shrinkage strain of pile concrete

(LRFD 5.4.2.3.3)
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Eccentricity of prestressing force with

®pc = 0 respect to composite section
0 for prestressed piles
(LRFD 5.9.34.3)
I, = Ig =432 x 103~in4 Moment inertia for transformed composite
section
A= Ag = 359-in2 Area for transformed composite section
1
de = 5 = 0.963
E A -e
.total
40 Dptotal | Bepe (14 070y (t.14))
Eei  Ac I
Transformed section coefficient
(LRFD 5.9.34.3)
A = € By Kye = 9.827 ksi Prestress loss due to
SD bdf df
fp P Shrinkage of pile concrete
(LRFD 5.9.34.3)
Creep of pile concrete (d->f)
Af e _AprT.id'Ap.total . 0.092-ksi Change in concrete stress at centroid of
cd™ A = TUUTeksl prestressing strands due to long-term
g losses between transfer and pile
installation, combined with deck weight
and superimposed loads
(for piles, it is simplified)
EP EP
AprD = E—fcgp(q’b(tf,tl) - ‘I’b(td,tl»de + E_Afcdlpb<tf’td)de = 2.176-ksi
Cl1 C

Prestress loss due to
Creep of pile concrete
(LRFD 5.9.34.3)
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Relaxation of prestressing CFRP (d->f)

fpu = 370-ksi Design tensile strength
fpt = 253 ksi Prestressing stress at transfer
N Apr(td,tf) = 12.723-ksi Prestress loss due to relaxation

Time from transfer to pile installation

Shrinkage of deck concrete (d->f)

AfpSS := Oksi Not applicable to piles

(LRFD 5.9.3.4.3)
Total time-depedent prestress loss between pile installation and final time
AfypT.df = Afpsp + Afyep + Afpy — Afygg = 24.726-ksi

Total time-depedent prestress loss between transfer and final time

For Training Purposes Only, NOT To Be Used For Construction
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3.3 Summary - Prestress Loss

Afy = Afypg + Afypp + Afypyy = 53514 ksi Total prestress loss
(AASHTO CFRP 1.9.2.1)

A
Loss% := —— = 20.7-% Total prestress loss percentage
i

AprS = 5.825-ksi Prestress loss due to elastic shortening

AprH =0 Prestress loss due to temperature
change (not considered)

AprT = 47.689-ksi Total long-term time-dependent prestess
loss

AprT.id = 22.963-ksi Long-term time-dependent prestess loss
between transfer and pile installation

AprT. df = 24.726-ksi Long-term time-dependent prestess loss

between pile installation and final time

Afp.installation = AprS + AprT.id + AprH = 28.788-ksi

Total prestress loss at time of pile
installation
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4. SECTION CAPACITY CALCULATION

4.1 Summary of Strain/Stress

P
P% = — = 70.0-%
u

fpu = 370-ksi
fpi = 259-ksi

) Ap.total'(fpi - Afp.installation)
f¢ installation = A

g

foei = fpi = Alp installation = 230-ksi

f

c.installation = 0-918-ksi

fi= b= Af) =205 ksi
.total’
i Dosotalpe o0 4
A
g
€pe = % —9.135x 10 °
P
f
ce —4
Ecoi= — = 1.798 x 10
C
€y = 0003
fu
€pu = E_ =0.016

p

Jacking percentage

Design tensile strength

Jacking stress

= 0.92-ksi

Concrete stress (compression) at time of
pile installation

Effective prestress at time of pile
installation

Concrete stress (compression) at time of
pile installation

Final effective prestress in tendons

Concrete stress (compression) at final
time

Strain in prestressing tendons at final
time due to prestress force

Strain in concrete at final ime due to

prestress force

Concrete crushing strain

CFRP rupture strain
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T limit
Ephl’l’llt = —— =0.016
p
€crest = Ecu — Ece = 2-820 x 10 3 Remaining strain in concrete til crushing
-3 - - ,
€p.rest = €pu ~ Epe = 7.316 x 10 Remaining strain in CFRP til ruputure
4.2 P-M Diagram
o) =085 Concrete stress block factors
(LRFD 5.6.2.2)
By =075
¢ :=0.75 Resistance factor

(AASHTO CFRP 1.5.3.2)

£, — 10ksi
kg == min| max| 0.85 — 0.02:—————,0.75 |,0.85 | = 0.85

ksi

Prax = 0'85'[kc'fc'(Ag - Ap.to‘[al) - Ap.total'(fpe - Ep'ecu)] = 1382-kip

Nomonial axial resistance

(LRFD 5.6.4.4)
amax = hh = 12-in
4max . .
Chax = = 16-in Max compression depth
By
Cincrement = 0-01in Compression depth c increment
Cmax
0. max = = 1600
Cincrement
ccy:= |forie0.n, .~ 1 Give a compression depth
) from top of the section to N.A.
<o, < Cincrement'(rlc.rnax - 1)
CCO
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eqp= [for jeO ..rows(cco) -1 CFRP strain calculation
. "break" the loop when CFRP strain is
for i 0..rows(dp) - 1 greater than rupture strain
€
dp. _ —curest ceq
1 Ecu ]
€ “—€E . +E .
ij i pe " “c.rest €c rest
cC
€cu OJ
(break) if €f0~ . > €p limit
J»1 '
€f0
cc:= | for ie 0. (rows(em) — 2
10
( ( ) ) "Good" compression depth
J e ng oy — (rows(sfo) - 2) +1
¢, <= j-Cincrement “Good” compression depth refers to
those compression depths that
ce should be included in the P-M
diagram calculation. In these cases,
0 the compression depth of the section
is large enough so that CFRP
0 2.43 stresses are smaller than the stress
1 2.44 limits according to AASHTO-CFRP
Table 1.9.1. If a small compression
2 2.45
3 546 depth is selected, the tensile strain at
: CFRP wil be larger than the rupture
4 2.47 strain. These cases are excluded in
5 2.48 the P-M diagram since CFRP already
6 > 49 ruptured and the section already
. ) failed before reaching to this point.
ce={ 7 25| 'n
8 2.51
9 2.52
10 2.53
11 2.54
12 2.55
13 2.56
14 2.57
15
aa = (3;-cc
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"
gp:= | for j e 0. rows(cc) — 1

€f=

for ie 0 ..rows(dp) -1

4 - €c.rest
P ¢
€f «—E. .+ € t u
. e c.res
J>1 P €c.rest
-ce
€cu
f
for j € 0..rows(cc) — 1
for ie 0.. rows(dp) -1
fr <« E_ €
i Pfy
fp
for j € 0..rows(cc) — 1
for ie 0 ..rows(dp) -1
Te <« E_ ¢ n_-
fi P fj,inpiApf
Tg
0 1
0 0.011 0.016
1 0.011 0.016
2 0.011 0.016
3 0.011 0.016
4 0.011 0.016
5 0.011 0.016
6 0.011 0.016
7 0.011 0.016
8 0.011 0.016
9 0.011 0.016
10 0.011 0.016
11 0.011 0.016
12 0.011 0.016
13 0.011 0.016
14 0.011 0.016
15 0.011

CFRP stress calculation
only for parts when stress < fp.limit

Tensile force of each layer of CFRP
only for parts when stress < fp.limit
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0 1 0 1
0 247 370 0 177.2| 264.6
1 247 369 1 176.8| 263.9
2 247| 368 2 176.5| 263.3
3 246| 367 3 176.2| 262.6
4 246| 366 4 175.9| 262.0
5 245| 365 5 175.6| 261.3
6 245| 364 6 175.3| 260.7
fe=] 7 | 244| 363| ‘ksi Te={ 7 | 175.0| 260.0| kip
8 244| 362 8 174.8| 259.4
9 244| 361 9 174.5| 258.8
10 243| 361 10 174.2| 258.2
11 243 360 11 173.9| 257.5
12 242| 359 12 173.6| 256.9
13 242 | 358 13 173.3| 256.3
14 242 | 357 14 173.0| 255.7
15 241 15 172.8
Ceoncrete = | for 1€ 0. rows(ff) -1 Compression force from concrete
Cconcre‘[ei <o 'fc' B1 -cci-bb

TCFRP = |Jfor 1€0 ..rows(ff) -1

Cconcrete

Total tensile force from CFRP
rows( dp) -1

T «— T
CFRPi Z fi,j
j=0

Tcrrp

P:= Ceoncrete ~ TCFRP

M =

for ie O..rows(ff) -1

o 61 ) Cci rows( dp) -1 o
Mi < Cconcretei' 7 - 5 + - [Tfi!j'(dpj - jﬂ

For Training Purposes Only, NOT To Be Used For Construction

19




CFRP -PC TRAINING COURSE
FDOT!) DESIGN EXAMPLE: 12x30" SHEET PILE
——

0 0 0
0 1.822 0 -163 0 134
1 1.83 1 -161 1 135
2 1.837 2 -159 2 135
3 1.845 3 -157 3 135
4 1.852 4 -154 4 136
5 1.86 5 -152 5 136
6 1.867 6 -150 6 136
aa=| 7 1.875| ‘in P=1 7 -148| -kip M=| 7 137| -kip-ft

8 1.882 8 -146 8 137
9 1.89 9 -144 9 137
10 1.897 10 -142 10 138
11 1.905 11 -140 11 138
12 1.912 12 -138 12 138
13 1.92 13 -136 13 139
14 1.927 14 -134 14 139
15 15 15

2000 T T

1500 .

1000 i
kip

500 =

0 i
3008 1|00 2|00 300
M
(kip- ft)
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P,= | for ie 0..rows(P) -1
Py < min(Pi, Pmax)
Py
M, =M
oP, = ¢-Py
oM, = o-M,
1500
1000|
Py
kip
500
kip
0
- 500
0 100 200

M. oM

n n

(kip-ft) ~ kip- ft

Piension = Ap.total'(fp.limit - fpe) = 236-kip

300
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