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Uncracked Section

In uncracked sections, shear is carried by the concrete itself

Typically, shear crack starts from a flexural crack once the
cracking moment exceeds the cracking strength of concrete
(tensile rupture)
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Cracked Section

In cracked sections, shear is carried by complex transfer
mechanisms
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Shear Failure

Shear failure modes of members with FRP stirrups

« Shear-tension failure mode
(controlled by the rupture of FRP shear reinforcement)

« Shear-compression failure mode
(controlled by the crushing of the concrete web)




RC with FRP Shear Reinforcement

* Low modulus of elasticity
» High tensile strength and no yield point

« Tensile strength of the bent portion lower than the straight
portion

« Low transverse shear resistance (i.e., low dowel action of
flexural bars)

« Larger crack widths compared to steel (i.e., lower N.A. depth)

Substitution of FRP for steel on an equal area basis would typically
result in lower shear strength in both shear reinforced and non-

shear reinforced members
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Shear Capacity

Ultimate Limit State V, <oV, ¢ = 0.75

Nominal Shear Resistance Vo=V + Vs

Shear Resistance of Concrete V. =0.03168+/f/b,d,

(AASHTO 2.7.3.4-1)

. A d, cot(6
Shear Resistance of GFRP v, =2 Jrv dv cOL(6)
. S
Stirrups | (AASHTO 2.7.3.5-1)
’ B and 0 are function of the level of strain
/ - Yad in the reinforcement (MCFT*), but align to
6 / / AClI values if the simplified method is
S — — used.
L *Modified Compression Field Theory




Factor § and ©

ﬁ: Factor indicating ability of diagonally cracked concrete to transmit tension and shear

0. Angle of inclination of diagonal compressive stresses

- Simplified Method p = 5k 60 = 45°  (AASHTO 2.7.3.6.1)
k = \/prnf + (anf)z — psiy Kk: ratio of depth of neutral axis to depth of flexural
reinforcement (AASHTO 2.5.3-4)
 General Method 6 = 29 + 3500¢¢ (AASHTO 2.7.3.6.2-3)
-Sections with minimum transverse reinforcement p = 4.8
(AASHTO 2.7.3.6.2-1) 1+ 750¢

-Sections without minimum transverse reinforcement B = 4.8 51
(AASHTO 2.7.3.6.2-2) 1+ 750&F ) \39 + 54,

¢r: longitudinal tensile strain of the GFRP
Sye. Crack spacing as influenced by aggregate size (AASHTO 2.7.3.6.2-7)
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Transverse Reinforcement

Types of Transverse Reinforcement

spirals /" '0“3;::““" ties
» Stirrups or ties // ~ -
« Spirals or hoops R l o o e
p p Round Column spiral / Rectangular Column
] Tied *~— longitudinal

bars

Shear resistance of FRP reinforcement when using spirals

_ Afy frv dy (cotB + cota)sina (AASHTO 2.7.3.5)

V
4 S

S: Pitch of spiral
a: Angle of inclination of transverse reinforcement to longitudinal axis
0: Angle between a strut and the longitudinal axis of a member




Design Tensile Strength

Design Tensile Strength for Shear f; .4
frsa = min(fry, frp) fra) ~ (AASHTO 2.7.3.5)

Tensile Strength of GFRP for Shear Design

ffv = 0-004Ef < ffb & Typically governs
for GFRP

Tensile Strength of GFRP at Bends
— "b
fr = (0.05 24 03) fru < fru

: r, = internal radius of bend of reinforcing bar
Tensile Strength of GFRP d, = diameter of reinforcing bar

ffd — CEff*u < FDOT 932-3 requires this to >
60% of straight bars for qualification
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Transverse Reinforcement

. V
» For any member required when: v, > ¢2C
» Except for the slabs and footings: V, > oV,
Minimum GFRP Transverse Reinforcement
Arymin 2 0.05% (AASHTO 2.7.2.4-1)
ffv
Maximum GFRP Transverse Reinforcement
Ve < 0.25\f/b,d, (AASHTO 2.7.2.5)

Maximum Spacing of Transverse Reinforcement

S < Min{0.5d,24 in.} (AASHTO 2.7.2.6)
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. . rp
A minimum 1.

GFRP stirrups should be provided with 90-degree hooks

Required tail length for GFRP stirrups: L= 12d, (AASHTO C2.10.2.3.2)

Maximum tensile strain in FRP shear reinforcement: 0.004 (AASHTO 2.7.3.5-2)

r,= bend radius

= 3 is recommended d,=bar diameter

b
TABLE 4 Minimum Inside Bend Diameter of Bent Bars”? by 2 12,
Bar Designation, Minimum Bend | I
mm [U.S. Standard] Diameter mm [in.]
M6 [2] 38 [1.50]
M10 [3] 58 [2.25]
M13 [4] 76 [3.00]
Mi6[5] (ASTM D7957) 96 [3.75]
M19 [6] 114 [4.50]
M22 [7] 134 [5.25]
M25 [8] 152 [6.00]
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Punching Shear

Shear Resistance of the Concrete

Two-way shear V., =0.316k /f/byd,  (AASHTO21051.3)

k: ratio of depth of neutral axis to depth of flexural reinforcement

d
b,: computed - away from the column face

For Members with Transverse Reinforcement

v = Afv frv dv (AASHTO 2.10.5.1.3)
s
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Special Considerations

« 90-degree bends instead of 135-degree

« Typically two overlapping “C or U” stirrups are used instead
of a closed loop stirrup

- 2'-0 1/2" - -~ 2'-01/2" ) ‘
& o4 )14'" g
!
2'-6"
1/2"
Set of overIaFEing closed ties @
to enclose al ?\
= X
(o) o (o] o
1l
_ & [e)
Crosstie
O ] (o] (o}
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Special Considerations

* Field bending or straightening of GFRP bars not possible

 All stirrups are pre-bent
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Concluding Remarks

* Shear equations and structural theory remain mostly the same
as for conventional steel-RC

* The contribution of both concrete and stirrups to shear
capacity is reduced in FRP-RC

» Closer stirrup spacing because of lower strength and stiffness
« Strength of FRP stirrups is reduced at bends

« Alimit on FRP stirrup strain is imposed because of crack width
concerns

« Complex bent shapes are currently not available, but
technology is advancing

FDOT [ JJ|OERsITY (6 e 21/60
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SHEAR RESPONSE OF
GFRP REINFORCED
CONCRETE

3.1 Review Questions: Fundamentals
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Review Questions

3.1.1) For GFRP stirrups, does the maximum amount of
transverse reinforcement requirement similar to steel-RC still

apply:

a. True

b. False




Transverse Reinforcement

» Required when: Vi, > ¢2VC
> For the slabs and footings: Vu > oV,

Minimum GFRP Transverse Reinforcement

Maximum GFRP Transverse Reinforcement

Ve < 0.25 f;b,d, (AASHTO 2.7.2.5)

Maximum Spacing of Transverse Reinforcement

S < Min {0.5d , 24in.} (AASHTO 2.7.2.6)

{ ) UNIVERSITY & perorgrtn
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Review Questions

3.1.1) For GFRP stirrups, does the maximum amount of
transverse reinforcement requirement similar to steel-RC still

apply:

a. True

b. False




Review Questions

3.1.2) The shear strength of GFRP-RC members:

a. Is comparable to the shear strength of steel-RC members
b. Is lower than the shear strength of steel-RC members
c. Is higher than to the shear strength of steel-RC members

d. Cannot be compared to the shear strength of steel-RC
members

DT LJ2UEY G ono



Shear Capacity

Ultimate Limit State Ww=oWh ¢ = 0.75

Nominal Shear Resistance Vo =V + V¢

Shear Resistance of Concrete V; =0.031648+/f;b,d, (AASHTO 2.7.3.4)

Ay, frp d,, 6
Shear Resistance of GFRP Ve = roly - cot(6) (AASHTO 2.7.3.5)
Stirrups

B and 8 are a function of the level
/ L/ /) of strain in the reinforcement
0 / / (MCFT) but aligns to ACI values if
the simplified method is used
E— 7 A4




Review Questions

3.1.2) The shear strength of GFRP-RC members:

a. Is comparable to the shear strength of steel-RC members
b. Is lower than the shear strength of steel-RC members
c. Is higher than to the shear strength of steel-RC members

d. Cannot be compared to the shear strength of steel-RC
members




Review Questions

3.1.3) The required tail length of GFRP stirrups is at least
equal to or more than: :

a. 4 times the bar diameter

b. 8 times the bar diameter

c. 12 times the bar diameter

d. 16 times the bar diameter

FD?._Oﬁ i) ‘8? MIAMT t. 30/60



GFRP stirrups should be provided with 90-degree hooks

Required tail length for GFRP stirrups: L= 12d, (AASHTO C2.10.2.3.2)

Maximum tensile strain in FRP shear reinforcement: 0.004 (AASHTO 2.7.3.5-2)

. Tp _ r,= bend radius Loy > 12d,
* A minimum d, =3 isrecommended g =par diameter P >
TABLE 4 Minimum Inside Bend Diameter of Bent Bars”
Bar Designation, Minimum Bend
mm [U.S5. Standard] Diameter mm [in.]

M6 [2] 38 [1.50]
M10 [3] 58 [2.25]
M13 [4] 76 [3.00]
M16 [5] (ASTM D7957) 96 [3.75]
M19 [6] 114 [4.50]
M22 [7] 134 [5.25]
M25 [8] 152 [6.00]
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Review Questions

3.1.3) The required tail length of GFRP stirrups is at least
equal to or more than: :

a. 4 times the bar diameter

b. 8 times the bar diameter

c. 12 times the bar diameter

d. 16 times the bar diameter




Review Questions

3.1.4) GFRP stirrups can be bent on site with EOR approval?

a. True

b. False

FDOT) LB Es™ e



Special Considerations

* Field bending or straightening of GFRP bars not possible

 All stirrups are pre-bent

FOOTY) LB (s 34/60



Review Questions

3.1.4) GFRP stirrups can be bent on site with EOR approval?

a. True

b. False
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Review Questions

3.1.5) The minimum bent radius allowed for a GFRP stirrup is
generally . (Select all that apply)

a. Larger than required for steel, with a minimum of r,/d, = 3
b. Can be equivalent to steel, if verified by manufacturer

c. Smaller than required for steel reinforcement due to lower
elastic modulus

d. Dependent on field bending and cannot be prescribed
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GFRP stirrups should be provided with 90-degree hooks

Required tail length for GFRP stirrups: L= 12d, (AASHTO C2.10.2.3.2)

Maximum tensile strain in FRP shear reinforcement: 0.004  (ACI 440.1R8.3)

. Tp _ r,= bend radius Ly > 12d,
* A minimum d, =3 isrecommended g =par diameter P >
TABLE 4 Minimum Inside Bend Diameter of Bent Bars”
Bar Designation, Minimum Bend
mm [U.S5. Standard] Diameter mm [in.]

M6 [2] 38 [1.50]
M10 [3] 58 [2.25]
M13 [4] 76 [3.00]
M16 [5] (ASTM D7957) 96 [3.75]
M19 [6] 114 [4.50]
M22 [7] 134 [5.25]
M25 [8] 152 [6.00]
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Review Questions

3.1.5) The minimum bent radius allowed for a GFRP stirrup is
generally . (Select all that apply)

a. Larger than required for steel, with a min. of r /d, =3
b. Can be equivalent to steel, if verified by manufacturer

c. Smaller than required for steel reinforcement due to lower
elastic modulus

d. Dependent on field bending and cannot be prescribed




Review Questions

3.1.6) When designing GFRP shear reinforcement, the
following shapes are possible to manufacturer:
(Select all that apply)

a. Two C’s

b. Two U’s

c. Closed stirrup, providing the tails overlap
d. L shapes for end hooks

e. Special bends for complex shapes




Special Considerations

« 90-degree bends instead of 135-degree

« Typically two overlapping “C or U” stirrups are used instead
of a closed loop stirrup.

- 2'-0 1/2" - -~ 2'-01/2" ) ‘
& o4 )14'" g
!
2'-6"
1/2"
Set of overIaFEing closed ties @
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1l
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Applied Questions

3.1.6. When designing GFRP shear reinforcement, the
following shapes are possible to manufacturer:
(Select all that apply)

a. Two C’s

b. Two U’s

c. Closed stirrup, providing the tails overlap
d. L shapes for end hooks

e. Special bends for complex shapes




Review Questions

3.1.7) The maximum spacing of transverse GFRP
reinforcement is generally

a. 121in.
b. 24 in.
c. 0.5d
d. Minimum value of 0.5d* or 24in.

* Flexural reinforcement depth




Transverse Reinforcement

. v
» Required when: v, > ¢2C
» For the slabs and footings: V, > oV,
Minimum GFRP Transverse Reinforcement
b,s
Arymin = 0.05—
ffv
Maximum GFRP Transverse Reinforcement
Ve < 0.25\f/b,d, (AASHTO 2.7.2.5)
Maximum Spacing of Transverse Reinforcement
S < Min {0.5d ,24in.} (AASHTO 2.7.2.6)

{) UNIVERSITY & perorgrtn
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Review Questions

3.1.7) The maximum spacing of GFRP transverse
reinforcement is generally

a. 121in.

b. 24 in.

c. 0.5d

d. Minimum value of 0.5d* or 24in.

*Flexural reinforcement depth

FDOT) LB Es™ e



SHEAR RESPONSE OF
GFRP REINFORCED

CONCRETE

3.2 Design Example: Bent Cap
(Halls River Bridge)

|

FDOT) LI |



Shear Design Flowchart

Shear Design

W=V =¢V=0750c+V)

Find nominal shear resistance of the concrete (V,)

V. = 0.03168+/f,b,d,

Find shear strength of transverse reinforcement ()

fr,sa = min(fry, frv, fra)

UNIVERSITY §*Era':;i°;!r:?;:’:°"
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Shear Design Flowchart

Find design tensile strength of GFRP (f;,)

fra = Ce " fru

Find design tensile strength of bent (f;)

r
frp = min (0.05 d—z +023, 1) fra

Find tensile strength of GFRP for shear design (f;)

frv = min( 0.004E, f7p)

UNIVERSITY §*Era':;i°;!r:?;:’:°"
FDOT) L B| Qe (e
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Shear Design Flowchart

Select Afv > Afv.min

b,s

Afv}min :j 0.05 }Cfv

Find shear resistance of GFRP (V)

V. — Aﬁ? ff‘l.? dt? Cﬂt(gj

4 s

Find nominal shear strength

V, =V, +V;

FDOT W IRl 48/60



Shear Design Flowchart

Check shear design

V<V =V, = 0.75(V, + V)

Check spacing of GFRP stirrups

S = Min {0.5d , 24in.}




Bent Cap- Halls River Bridge

Part 1: Load Generator o A o
e I
Part 2: Frame Analysis -
F”Bcnt Capi:ysis Mod::”
Part 3: Design & AASHTO Checks E 1
2N -
Steel Rebar —  GFRP
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Bent Cap- Halls River Bridge

Part 1: Load Generator
Input Data

Number of beams 9
Number of columns 6 Beam spacing 6.63 ft.
Column spacing 10.38 ft. Beam width 24 in.
Column width 18 in. Beam height 21in.
Beam self weight 181 plf.

s~ Elev. 10.837 Elev. 10.986 —
}5" Expansion J3" Expansion —.
Joint Material Joint Material
= Begin Bridge F.F.BM. End Bent 1 /" Const. Joint 5
i Sta. 110472.17 5 — 6C1 Dowel Bars (Typ.) R in
G, / f ]
2, ! Brg. Pad (Typ.) \ 2 /o / Q J =
3 1 | . 4 [ = | : | | 5
L . . . J \ . . | . . \ . F | ! . .| . / . |
P -1 T = ‘ \ — T+ h —=—q e
N——- -fl"'":lh - iy I —:f\'*—“ <1 == L L et 1 44 ] [ L | e - £ l 1k
5 U:_;ji 5 TTEEEST T f___J|l..._.J iy [Beoechs by Iy |'_ e sy [ e \‘ _EIJ  esac ek I___J_ e s | .'J - |
/
: =k = | R — L
— an | \ _J
Elev. 10.837 € Be mj-'/ /*— ¢ Beam 7 F.Few — — @ Beam 5 \ — ¢ Beam 3 EBro- = fiev. 10,986 —
1'-0 ¢ Beam gseam Seat (Typ.) — 210" ¢ Beam 6 +. 5-6%" 9% § Beam 4 —| — ¢ Bent Cap & Piles ¢ Beam 1 1'-0
| € Beam (Typ.) ' 1~ B Survey CR 4904 (Halls River Road) ¢ Beam 2
63" | 4 Spaces @ 6'-43"'=25-6" (Beam Seats) 4 Spaces @ 6'-7%"'=26'-64" (Beam Seals) | 4-3"
PLAN VIEW denotes Bearing Pad No




Bent Cap- Halls River Bridge

Part 1: Load Generator

g

Input Data N1
L B T Backwall
Cap height 36 in. —
Cap width 48 in. | }
Cap length 59.9 ft. | L |r T
,,,,,, R

i

|
Dead load of wearing surfaces and utilities 165 Ib./ft.

Additional dead load of structural and nonstructural attachments 20 Ib./ft.




Part 1: Load Generator

Bridge cross section with live load locations generated by MathCad program

Bridge Cross Section with Live Load Locations

' Deck

Beam

feet

Iy

i 20 41 Bl

teet

Beam Live Loads

T i .
PI[ beam = (0.0 0.0 0.0 59.5 59.9 0.0 0.0 0.0 0.0)-kip




Part 1: Load Generator

Summary of factored loads on cap generated by Mathcad

Mathcad worksheet computes all loads on the bent cap from the beam
reactions. Live loads are generated for each beam using the lever rule and
tributary area methods

Factored total load Factored total load Load cases per LRFD
parallel to cap (x) perpendicular to cap (z)
"Strength T max vertical"
0 80.32
- "Strength IIT max vertical"”
11.37 8.07
"Strength V max vertical”
8.02 66.43 h ]
7.01 49 65 Service I
"Service III"
0 _ 36.72 |
Pcap.x = 0 kip Pcap, z= 0 -kip "Sustained load: DL+0.2LL"
0 80.32 Strength T min vertical
11.37 807 "Strength ITT min vertical"
8.02 66.43 "Strength V min vertical”
0 0 "DL+Fatigue I" J

FD?._Oﬁ i) ‘8? i Qp 54/60



Part 2: Frame Analysis

Connection of columns to bent cap (Fixed or Pinned) Fixed
Beam load Distributed

Bridge Cross Section

Leapon = 4 ft Spacing.q = 10.38 ft Leapon = 41t 0 0 40 60
I .
U \L’m NENNE =&
T S
o
Pimned or Fixed ]
Connection
— 3
| | | | | |
Bent Cap Analysis Model

feet

Deck
¥ Beam
! Column

@ Cap

FDOﬁ l_j ‘ gPh‘T {\XEIARI\%ITY ti et 55/60



Part 2: Frame Analysis

Shear and Moment Diagrams for Limit State Strength | (max vertical load)

Strength I Shear Envelope (at Face of Support)

200
150 "‘\
100
A ——_ I Y A\ W
—_—— \ =
""""" X \\:——-—\ “\ N\ v _—-\ ‘\ AN
o N U e\ oy—| ----- AN N T 59
- 50 o T ) 1 A T !
== “ \ i N
— 100 v : - i :
— 150 N
— 200
Strength I Moment Envelope (at Face of Support)
. N ax Shear (kdp) 400

=== Min Shear (kip)

Face of Supports jgz /\ /\ / \ f/\ /\
/NS N/ N\ N\
I L/ \J 1/ . \

— 100 A s TT7% ~ S o
— 200
— 300
— 400

Max Moment (kip-ft)
=aw Min Moment (kip-ft)
—— Face of Supports




Part 3: GFRP Design & AASHTO Checks

Environmental reduction factor (Cg) 0.7
Tensile modulus of elasticity (E;) 6,500 ksi

Shear Reinforcement

Zone V1 Zone V2
Size of stirrup bar 4

Size of stirrup bar 4
No. of bar legs 4 No. of bar legs 4
Spacing 4in. Spacing 8 in.
Length of Zone V1 (L) 36 in. Length of Zone V2 (L,,) 36 in.

L s L9 g de R
| . l Bare C Y1, V2, VA V2 V1) V4 Vs
/Bare.-'l/Eusﬂ : : | | ‘ | : ‘
|
! ! ! I. ’ l|||||||.|lII||||I I ] I 'Il.llll.l[llllllll..l'
|| ! '. R R ::::::::!:::::::E:::
! ! e()::::::::!:::::::: Lo ::::::::!::::::::::E
| - | — Vi i
[ | | [
Barz: D || \BSISE ||| m ||
L — A | b
dg dg Ly L Ly Ly Ly




Part 3: GFRP Design & AASHTO Checks

Zone V3

Size of stirrup bar 4

No. of bar legs 4

Spacing 12 in.

Zone V4 (Cap overhang) E | | ‘ | | ‘
Size ofstirrup bar 4 ::I:I:::::::::I:: W SEETIE T RN
No. of bar legs a Qe LRGN

|

:

| b
. ' |
MEERRER i
|!|||||||Il !
i

I

Spacing 12 in. M i ““”:'.:H:::y
Length of Zone V4 (L, ,) 36 in. | M

Zone V5 (Cap overhang)

Size of stirrup bar 4

No. of bar legs 4
Spacing 12 in.

FD?._Oﬁ i) ‘8? MIAMT t. 58/60



Shear Design Example

Nominal Shear Resistance of the Concrete

V. = 0.0316B8+/f/b,d, = 64.75 kip

Simplified method for concrete sections not subjected to axial tension
f =5k (AASHTO 2.7.3.6.1)

Shear Resistance of GFRP Reinforcement

_ Afv ffv dv COt(Q)
S

Ve = 137 kip

The Maximum Demand to Capacity Ratio

. V
W, =162 kip max — = 1.07
V. = 0.75 (64.75 + 137) = 151kip




Shear Design Example

kip

200

Shear Design

106

rrrrr

— 100

— 200

(o=
l '--l.- J

60

p——

Envelope of Shear Demand - Maximum
=== Envelope of Shear Demand - Minimum
== Shear Resistance
== Shear Resistance
Face of Supports

feet (along cap)

Problem

f: areas

Maximum
demand to
capacity ratio
=1.07

FDOT\

J
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