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Material Properties (typical values)
CFRP GFRP Timber

«standard»
Timber
«best»

Wood Concrete Steel

Stiffness C24 D70 Spruce C30/37 S235
E0 GPa 150 45 11 20 11

33 210
E90 GPa 12 13 0.37 1.3 0.35
G(0) GPa 5.5 5.2 0.7 1.25 0.7 (13) 80

Strength char. char. mean char. char.

ft,0 MPa 2’000 1’000 14 42 80 - 90
2.5 235/360

ft,90 MPa 70 50 0.4 0.6 0.4
fc,0 MPa 1’500 900 21 34 40 - 50

30/37 235/360
fc,90 MPa 230 120 2.5 13.5 2.5

Density
ρ kg/m3 1’500 2’000 350 1000 670 2500 7850
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Strengthening of  Timber Structures

[Dietsch, P., Einsatz und Berechnung von Schubverstärkungen für Brettschichtholzbauteile, Dissertation, Technische Universität München, 2012]

Injection of adhesive

Srews / Rods

Wood based panels

Replacement

Additional members

Monitoring

Others

Possible use of FRP

FRP rods

FRP sheets / FRP Lamellae

Strengthening of timber members (long span) 
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Strengthening timber with FRP – Why?

Source: Kliger R.  (2013)

• Increased Stiffness
• Increased Strength
• Lower variability
• (Higher ductility)

Used for:
• Retrofitting
• Strengthening
• New structural members
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Strengthening of timber with FRP
Bending Shear
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Strengthening of timber with FRP
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Strengthening of timber with FRP

Source: Annika Baier, Sika
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Effect of strengthening timber with FRP

Source: Kliger R.  (2013)
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Example
Linear elastic phase

Plastic phase

Source: Kliger R.  (2013)

Buckling of CFRP !!
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Influence of compressive reinforcement (model)

Source: Kliger R.  (2013)

Bending Stiffness Bending Strength
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Example

Linear elastic Plastic

Schober, K-U., Harte, A. M., Kliger, R., Jockwer, R., Xu, Q., & Chen, J-F. (2015). FRP reinforcement of timber structures.
Construction and Building Materials, 97, 106-118. https://doi.org/10.1016/j.conbuildmat.2015.06.020
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Example – Full Scale Tests GL24   ETHZ - Empa
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Example – Full Scale Tests GL24   ETHZ - Empa

Type 1                       Type 2                   Type 4                   Type 5                    Type 6
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Example – Full Scale Tests GL24   ETHZ - Empa
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Influence of prestressing

Source: Kliger R.  (2013)
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Reduction of negative effects of prestressing
Gradient anchorage systems

Chalmers University Sweden
(prestressing device with gradient in stiffness)

Empa Switzerland
(sectors with accelerated curing of adhesive )

Robert Kliger (2013)

Yang et al (2017)
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Example: Sins Bridge

Fiber type T 700 S M 46 J

Fiber volume fraction [%] 66 70

Longitudinal strength [MPa] 2600 2300

Young’s modulus [GPa] 152 305

Strain at failure [%] 1.51 0.85

 Built 1807
 1847-1852 partly destroyed and rebuilt
 Bis 1996: Trucks up to 28 t permitted
 Solution for reduction of high deflections 

of horizontal beams needed
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Example: Sins Bridge

 1992:
 Installation of a new bridge

deck
 Installation of CFRP- Lamellae

on top and under the lateral 
beams

 Reduction of deflection by 20% 
- 50%

 One of the first CFRP-
strengthenings in Switzerland

Source: Annika Baier, Sika
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Example: Sins Bridge
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Example: Sins Bridge
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Example: Sins Bridge

Strain measurements
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Example: Sins Bridge

Monitoring of Strain and Climate
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Example: Sins Bridge

Monitoring of Strain and Climate
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Example: Bridge with CFRP Loops
Without any metal – only glulam, CFRP and GFRP
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Example: Bridge with CFRP Loops

 12.00 3.00

0.
82

0.
16

A

A

A  -  A

Material E ρ Strength

GPa kg/m3 MPa

Glulam GL24h
(EN 1194) 11.5

455
at u = 12%
(measured)

fm,g,k = 24
fc,0,k = 24

CFRP 150 1500 ft = 2000

GFRP 44.5 2000 fc = 900

Prestressed laterally and longitudinally



30
FRP Strengthening of Timber Fibre Composites, HS 2023 – ETHZ Robert Widmann

Pin-loaded CFRP Straps as tendons

Continuous, thermoplastic CFRP tapes 
Thickness t ≈ 0.12 mm
Min. radius r ≈ 25mm
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Lateral Prestressing

Principle
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Tensioning of the bow
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Tensioning of the bow
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Tensioning of the bow
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Tensioning of the bow
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Load Tests
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Load Tests
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Load Tests

65 
Hz
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Fundamental Frequency of a vibrating string

( ) kN4.27004.003.015006500.34 22 =⋅⋅⋅⋅⋅=F

AfF ⋅⋅⋅⋅= ρ224 

A
Ff
⋅

⋅
⋅

=
ρ2

1

Step Load Mean 
deflection

Mean
tension force

F

Accumulated
tension force

Tension from 
static 

calculation

Deflection 
from static 
calculation

kN mm kN kN kN mm
0 0 0 21.0 126 149 0
1 8.5 6.54 23.8 143
2 17.2 14.1 26.6 160
3 25.6 20.8 29.4 176 208 18.7

Design 
load 4/m2 405 83.1

F F
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Example: Shear Strengthening of delaminated Glulam

2 layers SikaWrap®-230 C/45

u

0

50

100

150

200

0 0.5 1 1.5 2

F [kN]

u [mm]original delaminated strengthened
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Example: Connections for Trusses and frames

 Good stiffness
 Good strength
 Difficult to manufacture
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Exercise: Local strengthening of a timber beam

 Basic Data:

 Timber beam with w x h = 50mm x 100mm
 Target strength class C24 (prEN 338:2013)
 Loss of 50% of cross section (tension zone) due to e.g. big knot

(simulation: hole with Ø 50mm)
 All calculations based on characteristic values
 Assume even stress distribution in glued areas

 Aim:

 Strengthening of weak zone in order to obtain original strength
and stiffness

 Use of D-shaped CFRP tape



44
FRP Strengthening of Timber Fibre Composites, HS 2023 – ETHZ Robert Widmann

Exercise: Local strengthening of a timber beam

Slot in tension zone
circular saw Ø 350mm
depth d = 50mm
width w = 3.5mm 

glued-in D-shaped tape
CFRP S&P lamella
CFRP 150/2000
thickness t = 1.4mm max depth d = 50mm
Epoxy glue
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 Steps

 Determine original stiffness EI (without knots, full cross section)
 Determine actual stiffness EI (weakened, lowest value, center of hole)
 Determine necessary cross-section (thickness t) of CFRP tape (γ = 1)
 Determine resulting shear strength in glue-line (evenly distributed)
 Rate expected performance of D-shaped tapes

(required shear strength in/next to glueline)
(e.g. according to prEN 338, DIN EN 1995-1-1 NA)

Exercise: Local strengthening of a timber beam
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Exercise: Local strengthening of a timber beam
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Exercise: Local strengthening of a timber beam
Circular segment

R = radius of circle
θ = central angle in radians
α = central angle in degrees
c = chord length
s = arc length
h = height of the segment
d = height of the triangular portion

Source:   Stöcker H. / Deutsch H., 1992
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Exercise: Local strengthening of a timber beam
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Exercise: Local strengthening of a timber beam
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Exercise: Local strengthening of a timber beam

𝑧𝑧𝑐𝑐 =
∑𝑧𝑧𝑐𝑐𝑐𝑐𝐸𝐸𝑐𝑐𝐴𝐴𝑐𝑐
∑𝐸𝐸𝑐𝑐𝐴𝐴𝑐𝑐

𝐸𝐸𝐸𝐸 𝑒𝑒𝑒𝑒 = �
𝑐𝑐=1

𝑛𝑛

(𝐸𝐸𝑐𝑐𝐸𝐸𝑐𝑐 + 𝛾𝛾𝑐𝑐𝐸𝐸𝑐𝑐𝐴𝐴𝑐𝑐𝑎𝑎𝑐𝑐2)

h1

h2

h3

a1

a3

a2
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Exercise: Local strengthening of a timber beam

Stresses [MPa] not to scale

24

24

32

24

327

125

682

9

-

+

+

-

-

+
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 Verification by 4-point bending tests, leff = 1.80m

 Strengthening with one D-shape tape, t = 1.4mm
 Determine theoretical stiffness EI at midspan

(strengthened, lowest value, center of hole, γ = 1)
 Determine actual local and global bending stiffness EI of beam from test 

result
 Determine bending strength and resulting shear strength (evenly distributed)  

in glue-line from test results

Exercise: Local strengthening of a timber beam
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Exercise: Local strengthening of a timber beam

Force wglob wloc

kN mm mm

F01
0.675 1.0991 0.0654

F04
2.7 5.8502 0.3221

Fmax 6.67

𝐸𝐸𝐸𝐸𝐸𝐸 = 1/24 � 𝐹𝐹𝑙𝑙3 � 3𝛼𝛼 − 4𝛼𝛼3



Willkommen
Welcome
Bienvenue

FRP-Strengthening of Timber
Lecture at ETHZ   - HS2022

Robert Widmann Empa Dübendorf

Thank you for your attention


	FRP-Strengthening of Timber�Lecture at ETHZ   -   HS2023
	Outline
	Material Properties (typical values)
	Outline
	Strengthening of  Timber Structures
	Strengthening timber with FRP – Why?
	Strengthening of timber with FRP
	Strengthening of timber with FRP
	Strengthening of timber with FRP
	Outline
	Effect of strengthening timber with FRP
	Example
	Influence of compressive reinforcement (model)
	Example
	Example – Full Scale Tests GL24   ETHZ - Empa
	Example – Full Scale Tests GL24   ETHZ - Empa
	Example – Full Scale Tests GL24   ETHZ - Empa
	Influence of prestressing
	Reduction of negative effects of prestressing
	Outline
	Example: Sins Bridge
	Example: Sins Bridge
	Example: Sins Bridge
	Example: Sins Bridge
	Example: Sins Bridge
	Example: Sins Bridge
	Example: Sins Bridge
	Example: Bridge with CFRP Loops
	Example: Bridge with CFRP Loops
	Pin-loaded CFRP Straps as tendons
	Lateral Prestressing
	Tensioning of the bow
	Tensioning of the bow
	Tensioning of the bow
	Tensioning of the bow
	Load Tests
	Load Tests
	Load Tests
	Fundamental Frequency of a vibrating string
	Example: Shear Strengthening of delaminated Glulam
	Example: Connections for Trusses and frames
	Outline
	Exercise: Local strengthening of a timber beam
	Exercise: Local strengthening of a timber beam
	Exercise: Local strengthening of a timber beam
	Exercise: Local strengthening of a timber beam
	Exercise: Local strengthening of a timber beam
	Exercise: Local strengthening of a timber beam
	Exercise: Local strengthening of a timber beam
	Exercise: Local strengthening of a timber beam
	Exercise: Local strengthening of a timber beam
	Exercise: Local strengthening of a timber beam
	Exercise: Local strengthening of a timber beam
	FRP-Strengthening of Timber�Lecture at ETHZ   -   HS2022

