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We need a
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and FAST to install
strengthening
solution !

\
i
&
b
)/
b

Sheffield
Hallam

University

Externally Bonded
Fibre Reinforced
Polymer (FRP)?
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Traditional strengthening

Steel plate bonding

Mr. Traditional
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Corrosive...
Conductive...
Heavy...

Courtesy of G. Nichols

after U. Meier, EMPA
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Modern strengthening
FRP plate bonding
buildera.com
Strong Light Versa

Miss Futura Non-magnetic

Non-corrosive

sika.com
after U. Meier, EMPA
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FRP vs. Steel
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Steel strengthening

FRP strengthening

Total cost

>

Time of installation

Life of the element 120years
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Lack of Ductility

Risk of Debonding

Susceptibility to Damage

Susceptibility to High Temperature

Uncertain Long-Term Durability

Lack of Easy-to-Follow Design Procedures
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1. Risk of Debonding

Mid-span Debonding End Debonding

]

CrUShing s + BCRP14 7 " B

RC beam
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Control of End Debonding |

X
* Provide mechanical anchorages
( ?
A\ !
Issue Solution? Research
Additional cost 1.1 Use of Basalt FRP as anchorage Beam tests/Analysis
| X
* Predict debonding loads E
( 1
—————— ;
A l\lmax '
Imax
Issue Solution? Research

No reliable models| 1.2 Standardised Bond Tests | Bond tests/Data mining
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Volcano

Basalt Plant

Basalt Fibres Furnace Crushed Basalt Rock
Characteristic of fibres Basalt E-Glass S-Glass Carbon
Tensile Strength (MPa) 3000~4840 3100~3800 4020~4650 3500~6000
Elongation at break (mm) 3.1 4.7 5.3 1.5~2.0
Elastic modulus (GPa) 79.3~93.1 72.5~75.5 83~86 230~600
Temperature of use (°C) -260~+500 -50~+380 -50~+300 -50~+700
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M Basalt

S-glass
H Carbon

M E-Glass
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SHEAR - BFRP

—
FLEXURAL- CFRP

T T 1 U —strips (235x90) mm
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150 -~ L
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125
g
= 100
-
®
=]
= 757 PB1-1 Precrack - unstregthened
50 PE1-1-BFRP strips; f.=36 MPa (End debonding)
PB1-2 - BFRP strips; f.=36 MPa (Crushing)
25 4 SB5 - CFRP strips; f.=30.8MPa (Crushing)
CBO - no FRP strips; f.=28.8MPa (Rip-off)
U T T T
0 5 10 15 20 25 30
Mid-span displacement (mm)
TR :
CBO P k.',
) \ AL ',
e AR e

PB1-1

Increase in debonding load (~27%)

Pseudo-ductility

CBO beam (brittle)
PB1-1 beam (distributed cracking)
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* High strain in Basalt FRP strips

* No debonding of BFRP strips

Load (kN)
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1.2. Standardized Bond Tests

Parameters
Width | Thickness Area Strength | Elastic modulus | Ultimate strain
Name bt g A f; Ef £u
Double-shear tests (20 specimens)
[mm] | [mm] [mm?] | [MPa] [GPa] [%o]
ClA 100 1.2 120 3100 165 1.7
C1B 100 1.4 140 3100 210 1.3
Ccl1C 60 1.3 78 3100 165 1.7
C3 100 1.2 120 2850 165 -
Cc4 100 1.4 140 3100 170 1.6
C5* 80 1.2 96 25%0 200 -
CIC-R | 60 1.3 78 3100 165 1.7

* - tested at The University of Sheffield only

Surface roughness
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Local bond stress vs. bond length
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Effect of surface preparation
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Proposed new model — Debonding force

— %Mm ]
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Model verification - database of 278 tests
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Recommended Standard Test Protocol STAGE ACTION

Done

- select FRP systems N

- determine experimentally the elastic modulus of FRPs and measure accurately
their cross-sectional size

Casting Stage 1 : .
- estimate the effective length and choose a longer bond length
Test parameters

H - select the strain gauge interval
Surface preparation _
- set the loading rate
LO a d | n g ra te - decide the targeted strength of concrete at 28 days
- prepare moulds
Tra N S po rtat | O N - cast cubes and cylinders for compressive, tensile and E-modulus tests at 28 days
s 5 - cast each two specimens as a single prism
. . tage 2:
Te St| ng t| me c gt - prepare 3 specimens per FRP system
asting

- tests fresh concrete properties (slump, density and flow)

BO N d | ng p ro Ced ure - demould and cut each prism in half (~ 1 week of curing)

- test the properties of concrete at 28 days

- roughen the side surface of the prisms where the FRP systems will be bonded

Stage 3: - remove contaminants of the adherents and apply primer
outting plane Bonding - apply the adhesive using the template and let it cure for at least 24h
plastic tube I adhesive FRP ol - prepare locally the FRP surface and mount the strain gauges
k& e conch%er;:m Stage 4: - place steel plates on the un-bonded sides of the prisms and hold the prisms

Transportation together using G-clamps

- test the compressive strength, tensile strength and flexural modulus of concrete at
casting direction i i
| 28 days (testing time)

Top side

- mount the specimens in the testing machine and remove clamps from the test

Stage 5: i
! specimen
§ § § Testing - connect the strain gauges
§ § § - mount the LVDTs
S ETIRETT HRRED VI bl - apply tensile load force to failure at the specified rate
adjustable clamp | steel plate - describe the full testing methodology and report concrete mix-design and tested
’ properties
Stage 6: - report failure modes
Reporting - present the raw data

- process the results (local bond stress and slip) and include relevant graphs

- include comments if any
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2. Durability tests
132 Basalt FRP bars

SetT | oot Mo, of hars | Mominal Actual Total no.
e per dameter | diameter (o) area of bars
5 3 9.6
1! Tensile test (TT1) 5 5 23.8 20 -Time:
5 a S7l
z T 57 100h, 200h, 1000h and 5000h
Tensile test (TT2) 5 3 04 5
Water/209C/ 10000
71 | Durabiity  test | Water/a0%C/1000h 5 3 a5 0 o
(DT2) pH13/20°C/1000h - Alkalinity:
pH 13/60°C{1000h pH7, pH9 and pH13
Water/a0%C 200k 3 3 9.1 3
9 fi 33.3
Tensile tests (TT3) 5 4 155 24
: ° 236 - Temperature:
5 7 44 4 o o o
pH 9720°C/100h 3 g 3.2 5 20°C, 40°C and 60°C
pH 20°C1000k 5 fi 329 5
pH 9/40°C/100h 5 f 332 5
32 pH 2/40°C 1000k 5 fi a0l 5
Durability  test > 4 15.8
pH 9/60°C{100h 5 i) 229 a0
(DT3) 3 6 326
5 7 44.4
pH 9/60°C{ 1000k 5 fi 327 5
pH %20°C 5000k 5 il 32.6 5
pH 9/40°C{5000h 5 f 332 5
pH %60°C 5000k 5 il 32.5 5

Nate: the nomingl diameters were verified andused forstress caloulations for bars withaut strain
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Basalt FRP bars

Conditioning

Tensile testing
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5 mm
dp
v
35 mm —
Lanen = (300-350) mm

Liesr=(40-dy) mm
Steel anchor

Anchorage cross-section

Side view
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Conditioned specimens Effect of alkalinity Effect of time Effect of temperature
97
100 2T g9 89
_ 82
£
5 62 62 62
=] 55 55
c
Q
®
type 1 bars % o o < o o
2 3 z 2 3 3
(7))

0 - \
 pH—less effect 20°C1000h  60°C 1000h pHT 60°C PH7 1000h  pH131000h
. N

Temp — high effect . .
90
91 93
83

s 80

i=

S

=

. 2
type 2 bars in pH9 2 6o

F =

°

f=

£

[0}

= £ =
g 2 - g
b3 = 2 2
0
20°C 40°C 60°C
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Long-term Strength Prediction Short-term Long-term
strength strength
fka (tests at 1.5 months) (100 years service life)
100""-—__ r\'t"\_ I ‘\
Sl y=gxm I L _—:\ |
- T w
Rib sl | : W }‘-\.ﬁ-\ i
—_ llog decade | ~~~, TN~
3 og decadé ik T(looo — \t 1/Neny
T Tl AU ~
0 i i
C | - | Y
© .-
- I ? ffklOOyears
-ign . .
o | |
17} : - | = — - Degradation line in reference
I I environment when fyq0000=fio
i ©| T """ Degradation line in reference
I 100years I environment when fu0000<fro
I I """ Degradation line in a given
10 1 ‘ environment
1 10 100 on 1000 10000 100000 1000000

Time to failure (hours)

fbao 007 N =N+ N+ N+ N, +‘ +

Proposed

R,o - cst. n,, - changes
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Proposed degradation parameters

Degradation Fange Walue
Dy (50%) -1
Moisture EH (fme) Moist (S0%) 0
Saturated (100%%) 1
7 0
pH (npH) 10 0.5
13 1
Time () 21000 h 0
= 1000 h logithours/ 10007
= tested ]
Diameter (nd) -~ 75% tested 0.5
~ 50% tested 1
0o -0
10°C 0
20%C 0.5
Temperature (nT) 30°C 1
40°C 1.5
s0eC 2
&0°C 2.5
Onset (o) foet = £ 1o
terer # fin Tlon opt
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Proposed long-term strength prediction in any environment - Methodology

Step 1. Condition specimens 1000h, 20°C, 40°C, 60°C, water, pH13
Step 2. Measure short term-strength Tensile testing
Step 3. Establish degradation parameters Use Table

Step 4. Determine the reference degradation curve Find n,, and Ry,

Step 5. Estimate the long-term strength

100 &< ~ —~ —~ .
IR P NI e P graphically
analytically SSrTT aratar
"""--., 1 .""" 9, pH13 at20°C
Rug=15% ,__.::_ 53% PH13a

: T 45% pH7 at 60°C
38% pH13 at60°C

- environmental strength reduction factor

—

100vyears. I

Henv ¢ =1/ ((100 - Rlo) /100)n

Strength retention (%)

- percentage of the long-term strength retained

foaoe = A/ 77,,)-100

=
(=]

1 10 100 1000 10000 100000 1000000

Time (hours)
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3. Proposed design flowcharts - designing with fib bulletin 14

YES

START

> Assess
Initial state and strengthening feasibility (fib14 §8.3.1)

Determine
Resisting moment and Shear capacity of RC beam (EC2)

!

Service moment < Cracking moment?
(EC2)

NO

Calcul
Initial concrete sti

late
rain (fib14 §4.2)

|

Brittle failure at first crack?
(EC2§9.2.1.1)

Choose
FRP system

Determine
Design tensile strength of FRP system (fib14 Eq. 3.3,§9.8)

Goto ULSor SLS

Flowchart 1 — Initial state

START ULS

Determine location where FRP not
needed anymore (X, = f(M,))

| Estimate Ly, = by may (fib14 Eq. A12) |

nd shear failure?
(fib14§4.4.2.3)

Debonding
3 shear cracks? (fib14 § 4.4. 20>

Debonding
at mid-span? (fib14 § 4.4.2,1)

YES
| Limit esgy (add Aree) (fib14 § A1) |_

I |

1V YES

YES

End Debonding?

Extend L .c, ﬂ) Increase begp
(fib14§ A.1)

NOl

YES
Reduce temp along Lyne, -
Nol
-------

Shear capacity
>
lexural capacity?

Accidental
and Special situations an
issue? (fib14 §3.1.2.5,Ch.9)

YES

YES

---------

GotoSLS

Flowchart 2 — ULS

START SLS

Set SLS demand (e.g. limit maximum deflection) I

Calculate FRP area (fib14 § 4.6.3)

Stresses
in Concrete, Steel and FRP
< Stress limits?
(fib14 Eqs. 4.26-4.28)

- - Increase Asgp (Wege/t

A
|
1 NO

rack width < Crack limit?
(fib14 §4.6.4)

GotoULS
step 3 (Mg check)

Flowchart 3 - SLS
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Issue addressed Main Contributions

= Bond tests improvements and methodology
1. End debonding = More accurate debonding model

= BFRP - effective U-anchorage

2. FRP durability = Temp - high effect; pH - less effect

= Improved durability model and methodology

3. Design Procedure | ® Design flowcharts

Contribute to providing engineers with more

confidence in designing with FRPs!
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Thank you!
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