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Summary 
Martinsons Träbroar produces currently around 40-50 timber bridges each year where more than 
half of them are transversally prestressed (stress laminated) decks. A semi-empirical beam theory 
model is and has been used to determine the height of the decks and the prestress levels. An 
alternative modelling technique using finite element methods is described in this paper. The 
purpose for investigating this alternative method is to increase the understanding of behaviour and 
load bearing capacity of prestressed timber decks. Also to increase the accuracy and efficiency of 
the design process.  

The alternative simulation model is an elastic-plastic three-dimensional finite element 
model. It handles all stress components and is well suited for stress design of timber bridges. The 
plastic material behaviour of the model makes it possible to model slip between glulam beams in a 
bridge deck of a prestressed timber bridge. Examples of simulation and experimental results for 
bridge decks are shown. The results are especially interesting when judging the behaviour of bridge 
decks for low levels of prestress. An important question is how these results can be interpreted 
when it comes to design of timber bridges and also the long-time behaviour of real timber bridges. 
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1. Introduction 
Martinsons Träbroar have designed and produced timber bridges during the last 20 years. The most 
common type of design is the transversally prestressed (stress laminated) timber deck for road and 
pedestrian traffic. Martinsons Träbroar produces around 40-50 timber bridges each year where 
normally more than half of them are transversally prestressed decks. To decide the height of the 
deck and the prestress level, a semi-empirical beam theory model developed by Ritter, is used [1]. 
In this model, bending moments and vertical shear stresses are considered and limited to allowed 
values in an efficient way. But there exists some uncertainties due to its empirical background 
which lead to a demand for an alternative design model. Thus, work with developing a new and 
alternative design model for prestressed timber bridges has started. The aim is that this new model 
will increase our understanding about behaviour and load bearing capacity for prestressed timber 
bridges. The first step to find an alternative method was to use two- and three-dimensional elastic 
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finite element (FE) models. Results from these elastic calculations, [2], indicated that high 
horizontal shear stress levels occurred due to twisting moments. If slip between beams was to be 
avoided then unrealistic high prestressing forces was needed. Much higher than what the traditional 
semi empirical design model would suggest.  

The question of the consequences of these high shear stresses was discussed for some time. 
One suggestion for an answer was that small movements (slip) between beams occur much before 
maximum load bearing capacity is reached.  In order to check whether this assumption was right 
there was a need for a simulation model that was three-dimensional, orthotropic and could handle 
slip between beams. Also a full scale test was necessary in order to test if slip did appear and also to 
give experimental results that could be compared to simulation results. 

An existing elastic-plastic three-dimensional finite element (FE) simulation model that 
calculates and handles all stress components was used [3] and further developed especially for this 
case. The plastic part of material behaviour can handle separate yield limits for tension and 
compression for all stress components and also yield limits which depend on stress. This feature of 
the model makes it possible to model slip e.g. between glulam beams in a bridge deck of a 
prestressed timber bridge. Slip is onset when the vertical load on the bridge deck is sufficiently high 
in relation to the prestress and slip is due to a shear stress component higher than the friction 
coefficient times the normal pressure due to the prestress. Slip can occur both for the vertical shear 
stress component (due to vertical shear force) and also for the horizontal shear stress component 
(due to twisting moment). 

Examples of FE simulation results for bridge decks are shown in this paper. One bridge was 
also tested in a full-scale test. The results are especially interesting when judging the behaviour of 
bridge decks for low levels of prestress. An important question is how these results can be 
interpreted when it comes to design of timber bridges and also the long-time behaviour of timber 
bridges. The final goal with this research work is a design model that can act as a design tool with a 
good balance between accuracy and efficiency. The work presented here is one step towards that 
goal. 

2. FE simulation model 
The material model for wood is three-dimensional, orthotropic and elastic-plastic. It has been used 
earlier for simulations of wood behaviour during drying and is described in detail in [3]. The elastic 
part of the stress-strain behaviour is modelled with the traditional expression 
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and with traditional notations for stress, strain, elastic moduli, shear moduli and Poisson’s ratios. 
The material coefficients for theses bridge simulations were constant but may be functions of 



 
 

temperature and MC. Index 1 (x) stands for the direction along the width, 2 (y) stands for the 
direction across the thickness of the bridge deck and 3 (z) stands for the direction along the length 
of the bridge. The shear direction 12 is the vertical shear direction and shear direction 13 is the 
horizontal shear direction. The properties in direction 1 and 2 are assumed to be equal since the 
growth ring directions are “mixed”, i.e. the glulam beams consist of several boards with varying 
growth ring directions. Direction 3 is the fiber direction.  

The plastic part of the material behaviour is modelled with a Tsai-Wu type of yield surface 
[4]. For the bridge simulations only plastic behaviour for the shear directions 12 and 13 are 
considered and the yield function f becomes 
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f=1 defines the yield limit and μ12 and μ13 are the friction coefficients in the vertical and horizontal 
directions, respectively. p is the pressure between the glulam beams and this value was set constant 
and equal to the prestress value during the railway bridge simulations shown below. For later 
simulations it was set to the local and varying value of the transverse pressure. The associated flow 
rule is that the plastic strain increment 
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where λ is a constant which is calculated from the condition that df=0 during plastic flow. The 
number of glulam beams was assumed to be large and no individual beams or beam surfaces were 
modelled. Instead the plastic model inherently assumes that the slip surfaces are distributed and that 
slip is possible continuously in the material. 
  

3. FE simulation of a railway bridge 

3.1 Geometry, loads, boundary conditions and material data 

A first test of the simulation model was to model a railway bridge. The purpose was to test the 
general ability of the elastic-plastic model to model slip between glulam beams. Also to study at 
which level of prestress and load this behaviour will appear and what the consequences of the slip 
are. The length, width and thickness of the bridge deck were 9.8, 6.82 and 0.9 m, respectively. The 
span was 9.0 m with 0.2 m wide abutments. The 31 glulam beams used for the bridge deck had 
cross section dimension 220 x 900 mm. Table 1 below shows the elastic properties that were used 
(for Picea Abies from [3]). 

Table 1. Elastic material coefficients (in MPa for E and G components). 

E1 E2 E3 ν12 
 

ν13 
 

ν23 
 

G12 G13 G23 

369 369 11600 0.418 0.00614 0.00614 37.4 779 779 
 

The friction coefficients in the vertical (μ12) and horizontal (μ13) directions were set to 0.5 
and 0.35, respectively. In this first test the pressure p between beams was set to the constant value 
of the prestress value and it was not a locally varying value. 

The geometry of the bridge deck with loads and boundary conditions is shown in Fig.1. The 
load was a vertical pressure of 38.048 kN/m2 in a centrally placed area of width 2.891 m on the 
whole of the length and a vertical pressure of 27.6  kN/m2 in a centrally placed area of the same 
width but on a centrally placed area of length 7.7 m. This is a load case specified in a design code 
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for this kind of bridge. Boundary conditions were to fix the vertical displacements at the abutments. 
The prestress was for different variants of the simulation set in the range from 0.05 to 0.4 MPa. The 
load application scheme was at follows: at first the prestress was applied as a pressure on the sides 
of the bridge deck and then this pressure was kept constant for the rest of the simulation. Then the 
vertical loads were applied gradually until the specified maximum value and then they were 
gradually decreased to zero. This procedure for the vertical load was then repeated two times. 

Fig.1. Geometry of railway bridge Fig.2. Displacement after first loading. Max 
6.15 mm. 

p=0.2 
MPa 

 

3.2 Results 

In general there was yield and plastic flow in small volumes of the model at the abutments already 
for a small load level. This was due to sharp edges of abutment support areas and this effect was not 
of primary interest and it was disregarded.  

Table 2 shows general results for varying values of prestress. For prestress values p >0.4 
MPa there was no significant plastic flow in the bridge deck and the response to loading was purely 
elastic. For 0.25 <p<0.4 MPa there was plastic flow on loading but not when unloading in the first 
load cycle. There were purely elastic responses in the second and third load cycles. For p<0.25 MPa 
there was plastic flow at loading and also unloading in the first load cycle and also repeated plastic 
flow in the second and third load cycles. p=0.1 MPa was the lowest prestress that could be run. 
Deformation, stress and strain values are shown in Figs. 2-6 for the case p=0.2 MPa. 

 

Table 2. Results for different prestress values. 

Prestress p 
(MPa) 

Max 
deformation at 
1:st load cycle 
(mm) 

Plastic flow at 
1:st unloading 

Plastic flow at 
2:nd loading, at 
relative load 
level 

Permanent 
deformation after 
1 cycle (mm) 

Permanent 
deformation after 3 
cycles (mm) 

0,4 5,921 No No 0,089 0,089
0,3 5,993 No No 0,261 0,262

0,25 6,056 Yes Yes, 0,87 0,405 0,404
0,2 6,152 Yes Yes, 0,7 0,594 0,594
0,1 6,474 Yes Yes, 0,37 0,805 0,812

0,05 N.A.     
 



 
 

  
Fig.3. Vertical shear stress τ12 (MPa) after first 
loading. Mid thickness section. Max 0.0572 
MPa, min -0.0572 MPa. 
 

Fig.4. Horisontal shear stress τ 13 (MPa) after 
first loading. Max 0.0858 MPa, min -0.0858 
MPa. 

 

 
Fig.5. Effective plastic strain after first loading. 
Max. 0.110 %, min. 0 %, 0% in mid thickness 
position. 

Fig. 6. Permanent deformation after third 
unloading. Max 0.571 mm (red), min.-0.230 
mm (dark blue). 

 

3.3 Discussion 

Plastic flow is equal to slip between beams and the FEM model was able to simulate this slip in a 
realistic manner. There was slip in the vertical (12) and also the horizontal (13) directions, see fig 
Figs 3-5. The amount of slip depended on the prestress level, see table 2. Slip led to permanent 
deformations when unloading but slip did not lead to immediate failure. Repeated slip for later load 
cycles led to increasing permanent deformations but the permanent deformation seemed to level out 
to a constant value at least for p>0.25 MPa. This may be described as that the bridge “settles” after 
some number of initial large load cycles. However, repeated load cycling with slip may lead to 
wear of wood surfaces which may lead to problems but that risk was not investigated here. The 
limit for repeated and possibly dangerous slip was in this case a prestress level of 0.25 MPa. The 
assumption of a constant prestress value in the yield function can introduce errors and in later tests 
for other bridge geometries this assumption has been changed, see below. 

 Vertical shear stress was large in the middle of the thickness and along the edges of the 
loaded area, see Fig. 3. Horizontal shear stress was large was large in the middle of the quarter 
areas on the upper and lower surface (this shear stress component is zero in the middle of the 
thickness), see Fig.4. The amount of effective plastic strain is a measure of the slip amount and this 
is shown in Fig.5 for the unloaded state after the first load cycle. The permanent deformation after 
three load cycles is shown in Fig.6. 
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4. FE simulation and experiment of a point load on a bridge deck 

4.1 Geometry, loads, boundary conditions and material data 

A full-scale test and corresponding simulation was made for a bridge deck with length, width and 
thickness 10.6, 5.04 and 0.495 m, respectively, see Fig.7. The span was 10.0 m and it was made of 
53 glulam beams with full length, 10,6 m, and had a prestress of 0.412 MPa via 2x12 steel bars 
tightened to 90 kN per bar. This prestress is a common level for the lowest allowed prestress. The 
load was a point load applied in the middle of the length but 355 mm from the edge. The point load 
was distributed via a steel plate and 20 mm thick rubber bearings with the surface 300(length) x 
600(transverse) mm. This position of the load was chosen because it generated a high twisting 
moment. The loading scheme was to apply the load slowly and then to completely unload the load 
slowly and repeat that for 5 load cycles at a specified load level. First a load level of 100 kN was 
applied and then 300, 400 and 500 kN. Finally one load cycle at 590 kN was applied and after that a 
second attempt to reach 590 kN was attempted but there was rupture at 582 kN, see Fig.8.  

Sixteen sensors have been used to measure deflections. Eleven of them measured vertical 
deflections (three plus three at supports and five along a transverse line at midspan). Four sensors 
were used on the deck surfaces for measuring horizontal slip between two beams in the length 
direction of the bridge. Two on the top surface and two on the lower surface in a position where the 
largest twisting moments have been calculated. One sensor measured transverse horizontal 
deflection close to the point load on the lower side of the deck. Forces in two prestressed bars at 
midspan were also measured, one in the lower row and one in the upper row. 

 

  
Fig.7. Experimental setup Fig.8. Final rupture 

 

The coefficients of friction used in the simulation were 0.38 along fibers and 0.57 across 
fibers, [5]. The elastic material coefficients are shown in Table 3. The yield function in the 
simulation model was in this case modified so that the pressure p was minus the transverse stress 
component in the point in question. Thus the yield limit was a local and varying value throughout 
the bridge deck volume. 

 

Table 3. Elastic material coefficients used in the simulation 

E1 E2 E3 ν12 ν13 ν23  G12 G13 G23 

212 212 10600 0.418 0.00624 0.00624 63.6 636 636 



 
 

4.2 Results 

The rupture load in the test was 582 kN. Failure occurred suddenly and with one loud bang. Seven 
beams at the side edge broke and it was a tension failure in the fibre direction. The failure mode 
was characterised as a vertical slip failure since the failure started with large vertical slip close to 
the applied force. This slip redistributed the load between the beams such that six beams under the 
load plate had to carry the entire load. Six beams carrying the entire load would theoretically give a 
bending stress of 63 MPa.  

A general result for both the test and simulation was as follows: there was some slip in the 
bridge already in the first loading cycle which revealed itself by a permanent deformation after 
unloading in the first load cycle. After unloading in the second load cycle the permanent 
deformation increased but the increase was smaller than in the first load cycle. The increase of 
permanent deformation after unloading was even smaller for the following three load cycles so the 
permanent deformation seemed to level out to a constant value. This typical behaviour was then 
repeated for the load cycles at every load level. The load-displacement diagram in Fig.9 shows the 
behaviour at the 500 kN level for 5 test load cycles and one simulated load cycle at 490 kN. More 
results from the simulation model are shown in [6].   
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Fig.9. Simulated finite element (FE) data for one load cycle at 490 kN and 5 test load cycles at 
500 kN. Based on data from [6]. 

 

4.3 Discussion 

The test and simulation results agree and there was slip in both vertical and horizontal directions 
between glulam beams. The slip did not lead to immediate failure it just redistributed the internal 
loads in the bridge deck between the glulam beams which led to a permanent deformation after 
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unloading. The rupture load was not reached in the simulation model probably due to the fact that 
there was a gap created between the beams when the load level was close to the rupture load. This 
resulted in zero transverse stress, zero pressure p, a local zero yield limit and a stop in the 
simulation.  

5. Conclusions 
It is important that the design procedure of prestressed timber bridges is based on a simulation 
model that accounts for slip. The simulation model developed here works well and is able to 
simulate slip in both vertical and horizontal direction. The simulation results agree well with results 
from a full-scale test. The level of prestress in relation to the load will determine the amount of slip. 
Slip will lead to permanent deformation after unloading but slip will not in general lead to rupture. 
Instead, for loads below a certain limit, the amount of slip will decrease and the permanent 
deformation will level out to a constant value when the load is repeated several times. 

The research work regarding design procedures for prestressed timber bridges will continue in 
new projects. The strategy for the future is to perform more full scale testing of bridges and further 
verify the simulation model. The results from the FE simulations and the tests will be used to 
develop a simpler and “fast to use” design procedure.  
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