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Abstract 
Timber bridges can be designed with advanced computer models, but to get reliable results 
from for example a finite element analysis it is very important to have correct input values. At 
design of timber bridges it can be hard to know which design values for the material 
properties to use, as wood is a material with many variable properties and qualities. 

There is a combined effect of density, temperature and moisture content on the elastic and 
time-dependent properties of wood. In the building codes these effects are included in 
characteristic material values for different strength classes, and by the use of different service 
classes and load duration classes. 

Wood is often modeled as an orthotropic material. Eurocode 5.2, Timber bridges, includes 
transverse stiffness values for the modeling of orthotropic deck plates. In the Nordic Timber 
Bridge Project a pre-stressed timber deck of size 3x5 m have been tested, and results from the 
tests are presented in this report. These test results will be used to evaluate current calculation 
methods, such as finite element analysis and some simplified methods. 

In the Nordic Timber Bridge Project also scale models of pre-stressed box beam bridges have 
been tested to calibrate the orthotropic material properties for this kind of bridges. Finite 
element models with the same material for the entire timber decks were used for analysis. 
Calculated and measured displacements were compared and the resulting material parameters 
corresponded quite well with the values recommended for deck plates in Eurocode 5.2. 

Stiffness properties and damping values are important for vibration calculations. Damping 
values from different measurements on bridges are presented. They are all higher than the 
recommended values in Eurocode 5.2. Timber bridges, and in the Swedish Code BRO 94. 
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1 Introduction 
The behavior of timber bridges has not always been as expected according to the design 
calculations. At design of timber bridges it can be hard to know which design values for the 
material properties to use. Especially the stiffness properties of wood are important for 
calculations of displacements and vibrations, which can be the decisive load case for long 
timber bridges. 

Timber bridges can be designed with finite element analysis. Three-dimensional finite 
element analysis can give detailed information about stresses and displacements along and 
across a bridge deck. The analysis can be a helpful tool to evaluate new bridge types and to 
generate design tables. A detail of a box-beam bridge with the results from an analysis is 
shown in figure 0. The transverse stress levels in the deck are shown with different colors. For 
T- and box-beam bridges transverse stresses are important for the thickness of the upper 
flanges, which will bend locally at wheel loads between webs. Underneath the upper flange 
the stress should be compressive for the actual pre-stress, to ensure no cracks. For a box-beam 
bridge the lower flange will also bend in the transverse direction, especially under webs close 
to wheel loads. 

Figure 0. Section through finite element model of a box-beam bridge with wheel loads 

When using advanced computer models it is very important to have coiTect input values in 
order to get reliable resuhs. The fast development of computer software now means that three-
dimensional simulations can be accomplished on ordinary personal computers with higher 
precision than answering against accuracy in the input data. This is a somewhat strange 
situation, which means that improved knowledge of the material properties of wood as input 
in the calculations is needed, and the influencing factors during the lifetime of the structure 
must be known. The building codes need to be improved to enable the potential of the 
computer-based design tools to be completely used. The aim of this report is to give some 
information about design values for timber bridges. 



2 Elastic properties 
2.1 Literature study of the elastic and time-dependent properties of 

softwood 
A literature study about wood properties has been performed, and a summary of the results is 
presented here. Wood is a material with many variable properties and qualities and a detailed 
knowledge about the influence of different factors on the properties of wood is needed when 
using wood as a building material. The literature study gives an overview of the properties 
that are important in timber construction, and of the factors affecting the property variations. 

Wood material data published in the literature is most often extracted from small clear wood 
specimens that are specimens of wood without defects such as knots. But real structures 
consist of components, as planks and beams, which contain knots, cracks and other defects. 
An attempt to categorize material properties and their relations with influencing factors is 
shown in figure 1. 

Wood is a material with anisotropic properties. But since the structure of wood gives the 
material three internal, orthogonal symmetry planes, the material can be called orthotropic. 
Hence, wood can be described with Hooke's generalized law for orthotropic materials, which 
brings totally 12 elastic constants: 

Modulus of elasticity : 
Shear modulus : 
Poisson's ratios : 
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The six Poisson's ratios are however related to each other, which reduces the number to 9 
elastic constants. The assumptions for the Hooke's law are small deformations, homogeneous 
material without any density variations and stress components not connected to each other. 
For orthotropic materials the strains can be written: 
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Figure I. Factors influencing design values of wood materials 

Some generalizations are assumed when the mechanical properties of wood are described as 
orthotropic. The biggest simplification is a homogenization of the material, that is defects of 
the material such as knots, cracks, spiral grain etc are ignored, as well as the conical shape of 
timber. Further, the calculations are usually performed in a cartesian coordinate system which 
means the curvature of the annual rings is also ignored. The coordinate axes for the 
orthotropic coordinates of wood are L (longitudinal), R (radial), T (tangential). The axes L, R, 
T are the same as the cartesian coordinate axes Z, X, Y for the idealized wood, figure 2. 

T(Y) 

Figure 2. Coordinate systems used for wood materials 
The constitutive relations for wood can generally be written 

e cr T m ms 0 



where the total strain e is a vector consisting of the strain components. The total strain is the 
sum of the elastic strain ê , creep strain ê .̂, temperature strain moisture strain ê^̂, the 
mechano-sorptive strain ê^̂^ and that is a general term for stress free strains. 
Elastic strain is described with Hooke's generalized law. 
Temperature strain £j =a- AT, where oris the coefficient of thermal expansion and AT is the 
change of temperature. 
Moisture strain = /] • Au , where /3 is the coefficient of moisture expansion and Au is the 
change of moisture. 

Mechano-sorptive strain £m.i =C^^ a u where Cms is the mechano-sorptive compliance 

matrix, cris the stress and u is the time derivative of the moisture content. 

2.1.1 Factors influencing the elastic properties 
There is a combined effect of density, temperature and moisture content on the elastic 
properties of wood. 

Density is the material property having the largest influence on the strength and stiffness of 
wood. This can be expected since density is a function of the ratio of cell wall thickness and 
cell diameter. An increased density consequently increases the stiffness and strength of the 
cells. The shear modulus, G , show for some wood species a dependency of density while for 
other species, no correlation between density and GLR and GLT have been found. There is no 
confirmed correlation between the Poisson's ratios and density. 

Increase of temperature makes wood expand. Strength and stiffness decreases with increasing 
temperature. The moisture content also affects the influence of temperature. At low moisture 
contents the relation between modulus of elasticity and temperature is slightly non-linear, but 
with ascending moisture content the non-linearity increases. 

Changes in moisture content of wood cause shrinkage or swelling, and changes in strength 
and elastic properties. The moisture content affects the stiffness of wood and it affects the 
strength even more. The modulus of elasticity is reduced linearly with increasing moisture 
content up to the moisture saturation point. Further increase of moisture over this point gives 
no additional reduction. The reduction is anisotropic, and the modulus of elasticity 
perpendicular to grain is more sensitive to changes in moisture content than the modulus 
parallel to grain. The shear modulus has a similar dependency to moisture changes as the 
modulus of elasticity. For the Poisson's ratios no confirmed moisture dependency exists. 
Bending and compression strengths generally increase with decreasing moisture content. 
Tension strength depends weakly on moisture content. Mechanical properties are affected 
more by moisture in high quality materials. The lower 5'̂  percentile of the material is very 
little influenced by moisture. Wood has its maximum strength at about 10 % moisture content. 
Some strength and stiffness properties, especially perpendicular to grain properties, are 
reduced at moisture contents under about 10%, and this may depend on micro cracks in the 
material. At very low moisture contents below 5 % the strength is low. 

Mechanical loads affect the moisture content of wood and there is a small difference between 
elastic material properties at constant ambient relative humidity and at constant moisture 
content. Wood in compression emit damp to the surroundings when loaded at constant 



relative humidity, and conversely, in tension takes up damp from the surroundings. The effect 
is larger at high relative humidity levels. 

Table 1. Elastic material parameters for softwoods according to some references 
Wood species 8 u EL Eft 1 ET VLR I VRL I Vi.7- I VTL I VRT I VTR GLR I GLT \ GTR Ref. Wood species 

[kg/m^ f%l [MPal n [MPa] Ref. 

Norway 
spruce 390 12 10700 710 430 0.38 0.030 0.51 0.025 0.51 0.31 312 203 33 A 

Sitka spruce 390 12 11600 900 500 0.37 0.029 0.47 0.020 0.43 0.25 750 720 39 A 
Sitka spruce 390 11-13 11605 903 500 746 716 39 D 

Spruce 370 12 9894 731 407 0.44 0.031 0.56 0.013 0.57 0.29 496 607 21 B 
Spruce 390 12 10797 676 427 0.38 0.030 0.50 0.022 0.57 0.31 538 607 28 B 
Spruce 430 12 11010 889 483 0.45 0.030 0.54 0.019 0.56 0.30 717 496 34 B 
Spruce 500 12 16589 848 689 0.36 0.018 0.52 0.023 0.43 0.33 627 841 34 B 
Spruce 440 9.8 15920 687 392 765 618 39 C 
Spruce 500 12 16716 814 638 628 853 39 E 

Scots Pine 550 10 16300 1100 570 0.42 0.038 0.51 0.015 0.68 0.31 1160 680 66 A 
Pine 540 9.7 16294 1099 569 1746 667 69 C 

Douglas fir 590 9 16400 1300 900 0.43 0.028 0.37 0.024 0.63 0.40 1180 910 79 A 
Douglas fir 450-510 11-13 15706 1062 772 0.29 0.020 0.45 0.020 0.34 0.37 882 882 90 B 
Douglas fir 590 9.5 16373 1295 903 1177 912 78 C 
Douglas fir 450-510 11-13 15696 991 785 883 883 88 D 

A: Dinwoodie. 1981 s. 82. (origin: Hearmon, 1948). B: Bodig cS Goodman. 1973. (origin: Hearmon. 1948). C: 
Kollmann & Cölé. 1984. (origin: Höiig. Stamer 1935). D: Kollmann & Cdté. 1984. (origin: Doyle. Drow. 
McBurney 1945/46). E: Kollmann & Cölé. 1984. (origin: Canington 1923) 

2.1.2 Factors influencing the time-dependent properties 
Wood is like many other materials visco-elastic. The different forms of deformafions are 
shown in figure 3. 

At loading there is an immediate deformation, which is elastic and reversible. I f the load is 
removed the deformation will revert entirely. At high loads the defomiation contains a plastic 
part that does not revert at unloading. I f the load remains for a long time the deformation 
increases with the time. The material creeps, and this creep deformation increases as long as 
the load remains, but the deformation rate decreases with the time. I f the load is removed 
some of the deformation reverts immediately, the part equal to the elastic deformation, and 
then an additional recovery occurs with the time, called delayed elastic deformation. The 
remaining deformation is irreversible, and consists of a momentary plastic part and a time 
dependant viscous part. 
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Figure 3. Components of deformation for visco-elastic material 

time 

Wood is usually approximated as a linearly visco-elastic material. It means that the relation 
between stress and strain is a function of only the time and not of the stress level. This is 
acceptable at low stress levels. The transition to a non-linear behavior is gradual and varies 
with wood species, loads, temperature and moisture. According to Dinwoodie the transition 
under constant temperature and moisture content for the following loads starts at: 

Tension parallel to grain: 
Compression parallel to grain: 
Deflection: 

approx 75% of tension resistance (big variation 36-84%) 
approx 70% of compression resistance 
approx 56-60% of bending strength 

An increase of the ambient temperature or the moisture content of the wood gives a transition 
at lower stress levels. But as wood constructions are generally loaded with loads less than half 
the ultimate load it is acceptable to describe wood as a linearly visco-elastic material. 

Factors influencing the creep are: 
Moisture have great influence on the creep, which increases with ascending moisture content 
in the wood, both for tension and compression, parallel and perpendicular to grain. The total 
deformation for wood loaded in varying humidity conditions increases more than the sum of 
the creep deformation and the moisture deformation, and this phenomenon is often referred to 
as mechano-sorptive creep. Characteristic for this creep is that also small changes in the 
ambient humidity, down to 1% change of relative humidity, give effects on creep deformation 
and it decreases at absorption and increases at desorption and it is not permanent, but a lot 
more reversible than the basic creep. The phenomenon depends probably on several 
concurrent factors on molecular, micro-structural and macro-structural levels. 
Temperature has a big influence on the creep, which increases with ascending temperature. 
Investigations of influence of temperature on creep are difficult as also the moisture content is 
changed when temperature is changed. Generally, the creep deformation is conversely 
proportional to the modulus of elasticity, and the modulus decreases with ascending 
temperature and hence the creep increases with raising temperature. A raise of temperature 
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increases both the creep defonnation and the creep speed. Cyclic variation of temperature 
during static load gives a bigger creep than i f the temperature is kept constant at the upper 
level. 
Modulus of elasticity affects highly the creep behavior of the material, both at constant and 
varying climate. Creep deformation decreases with ascending modulus of elasticity. It means 
that factors changing the modulus of elasticity also affect the creep behavior, and an increase 
in density, reduction in moisture content or temperature will reduce the creep. An increase of 
modulus of elasticity means consequently that the wood behaves more linearly visco-elastic. 
Direction: Creep deformations are bigger perpendicular to grain than parallel to grain. 
Load configuration: Creep deformations are bigger for compression than for tension. 
Age: The age of the wood affects the creep behavior. Creep deformations and creep speed is 
reduced with advancing age, with exception for creep at low stress levels in cyclic varying 
moisture climate. 

2.2 Elastic material properties according to codes 
2.2.1 Wood materials 
Characteristic stiffness values for the serviceability limit state for some strength classes 
according to the Swedish Building Code, BKR, are presented in table 2a and according to EN 
1194 and EN 338 in table 2b. They include values for E, E90 and G for glulam and timber 
parts. 

Table 2a. Characteristic stiffness values for the serviceability limit state for some strength 

Property Glulam Construction timber Property 

L40 L30 K35 K30 K24 K18 

E 13 000 12 000 13 000 12 000 10 500 9 000 

E90 450 400 430 400 350 300 

G 850 800 810 800 700 600 

Table 2b. Characteristic stiffness values for the serviceability limit state for some strength 

Property Glulam Construction timber Property 

GL36C G L 32c C35 C30 C27 €24 C I S 

E 14700 13700 13 000 12 000 12 000 11 000 9 000 

E90 460 420 430 400 400 370 300 

G 850 780 810 750 750 690 560 

2.2.2 Timber bridges 
In Eurocode 5.2, Timber bridges, there are methods for calculation of the properties 
perpendicular to the laminations for different types of laminated deck plates of softwood. The 
values for E90, G and G^o for deck plates are calculated from the longitudinal modulus of 
elasticity, EQ, of the wood material. Computed values for stress-laminated and glued-
laminated decks are presented in table 3 for some strength classes in the Swedish Building 
Code, BKR. 

The values according to Eurocode 5.2 can be used for three-dimensional finite element 
models with orthotropic material. Some pre-stressed timber decks of size 3x5 m have been 
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tested for evaluation of these values, see chapter 3. Scale models of pre-stressed box-beam 
bridges have also been tested to calibrate the orthotropic material properties for this type of 
bridge, see chapter 4. 

Table 3. Characteristic s 
according to Eurocode 5 

tiffness values for the serviceability limit state 
2 and BKR 

Property Giulam Construction timber Property 

L40 K30 K24 K18 
Stress-laminated, sawn 

Eo.mean 13 000 12 000 10 500 9 000 
Ew.mean ^ 0,0 1 5*Eo.mcan 195 180 158 135 
Go.MKan = 0.030*Eo.,„can 390 360 315 270 
Gw.niean ~ 0,1 *Go.niean 39 36 32 27 
Stress-laminated, planed 
Eo.mcan 13 000 12 000 10 500 9 000 
Ew.mcan = 0'020*Eo,n,ean 260 240 210 180 
Go.mcan = 0,040*Eo.niean 520 480 420 360 
Gyo.mean ^ 0,1 *G().„iean 52 48 42 36 
Glued-laminated 
F 
'^O.inean 13 000 12 000 10 500 9 000 
E9().mcan = 0,030*Eo.mean 390 360 315 270 
Go.niean ~ 0^060*Eo ,„ean 780 720 630 540 
Gyo.nican ~ 0,1 * Go mean 78 72 63 54 

3 Testing of pre-stressed deck plates 
Tests of a full-size bridge deck have been perfonned. The results will form the basis for a 
future evaluation of different design methods. Especially for three-dimensional stress analysis 
it is of interest to investigate what stiffness and transverse parameters that should be used. 

A bridge deck was built of 64 lamellas of dimensions 48 mm x 223 mm impregnated with 
creosote AB. The timber quality was C24. The deck length was 5.2 m, the span 5.1 m and the 
width varied between 3.04 m and 3.1 m, depending on the pre-stress level, see figure 4. The 
deck was pre-stressed with 9 bars with 15 mm diameter at a center distance of 600 mm. Full 
pre-stressing force was 134 kN. 

5200 

3040-

Figure 4. Tested bridge deck 
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The deck was supported at both ends on steel plates on steel beams placed on concrete blocks 
(figure 5). The deck was loaded with the help of a steel beam HEA 260, connected to a 
hydraulic system in the floor (figure 6). A point load with the dimensions 200 mm x 600 mm 
was used to simulate a wheel load. Under the steel plate there was a 50 mm neoprene plate to 
simulate the effect of an asphalt paving. The point load was placed in two different posifions, 
in the middle of the deck and close to one edge. Also a transverse line load at middle span 
was used. 

Figure 5. Support Figure 6. Load 

The load, the displacements in five points and the pre-stressing forces in 8 bars were 
registered for every loading. The displacements were measured with level indicators mounted 
on a beam under the deck. The distance between the indicators along the beam was 750 mm. 
The beam was moved along the bridge so that totally seven positions A-G were measured 
(figure 7). The displacements of the support were measured with the level indicators placed at 
position H. 

Opplegg vest Opplegg ost 

5200 

5 f 5 * 
P\ ! 

5 » 
! 

5 » 
! 
i 

! 
5 * 

! 
5 « 

! 
I i \ • 1 1 

: i i 

: i i 

1 
i 

i 

1 

i 

i 

1 
i 

i 

1 
i 

i 

i 

i 

1 j 
4 * 

i 
: i i 

Hl 
i i 

4 
j 

i 

4 
i 

i 

4 
i 4 i 

4 
200 

r»! ' H4 4 i i 4 4 1 4 
•40 270 
• K ' k' 

963 1766 2550 
1 

3332 
.1 

4l'l5 
j 

4898 
1̂ 

'V ' A ' A 

© 9 © © © © 

-0 © 
Figure 7. Positions for displacement measurements 
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The measured displacements have been compiled (figure 8-10). The results indicate that 
increased pre-stress level from 60 % to 100 % will reduce the maximum deformations in the 
middle of the deck with about 5 % (figure 8). 

Vertical displacements 
Point load 
Pre-stress 60 % 

Vertical displacements 

Point load 
Pre-stress IOC 

Figure 8. Deformations of bridge deck with point load in the middle at pre-stress levels 60 % 
and 100% of 134 kN. 

Vertical displacements 
Line load 
Pre-stress 60 % 

Vertical displacements 
Point load at edge 
Pre-stress 60 

Figure 9. Deformations of bridge deck at pre-stress levels 60 % of 134 kN with point load 
close to the edge and with line load. 

Vertical displacements 'oa^ at the edge 

09" 

- Serie 11 med 10% oppspenning 

- Serie 12 ingen (0%) oppspenning 

- Serie 15 med Ben (5%) oppspenning 

Serie 05 med 60% oppspenning 

Avsland fra sideltant 5or (mm) 

Vertical displacements =oint load in the middle 
-100 

0< i — 4 
100 

:'.i>j 

—c—Serie 10 med 10% oppspenning 
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— o — Serie 03 med 100% oppspenning 
— • — S e r i e 04 med 60% oppspenning 

2 5 770 1 520 2 270 3 020 
Avsland fra sidsliant ser (mm) 

Figure 10. Deformations in the middle line (position D) at different pre-stress levels for 
bridge deck loaded with point load at the edge and in the middle, respectively. 

14 



4 Testing of pre-stressed box-beam bridge 
Scale models of box-beam bridges were built and tested. The intention was to compare 
measured displacements with calculated displacements from a finite element analysis with 
orthotropic material, and from this comparison adjust the material properties to get an analysis 
model that can be used for future studies of box-beam bridge decks. 

The bridge model was built in scale 1:5 of a real bridge, the Lusbäcken Bridge in Borlänge in 
Sweden. With the 1:5 scale the dimensions of the model were 1.6 m x 4 m. The bridge model 
was built of I-sections, which were pre-stressed together to a bridge deck. The I-sections were 
made of glued-laminated spruce, with lamella of 12 mm. Timber with small knots was 
selected for the lamella. The lamella thickness was a little larger than scaled 1:5 from 45 mm, 
which is 9 mm. The gluing was made with phenol-resorcinol-glue in the same way as for 
ordinary glulam. Two different models were built with different distances between the webs. 
Bridge 138 was the scale model of the Lusbäcken Bridge with 12 webs, with a distance 
between webs of 138 mm. 
Bridge 190 had the same exterior dimensions as bridge 138, but only 9 webs and the distances 
between webs were increased to 190 mm. 

Figure IL I-sect ion 
of bridge model (mm) 

Figure 12. Bridge models 

Displacements were measured in several points on the underside of the bridge for a number of 
load cases. The load cases were: 
1. Line load at middle span (figure 13) 
2. Wheel unit load (corresponding to a double-axle load) at one edge at middle span 
3. Point load between two webs at middle of bridge 
4. Point load on two webs at middle of bridge, including one test with reduced pre-stressing 

force 
5. Point load at one edge at middle span (figure 14) 
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Figure 13. Line load at middle span Figure 14. Point load at one edge 

The whole timber deck, both webs and upper and lower deck plates, were modeled with the 
same material in the finite element analysis. The decks were modeled with solid elements 
with orthotropic, linear elastic material with material properties described in x-, y- and z-axes. 
The z-axis was chosen parallel to the grain, and all elements had a material orientation with 
the z-axis along the bridge. 

Figure 15. Displacement of FE model 
with line load at middle .span 

Figure 16. Displacement of FE model 
with point load at one edge 

The best agreement between calculated and measured displacements was obtained with the 
following values: 
E,= 12000 MPa, 
£ , = £ , = 300 MPa, 
G_-v = G.n = 600 MPa, 
G,->.= 60MPa, 
Vzx, v,y = 0.025, 
V . y = 0 . 4 . 

These material parameters correspond quite well with the recommended values of Eurocode 
5.2. The adjusted values perpendicular to the laminations were E9o,mean/Eo,mcan = 0.025 and 
Go,mean/Eo.mean = 0.05 which is bctwecn the values of pre-stressed and glued laminated deck 
plates according to Eurocode 5.2. 

The differences between measured displacements of the bridge 190 and bridge 138 were small 
for the bending in load case 1, which means that the longitudinal modulus of elasticity is 
acceptable for both the bridge types. For point loads the measured displacements of bridge 
model 190 were 4-11% larger than of bridge 138. The difference in displacements between 

16 



bridge 190 and bridge 138 indicates that the transverse stiffness is lower for bridge 190 and 
possibly this is an effect of slip between the 1-sections. The transverse pre-stressing is 
important for the transverse stiffness properties, and consequently the stiffness properties in 
the transverse direction should be adjusted for the actual bar forces. 

The influence of the different material properties was investigated with FE analysis. was 
the dominant property for the line load, that is for longitudinal bending. Gx/ also had some 
influence, which increased for load cases with point loads and particularly for the loads at one 
edge, that is for torsion. Ex had equal influence on the displacements as Gxz for load cases 
with point load in the middle but the effect of Ex was reduced when the point load was at an 
edge. Gxy and the Poisson's ratios had only minor effects on the displacements. From this 
study of the influence of different material parameters the conclusion is that the longitudinal 
modulus of elasticity (E^), the shear modulus (G^x^G^y) and the transverse modulus of 
elasticity (Ex=Ey) are decisive values for reliable result from an analysis of this type of 
construction. 

5 Damping 
5.1 Introduction 
A number of measurements of vibrations on completed bridges have earlier been performed. 
The measurements have shown on bigger damping values than according to the code values, 
which have been used in calculations. Asphalt wearing surface and railings affect the 
vibration properties and the measurements signify that impact of these parts should not be 
neglected. 

Long span timber bridges, especially foot- and bicycle bridges, are light and slender structures 
that are sensitive to vibrations. The tolerance towards vibrations varies from person to person 
and depends on the actual situation. Vibrations are often better accepted with increased 
damping. 

To reduce the disturbance to persons on foot- and bicycle bridges the vertical natural 
frequency of the bridge should be higher than a specified value. Building Codes commonly 
include some restrictions for natural frequencies and damping. If the frequency is not high 
enough the vertical vibration acceleration should be limited. Methods for calculating the 
acceleration can be found for example in the Swedish Road Administration Code, BRO 94, 
and in Eurocode 5.2. According to BRO 94 the natural frequency should be higher than 3.5 
Hz, alternatively the vibration acceleration should be lower than 0.5 m/s . The requirements 
for vibrations can be the decisive load case for long span timber bridges. 

5.1.1 Vibrations 
Vibrations are oscillating movements with the period T and the frequency f= l /T . The 
oscillations of an elastic body are detemined by its stiffness (EI) and mass (m). An increased 
stiffness or decreased mass gives lower amplimdes and higher frequencies. The natural 
frequency is defined as the frequency of free vibration of a system. A dynamic force acting on 
a structure with the same frequency as the natural frequency of the stmcture can lead to 
resonance with large oscillations. 
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Oscillations are diminished with time because of damping. Damping exists in all structures, 
but it is difficult to determine the damping values. Experiments and full-scale tests can give 
quite good values. A test with free oscillations can be used to decide the damping values. 
Usually in calculations qualified guesses have been used. For example steal structures bolted 
connections give larger damping values than welded connections. A timber bridge deck with 
beams and planks give higher values than an orthotropic wood deck plate. 

Damping is on a microscopic level due to the friction between the molecules in the material. 
On macroscopic level there is damping because of the friction between different parts of the 
structure, because of loss of energy to the surrounding air or ground, or because of imperfec
tions in the elastic behaviour of the material. 

The damping can increase or decrease with the amplitude or be constant. In many cases it has 
been found to be a little increasing with amplitude and force. The damping ratio is usually 
supposed to be constant, although in reality it depends on the amplitude. 

w — = m—^ = -ks where -ks is a force proportional to the length s, k is a constant and v 

A free undamped oscillation can be described as 
dv d^s 
— = m— 
dt dt 

is the velocity. 
[k 

Solution of the equation is 5 = Asmcot + Bco?,ca with angular velocity co= J— , where k is 
I m 

spring constant, and amplitude is -JA^TW . 

27r / tfi 
The period is 7 = — = 2KJ— and the number of oscillations, which is the frequency is 

CO \ k 

T 2K\m ' 

A free damped oscillation can be described as 
d^s ds 
—- = -ks-2c— 
dt^ dt 

m — = -ks - 2c— where -ks is a force proportional to the length s, k is a constant and v 

ds 
is the velocity, and the oscillation is damped by a force proportional to the velocity -2c— , 

dt 
where c is a damping coefficient. 
If — > —- the solution of the equation will be 5 = ^ (A sinö;, f + ficosö>,0 where the 

m m 
i k — — / r 

angular velocity is co^ = - J ~ - ~ r , the amplitude is e -HA^ and the period is 
I m m 

2K 
r, = — .The ratio between two successive amplitudes is called the damping ratio and can be 

calculated as e . The absolute value of the natural logarithm of the damping ratio is called 
c 2K 

the logarithmic decrement and is calculated as — . 
m 0), 
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The damping ratio can be calculated as C, = c/2mco = c/Cc, where c is the viscous damping 
coefficient, m is the mass, co is angular eigenfrequency with no damping and Cc is critical 
damping. At the critical damping the system will go from non-oscillating to oscillating. 
If ^>1 the system is overdamped and not oscillating 
and if ^=1 the system is critically damped and changes between oscillating and not oscillating, 
and if ^<1 the system is underdamped and is oscillating. 

5.1.2 Values for damping ratio and logarithmic decrement 

The logarithmic decrement 8 can be calculated as S = , and for small values of the 

damping ratio (^<0,1) it can approximately be calculated as 6 = 2KC,. 

For most building structures the damping is between 0.01 and 0.1, and usually between 0.02 
and 0.05. Some values of damping found in literature are 

some bridges (no timber decks) 8= 0,04-0,19 
wood decks in the first suspended bridges 6>0.10 
welded steel, pre-stressed concrete, well designed reinforced concrete: 5=0.02-0.03 
cracked reinforced concrete: 5=0.03-0.05 
bolted or riveted steel, wood connected with nails or bolts: 5=0.05-0.07 

According to the Swedish BRO 94 the modal relative damping ̂  = c/Ccr should be taken as 
C = 0.005 for steel bridges (5=0.03) 
^ = 0.006 for wood, concrete and combined bridges (5=0.04). 

According to Eurocode 5.2 the damping ratio for timber bridges should be taken as 
C, = 0.010 for main structures without mechanical joints (5=0.06) 
^ = 0.015 for main structures with mechanical joints (5=0.09). 

5.2 Measurements of damping for timber bridges 

• Järna cable stayed timber bridge 
Eigenmode analysis and vibration measurements have been performed on the cable-stayed 
foot- and bicycle bridge in Järna, Sweden, built in 1996. The cable-stayed part of the bridge is 
symmetric with two spans of 25 m each and a pylon in the middle. The bridge deck is 
prestressed and consists of glulam T-beams. The measured fundamental frequencies are 
higher than the fundamental frequencies from calculations. The natural frequencies for the 
bridge were calculated with a finite element model and the lowest frequency obtained for the 
inner spans was 3.10 Hz. Measurements of traffic and wind accelerations of the deck, force 
excited accelerations of the deck and accelerations from traffic and wind on one supporting 
cable were measured. From the measured data the lowest natural frequency evaluated was 
3.48 Hz and the damping was 1.72 % (^ = 0.0172). 
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• Vaxholm cable stayed timber bridge 
The Vaxholm bridge was built in 1996 in Stockholm, Sweden. It is a foot- and bicycle bridge 
with a span of 90 m. It is a symmetric cable-stayed bridge with pylons and back stays at both 
bridge ends. The natural frequency was calculated with a finite element model. The lowest 
frequency for the deck in the vertical direction was 1.9 Hz. Full scale measurements were 
performed, where accelerations caused by wind excited vibrations were recorded. From the 
measured data some frequency peaks and damping values could be evaluated, but there were 
too few points of measurement to assign a frequency peak to a particular mode of vibration. 
The frequency peaks were 1.4 Hz in the vertical direction, and 2.2 and 2.8 Hz in the 
horizontal direction. The damping was in the vertical direction 3.2 % = 0.032), and in the 
horizontal direction 1.4-2.1% = 0.014-0.021). 

• Cable-stayed prototype bridge model, Estonia 
Natural frequencies and damping was measured at an experimental investigation of a 1/15 
scale model of a cable-supported timber bridge prototype. The prototype structure is assumed 
to be a cable-stayed timber road bridge with span of 100 m. Bridge width is 7.2 m. Pylon 
height is 19.5 m. The results are given as measured values from model and reduced values for 
prototype structure. The natural frequency was 1.49 Hz in vertical direction for the prototype. 
Damping factor ̂  for the model was 0.039, and logarithmic decrement 5=0.25. 

• Two American stress-laminated wood bridges 
The dynamic response of conventional stress-laminated wood bridges with railings was 
determined from field test results using a heavily loaded truck.. The deflection data were used 
to calculate the fundamental frequency and damping of two bridges, using the free vibrations 
of the bridge after the vehicle left the span. Analytical values of fundamental frequencies were 
also calculated with finite element analysis, where the deck was modeled using rectangular 
shell elements with four nodes. The experimental frequencies were greater than the calculated 
and this was said to be typical, because the analytical bridge models did not account for the 
rotational restraint at the abutments. The Trout bridge had a deck of Douglas Fir with width 
7.84 m, span 14.00 m and thickness 406.4 mm, and was paved with asphalt. The calculated 
frequency was 3.2 Hz. The experimental frequency was 3.9 Hz and the damping ratio 4.0 % 

= 0.04). The Little Salmon bridge had a deck of Red Oak with width 4.73 m, span 7.62 m 
and thickness 304.8 mm, and was unpaved. The calculated frequency was 7.8 Hz. The 
experimental frequency was 8.6 Hz and the damping ratio 3.0 % = 0.03). 

• An American glulam girder bridge with glulam deck panels 
The Chambers Co. Bridge is a 16.2 m long single-span two-lane bridge. It has 6 glulam 
timber girders, 219x1359 mm', made of Southern Pine (E=12 750-13 310 MPa). The deck 
panels were 127 mm thick, 1219 mm wide and 8.8 m long to extend across the bridge width. 
Steel guardrail on timber posts was installed on both sides. Vertical deflections were 
measured. Four nonnal mode frequencies were determined from the free vibration record and 
compared well with results from a finite element computer model of the bridge. At the low 
vehicle speed the bridge vibrated at a frequency of 2.7 Hz, at medium speed at a frequency of 
6.9 Hz and 10.6 Hz. Structural damping was evaluated and was found to be 5.8 % of critical 

= 0.058). 
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