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Background

Issues/problems

* Poor performance of glulam beams in bending
* Low stiffness
= Beam size/depth
= Poor long-term behaviour
= Large reduction in MOE due to creep values
= Low ductility

= Sudden brittle failures
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Background
Effects and opportunities

* Increased stiffness
» Lower variability

 Higher ductility
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COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Background

Scope of this presentation

Four studies to be presented:

Strengthening of glulam beams

Strengthening timber for long-term performance
Strengthening the compression side of a beam
Strengthening glulam beams with pre-stressed FRP

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures
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First study - objectives

Strengthening glulam beams

* Identify possible failure modes

« Identify and optimise effective ways to maximise
strength/stiffness properties

» Compare steel with CFRP as reinforcement for
strengthening glulam

* Identify opportunity to induce ductility

' EDEt COST FP1004 — Enhance mechanical properties of timber,
EUROPEAN COOPERATION engineered wood products and timber structures
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First study - tests

o

Strengthening glulam beams
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Strengthening glulam beams

First study - reinforcements
Steel & Stress
* Steel plates (30 x 4 mm) e
I |
. |
* Material model ! !
. . o Hew fdew | L,
— Linear-elastic — elastic-plastic 71 | ety oty mwen
. . | |
— Tension and compression ! | AE
: T Ecu_st
Property Yalue
Tield Strength (k) 275-300 Nimm®
Moadhidiis of elastic iy 210000 Ninm?
c EDEt COST FP1004 — Enhance mechanical properties of timber,
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Strengthening glulam beams
First study - reinforcements

CFRP (Carbon Fibre Reinforced Polymers)

+ Sika CarboDur S Eiastic Modsius 4 frese
— High strength Sik Carbolur § | 165,000 Ninnt' b o - 7
¢ Sika CarboDur H Sike CarboDur B | 300,000 Winn'® . i
— High stiffness Tensile Stremgih* eLc'firp ;31 T S;;ﬂ
e Material model Sika Carbolur 5 | 2,800 Nimn?' i o
— Linear-elastic Siker Carbalur H | 1,500 Mpmnd !_Pf‘f .
o fp
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Strengthening glulam beams
First study - reinforcements
Adhesives
Sikadur 30
* Sikadur 30 Density 177 kg/L (A + B)
— Cement paSte'hke Shear strength™ 15 MPa
— Dense, less viscous B-Moduis* 12,800 MPa
e Sikadur 330 Sitadir 330
— Paste-like Density 1.31 kg/L (A + B)
— Viscous Shear strengthr® 10 MFa
E-Modls™* 3800 MFPa
COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening glulam beams

First study - non-linear model

Linear-elastic phase

. Zcs o gl G by g G|U|am
LN . f,=44 MPa
va F, f,= 46 MPa

hgl#r - f b E =13.5GPa
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e Timber is linear elastic

* Yielding of reinforcement
1s considered

COST FP1004 — Enhance mechanical properties of timber,
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Strengthening glulam beams
First study - non-linear model

Plastic phase

Eelec gl SEcS8plc g Oc™ fou gl CFRP
— .. f=2800 or 1300 MPa

' E=1650r300GPa

Eez

=

A B

*Timber plasticises

*Yielding of reinforcement is .
considered §

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening glulam beams
First study - Non-linear model

Eelec gl SEcS8plc g Oc™ fou gl CFRP
— .. f=2800 or 1300 MPa

' E=1650r300GPa

Eez

=

A B

*Timber plasticises

*Yielding of reinforcement is .
considered §
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Strengthening glulam beams
First study - non-linear model - change in stiffness
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COST FP1004 — Enhance mechanical properties of timber,
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Strengthening glulam beams

First study - non-linear model - change in moment capacity
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Strengthening glulam beams
First study - non-linear model - moment - curvature

Moment Curvature Relation
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COST FP1004 — Enhance mechanical properties of timber,

engineered wood products and timber structures

Strengthening glulam beams
First study — experimental results
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Strengthening glulam beams
First study — experimental results

Buckling of CFRP

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening glulam beams
First study — experimental results
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Strengthening glulam beams
First study — experimental results

Shear failure in glulam

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening glulam beams
First study — experimental results
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Strengthening glulam beams
First study — conclusions

» Higher stiffness and higher moment capacity
can be obtained

« Amount and position of reinforcement
determine the behaviour of the beam
— Ductility
— Failure modes
— Strength
— Stiffness

* Results from model and tests agreed

COST FP1004 — Enhance mechanical properties of timber,
EUROPEAN COOPERATIO engineered wood products and timber structures
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Strengthening glulam beams

First study - non-linear model - change in moment capacity
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Strengthening for long-term performance
Second study: creep test — timber specimens
4 types of beam with 6 specimens in each
In all, 24 specimens, pine sapwood, 45 x 70 x 1100 mm?3
Timber & epoxy CFRP-165 Steel CFRP-300
A
A
———
Beam Reinforcement Size E-modulus Tensile
type strength
1 - - - -
2 CFK 150/2000 70 mm? 165GPa_| 2310 MPa
3 CarboDur H514 70 mm? 300 GPa 1350 MPa
4 Steel 100 mm? 210 GPa 235 MPa

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening for long-term performance
Second study: creep test — timber specimens

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures
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Strengthening for long-term performance
Second study: creep test — timber specimens

Dynamic measurement of Young’s modulus prior to creep test

25

o

Young's modulus [MPa]
3

L

31 32 33 34 35 36 41 42 43 44 45 46 5:1 52 53 54 55 56

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening for long-term performance
Second study: creep test — timber specimens

400 [mm]

.
l % ] l Creep test — loading set-up

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Dr. Kay-Uwe Schober, Bauhaus-

University of Weimar, Germany 13



Composites 20 + Polycon 09 01/15/2009

Strengthening for long-term performance
Second study: creep test — timber specimens

Relative creep — CFRP 165
[—31—32—33 34 —35 38

3
2,51
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COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening for long-term performance
Second study: creep test — timber specimens

Relative creep — CFRP 300
[—41—42—43 44 —45 48]

25

Relative Creep
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COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures
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Strengthening for long-term performance
Second study: creep test — timber specimens

Relative creep — mean curves

[— Timber & Epoxy — CFRP-165 — CFRP-300 — Steel |
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COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening for long-term performance
Second study: creep test — timber specimens

Relative creep, trend lines — mean curves
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Strengthening for long-term performance
Second study: creep test — timber specimens

+ Stiffness of timber beams can easily be increased by

applying reinforcement

» Large variation in deflection due to constrained

swelling/shrinkage when reinforced on one side only
» Less creep in reinforced timber beams

+ Tendency towards less mechano-sorptive creep for beams

with higher initial stiffness

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening the compression side of the beam
Third study: literature and previous knowledge
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Strengthening the compression side of the beam
Third study: FRP and wood behaviour in compression

R
kil e
Sl ] a.é‘mm.ﬂigj

(Vogler and Kyriakides, 1999)

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Stress (MPa)
A
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Dr. Kay-Uwe Schober, Bauhaus-
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Strengthening the compression side of the beam S
Third study: results 140
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Strengthening the compression side of the beam
Third study: results - beam specimens
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COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening the compression side of the beam
Third study: laboratory tests — 4-point bending test

| support 200

L 7 { . i [ so8 g
| g s \ y 2
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Strengthening the compression side of the beam
Third study: laboratory tests — 4-point bending test

AL

(a) Unreinforced beam

A

AL

i

d) =Beam 1 and (e) = Beam 2

(b) Beam with CFRP reinforcement on tension and compression side(50%-50%)
(c) Beam with CFRP reinforcement on tension and compression side (66%-33%)
(d) Beam with CFRP reinforcement on tension side only
(e) Beam with CFRP reinforcement on tension and compression side (86%-14%)

' EDEt COST FP1004 — Enhance mechanical properties of timber,
EUROPEAN COOPERATION engineered wood products and timber structures

IN SCIENCE AND TECHNOLOGY

Cross-section dimensions:

118 mm

32mm

Strengthening the compression side of the beam
Third study: laboratory tests — 4-point bending test

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures
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Strengthening the compression side of the beam

Third study: laboratory tests — 4-point bending test

|

Shear failure

Compression
failure

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Dr. Kay-Uwe Schober, Bauhaus-
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Strengthening the compression side of the beam
Third study: laboratory tests — 4-point bending test

4
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Strengthening the compression side of the beam
Third study: strain along the beam depth
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COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening the compression side of the beam
Third study: FRP and wood behaviour in compression

140
/
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E 80 7 e L
= e .
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V=T
20 4/// I B = ]
o B - Experimental
0 . |
stress (Mpa 20 40 60 80 100 120 140
Mid span displacement (mm)
O-c
Plastic
i - o, (Mpa) .. (Mpa)
N e e e e No CFRP | CFRP_ | NoCFRP | CFRP
g Experimental 62.3 67 433 454
Length effect -22% -22% -22% -22%
Mature vs. e o e e
€ Ep €p2 ~ swain(s L__JUvenile wood 25% 25% 14% 14%

COST FP1004 — Enhance mechanical properties of timber,
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Strengthening the compression side of the beam
Third study: FRP and wood behaviour in compression
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Strengthening glulam beams with pre-stressed FRP
Fourth study: why do we need pre-stressing?

+ More efficient use of FRP materials 1 | |
+ Reduction in deflection, SLS

+ Reduction in beam cross-section
+ More efficient use of materials

- High stress concentration
- Need for mechanical anchorage,
when strengthening existing structures

~100 MPa

Anchorage of
FRP to (RC)
concrete beams

20ton ===

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Dr. Kay-Uwe Schober, Bauhaus-
University of Weimar, Germany 23



Composites 20 + Polycon 09

Strengthening glulam beams with pre-stressed FRP
Fourth study: pre-stressing

o
3

Axial force in laminate 3

Method using high pre-stressing
forces without the need for

— rposedmetnod — Mi@Chanical anchorage has been
developed at Chalmers

<—— Traditional method

*

Distance from laminate end

[ The basic concept is stepwise linking
Relationship between distribution of axial
pre-stressing force and shear stress vs.
distance from the laminate end according

Proposed method 1O the traditional pre-stressing method and

/ the proposed new method

T —Paz

< Traditional method

Shear stress

Ve Nl A N P b AN
Distance from laminate end

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening glulam beams with pre-stressed FRP
Fourth study: pre-stressing

Axial strain profile in the laminate after
releasing the pre-stressing rod

100 ® Measured strains

0 500 1000 1500 2000 2500 3000 3500 4000

X[mm]
One step
6 steps

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures
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Strengthening glulam beams with pre-stressed FRP

Fourth study: pre-stressing — verification on glulam beams

Beam Laminate Type of Length of Pre-stressing
dimensions laminate  laminate [mm] force in the
[mm] rod [kN]
Reference - - - -
zomm | Beam1 30*2.4 S624 4000 70
Beam2  30*1.2 S612 4000 50
E L3
8 P P
A ! |

Laminate

Section A-A

) —_— _O
Adhesive 4000 mm

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Strengthening glulam beams with pre-stressed FRP
Fourth study: pre-stressing - results

Beam after releasing the pre-stressing force
and removing the temporary posts

Increase due to

Increase due to

Beam Failure load Failure load
) ) strengthening strengthening with
with pre- without . )
without pre- pre-stressing
stressing [KN] pre-stressing [kN] stressing
Reference 27 27 = -
Beam 1 40 32 18% 48%
Beam 2 36 30 1% 33%

COST FP1004 — Enhance mechanical properties of timber,
engineered wood products and timber structures

Dr. Kay-Uwe Schober, Bauhaus-
University of Weimar, Germany
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Strengthening glulam beams with pre-stressed FRP
Fourth study: pre-stressing — case study: Moelven

Multi-storey Moelven”Tra-8” — columns-beams system, span length 7.8 m
Glulam beams: 165 x 630 mm, CE L40c, 14 lamellae

Bending Tensile Shear Elastic Shear
capacity capacity capacity modulus modulus
fm.k f.n.k f,,.k EO.mer:m Grnean

30.8 25.4 2.7 13000 760

[ AE A i

c EDEt COST FP1004 — Enhance mechanical properties of timber,
EUROPE/ engineered wood products and timber structures

IN SCIENCE

Strengthening glulam beams with pre-stressed FRP
Fourth study: pre-stressing — case study: Moelven

Glulam beams: 165 x 630 mm, CE L40c, span 7.8 m, 14 lamellae

OPTIMIZATION OF TIMBER BEAMS WITH PRESTRESSED FRP
INPUTS: REsm

Geometry, Loads and Criterion Characteristic Timber Properties restressed timber with FRP \
Initial Height:
ig &0 mm Elastic Modulus 12000 MPa T . -
Initial Wicth 165 mm
Bending Strength 208 MPa R o
Lamellae
Span Length 7800 mm .
Tensile Strength: 176 MPa i .
Lamellae Saved:
Self Weight, SLS e Nimm .
Compressive Strength: 254 MPa Moment Utiization S %
Ratio:
Permanent Load, SLS: 0 Nimm
Shear Sirengih a5 WPa Shear Utiization Ratio e o
Imposed Load, SLS 0 Nimm
Characteristic FRP Properties Ve TR 14258 mm
Total Load SLS: s N/mm Deflection
Elastic Modulus 85000 MPa
Max Long-term a5 mm
Total load ULS: 205 Nimm Deflection:
Tensile Strength 4500 MPa
Allowable instantaneous Max Prestress: 240000 N
deflection (Span/?): <00 mn Width- P e
Allowable Long-term lysis Type: Phstic
deflection (Span/?): 200 Ll REE L 2 mm ‘G
Height of each Kavan Shebli & ZacTMprGhuiakinwmpt??
a5 mm
lamella Clear All Chalmers University of Technology
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Enhanced timber properties with FRP composites
Conclusions

+ Glulam beams can be effectively improved with FRP composites
when it comes to ductility and long-term performance

» The best way is to reinforce on both tension and compression
sides

» The limit for the amount of FRP is max 2% of cross-section area
of the beam

» The accuracy of prediction of the compression strength is
strongly related to the choice of the wood material model

» Pre-stressed FRP on the tension side is the most effective way of
enhancing large glulam beams
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