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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, unique guidance on the
engineering and construction of concrete structures reinforced
with FRP bars is necessary.

Learning Objectives

« Understand the mechanical properties of FRP bars

« Describe the behavior of FRP bars

« Describe the design assumptions

+ Describe the 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 Complete Course

TMPOSIUN|

Content of the Complete Course

FRP-RC Design - Part 3, (50 min.)
This session continues with Basalt FRP rebar from Part 2, covering shear and axial design of
columns at the strength limit states for:

+ Flexural Behavior and Resistance (Session 3a);

+ Shear Behavior and Resistance of beams and slabs (Session 3b);

+ Axial Behavior of columns & Combined axial and flexure Resistance (Session 3c).
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Session 3a: Flexural Behavior

Flexural behavior:
« Balance failure

« Tension failure

« Compressive failure
« Design examples

Session 3a: Flexural Behavior

Failure Modes:

« Under-reinforced sections may fail suddenly
o 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
larger than in steel-RC.

Session 3a: Flexural Behavior

Assumptions:

Maximum strain at the concrete compression fiber is 0.0035
(CSA)or 0.003 for AASHTO/ACI;

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 axis;

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

Perfect bond exists between the concrete and the FRP
reinforcement.

Session 3a: Flexural Behavior

Ultimate Flexural Strength:
« M, = nominal capacity
« M, = factored moment

As an examples:
M, = 1.2Mp +1.6M | (csa)
My = 1.25Mpc+1.75Myy (aasmro)

h =My

¢ = strength reduction factor

|

Session 3a: 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
f ':fig—c Concrete does not crush
o 2 =" =" FrPruptures
s [
“I -] i < Concrete crushes
R . s " Freruptures
o [
] ﬂ . EE» © Concrete crushes
i L
e ol FRP does not rupture
e 12
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Session 3a: Determine Flexural Failure Mode

Calculate the reinforcement ratio for balanced strain condition:

Prren = A1 By P Folferp €cu /(Eou + Perp Errpu)

Calculate reinforcement ratio for FRP-reinforced beam:
Prre = Arrp /(d*b) b

. [ —
Prre < Prrep — Tension Failure
Prre > Prrep — Compression Failure c
N.A
Calculate the depth to neutral axis .
¢, for the balanced straincondition: d
Arrp
Cp = d €cu/(Ecu Prrp Errpu)
« Tension Failure —c<c i

+ Compression Failure — ¢ >¢c;,

Basic Flexural Theory Applied to FRP-RC Beams

+ Plane section remains plane with linear strain variation
* £ £0.0035/554 OF 0.003445070) ANd  ErpS Prrp Errpy L ULS

b af
e « fS
T c:[ DFB‘ $ E—Cwﬂcaﬂﬁcb
d
Arse
—
LR - ferr T = fempArme
EpppS &
e gi';: f:::uu/EFRP ferp < @ere frrpu M, =T (d-a/2)
Section Strain Stress Force

Basic Flexural Theory — Tension Failure

Flexural Analysis

B L
« Assume c, calculate e;and C, T, revise c untilC = T. . . “*"E’] 2
© ) Tension Failure (CSA) E
« For a, B, you may use tables or detailed formulas. El —
b 3 @ af’, & | AT
—l - e 4 3 %
= $ C=g.af.Bchb /47&.— — 2 A 7|
2¢ a=ge |, =g.afpe s %% T onta 2 ==
E 6% T = ! A233
P R S I
Ao < /4 Jsoufl
6 A ohe Concrete Strain at Extreme Compression Fibre, &
e Y P e T = frapArme 3 .| f = i
A [ Concrete strain, &,
1 o= Guso s Evse 2 fonp= Erep Evne M=T (d-a/2) 5 LAl T adp Concrete strength, £,
Section Strain Stress Force 15 Concrete Strain at Extreme Compression Fibre, & Z == 325?;;5’?5;’;@/_]7_0 16
TMPOSIUN
Session 3a: Flexural Behavior Session 3a: Flexural Behavior
Stress Block Factors for €, (CSA) Stress Block Factors for €, (AASHTO-GS2)

« For a constant width section, we may assume that the stress-strain + The natural relationship between concrete stress and strain may be
curve of the concrete is parabolic and the following equations can be considered satisfied by an equivalent rectangular concrete compressive
used (more convenient than tables for spreadsheet calculations). stress block of 0.85 f'; over a zone bounded by the edges of the cross

+ For strengths higher than 60 MPa, consult tables in Collins section and a straight line located parallel to the neutral axis at the
and Mitchell (1997). distance a = f; ¢ from the extreme compression fiber.

5 « The distance ¢ shall be measured perpendicular to the neutral axis.
. . = Pe :
ﬂ _ 4— (gL_/'g C) ye i &, 71 s, The factor B, shall be taken as specified in Article 2.3.
_ [t - ]
6 2(€r /€ c) ﬂl £, 3le ¢ Article 2.3: 8, = 0.85 for concrete compressive strengths not exceeding
4 ksi. For concrete strengths exceeding 4 ksi, reduced at a
Where: the concrete compressive strain is & rate of 0.05 for each 1 ksi of strength in excess of 4 ksi,
the peak strain at peak stress fiis &€= 1.71F/E, except that B; shall not be taken to be less than 0.65.
17 18
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Session 3a: Flexural Analysis

Tension Failure Assume ¢

To summarize:

Determine @, . — From - CSA
From equation - AASHTO

Check if equilibrium YES Compute
is satisfied m,
NO l

Calculate new
neutral axis depth, ¢

19
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Basic Flexural Theory — Compression Failure

« Assume c, calculate &rp, frgp and C, T, revise c untilC = T.
o Use a, = 0.85 - 0.0015f", B, =0.97-0.0025f"; for & =0.0035 (CSA);
o Use a;=1.0, B;=0.85-[0.05 (f’,- 4 ksi]** and & =0.003 (AASHTO).
b @.af, **When f'. > 4 ksi
[e—l £ =0.0035 or 0.003 <>

1 4
T 2 cI Da:ﬂxcig—c:wcaf‘cﬁch
o 6

aaa Ere frrp T = fepp Asrp
5 pra < @rge Trnpu Arep
Ee=£:(d-c)/c o= Eenn E, a
< Pere Erves e M=T(d-a2)
Section Strain Stress Force 8 20

Session 3a: Flexural Failure

FRP Rupture and
Behavior FRP Rupture Concrete
crushing

Least desirable : . .
Desirability rupture is sudden sh:ﬁﬁsctl:;els\:vr:g:ﬁl
and violent 9

= o

Strains Eip = Eipu Eip = Eipu € < Enpu
&< &

&= Eau

Concrete
crushing

21
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Session 3a: 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.

22
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Session 3a: Flexural Behaviour

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

Effect of GFRP reinforcement ratio

Session 3a: Flexural Behaviour

Mode of failure: Compression failure (gradual concrete
crushing)
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Session 3a: Flexural Behaviour

Compression failure — GFRP RC Beam

GFRP RC Eﬂd’lﬁ’i{fﬁlul‘l

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

Flexural Analysis - Additional Considerations

Beams with FRP reinforcement in multiple layers

Common to
combine layers
to one lumped

layer

ﬂ; 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

Flexural Analysis - Additional Considerations
Minimum Flexural Resistance

Minimum reinforcement required to prevent brittle failure
when concrete cracks on tensile face:

M, 2 1.5M,, (CSA-S6) | M, 2 1.6 M, (AASHTO-GS2)
If the ULS resistance of the section is governed by FRP
rupture (tension failure):

M, 2 1.5M; (CSA-S6) | M,21.6 M, (AASHTO-GS2)
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)

« Assumptions

« 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:

€ T
d 7+2000&,

Flexural Analysis - Additional Considerations
Flexure Design (CSA S806)

« Assumptions
— Minimum Flexural ReinforcementRequirement

|
M, >1.5M, = 15f =2

t

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

Flexural Analysis - Additional Considerations

Flexure Design
Strain Compatibility Analysis:

0.0035 (CSA)
0.003 (AASHTO)

@il (CSA 5806) (AASHTO-GS2)
S 0=085 9,065
9-=0.75 $:=055
o= 0.85-00015f ¢ 2067 @ =085

T a- e 2085
a=fc
Te
T =aeenEiAn T =&nEiAn
Tro=ae 6B A Tio=€0E A,
£p=BC, 2h=ooms  lpaoUi=C g,=8i=Cpg03
c & c c
(CSA 5806) (AASHTO-GS2)

= 097-000251c 2067 /3, =085-0.05( ‘c- 4 ksi)
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Flexural Analysis - Additional Considerations

Flexure Design (CSA S806)

Resisting Moment:

M, :C/c —;/#l;,(ﬂl —c) +Tj,@, —c) =M,

Session 3a: Flexural Analysis

Analysis at Service Limit State

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

Analysis at Service Limit State can be performed assuming

31

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°;

32
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Session 3a: Flexural Analysis
Analysis at Service Limit State .
B . . o Flexural Design Examples of Concrete
« Linear-elastic cracked transformed section analysis: i .
A transformed to Beam Reinforced with GFRP Bars
equivalent area of concrete .
b, s According to CSA S806-12
- » C =0.5bkdf.
¢ MA—F" |oma-kas (See Example #1 & #2 — Attachment 3a)
d-kd| o
Ay AT~ ;'Jnh oA,
Beam Transformed Stresses Stress
Section Section Resultants 33 34
e v
Session 3b: Shear Behaviour Session 3b: Shear Behaviour
Session 4: (1:30 pm - 2:30 pm) Stress-Strain Relationships for FRP Bars
Shear behaviour w0
« - Design philosophy o Carbon FRP
* - Shear strength o Aramid FRP
+ - Design examples g j::
O
L 35 36
i i i
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Session 3b: Shear Behaviour

Shear Strength of FRP Reinforced Members

FRP has a relatively low modulus of elasticity

FRP has a high tensile strength and no yielding point

Tensile strength of a bent portion of an FRP bar is
significantly lower than a straight portion

FRP has low dowel resistance

Session 3b: Shear Behaviour

Shear Strength of FRP Reinforced Members

« Concrete reinforced with FRP has a lower shear strength
than concrete with steel reinforcement

« Increased crack width —  Less aggregate interlocking

+ Small compressive —  Less concrete resistance in
zone depth the zone compressive

37 38
Session 3b: Shear Behaviour Session 3b: Shear Behaviour
Most of the design codes and design guidelines recommend
the following simplified approach for shear design:
Applied Load
Vn = ch + st+ Vp T (1) Uncracked
(3) Arching - l concrete
action rd
2) A {
where oo
(4) Residual tensile
V, = nominal shear strength stresses
V= concrete contribution to shear strength (6) Shear reinforcement
V= shear reinforcement contribution to shear strength (5) Dowel action
V, = prestressing resisting component d
.39 40
%?ﬁ SYMPOSIUM
Session 3b: Shear Behaviour Session 3b: Shear Behaviour
Shear Behaviour of FRP RC Beams
Beam CN-3 Beam GN-3
Diagonal tension failure mode 41 Size Effect 42

e
STMPOSION
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Session 3b: Shear Behaviour

Beam B1-1 Beam B1-2

Diagonal Tension Failure Mode

43
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Session 3b: Shear Behaviour

Shear Behaviour of Concrete Bridge Girders Reinforced with FRP
Stirrups (T-Section) — MTQ Research Project (2007-2009)

Shear Failure of SC-9.5-2 (CFRP @ d/2) 44

jr——
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Shear Behaviour of Concrete Bridge Girders Reinforced with FRP
Stirrups (T-Section) — MTQ Research Project (2007-2009)

45
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Reinforcing Cage and Concrete Casting

Shear Behaviour of Concrete Bridge Girders Reinforced with FRP
Stirrups (T-Section) — MTQ Research Project (2007-2009)

Curing and transportation 46
SYMPOSIUM

Session 3b: Shear Behaviour
Shear Behaviour of FRP RC Beams

GFRP-Cages

47
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Session 3b: Shear Behaviour

Shear Behaviour of FRP RC Beams; GFRP & CFRP
Stirrups

CFRP Stirrups hd

imsene
SYMPOSTON
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Shear Behaviour of Concrete Bridge Girders Reinforced with FRP
Stirrups (T-Section) - MTQ Research Project (2007-2009)

Shear Failure of SC-9.5-3 (CFRP @ d/3)

49
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Shear Behaviour of Concrete Bridge Girders Reinforced with FRP
Stirrups (T-Section) — MTQ Research Project (2007-2009)

Shear Failure of SS-9.5-2 (Steel @ d/2)

50
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Shear Behaviour of Concrete Bridge Girders Reinforced with FRP
Stirrups (T-Section) — MTQ Research Project (2007-2009)

a0
= ass

623 a7 |53

Faiure Shear Load (<)
H
§

$5952 SCO52 SCO53 SCOS4 SGOS2 SG953 SG954

Shear Capacity 51

rmaoner
STMPOSION

Session 3b: Shear Design (csA-s8o6)

Shear design is similar to the simplified method of CSA
A23.3-14,i.e.

Vez Vet Ve
V. accounts for
* Shear resistance of uncracked concrete
Aggregate interlock
Dowel action of the longitudinal reinforcement
« Arching action
V.= Shear carried by the FRP shear reinforcement

52
STMPOSIUN]

Session 3b: Shear Design (csA-s806)
« For FRP Stirrups
V, = V4V, e
« For Steel Stirrups
V, = V4V,

* However, V,shall not exceed

‘ MV,
V. . =022, fcbwdv+0,5Vp+[ - ’}

53

e
STMPOSION

Session 3b: Shear Design (csA-s8o6)

If the member effective depth does not exceed 300 mm and
there is no axial load:

v, 200520,k k, (1) b,d, BUT __
V,<0.22 ' b,d

I <020, T,

. A zo.nfpc.[f‘cbwdv
f,<60MPa

K =1+ (Erpr, )

or if the member effective depth exceeds 300 mm and transverse
shear reinforcements are equal or greater to A, (Clause 8.4.4.8)

54
SYMPOSIUM]
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Session 3b: Shear Design (CSA-5806)

To account for size effect, for sections with an effective
depth greater than 300mm and with less transverse
reinforcement than A, i,

V, =0054gk,kk, (1, ) b,d,

Session 3b: Shear Design (C5A-5806)

« Shear Carried by Transverse Reinforcement

« For with FRP Ti Rei

VRIS AL

« For Members with Steel Transverse Reinforcement

where
_eAfd
- 750 V,, = S cotd
.= <
450 +d fey shall not be greater than 0.005E¢
55 56
o | |
Session 3b: Shear Design (csA-s806) Session 3b: Shear Design (csA-s8o6)
+ Minimum Shear Reinforcement « Minimum Shear Reinforcement
« A minimum area of shear reinforcement shall be + The minimum are of FRP shear reinforcement
provided in all regions of flexural members where shall be such that
Vi>0.5V+ OV, or T;>0.5T,.
A =007 2
This requirement may be waived for: 04fe,
+Slabs and footings
~Concrete joist construction fey shall not be greater than 1200MPa or 0.005E¢.
+Beams with total depth not greater than 250 mm
+Beams cast integrally with slabs where overall depth is not greater than
one-half the width of the web or 600 mm.
L 57 58
] i
Session 3b: Shear Design (csA-s8o6) Session 3b: Shear Design (csA-s8o6)
Simplified Method
« Shear resistance is calculated as: B
V. =V, +V, <0.25¢4.f.b,d, For sections with at least (=42°
= i foog minimum shear reinforcement .
A=018
Where V=25 B ¢, 1, b, di,y ) ' » 0= 42°
For sections without minimum 230
fid....cot@ shear reinforcement R - R
V= LAML 8 1000+,
S
dipng =0.72h or 0.9d
.59 60
i T

10
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Session 3b: Shear Design (CSA-5806)
General Method
0.4 1300

ﬁ:(1+1500£X)'(1000+sze)

0=(29+7000 z,)(0.88+S,, / 2500)

Session 3b: Shear Design (C5A-5806)

The stress in FRP stirrup, f;, , is calculated
as:

f, =0.004E, <f,..,

v =

P [0.3+o.05;—b)f e
b

S,. =300mm p=:
_ (M /g ) +V
5 2E,A,
61 62
Fem Fimw
Session 3b: Shear Design (csA-s806)
- Mini Shear Reinf t .
frimum Shear Eelnforcemen Shear Design of Examples of Concrete
Ay 0067 b, s Beam Reinforced with GFRP Bars
fvomin — Y- .
o . According to CSA S806-12
$<0.75d, or 600mm if V,<0.1¢,f B,d,,
$<0.33d, or 300mm if V;>0.14,f, ByCerg (See Example #3 & #4 — Attachment 3b)
. 63 64
e e
i - Compression Behavior i - Compression Behavior
Session 3c: Comp Beh Session 3c: Comp Beh
& Column Design _ _
Role of reinforcement in columns?
: Egsz;g:ccf;;:iizem 1. Longitudinal rebars
+ Strength of FRP-RC columns 50"‘_?’955“’”’ flexure,
« Design Philosophy ctlty.
« Design E: |
esign Exampies 2. Transverse ties/spirals
Shear, confinement.
. 65 66
e e

11
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Session 3c¢: Compression Behavior

Effect of confinement
‘ oty o
$ an2 / \\

s
[N Axial strain
o

Axial Stress

Session 3c¢: Compression Behavior

‘ Effect of confinement
|

3

Tl

Lo

IHRR =

67 68
i) i
Session 3c¢: Compression Behavior Session 3c¢: Compression Behavior
Effect of confinement Effect of confinement
Principle of internal confinement Principle of internal confinement
i
Lateral confining pressure
f f & 4 &
. 69 70
| hew|
Session 3c¢: Compression Behavior Session 3c¢: Column Design
Interaction Diagram
Po  Ppuy Pou Py
L elod | CSAA.23.3(2014)
iy, (dosign strengh)
b".’—’ £ PP, (design strength)
c.(,,P,) < (@M, 9P,)
P,
; o
Dead & live loads P 7= Interaction
Lateral 3k ¢P, Diagram
loads ngth P, M,)
” :
M
M, M, M,
.71 72
Hem e

12
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Session 3c: Column Design

Eccentric loading (interaction diagrams)

/= Steel 8o, 5 (2.2%)
" — crre Spirals No. 3 & 80 mm

8No. 5(2.2%)
Spirals No. 3 @ 80 mm

Session 3c: Column Design

Effect of confinement

Low confinement Moderate confinement High confinement

|
GFRP
73
o |
Session 3c¢: Column Design Session 3¢: Column Design
Square FRP-RC Columns
2
s | <
2! g
£ &
@
£
&
5
K
4
o
E H
w E
Carbon & Glass FRP Carbon & Glass FRP s 7
Circular Ties Straight Bars o o
Session 3c: Strength of FRP-RC columns Session 3c: Strength of FRP-RC columns
Research projects at University of Sherbrooke Axial Loading Results: Effect of Type of Reinforcement
3500 Yield|ng of Ldng-Rei =
3000 kg or,
= 2500 /‘ / o134 L:::;
Z o000 &/ & S
Ep § f/’/ Frrsprars
i} £
1000 \:,;/ 3;9// §é)
500 &
0
2011 2012 2000 Axial Strain (ne)
Plain Steel 78
]

13
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Session 3c: Strength of FRP-RC columns

Axial Loading Results: Effect of Spiral Spacing

3500
sovo | toorhs | oobior | boouy |
_2500 ey
€ 2000 / 7 k.
B 1500 [ / z / “;
1000 :/ §/ 5/ o
500
0

2000 Axial Strain (pe)

Session 3c: Strength of FRP-RC columns

Axial Loading Results: Effect of Longitudinal

Reinforcement Ratio Pt
3500 : . .
| 2998 kN e
292pkN | =P
3000 [ 2826KN| N TO% 1.1%
15%) —
2500 \/n A ‘h\
£ 2000 7 -
g 1500 5
~ 1000 s |/ /_; S
/_. /5 '/5 Ruptpre of Fitp
500 3 = =
< =
0

2000 Axial Strain (pe)

Session 3c: Strength of FRP-RC columns

Axial loading (failure modes)

GFRP-RC columns

Session 3c: Strength of FRP-RC columns

Eccentric Loading

Test setup

Forney machine (UdS)

82
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Session 3c: Strength of FRP-RC columns

Results

GFRP vs. Steel

2500

2000 /
150 —
G50
1000
500 4/
! / G200

10 20
Mid-height deflection (mm)
Load-Deflection diagram

Side view

Load (kN)

| — ]

Comp. side

0

Overview of test region at failure

83
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Session 3c: Strength of FRP-RC columns

Eccentric loading (failure modes)

84

=5 K

14
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Session 3c: Strength of FRP-RC columns
Eccentric loading (interaction diagrams) GFRP vs. Steel

14
S S Dia.=305 mm
:§ e f,=35MPa
W~ Sl = 1190 MPa
;f 08 E,=54.9 GPa
S 06
g & Dia.=305 mm
3 £, =35MPa
=02
- = f=1190 MPa
L
g Q= E,=54.9 GPa
0 0,04 0,08 0,12 0,16

Normalized Bending moment, Ry= M, A, f . D)

Normalised interaction diagram

Session 3c: Design Philosophy (CSA S806)

Members under Flexure and Axial Load (Clause 8.4.3)

Longitudinal FRP reinforcement may be used in members
subjected to combined flexure and axial load. The FRP
reinforcement in compression members of such members shall be

deemed to have zero compressive strength and stiffness as per
Clause 7.1.6.4.

86

Session 3c: Design Philosophy (CSA 5806)

Longitudinal Reinforcement

Limits for longitudinal reinforcement ratio is the same as those for
steel reinforcement; Min: 1% and Max: 8% (8.4.3.7 to 8.4.3.9).

Slender columns are not permitted when FRP longitudinal
reinforcement is used (8.4.3.3).

Flexural resistance of columns shall be computed in accordance
with Clause 8.4.1 (like beams) with the effects of axial forces

included in flexural analysis.

Session 3c: Design Philosophy (CSA S806)

o Maximum Factored Axial Load Resistance
The maximum factored axial load resistance, P, ., shall be:
For spirally reinforced columns:
Prmax = 0.85 P,y
For tied columns:

Py = 0.80 P,
Po=a,f(4,-4,)+8f A,
Po=agf(A,-4,)

For steel Re-bars

For FRP bars

Session 3c: Design Philosophy (CSA 5806)

o FRP Spirals
FRP spirals shall conform to the following:
Minimum diameter of 6 mm;
Pitch shall not exceed 1/6 of the core diameter;
Clear distance between successive turns shall not exceed 75 mm nor be less.
than 25 mm.
wle:
S

%20,2 A 503 Sr=9Sr or 0.006E,
» A,

A, P
22 )=
P (A. MP")

Session 3c¢: Design Philosophy (CSA 5806)

o FRP Ties
FRP ties shall consist of one or more of the following:

Pro-shaped rectilinear ties with comers having an angle of not more than
135°;

Prefabricated rectilinear grids;

Crossties with hooks where the hooks engage peripheral longitudinal bars;
- Pre-shaped circular ties or rings;

+  Others that perform as least as good as above.

15
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Session 3c: Design Philosophy (CSA S806)

o FRP Ties
The spacing of FRP ties shall the least of the
+ 16 times the diameter of the linal bars or the in
a bundie;

+ 48 times the minimum cross-sectional dimension (or diameter) of FRP tie or
grid;
« the least d f or

+ 300 mm in compression members containing bundled bars.

91
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Session 3c: Design Philosophy (CSA S806)

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 axis;

« The stress-strain relationship for FRP is linear up to failure;
Perfect bond exists between the concrete and the FRP
reinforcement;

The maximum design tensile strain (&) for GFRP bars is
the minimum of 0.01 and f, /E;.
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o Modes of failure
» Transition, concrete crushing while GFRP bars have a strain level
greater than 0.8 £, and smaller than ,;
= Compression controlled, concrete crushing while GFRP bars have a
strain level smaller than &,
= Tension controlled, concrete crushing while GFRP bars have a
strain level equal to &,.

Session 3c: Design Philosophy (CSA S806)

o Compression controlled
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o Transition
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o Tension controlled
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Session 3c: Design Philosophy (CSA S806) Session 3c: Design Philosophy (CSA S806)
o Developing interaction diagram o Developing interaction diagram ,

1. Calculate ERSB (¢, and f): 3. Calculate P, and M, at point B:

a, =0.85-0.0015 £, > 0.67 = Take c=d

B, = 097 - 000251 = 0.67 * Calculate strains in Tonsilo FRP bars
2. Calculate P,,,,,at point A: =0

+ Calculate Forces C, and 3T,

Po=adf (4,-4) C.=apf.pch

P, =085 P, (for spirally columns) 4 T,=4,0E, Ze,

P =080P, (fortied columns) = Apply Equilibrium

P=C,-T, M,=C(%—%)iz T.(0)
97 . 98
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Session 3c: Design Philosophy (CSA 5806) Session 3c: Design Philosophy (CSA S806)
o Developing interaction diagram , o Developing interaction diagram ,
4. Calculate P, and M, at point C: / 5. Calculate P, and M, at point D:
« Take 4, =(0:08)z, =045, P { « Take &, =08¢,
+ Calculate c 8 + Calculate ¢
¢ __ 00035 ¢ 00035
4 00035+s, d 00035+,

+ Calculate strains in all FRP rows
* Calculate Forces C, and 5T,
= Apply Equilibrium

= Calculate strains in all FRP rows
* Calculate Forces C . and 3T,

«  Apply Equilibrium
= o _fe " . h Be :
P=C,-T, M,f(‘.(;",—)tz T P=C T, M,:(&(;*T'HZ T,(r,)
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@ Developing interaction diagram Design of Examples of Concrete Column

6. Calculate P, and M, at point E:

b Semby Reinforced with GFRP Bars According to
' cm;l.j" 0.0035 CSA 8806'12
d  00035+¢,

= Calculate strains in all FRP rows

«+ Calculate Forces C, and T,

= Apply Equilibrium P
P=C.-T, M,=C, (55%)12 .00

(See Example #5 & #6 — Attachment 3c)
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Questions

Co-presenters: FDOT Design Contacts:

Raphael Kampmann PhD Steven Nolan, P.E.

FAMU-FSU College of Engineering FDOT State Structures Design Office,
Tallahassee, FL. Tallahassee, FL.
kampmann@eng.famu.fsu.edu Steven.Nolan@dot.state.fl.us

Marco Rossini, PhD stud FDOT Materials and manufacturing:
University of Miami. Chase Knight, Ph.D, P.E.

Coral Gables, FL. State Materials Office,

marlA6sEmam edy Gainesville, FL.

Chase.Knight@dot.state.fl.us 103
SYMPOSIUM|

18


mailto:Lowry.Denty@mottmac.com
mailto:ChaseKnight@dot.state.fl.us
mailto:Steven.Nolan@dot.state.fl.us
mailto:Lowry.Denty@mottmac.com

