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Course Description

Fiber-reinforced polymer (FRP) materials have emerged as an
alternative for producing reinforcing bars for concrete structures.
Due to other differences in the physical and mechanical behavior
of FRP materials versus steel, unigue guidance on the
engineering and construction of concrete structures reinforced

with FRP bars is necessary.
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Learning Objectives

Understand the mechanical properties of FRP bars

Descri
Descri

Descri

pe 1
e t

e t

ne behavior of FRP bars
ne design assumptions

ne flexural/shear/compression design procedures of

concrete members internally reinforced with FRP bars

Describe the use of internal FRP bars for serviceability &
durability design including long-term deflection

Review the procedure for determining the development and
splice length of FRP bars.
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Content of the Course

FRP-RC Design - Part 1, (50 min.)

This session will introduce concepts for reinforced concrete design with FRP rebar. Topics will
address:

« Recent developments and applications
 Different bar and fiber types;

« Design and construction resources;

« Standards and policies;

FRP-RC Design - Part 2, (50 min.)

This session will introduce Basalt FRP rebar that is being standardized under FHWA funded project
STIC-0004-00A with extended FDOT research under BE694, and provide training on the flexural
design of beams, slabs, and columns for:

« Design Assumptions and Material Properties
« Ultimate capacity and rebar development length under strength limit states;
« Crack width, sustained load resistance, and deflection under service limit state;




Content of the Seminar

BFRP-RC Design - Part 3, (50 min.)
This session continues with Basalt FRP rebar from Part Il, covering shear and axial design of
columns at the strength limit states for:

- Ultimate capacity — Flexural behavior (Session 3)

- Fatigue resistance under the Fatigue limit state;

« Shear resistance of beams and slabs;

« Axial Resistance of columns;

« Combined axial and flexure loading.




Session 3: Flexural Behavior

Session 3:
Flexural behavior

« Balance failure

* Tension failure

« Compressive failure
» Design examples




Session 3: Flexural Behavior

Faillure Modes:

» Under-reinforced sections would fail suddenly
* FRP bars do not yield
* There will be warning in the form of cracking and large deflection

* Over-reinforced may be desirable to avoid sudden collapse of
members

 Over or under-reinforced sections are acceptable provided that
the strength and serviceability criteria are satisfied

* Flexural behavior is not ductile; therefore, safety factors are
laraer than in steel-RC
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Session 3: Flexural Behavior

Assumptions:

‘Maximum strain at the concrete compression fibre is 3500
X 10-6

*Tensile strength of concrete is ignored for cracked sections

*The strain in concrete and FRP at any level is proportional
to the distance from the neutral axi

*The stress-strain relationship for FRP is linear up to failure

‘Perfect bond exists between the concrete and the FRP
reinforcement
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Session 3: Flexural Behavior

Ultimate Flexural Strength: As an example
M, = nominal capacity M, >M, M, = 1.2Mg +1.6M,
*M,, = factored moment

f = strength reduction factor (CSA S806, CSAS6)
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Session 3: Flexural Behavior

Modes of Failure:

- Balanced failure - simultaneous rupture of FRP and
crushing of concrete;

« Compression failure - concrete crushing while FRP
remains in the elastic range with a strain level smaller than

the ultimate strain;

« Tension failure - rupture of FRP before crushing of
concrete.
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Flexural Failure Modes for FRP Reinforced Beams

TENSION FAILURE
EC < ECU
Eip = Efrpu

BALANCED
FAILURE
€c = €y
Erfrp = E:frpu

COMPRESSION
FAILURE
€ = &
£frp < sfrpu

adp.f.
€c < Eau |@|
c$ *=+- ], H=—< Concrete does not crush
d Undesirable for design
. with GFRP
f_H frpu friu
ce o |V : 5 » ' FRP ruptures
b aPf
S— g !
CbI .-5<) = c Concrete crushes
d
Ao
f_H E(rpu f'mu T
oo o | Y —> —» FRP ruptures
a,®f,
. l<—>
c “‘“i &~ °Concrete crushes
Aip
f—H Eirp < Eirpu firo T
e oo | ¥ —> — FRP does not rupture

Cross-section

Strain Distribution

Stress Distribution

Stre

Equivalent
ss Distribution
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Determine Flexural Failure Mode

Calculate the reinforcement ratio for balanced strain condition:

Prreb = A1 B1 @c F'o/ferpy Ecu /(Ecu + Prrp EFrPU)

Calculate reinforcement ratio for FRP-reinforced beam:

Prre = Arrp /(d D) < §
Prrp < Prrpp — 1€NSION Failure
Prrp > Prrpp — Compression Failure N Ii
N.A

Calculate the depth to neutral axis

c,, for the balanced straincondition: d
Arrp
Cp = d & /(Ecu t Prrp Errpu) — ||
Tension Failure — C<C e o 0o | —

Compression Failure — ¢ > ¢,
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Basic Flexural Theory Applied to FRP RC Beams

* Plane section remains plane with linear strain variation
e £=<0.0035 and ¢&rrp< Qrrp Errpyat ULS

b £.<0.0035 caf
|< >| £ T@T
N N Y N P
. a=p3c $ E—C=<pcaf’c,80b
-+ |«
d
Arrp
' ' \4
® & o b / FRP _> fFRP _> T = fFRPAFRP
Errp = PR Errpy ferp = @erp frrpy
< @rrp frrru /Errp
Section Strain Stress Force
M,=T (d-a/2)
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Basic Flexural Theory — Tension Failure

« Assume c, calculate ¢,and C, T, revise c untilC =T.
* For a, B, you may use tables or detailed formulas.

b pcafe
< > T 3 e.= eeppc/ (d - C) s A
o —
N
a =fc $_ €—— C=¢.af.Bcb
4_
d
Arrp 6
‘ o
® o o — / SFRP _> fFRP _>T = fFRPAFRP
1 Eerp = Prrp ferpu/ Errp ferp = Errp Errp —
u M=T (d -a/2)
Section Strain Stress Force
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Flexural Analysis

Tension Failure

Stress Block Factor, a
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Stress Block Factors for €.<0.0035

* For a constant width section, we may assume that the
stress-strain curve of the concrete is parabolic and the
following equations can be used (more convenient than
tables for spreadsheet calculations).

* For strengths higher than 60 MPa, consult tables in Collins
and Mitchell (1997).

_4-(g/e) 1 /c% /
p 6-2(g /&) //

where the concrete compressive strain Is &,
the peak strain at peak stress f.is €' .= 1.71fJE.
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Flexural Analysis

Tension Failure AssUMe ¢

To summarize: l

> Determine «, 5 —— From tables/charts

|

Check if equilibrium YES Compute
is satisfied M,
NO l

Calculate new
neutral axis depth, ¢
o 18
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Basic Flexural Theory — Compression Failure

* Assume c, calculate &qp, frrpand C, T, revise c until C=T.
* Use a;=0.85-0.0015f’;, B, =0.97-0.0025f’. for .= 0.0035.

b QDC al f’c
< 5] 1 & =00035

PN 4
=B B c=g.af.Bchb
a_Blc\l/ ?; =@.af.Bc

d
Arrp 6
—M N f T = ferp Arrp
e o o | — —p —P < Orre ferpu Arre

3 Errp=&c(d-C)/cC 5 :

Section Strain Stress Force
M, =T (d -a/2)




Flexural Failure
FRP Rupture and

Behavior FRP Rupture Concrete
crushing

Least desirable : : _
Desirability rupture is sudden NS eEsElle
: sufficient warning

and violent

Reint Ratio [T P> P

Sfrp < E:frpu
€= &

Concrete
crushing

sfrp = E:frpu
€ < &y

Strains




Session 3: Flexural Behaviour

FRP-Reinforced Concrete Beams & One-Way Slabs under
Flexure Load

Test Set-up

4-point bending over a clear span of 2.5 m.

I [ e e s e .
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Session 3: Flexural Behaviour

Load-Deflection of FRP-Reinforced Concrete Beams &
One-Way Slabs under Flexure Load

Effect of GFRP reinforcement ratio




Session 3: Flexural Behaviour

Mode of failure: Compression failure (gradual concrete
crushing)

23

------

SYMPOSIUM




Session 3: Flexural Behaviour

Compression fallure — GFRP RC Beam

When the applied load was released, the FRP RC beam recovered most of their deflection

during the unloadinﬂ process, because the FRP bars on the tension side did not reach rupture
strain; In contrast, the steel specimen retained deflection after unloading

(Elastic behavior of FRP: Resilient structural element which maintains its functionality)
_ 24
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Flexural Analysis - Additional Considerations

Beams with FRP reinforcement in multiple layers

Common to
combine layers
to one lumped

layer
E ....... B ........ E.laye ..................

N o 2 o WL

Strain in outer layer is critical

Lumping of reinforcement not allowed, strain compatibility is used to

design on the basis of tensile failure of the outermost FRP layer 55
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Flexural Analysis - Additional Considerations
Minimum Flexural Resistance (CSA-S6)

« Minimum reinforcement required to prevent brittle failure
when concrete cracks on tensile face:
M. =21.5M,
 If the ULS resistance of the section is governed by FRP
rupture (tension failure):
M, = 1.5 M
« For tension failure, the code requires a purposely

conservative design to ensure that ample deformation and
cracks will develop before failure of the beam.

* Neglect compression FRP.




Flexural Analysis - Additional Considerations
Flexure Design (CSA S806)

« Assumnptions

« Compressive strength of FRP shall be ignored when
calculating the resistance of a member

« Strain compatibility method shall be used to calculate the
factored resistance of a member

« Flexural members shall be designed such that failure at
ultimate is initiated by the failure of concrete at the extreme
compression fiber. This condition is satisfied by the c/d
requirement shown below:

02 !

d 7+2000 &,

27
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Flexural Analysis - Additional Considerations
Flexure Design (CSA S806)

« Assumptions
— Minimum Flexural Reinforcement Requirement

|
M, >15M,=15f ¢
Yi

— For Slabs:
* Apnin = 400EL /A, 2 0.0025A
» Spacing of Ag,;, < 300mm or 3 times slab thickness

28
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Flexural Analysis - Additional Considerations

Flexure Design (CSA S806)
Strain Compatibility Analysis:

¢, =0.65
o= =0.75
o, =0.85-0.0015f 'c >0.67
S, =0.97 -0.0025f 'c >0.67

Tiy = €Ef Ay

Ti,=are,Ef Ay

b
< > £ =0.0035
i g e - Sy SN, 4.
CJ
i 5 o ezt
S PPl A _.._______.__-;
U TR N fRR e e e S S e e = |
d —c —C
gﬁ = ! gCU 00035
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Flexural Analysis - Additional Considerations
Flexure Design (CSA S806)

Resisting Moment:

M :C//c —Ea/+11@1 ~c ) +T;, @, —c)>M

30
SYMPOSIUM




Flexural Analysis

Analysis at Service Limit State

« Serviceabllity considerations (stresses, crack widths, and
deflections) may govern the design of FRP-reinforced
concrete members

« Analysis at Service Limit State can be performed assuming
linear-elastic behavior (straight-line theory)

« FRP materials are linear-elastic to failure

« Concrete stress-strain relationship is linear for
compression stresses less than 60% of F’.

. 31
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Flexural Analysis

3
Analysis at Service Limit State
* Linear-elastic cracked transformed section analysis:
Arrp transformed to
equivalent area of concrete
. b ’ /3
N r
Kd 7 Fe—c- 0.5bkdf,
d & N.A.
jd = d - kd/3
d-kd A
—Q—Q—%f—r&—@— 4%;—> N T = A,
oo/ Ny PP
Beam Transformed Stresses Stress
Section Section Resultants




Design of Concrete Beam
Reinforced with GFRP Bars
According to CSA S806-12

33
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Loads S
Dead load (D.L) = 85 kN/m "
Live load (L.L) = 40 kN/m

73cm 80cm

Service limit state (W, ,¢) =85 + 40 = 125 kN/m | |
Ultimate limit state (W,,) =1.25*85 + 1.5 * 40 = 166.25

kN/m
[ sts [ uks
V=W L/2(kN) 437.50 581.88

M=WL2/8 765.63 1018.28
(kN.m)
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Mechanical Properties

 Concrete
f.=30 MPa
e GFRP (Gradelll)
GFRP straight bar #8 (25 mm-diameter)

A;=506.7 mm?; E; = 66.4 GPa; Guaranteed tensile
strength (f;,) = 1000 MPa.

GFRP bentbar #3 (10 mm-diameter)

A; =71.3mm?; E,; = 50 GPa; Guaranteed tensile
strength (f;,) = 460 MPa.




Notes and Assumptions

Concrete cover =30 mm or 2d, (Clause 8.2.3).

Assume exterior exposure of the beam for crack
control.

Minimum clear spacing between longitudinal bars
= 20 mm (for vertical and horizontal spacing).

Concrete resistance factor (¢.) = 0.65 (Clause
6.5.3.2).

GFRP resistance factor (@mprp) = 0.75 (Clause
7.1.6.3).

Bond dependent coefficient (k,) = 0.8 (sand-
coated bars)



Design Steps

Assume flexure reinforcement

«» Calculate internal forces.

% Check section flexural ultimate capacity and
cracking moment.

«» Check maximum stress under serviceload.
% Check crack width parameter.

Design for shear force

*»» Calculate concrete contribution.
% Calculate GFRP stirrups contribution

FDOT)
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Flexural Design

 Assuming 16 #8 GFRP straight bars, using stirrups #3
d = distance from top chord to reinforcement C.G

d=800-2%25-32.4=716.6 mm

Clause

Af = Af min = Max (0.0025 D))
8.4.2.3

Af =16 < 506.7 = 8107.2 mm? > A¢ i, = 1972.7 mm?
Concrete stress block factors

oy =0.85—-0.0015f', =0.805 > 0.67

B; =0.97 — 0.0025f'. = 0.895 > 0.67

400*(t*b))
E¢



Flexural Design

e Internal Forces

c = alfpcficba = algacf’cb(ﬁc)
C. =0.805#%0.65+30+400+0.895=*c

C,=5619.7 ¢

EC
TF = QDFEfEFAF = QPf [‘;‘ (d — C):l EFAF

[0.0035 l
T. = N7K (716 6 — A\l « 66400 « 107 9




Flexural Design

* Internal Forces

1012669673
g

c=317.0mm —>C, =T =1781.5kN

C, =Tr — 5619.7¢c = — 1413085

C - 7
d = 7 + 2000¢
e =ae = 0.442 > L = 0.188
d 7166 7 + 2000 = 0.0151
C,=5619.7 c

1012669673
e — — 1413085

C



Flexural Design

 Check sectionflexural ultimate capacity

a
M, = Cc(c—§)+7‘s(d—c)

M

2

0.895%317.0
1781.5% | 317.0 —

+1781.5 % (716.6 — 317.0) = 1023.9 kN.m > M;

e Checkcracking moment

I b*h3/12 400 * 8003/12
M. =f2= = 0.6V30
er = Jry =T "7 800/2
— 140.2 kN.m

1.5M_.. = 210.3 kN.m < M, Clause 8.4.2.1



Flexural Design

* Check maximum stress underservice load

fr= (’fS_ 5 <025 fp, Clause 7.1.2.2
- CSA A23.3 Equati
115) = (33007 + 6900) (X< 3.3 Equation (8
300 1.5
E. = (3300V30 + 6900) (23 00) = 24975MPa
Ef 66400
" =g, = 24975 ~°>°

2
ke = Jzﬂfnf + (prme)” — prmy
= /2 #0.0283 * 2.659 + (0.0283 # 2.659)2 — 0.0283 * 2.659
= 0.320




Flexural Design

 Check maximum stress under serviceload

— 765.63 * 10° = 147.5MPa < 250.0 MP
Ir= 81072+ 7166+ (1=0320/3)  */->MPa =250.0 MPa
_ Jfr _ 1475 _
& = E; — 66400—0.0022 > 0.0015 Clause 8.3.7.1

D.L ratio=85/125=0.68
& _sustain = 0.68 % 0.0022 = 0.0015 < 0.002 Clause 7.1.2.3



Flexural Design

e Checkcrack width parameter
z= k, ;—Sﬁ Jd, A Equation (8-1)
F

E, =200 GPa

d_. = Distance from extreme tension fiber of concrete to
centerline of flexural reinforcement.

d. = h—d =800 — 716.6 =834 <50mm Clause8.3.7.71
dc*b _ 50%400

= = = y)
A=2x% pp—r 2 * 16 2500.0mm
0.8 200000 147.5 = Y2500x50 = 17771.6
= . e I — .
- * 766400 =

< 38000 N/mm



Design of Concrete Bridge Deck Slab
Reinforced with GFRP Bars
According to CHBDC (CSA S6-14)

45
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Design Criteria
Thickness of deck slab =225 mm
Spacing between girder beams = 3750 mm

Thickness of asphalt and waterproofing =90
mm

B

46
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Dead Loads

Own weight of the slab = 0.225 x 23.5 = 5.29 kN/m2

Own weight of the pavement=0.09 x 24 =2.16
o dMNME dead load (W) = 5.29 + 2.16 = 7.45kN/m?

* Factored dead load (W,,)=1.2x5.29 + 1.5 x 2.16 =9.59 kN/m2

* Design Span=Sor S-(b)+d |
-b- v -b-

S, =3.750-0.220 + 0.225 =3.755 m >375 m |/ f I

- s -
Service dead load moment (M) = 0.071 wy S.2= 7.44 kN.m/m

Factored dead load moment (M,,) =0.071 w4 S.2=9.58 KN.m/m

SYM POSIUM




For deck slabs continuous over three or more supports, the
maximum bending moment, shall be assumed to be 80% of that
determined for a simple span. These moments shall be
increased by the dynamic load allowance for a single axle
(Clause 3.8.4.5.3).

Service wheel load moment (M,,;) =0.9 M,,,=37.5 kN.m/m
M. .iota = 44.9 KN.m/m

Factored wheel load moment (M,,,) =1.7M,,,= 70.8 kN.m/m
M ot = 80.4 KN.m/m

48



Mechanical Properties (Concrete & GFRP
Bar)

 Concrete
f.= 35 MPa
* GFRP (Gradelll)
GFRP straight bar #5 (15.875 mm-diameter)

A.=197.9mm? E,; = 62.6 GPa; Guaranteed tensile
strength (f;,) = 1184 MPa.




Notes and Assumptions
e Concretecover=35 mm.

 Minimum clear spacing between longitudinal bars
= 20 mm (for vertical and horizontal spacing).

» Concrete resistance factor (¢.) = 0.75 (Clause
8.4.6).

 GFRP resistance factor (@rzp) = 0.55 (Clause

Concrete stress block factors
ay =0.85—-0.0015f", =0.798 = 0.67
1 =0.97 —0.0025f'. =0.883 > 0.67



Design Steps

Design for flexural moment for main direction

Calculate cracking moment.

Assume main reinforcement.

Calculate internal forces

Check section flexural ultimate capacity.

Check maximum stress under factored and service
loads.

Check crack control.

FDOT)
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Flexural Design

. Check cracking moment

b*h?/12 1000 * 2253/12
ff =t T 0.4/45 » 2252

—ZOOkNm

 Assuming #5 GFRP straight bars each 135 mm
d = distance from top chord to reinforcement C.G

d=225-35-15.875/2=182.06 mm

fc, Ef Ecu
= (.85 = (0.35%
Prb ﬁl ffu Ef €cu ffu
. nofo . 197.9 — 0.81%
Pr= "pd ~ 135x18206  -7°

> psp Over reinforced Section



Flexural Design

* Internalforces

Cc = arpcf' ba=ayp.f' b(fc)
C, =0.798* 0.75 %35 1000 % 0.86 * c
C.=18474.6cC

€c

Tr = refErAr = @ [? (d — C)] ErAp

0.0035

Tr = 0.55 [ (182.06 — C)] * 62600 * 1000/135 = 197.9

32161596.2
Ty = - — 176651.4




Flexural Design

 Internalforces
C. =Tr— 18474.6 ¢ =32161596.2/c-176651.4
c=37.22mm — C, =T =687.5kN

c 37.22 — 0.204
d 18206
G Ecu > 0.0035 0156
d & + & 1184
cu f 0.0035 + 67600
C C
. >Eb Concrete Crushing



Flexural Design
 Check section flexural ultimate capacity
M, = Cc(c—g) + T.(d —c)

0.883 # 37.22)

2

+ 687.5  (182.06 — 37.22) = 1139 kN.m > My ,Mr > 1.5 Mcr
(Clause 16.8.2.2)

e Check maximum stress at ultimate load

M, = 687.5 (37.22 =

i 687.5
/ As 197.9%1000/135

= 496 MPa < @pfr, = 651 MPa



Flexural Design

 Check maximum stress under serviceload

Ms
fr= A d(—K/3) < 0.25 ff, Clause 16.8.3

E. = (3000/F] +6900) (X 0)1'5 Clause 8.4.1.7

300 1.5
E. = (3000V35 + 6900) (23 00) = 24648 MPa

By 62600 .\ _ Jz t (oon)
E. 24648 T NPT T e Ry Pr Ty

= \/2 * 0.0081 = 2.54 + (0.0081 = 2.54)% — 0.0081 = 2.54
= 0.183

Tif=




Flexural Design

e Check maximum stress under service load
4493 % 106

fr =
1103050 * 197.9 % 182.06 * (1 — 0.183/3)

< 296.0 MPa
- 179.27
“ T 62600

=179.3 MPa

= 0.0029 > 0.0015 = checkcrack control




Flexural Design

e Checkcrack width parameter

h _
w= 2 f—f == ki, \/d? + (0.55)? Clause 16.8.2.
Ef hy

d — kd = 182.06 — 0.183x 182.06 = 148.78 mm
h — kd = 225 — 0.183 x182.06 = 191.72mm

IS
N P
1|l

d, = h —d =225 — 182.06 = 42.94 < 50mm
, 17927 19172
X 62600 * 148.78

w= 0.472mm < 0.5mm

x 0.8 x+/42.942 + (0.5 x135)2




Courtesy of:

Dr Brahim Benmokrane
University of Sherbrooke, QC, CANADA

Brahim.Benmokrane@USherbrooke.ca
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Session 1: Introduction

End of Session
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Co-presenters:

Raphael Kampmann PhD
FAMU-FSU College of Engineering
Tallahassee, FL.
kampmann@eng.famu.fsu.edu

Marco Rossini, PhD student
University of Miami.

Coral Gables, FL.
mxrl465@mami.edu

Questions

FDOT Design Contacts:

Steven Nolan, P.E.

FDOT State Structures Design Office,

Tallahassee, FL.
Steven.Nolan@dot.state.fl.us

FDOT Materials and manufacturing:

Chase Knight, Ph.D, P.E.

State Materials Office,

Gainesville, FL.

Chase.Knight@dot.state.fl.us 61
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