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A B S T R A C T

This article studies the dynamic properties of a single span pedestrian timber bridge by in-situ testing and
numerical modelling. The in-situ dynamic tests are performed at four different construction stages: (1) on
only the timber structure, (2) on the timber structure with the railings, (3) on the timber structure with
railings and an asphalt layer during warm conditions and (4) same as stage 3 but during cold conditions.
Finite element models for the four construction stages are thereafter implemented and calibrated against the
experimental results. The purpose of the study is to better understand how the different parts of the bridge
contribute to the overall dynamic properties. The finite element analysis at stage 1 shows that longitudinal
springs must be introduced at the supports of the bridge to get accurate results. The experimental results at
stage 2 show that the railings contributes to 10% of both the stiffness and mass of the bridge. A shell model
of the railings is implemented and calibrated in order to fit with the experimental results. The resonance
frequencies decrease with 10–20% at stage 3 compared to stage 2. At stage 3 it is sufficient to introduce the
asphalt as an additional mass in the finite element model. For that, a shell layer with surface elements is the
best approach. The resonance frequencies increase with 15–30% between warm (stage 3) and cold conditions
(stage 4). The stiffness of the asphalt therefore needs to be considered at stage 4. The continuity of the asphalt
layer could also increase the overall stiffness of the bridge. The damping ratios increase at all construction
stages. They are around 2% at warm conditions and around 2.5% at cold conditions for the finished bridge.
. Introduction

Timber is an important construction material in order to reach a sus-
ainable future. Transports can be shortened if there is local availability
f timber and construction time can be reduced since the low mass
f timber allows for a high degree of pre-fabrication [1]. Pedestrian
imber bridges can be made quite slender due to light live loads and the
igh ratio between the modulus of elasticity (MOE) and density. These
ridges can therefore be prone to disturbing vibrations. For instance, a
erviceability study of the Góis footbridge in [2] showed that some peak
ccelerations exceeded the limit values and the Lardal footbridge in
orway was reported to experience very high lateral accelerations [3].

A higher vibration response will occur if the pedestrian step fre-
uencies (1–3 Hz in the Eurocode [4]) are coincident with a natural
requency of a bridge. In the Eurocode, bridges with natural frequencies
elow 5 Hz (vertical modes) and below 2.5 Hz (lateral and torsional
odes) require a dynamic analysis to ensure that comfort requirements

re fulfilled [5]. The Sétra guideline states similar requirements [6]. It
s therefore important to have sufficiently accurate design values of the
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natural frequencies and damping ratios to ensure good comfort of the
bridge.

Damping for timber bridges can be set to 1% without and 1.5%
with mechanical joints according to Eurocode [7] and 1% for dynamic
calculations according to Sétra [6] which can be regarded as quite
conservative. Several previous studies have investigated the dynamic
properties of pedestrian timber bridges [2,8–12] and the damping ratios
range between 0.2–4.5% in these studies with the most common values
around 1–3%. The damping ratio is reported to be higher if an asphalt
layer is added to the bridge [11,13]. It is also reported that elastomers
at the bridge supports could induce more damping to the structure [14].

Previous studies have implemented finite element (FE) models of
timber footbridges [8–10,15,16]. These studies show that it is difficult
to get an accurate model without calibrating the model to experimental
results. The connections between different construction elements are
an important issue. An updated FE model considering the stiffness
from steel joints proved to be an important modelling aspect in [10].
The connections between different details such as crossbeams and
deck as well as the effect of varying boundary conditions (BCs) were
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Fig. 1. The bridge viewed from the side.
shown to affect the results to a great extent in [8]. The stiffness of
the railings could also be important to consider in design of slender
footbridges [14].

Previous studies have investigated the effect of asphalt on pedes-
trian timber bridges [8,11–13]. Two scale models were constructed
in [13] where numerical and experimental results were presented with
and without an asphalt layer. The results correlate with [11] and
show that the damping is increased and the natural frequencies are
decreased by adding an asphalt layer at room temperature. The results
in [11,13] show that full shear transfer between the asphalt and the
timber in the FE models should be considered. The temperature effects
from the viscoelastic properties of the asphalt layer were investigated
in [11]. The study show that the resonance frequencies increase at
lower temperatures and that the damping ratios are similar at warm
and cold conditions for two footbridges [11].

Structural health monitoring has also previously been carried out in
studies such as [17] where it was showed that the first lateral mode de-
creased due to decay of the timber bridge. Previous studies also present
linear variations of the MOE of timber based on the moisture content
and temperature [18,19]. These studies also implement a viscoelastic
material model for timber and show that the MOE and consequently
the natural frequencies vary throughout the lifespan of the bridge.
However, in the present work the long-term variations of the properties
of the bridge during its lifetime are not considered.

In this article, a bridge in Växjö, Sweden, is dynamically tested
at four different construction stages to investigate the influence of
adding the railings and the asphalt layer. The temperature effects
for the finished bridge are also evaluated. Experimental resonance
frequencies and damping ratios are determined for each construction
stage. The main objective is thereafter to implement FE models for each
construction stage and calibrate them against the experimental results
with sufficient accuracy. This will hopefully increase the general un-
derstanding of how to properly model the different parts for pedestrian
timber bridges.

2. The bridge

The bridge is situated in Växjö, Sweden, and is a 26.1 m long bridge
in total with a single span of 25 m, see Fig. 1. The main structure
consists of five longitudinal beams (165 × 1170 mm) with a stress-
laminated timber (SLT) deck inserted between the beams at the top,

Fig. 2. The bridge cross-section.
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see Fig. 2. The c/c between the longitudinal beams is 890 mm and the
total width of the SLT deck is 4005 mm. The SLT deck consists of 22
planks, where 18 pieces have a cross-section of 140 × 315 mm and 4
pieces of 165 × 315 mm. The 4 larger pieces are situated precisely at the
middle between the longitudinal beams. Pre-stressing of the SLT deck is
achieved with 43 steel bars (Ø20 × 4935 mm) running through the mid-
height of the SLT deck. The first position of these steel bars is 450 mm
from the bridge deck boundaries with a c/c of 600 mm along the bridge
longitudinal axis. Crossbeams (115 × 540 mm) are constructed directly
underneath the SLT deck between the longitudinal beams. The first
position of the crossbeams is 1050 mm from the bridge deck boundaries
and are thereafter positioned with a c/c of 6 m symmetrically along
the bridge longitudinal axis. Steel bars (Ø20 × 3746 mm) are located
at the same longitudinal positions as the crossbeams but 210 mm from
the longitudinal beams’ lower edge. All load-bearing timber parts are
made out of glued laminated timber with quality GL 30c.

2.1. Bridge supports

The supports are identical at both boundaries and for all individual
beams, see Fig. 3. The only difference is that the bolt holes are circular
on one side and oval on the other side to allow for expansion and
shrinkage due to temperature and moisture. The longitudinal beams
rest on plastic pads (20 × 165 × 240 mm) made of high-density
polyethylene (HDPE or PEHD) and is named PEHD-1000 by the manu-
facturer. The plastic pads are put in place at construction stage 1 and
remain there throughout the lifespan of the bridge. On the sides of the
beams, steel plates (12 × 150 × 550 mm) are inserted approximately
300 mm into the concrete. The steel plates on the sides are connected
to each other with a bolt and a PEHD-1000 pad exists between the steel
plates and the beams. The bridge support is symmetrically constructed
around the centerline in the figure. The centerline is located 550 mm
from the ends of the longitudinal beams.

Fig. 3. Bridge supports.
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Fig. 4. The finished bridge with railings and asphalt.

2.2. Railings

The bridge is constructed with railings that are continuous beyond
the bridge deck with 7.65 m on both sides, see Fig. 4. The railings are
bolted into the concrete foundation at 5 locations on each boundary
edge (20 connections in total). The railings are attached on 14 locations
on each side of the bridge deck. The attachments consist of steel plates
bolted into the bridge deck. The total weight of the railings on the
bridge deck (not including the railings at the continuity) is around 2.2
tonnes.

2.3. Asphalt

A preliminary mastic asphalt layer is constructed on the bridge with
a constant thickness of 75 mm. The final asphalt layer with camber seen
in Fig. 2 is not established at the time of the experiments. The asphalt
is denoted PGJA 11 in the Swedish norm with a nominal maximal
aggregate size of 11 mm and polymer modified bitumen. The asphalt
has a 300 mm continuity beyond the bridge ends at each side.

3. Dynamic experiments

3.1. Construction stages

The experiments were performed at four construction stages:

1. Timber structure consisting of longitudinal beams, SLT deck and
crossbeams.

2. Timber structure and railings.
3. Timber structure, railings and asphalt during warm conditions.
4. Timber structure, railings and asphalt during cold conditions.

3.2. Equipment

Nineteen accelerometers of type PCB 393A03 with sensitivity 1
V/g were installed at the bridge deck. Two accelerometers of type
PCB 393B31 (10 V/g) were installed at the bridge supports. Transient
impulse forces of around 10 kN was achieved with a Dytran impulse
hammer model 5803A. Slow sine testing was achieved with an elec-
trodynamic shaker of type BD-5 from Wölfel Monitoring Systems. The
electrodynamic shaker applied a force of 75 N and a linearly increasing
frequency of 1 Hz/min. The asphalt temperature was estimated with an
infrared thermometer of type Testo 830-T2.

3.3. Instrumentation

The same instrumentation setup was implemented at the four con-
struction stages, see the bridge from above in Fig. 5. The setup consisted
of 14 vertical (𝑎𝑉 1–𝑎𝑉 14) and 5 lateral (𝑎𝐿1–𝑎𝐿5) accelerometers at the
bridge deck as well as 2 axial (or longitudinal) accelerometers (𝑎𝐴1–
𝑎 ) at the bridge supports. The excitation was applied at 6 points: 5
3

𝐴2
vertical (E1–E5) and 1 lateral (E6) were chosen in order to identify
as many modes as possible. Hammer excitation was applied at each
excitation point whereas slow sine testing was only applied at E2 and
E5 to capture the first bending and torsional modes. Approximately 10
hammer hits were recorded at each excitation point in order to average
the frequency response functions (FRFs).

4. Modal parameter extraction

The post-processing consisted of producing FRFs using the 𝐻1-
estimator which assumes that noise only exists in the output sig-
nal [20]. Two different curve-fitting methods were thereafter applied
to extract the modal parameters.

4.1. Least-squares complex exponentials method

The least-squares complex exponentials (LSCE) method estimates
modal parameters based on impulse response functions. The parame-
ters extracted by this method approximate the FRFs on pole-residue
form with the Laplace variable (𝑠). The receptance function based on
displacement (𝑋) and force (𝐹 ) for accelerometer 𝑖 and excitation point
𝑗 summarized for 𝑃 number of poles (𝑠𝑛) and residues (𝑛𝑅𝑖𝑗) can be
seen in Eq. (1). Information about the LSCE method can be found in
literature [21,22].

𝐻𝑖𝑗 (𝑠) =
𝑋𝑖(𝑠)
𝐹𝑗 (𝑠)

=
𝑃
∑

𝑛=1

(

𝑛𝑅𝑖𝑗

𝑠 − 𝑠𝑛
+

𝑛𝑅∗
𝑖𝑗

𝑠 − 𝑠∗𝑛

)

(1)

4.2. Single degree of freedom method

The single degree of freedom (SDOF) method approximates each
resonance peak individually in the FRFs as an SDOF oscillating mass–
spring–damper system. The modal parameters are obtained by polyno-
mial curve-fitting of the accelerance function based on acceleration (𝐴)
and force (𝐹 ) expressed with the stiffness (𝑘), angular frequency (𝜔),
natural frequency (𝜔𝑛) and damping ratio (𝜁), see Eq. (2).
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5. Material properties

5.1. Timber

The material parameters for GL 30c provided by the European
standard [23] are initially applied in the FE model. Tuning of these
material parameters is performed in a later stage in order to use values
closer to Norway spruce (Picea abies L.), which is the timber used for
the bridge, and to get better agreement with the experimental results.
Two previous studies were used to get reasonable values of the dynamic
MOE in the fibre direction (𝐸0,𝑑𝑦𝑛) and density (𝜌), see Table 1. In both
studies dynamic tests on specimens of Norway spruce were conducted.
The Scandinavian company Moelven tested 155 beams with quality CE
L40c (equivalent to GL 30c). Jockwer [24] tested 46 specimens with
quality CE L40c. The moisture content was close to the reference value
of 12% [23] in both studies. The values for the two studies can be seen
to be quite similar which reinforces their reliability.

The Poisson’s ratios used in the FE model were retrieved from
several literature sources [25–29], see Table 2.

5.2. Railings and steel bars

The material parameters of steel for the railings and the bars in the
deck are: 𝐸 = 210 GPa, 𝜌 = 7850 kg∕m3 and 𝜈 = 0.3. The upper part
of the railings is a U-profile of aluminium with material properties:
𝐸 = 70 GPa, 𝜌 = 2700 kg∕m3 and 𝜈 = 0.3.
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Fig. 5. Instrumentation setup.
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Table 1
Material properties from the studies by Moelven and Jockwer [24]. Number of samples
(𝑛), mean value (𝜇) and coefficient of variation (CoV).

Study 𝑛 [−] 𝜌 𝐸0,𝑑𝑦𝑛

𝜇 [kg/m3] CoV [−] 𝜇 [MPa] CoV [−]

Moelven 155 470.4 0.032 12299.5 0.057
Jockwer 46 480.2 0.068 12706.3 0.184
Total 201 472.6 0.044 12392.6 0.103

Table 2
Poisson’s ratios for the timber. L: Longitudi-
nal. R: Radial. T: Tangential.
𝜈𝐿𝑅 𝜈𝐿𝑇 𝜈𝑅𝑇
0.49 0.49 0.42

Table 3
Estimated material properties for the asphalt layer during the warm and cold
experiments (stage 3 and 4).

Stage 𝑇 [◦C] 𝜈 [−] 𝜌 [kg/m3] 𝐸 [GPa]

Stage 3 40 0.4 2450 1
Stage 4 0 0.2 2450 17

5.3. Asphalt

The estimated material properties for the asphalt layer during the
warm and cold measurements (stage 3 and 4) are presented in Table 3.
The density for asphalt is typically between 2400–2500 kg/m3 [1,30–
32]. The MOE is retrieved from experimental studies of stone mastic
asphalt such as [33–35] since no studies could be found for mastic as-
phalt. Stone mastic asphalt is similar to mastic asphalt but usually has a
higher aggregate content and lower bitumen content. The studies show
similar results for the resilient modulus (𝑆𝑚) and dynamic modulus of
elasticity (𝐸∗).

The Poisson’s ratio is estimated from a study [36] that performed
laboratory tests with dynamic cyclic loading of asphalt at different
frequencies and temperatures resulting in a complex Poisson’s ratio
(𝜈∗). Similar values were obtained in [37].

5.4. Plastic pads

The plastic pads at the bridge supports are not included in the FE
model. However, as it will be shown in Section 8.2, longitudinal springs
have to be applied at the supports in order to calibrate the model. If
these springs are entirely due to the shear deformation of the pads then
their stiffness 𝑘𝑠 can be obtained as follows. The MOE of the plastic pads
is 750 MPa as given from the manufacturer, which is similar to other
4

w

sources for high-density polyethylene [38]. The Poisson’s ratio is set to
0.45 [38,39] which gives a value of 260 MPa for the shear modulus
(𝐺). The area and the thickness of the pad are: 𝐴 = 165 × 240 mm
and 𝑡 = 20 mm. 𝑥 is the longitudinal displacement of the upper side
of the pad. Then the shear strain (𝛾) and shear force (𝑉 ) are defined
according to Eq. (3), giving a spring stiffness 𝑘𝑠 = 510 MN/m.

𝑉 = 𝐴𝐺𝛾 = 𝐴𝐺𝑥
𝑡
= 𝑘𝑠𝑥 (3)

6. Finite element modelling

The finite element (FE) model, see Fig. 6, implemented in the
commercial software Abaqus, is described in this section.

6.1. Material modelling

An orthotropic elastic material is used to model the timber deck.
The constitutive relation shown in Eq. (4) (see Box I) is used, where L,
T and R refer to the longitudinal (parallel to the fibres), tangential and
radial directions of the timber. The values of 𝐸𝐿 (𝐸0), 𝐸𝑅 = 𝐸𝑇 (𝐸90),
𝐿𝑇 = 𝐺𝐿𝑅 (𝐺0) and 𝐺𝑅𝑇 (𝐺90) are given in Table 7. The values of 𝜈𝐿𝑅,
𝐿𝑇 and 𝜈𝑅𝑇 are given in Table 2. The remaining Poisson’s ratios are
hen calculated using the relation 𝜈𝑖𝑗∕𝐸𝑖 = 𝜈𝑗𝑖∕𝐸𝑗 , where 𝜈𝑖𝑗 = −𝜀𝑗∕𝜀𝑖.
he linear elastic material behaviour is defined with ‘‘Engineering
onstants’’ in Abaqus. A material orientation is then assigned to the
imber structural parts as follow: for the deck, 𝐸𝐿 is in the longitudinal
irection of the bridge; for the crossbeams, 𝐸𝐿 is in the transversal
irection of the bridge. Additional information about the orthotropic
aterial properties of timber can be found in [40].

.2. Mesh

The deck and longitudinal beams are modelled with 20-node solid
lements (C3D20) with a mesh size of approximately 100 mm. The
rossbeams and railings are modelled with 4-node shell elements (S4R)
ith a mesh size of approximately 50 and 75 mm respectively. The
sphalt is modelled with the same element type as the timber deck.
he asphalt layer is divided into four equally thick layers and has an
pproximate element size of 100 mm. The bars located at the main
eam lower edges are modelled with 2-node cubic beam elements (B33)

ith a mesh size of approximately 50 mm.
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Fig. 6. Finite element model.
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Box I.
Fig. 7. Finite element model – boundary conditions and constraints.
6.3. Boundary conditions

Multi-point constraints (MPCs) are used to model the supports at
each longitudinal beam. A reference point at the interface between the
plastic pad and longitudinal beam is connected to the surface at the
bottom of the beam with the rigid beam formulation in Abaqus, see
Fig. 7. Boundary conditions (BCs) are applied at the reference points as
either free (F) or pinned (P). Both BC types restrict vertical and lateral
translations but P also restricts longitudinal translation whereas F sets
it free. The steel plates on the beam’s sides are assumed to only restrict
lateral movement. This effect is modelled by introducing BCs on the
side of the beams, see Fig. 7. The railings are assumed to be restricted
in all degrees of freedom on the boundary edge since they are bolted
rigidly into the concrete foundation. The asphalt is modelled both with
and without the continuity at the ends of the bridge, see the surface of
the continuity in Fig. 7. Pinned BC are applied at this surface.

6.4. Additional mass

The pre-stressed steel bars in the timber deck are added as a volume
proportional non-structural mass. In the FE models, the asphalt is only
considered as additional mass were two methods are applied: volume
5

proportional non-structural mass and a shell layer using 4-node surface
elements without stiffness (SFM3D4). The total mass of the protecting
wood panel on the sides, the angle iron connections at the crossbeams
and the additional parts for the pre-stressing of the SLT deck only
contributes with a few percent of the total mass of the bridge and is
therefore omitted from the model.

6.5. Constraints

Tie constraints are used to connect the crossbeams, steel bars and
railings to the timber deck, see Fig. 7. The asphalt layer, both for
the solid and shell models, is fully connected to the deck with a tie
constraint at the interface between the asphalt and timber. The asphalt
shell layer with surface elements is located at the centre of gravity of
the real asphalt layer.

6.6. Railings

The railings are modelled using shell elements. All the parts are
modelled realistically except for the safety net, see Fig. 4. The prop-
erties of the shell elements representing the safety net are not trivial
and are calibrated to be in agreement with the experimental results.
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Table 4
Average air temperature (𝑇 ) and relative humidity (𝑅𝐻) during the experiments.

Property Stage 1 Stage 2 Stage 3 Stage 4

𝑇 [◦C] 12.6 5.5 21.4 (41.9a) −0.8 (0.6a)
𝑅𝐻 [%] 57 48 58 70

aAverage temperature of the asphalt layer.

Table 5
Experimental resonance frequencies.

Stage Resonance frequencies [Hz]

B1 T1 T2 L1 B2 T3

Stage 1 4.93 5.24 7.11 9.65 13.41 14.37
Stage 2 5.03 5.31 7.16 9.65 13.52 14.56
Stage 3 4.07 4.52 6.33 9.81 10.52 12.72
Stage 4 4.74 5.58 8.05 11.45 12.37 14.54

To achieve that, the density and the thickness are changed according
to 𝑡 = 𝑚∕𝐴𝜌 while keeping the mass and the area of the net constant.

In order to greatly reduce the computational time and to avoid local
modes for the railings, substructure modelling is employed. The railings
are modelled separately and only the nodes connecting the railings to
the bridge deck and the nodes at the railing’s BCs at the continuities are
kept for the main analysis. Solving the substructure for 20 eigenmodes
was sufficient for convergence.

7. Experimental results

The average temperature and relative humidity during the experi-
ments are presented in Table 4. The resonance frequencies and damping
ratios from the experiments are presented in Table 5 and Table 6
respectively. These are average values based on all excitation points
and accelerometers. Both modal parameter extraction methods are
applied and they give similar results [41]. The modes of vibration are
abbreviated according to their shape with B (bending), L (lateral, i.e. in
the transverse direction of the bridge) and T (torsion) as well as being
ordered numerically (1, 2, . . . , 𝑛) within their subcategory. An example
of an experimental FRF at stage 1 can be seen in Fig. 8 for excitation
point E2 and accelerometer 𝑎𝑉 3. All vertical modes between 0–15 Hz
are clearly seen in the plot.

7.1. Stage 2: Railings

The resonance frequencies are increased with around 0–2% at stage
2 compared to stage 1. At stage 1, some parts of the railings are present
on the bridge, see Fig. 9. They contribute with around 5% of the total
mass of the bridge at stage 1. Without the mass of the railings, the
experimental resonance frequency for the first bending mode at stage
1 would have been approximately 𝑓 = 4.93 ⋅

√

1.05 = 5.05 Hz, which is
very close to the value at stage 2. The total railing structure contributes
to around 10% of the bridge’s total mass at stage 2. It can therefore be
concluded that the railings must increase the stiffness of the bridge with
around 10%.

7.2. Stage 3: Asphalt (warm conditions)

The vertical resonance frequencies are decreased around 10–20%
when the asphalt layer has been installed at warm conditions. The
average temperature of the asphalt layer is around 42 ◦C and has a very
low MOE at this temperature, see Table 3. The stiffness is therefore only
slightly increased but the mass of the bridge is increased with a factor of
2. The resonance frequency for the first lateral mode is increased. This
is most likely due the asphalt layer’s second moment of area which is
a factor 3 ⋅ 103 larger in the lateral compared to the vertical direction.
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Fig. 8. Experimental frequency response function at stage 1.

Fig. 9. Side view of the bridge at stage 1. The vertical flat bars and steel plates for
the railings are present on the bridge.

7.3. Stage 4: Asphalt (cold conditions)

The vertical resonance frequencies are increased around 15–30% at
cold conditions which is mainly due to the increase in the asphalt’s
MOE at cold temperatures.

7.4. Damping

The damping ratios for the finished bridge are around 2–3%, see
Table 6. They can be seen to be in the normal range of 1–3% reported in
previous literature for pedestrian bridges [8,9,42]. The damping is in-
creased for all construction stages. Friction at the joints and connections
as well as material damping for the railings is probably the main reason
for the increase in damping at stage 2. The asphalt viscoelastic material
properties as well as possible friction at the bridge deck interface is
probably the main reason to the increase in damping at stage 3 and 4.
The damping value for the second torsional mode is very high at stage
3 which cannot be fully explained.

8. Numerical results

8.1. Modes of vibration

The first six modes in the FE model and from the experiments can
be seen in Fig. 10. The first two bending modes (B1–B2), first three
torsional modes (T1–T3) and the first lateral mode (L1) are captured.

8.2. Stage 1: Timber structure

The FE model is firstly calibrated for stage 1 where the steel
plates and vertical flat bars for the railings, see Fig. 9, are added as
point masses of around 34 kg each. Material properties according to
European standard [23] are initially applied for the timber deck. The
BC combinations F-F, P-F and P-P are tested, where P-F for example
denotes applying P at one support and F at the other, see Section 6.3.
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Table 6
Experimental damping ratios presented as average and standard deviation, 𝜇 (𝜎).
Stage Damping ratios [%]

B1 T1 T2 L1 B2 T3

Stage 1 1.04 (0.13) 0.88 (0.08) 1.47 (0.02) 1.16 (0.02) 1.17 (0.12) 0.84 (0.03)
Stage 2 1.37 (0.21) 1.10 (0.13) 1.96 (0.12) 1.27 (0.03) 1.57 (0.14) 0.88 (0.05)
Stage 3 1.96 (0.17) 2.03 (0.17) 4.85 (0.22) 1.97 (0.04) 1.72 (0.09) 1.90 (0.05)
Stage 4 2.65 (0.17) 2.97 (0.24) 2.66 (0.27) 2.52 (0.23) 2.59 (0.19) 2.12 (0.17)
Fig. 10. First six modes of vibration. Left: Numerical. Right: Experimental.

The results are presented in Table 7. It can be observed that the results
with F-F and P-F are far from the experimental results for B1 and no
possible combination of 𝐸0 and 𝜌 with reasonable values can generate
better results. In addition, with F-F and P-F the numerical results for
B1 are lower than the experimental values but the opposite applies for
B2. Then, it seems that the only modelling option to get results closer
to the experimental values is to consider that the plastic pads at the
supports introduce some longitudinal stiffness. For that, BCs are set to
F-F and longitudinal springs are introduced at the BCs.

A parameter study where the spring stiffness varies from 0 to 500
MN/m is presented in Fig. 11. The error for L1 is out of range compared
to the values for the other modes and is therefore not included in the
figure. B1, T1 and B2 reach a minimum at around 50–100 MN/m.

The results (Cal. 1) with a spring stiffness of 50 MN/m are shown
in Table 7. A tuning of the material parameters (Cal. 2) is thereafter
performed in order to get results closer to the experimental values. For
7

Fig. 11. Calibration of the longitudinal springs. 𝜀𝑓 =
|

|

|
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|

|

|

|

.

that, a model updating procedure is performed. The material param-
eters in Table 7 are calibrated by minimizing the error between the
experimental and numerical natural frequencies. The optimal param-
eters are very close to the material properties in Table 1. It can be
observed that the obtained spring stiffness (85 MN/m) is much lower
than the theoretical value (510 MN/m) in Section 5.4 by assuming only
shear deformation of the plastic pads. It can therefore be concluded
that some gliding between the plastic pads and longitudinal timber
beams occurs. All resonance frequencies in ‘‘Cal. 2’’ are very close to
the experimental values except for L1. This is probably due to the fact
that the lateral BCs representing the steel plates are too conservative. In
the following sections the final material values from ‘‘Cal. 2’’ in Table 7
are used.

8.3. Stage 2: Railings

Three different approaches are tested for stage 2, see Table 8:

1. No railing mass: The calibrated FE model from stage 1 (Cal. 2)
but without the point masses for the parts of the railings present
at stage 1, see Fig. 9.

2. Point mass: Point masses (78 kg) are added at each location of
the railing’s attachments to the bridge deck.

3. Railings (calibrated): Realistic model of the railings, see Sec-
tion 6.6 and Fig. 6. The obtained calibrated thickness of the
safety net is 𝑡 = 0.05 mm.

The first approach gives results close to the experimental values, which
shows that it is possible to omit the railings from the FE model. Less
accurate results are obtained for the second approach where only the
mass of the railings is considered. In the third approach, a detailed
model of the railings is implemented where the stiffness of the safety
net is the main uncertainty. The shell thickness for the safety net is
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Table 7
Calibration at stage 1. Results for the different boundary conditions (F-F, F-P and P-P) as well as the first (Cal. 1) and second calibration (Cal. 2).
Model Natural frequencies [Hz] Material parameters

B1 T1 T2 L1 B2 T3 𝐸0 [MPa] 𝜌 [kg/m3] 𝐺0 [MPa] 𝐸90 [MPa] 𝐺90 [MPa] 𝑘𝑠 [MN/m]

Exp. 4.93 5.24 7.11 9.65 13.41 14.37
F-F 4.13 4.69 7.64 13.37 14.75 15.49 13000 430 650 300 65 0
P-F 4.09 5.31 7.97 14.23 14.29 15.69 ‘‘ ‘‘
P-P 5.79 6.34 8.58 14.36 14.70 16.13 ‘‘ ‘‘
Cal. 1 4.89 5.14 7.87 13.87 14.10 15.59 ‘‘ 50
Cal. 2 4.93 5.10 7.11 12.59 13.42 14.53 12600 460 725 125 75 85
Table 8
Results from the FE models for construction stages 1–4. All values are in hertz (Hz).
Stage Pre-conditions B1 T1 T2 L1 B2 T3

Stage 1 Exp. 4.93 5.24 7.11 9.65 13.41 14.37
Cal. 2 4.93 5.10 7.11 12.59 13.42 14.53

Stage 2 Exp. 5.03 5.31 7.16 9.65 13.52 14.56
No railing mass 5.03 5.29 7.36 12.85 13.68 15.28
Point mass 4.81 4.88 6.83 12.23 13.03 13.60
Railings (calibrated) 5.03 5.24 6.93 12.36 13.58 13.92

Stage 3 Exp. 4.07 4.52 6.33 9.81 10.52 12.72
Only mass (non-structural mass) 3.82 4.03 5.36 9.52 10.28 11.19
Only mass (surface layer) 3.82 4.32 5.08 9.20 10.25 11.75
Asphalt layer 3.85 4.47 5.20 9.36 10.35 12.04
Asphalt layer (continuity) 4.36 5.03 9.15 – 11.93 12.75

Stage 4 Exp. 4.74 5.58 8.05 11.45 12.37 14.54
Asphalt layer 4.20 4.95 5.98 9.65 11.20 13.57
Asphalt layer (continuity) 4.97 6.30 15.12 – 13.11 14.62
therefore calibrated such that the numerical results agree with the
experimental values. It can also be noted that removing the parts of
the railings beyond the bridge ends decreases the natural frequencies
with less than 1%. The third approach, i.e. the calibrated model of the
railings, is applied in the FE models at stage 3 and 4.

8.4. Stage 3: Asphalt layer (warm conditions)

The following approaches are considered for modelling the asphalt
at warm conditions, see Table 8:

1. Only mass (non-structural mass): The asphalt is added as a volume
proportional non-structural mass to the timber deck.

2. Only mass (surface layer): The asphalt is modelled with a shell
layer of surface elements, see Section 6.4.

3. Asphalt layer : The asphalt is modelled with solid elements and
using the material values in Table 3.

4. Asphalt layer (continuity): Same as (3) but also including the
asphalt continuity at the bridge boundaries.

The three first approaches give almost the same results for the two
ending modes whereas differences can be observed for the torsional
odes, see Table 8. The second approach gives relatively accurate

esults compared to the experiments and seems therefore to be an
ppropriate way to model the asphalt. The results for the third ap-
roach are lower than the experimental values (5% for B1). Several
lternatives are tested in order to increase B1 to the experimental value.
he first one is to increase the MOE of the asphalt to 10 GPa which is
n unrealistic value at this temperature. The second one is to increase
he spring stiffness at the supports to 2𝑘𝑠, but the accelerometers at

the bridge supports show that the mode shape amplitude at the bridge
supports is similar for all construction stages. The third alternative is to
introduce the continuity of the asphalt layer (approach 4), see Table 8.
The obtained results are too high but they show that the continuity of
the asphalt may have an impact of the overall stiffness of the bridge.

8.5. Stage 4: Asphalt layer (cold conditions)

The following approaches are considered for modelling the asphalt
8

at cold conditions, see Table 8:
1. Asphalt layer : The asphalt is modelled with solid elements and
using the material values in Table 3.

2. Asphalt layer (continuity): Same as (1) but also including the
asphalt continuity at the bridge boundaries.

The difference in the results for the first approach compared to
the experimental values are around 10% for all modes except T2
which could be considered as acceptable. As for the previous section,
the results with the second approach are too high but show that the
continuity of the asphalt layer beyond the bridge ends adds to the
stiffness of the bridge.

9. Conclusions

This article presents experimental results from in-situ dynamic test-
ing of a pedestrian timber bridge at four construction stages: (1) on
only the timber structure, (2) on the timber structure with the railings,
(3) on the timber structure with railings and an asphalt layer during
warm conditions and (4) same as stage 3 but during cold conditions.
The bridge is 26.1 m long in total and has a single span of 25 m.
The main load-bearing structure consists of five longitudinal glued
laminated timber beams with an SLT deck and asphalt layer on top.
FE models for the construction stages are thereafter implemented and
calibrated against the experimental results.

The following conclusions regarding the modelling of the different
parts of the bridge can be derived:

• The numerical results at stage 1 show that simple boundary
conditions at the supports are not sufficient and that longitudinal
springs need to be introduced in order to get accurate results.
However, the value of the stiffness for these springs cannot be
obtained by considering the shear deformation of the plastic pads
and is therefore not obvious to determine without experimental
results. Further studies could investigate the partial gliding and
deformation of the plastic pads in order to predict the stiffness of
the springs.

• The experimental results at stage 2 show that the railing struc-
ture contributes to 10% of both the stiffness and the mass of
the bridge. Consequently, the railings could be disregarded and

should not be considered as only an additional mass.
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• The results in stages 3 and 4 show that the natural frequencies
of the bridge increase with 15–30% between warm and cold con-
ditions. In warm conditions the asphalt can be modelled as just
an additional mass by using a shell layer with surface elements.
In cold conditions the stiffness of the asphalt cannot be neglected
and the asphalt layer can be modelled using solid elements tied
to the timber deck surface. However, the numerical values are
too low, indicating that some stiffness is lacking. The numerical
results show also that the continuity of the asphalt beyond the
bridge deck may contribute to the overall stiffness of the bridge.

• The damping ratios increase at all construction stages. They are
around 2% at warm conditions (stage 3) and around 2.5% at cold
conditions (stage 4).

Some of the conclusions above confirm previous results from the
iterature, whereas other conclusions can be considered as new knowl-
dge. As already mentioned in previous studies, the present article
onfirms that it is difficult to model the dynamic behaviour of pedes-
rian bridges without calibration using experimental results. For the
resent bridge this difficulty is related to the plastic pads at the sup-
orts. It was clear that the deformation of the plastic pads could
ive some stiffness. But it was not expected that this stiffness would
ignificantly influence the natural frequency of the first bending mode
specially for small amplitude of vibrations.

In addition, the present study confirms that the natural frequencies
re higher at cold compared to warm conditions, and that it is mainly
ue to the stiffness of the asphalt. However, the present study shows
hat the asphalt can be modelled as an additional mass at warm con-
itions for calibrating the lowest bending mode but not for calibrating
he first torsional mode which requires the asphalt to be modelled as a
ayer on the deck. A new interesting feature in the present work is that
he continuity of the asphalt layer beyond the bridge boundaries may
ave an effect, especially at cold temperatures.

To the authors knowledge, the influence of the railings on the
ynamic behaviour of pedestrian timber bridges has not been previ-
usly studied experimentally. Structural engineers usually consider the
ailings as an additional mass but the present work shows that it should
ot be done for this bridge.

Finally, for the present bridge the damping ratios increase when
he asphalt layer has been added to the bridge and are higher in cold
ompared to warm conditions. This is in line with previous studies.
he damping ratios of the completed bridge are higher than the design
alues of 1–1.5% in Eurocode and 1% in Sétra. This shows the difficulty
f picking the damping ratios in the design process of pedestrian timber
ridges since damping ratios both lower and higher than the design
alues can be found from experiments reported in the literature.
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