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ABSTRACT 
This thesis is part of a research project in the company of SP, Sweden to 
investigate the static and dynamic behaviors of Älvsbacka Timber 
Bridge that known as ‘a smart bridge’. In this context the investigation 
of project was carried out with simulations and experiments. The 
Simulation of the bridge was created by using the software program 
MULTIFRAME 4D®.The simulation analysis includes Finite Element 
Method, Modal Analysis, Static & Dynamic Force Analyzes. After all 
simulation analysis, in order to verify the results of the simulations, 
some experimental tests were performed at Älvsbacka Timber Bridge. 
The obtained real data which comes from the experimental tests were 
implemented by use MATLAB® software program. After all 
investigations, it was achieved as a conclusion of that the results of 
simulation and experiments showed a good correspondence. 

Keywords: Timber Bridge, Simulation, Static & Dynamic Analyzes, 
FEM Analyzes, Modal Analyzes. 
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1 NOTATION 

Latin upper case letters  

A   Area  

E   Modulus of elasticity  

E0,mean  Mean value of modulus of elasticity  

F  Point load 

Fn   Normal force  

G  Shear modulus  

I  Moment of inertia  

K                      A constant for the shape of the piers 

L  Horizontal projected length of the stay 

L              Length  

M             Bending moment  

N   Normal force  

P   Load  

P                      Stream flow pressure 

R   Reaction at the support  

S   First moment of area  

Sx   First moment of area of the shear plane                                        

V   Shear force  
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V´                    Water velocity 

W   Width of the bridge 

 

Latin lower case letters  

bdeck  Width of the deck  

bef   Effective width of the flange  

fn   Natural frequency  

ftd  Design tensile strength along the grain  

ft90d   Design tensile strength perpendicular along the grain                                    

hw  Height of the web  

Io                     Polar moment of inertia 

kdef  Factor taking into account the increase in deformation  

kmod   Modification factor for duration of load moisture content  

l   Length of timber beam  

m   Total mass of the bridge per unit length  

n   Homogenization factor  

q               Dead load of stay per unit of horizontal length  

q  Distributed load  

qg                      Self  weight distributed load  

qp                      Permanent distributed load  
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qv                      Live distributed load  

qs   Snow distributed load  

u  Vertical deflection  

w  Width of timber deck  

σ   Cable tension stress 

                     Shape Coefficient 

                     Exposure Coefficient 

                     Thermal Coefficient 

                     Characteristic ground snow load  

 

Greek letters  

μ   Frictional coefficient  

δ                  Deflection  

ρ                  Density  

                     The angle of shearing resistance of the soil 

                      The angle of the back fill’s inclines 
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Abbreviations  

FEM  Finite Element Method 

FEA  Finite Element Analysis 

OMA  Operational Modal Analysis 

AASHTO American Association of State Highway and Transportation 

                        Officials       
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2 INTRODUCTION 

In the 1980’s design of timber bridge technologies has evolved with the 
invention and development of glued- laminated lumber (timber) as a 
‘glulam’. Thusly the numbers of timber bridges which have built in the last 
years increase day by day in all countries because of the new generation 
bridges have a good bearing capacity and can compete regarding bearing 
capacity and maintenance with bridges of concrete or steel at least for 
pedestrian and cycling bridges. 
This thesis that is also a research project at SP, Sweden was purposed to 
investigate the static and dynamic behaviors of Älvsbacka Timber Bridge. 
A new built bridge with equipped with different monitoring systems. This 
project was focused to determine the behaviors of a pedestrian bridge and 
get some basic information. In this context the aim and scope of this 
research project [a part of the EU project ‘smart bridge in smart city’] were 
defined in three research questions; 

1- To determine the static and dynamic behaviours of Älvsbacka 
Timber Bridge. 

2- To verify the results of the smart measurement systems. 
3- To estimate the behaviours of Älvsbacka Timber Bridge under 

extreme conditions. 

For this purpose, it was decided to simulate the bridge in order to analyze 
the bridge with ‘the approach of a simulation model analyze’. Also 
experimental test methods were performed in order to verify and compare 
the results of the simulation analyzes. Thence the investigation of the 
project was carried out in four parts. 

 In the first part (chapter 3-5-5-6), as a literature reviewing part; timber 
bridge history, its development in the recent past, general timber bridge 
designs, the load and forces which affect to bridges, the damages, the 
maintenance techniques, measurement setups for the smart bridge’s health 
monitoring were mentioned generally in order to provide a background 
about timber bridge for readers and additionally concentrating issue 
regarding Älvsbacka Timber Bridge. 
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 In the second part (chapter 7-8-9), as an analyzing part; the simulation of 
the bridge was created by MULTIFRAME 4D ® commercial software 
program. Pre-determined loads and forces which affects to the Älvsbacka 
Timber Bridge were implemented in the simulation. The simulation 
analysis includes FEM Patch Analysis, Modal Analysis, Snow Load 
Analysis, Wind Force Analysis, Thermal Analysis, Self-Weight Analysis, 
Earthquake (Seismic) Analysis and Time History Analysis. In addition 
some extreme conditions and combination loads that are such as the 
overload situations were created and investigated by use of the simulation. 
Here it was purposed to find responses for first and third research questions 
in aim of the project. 

In the third part (chapter 10), as a verification part; after the all simulation 
analysis’, in order to verify the results of the simulation, two experiments 
that includes loads test with different numbers of frequency such as 
running, random walking, jumping, hanging mass, heel impact, single 
running, side jumping were performed at Älvsbacka Timber Bridge. The 
data from the transducers which was placed on the bridge during the 
experiments give good and important information. Also it was a good 
choice to compare the results of simulation and the experiments. The real 
data which comes from the experimental tests was implemented by use 
MATLAB ® commercial software program. However other measurement 
systems as GPS/GNSS, Load Cells, Accelerometers, Weather Station, and 
Camera recording system were mounted the bridge in order to compare and 
verify the data which comes from systems with the results of the 
simulation. Briefly this part was formed in order to carry out the second 
aim of the research project. 

Finally in the fourth part (chapter 11-12), as a conclusion part; all 
investigations of this project indicate that the results of simulation, and data 
from fix measurement and the experimental results were matching each 
other reasonably. The report shows it can be able to present that is the 
possible to reach logical and accurate results from the simulations and the 
simulated bridge response like in the real. Obviously every kind of analysis 
even extreme ones can be investigated. 



15 
 

3 TIMBER BRIDGE’S HISTORY AND 
MATERIAL  

The history of Timber Bridge is at least as old as mankind. This 
development has been begun with probably a tree or log that was used as a 
simple timber bridge in order to cross a barrier. The whole period of 
historical development of Timber Bridge can be showed by considering the 
milestones from the prehistory till today. 

According to Michael A. Ritter, the whole period of timber bridge 
development contains four sequence time spans following; 

1) Prehistory through the Middle Ages (to 1000 A.D) 
2) The Middle Ages through the 18th Century (1000-1800) 
3) The 19th Century(1800-1900) 
4) The 20th Century(1900- present) 

Each time period plays a crucial role in the development of timber bridges. 

The first time-period between prehistory and middle ages, sometimes only a 
tree or log and sometimes combinations of trees and vines were mentioned 
as a human-made timber bridge for surpassing barriers.  

In second period which between 10th and 18th Centuries even if the 
development of science, especially in the field of engineering has begun to 
progress, there was no great step for development of timber bridge .But 
from the mid 18th century, engineering was modernized as a profession. 
This realization was carried out with some timber bridges that were 
constructed and build up in a few countries. 

In third time frame when between 1800 and 1900, thousands different types 
of timber bridge were constructed and built around the world especially in 
U.S. What is the more important that bridge designers and architects were 
tried to create an original construction by also provide the design 
requirements in order to obtain a patent. 
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In the fourth time frame when from 1900 till now, actually this period also 
could be divided by 2 two time-spans because of this period consists of two 
critical milestones for Timber Bridge developing. In the first term, until mid 
of 1900’s, first milestone, other bridge materials such as steel and concrete 
with rapid development of material technology began to take over as a 
bridge material. The major reason was that especially steel was much more 
economical and competitive regarding to wooden material. Thus the 
development of timber bridge technology has been entered into a period of 
stagnation. This process continued until the evolution of timber material 
such as the concepts of Glue-Laminated Timber and Stress-Laminated 
Lumber. After 1950s, the numbers of timber bridge constructions have been 
increased year by year with the application of glue-laminating as a bridge 
material. More importantly in the last quarter of 20th century, stress-
laminated lumber that was produced with one of the newest laminating 
technology techniques was used in modern timber bridge construction for 
short spans even long spans. Today it has reached to an incredible point 
with modern construction designs and more importantly the evolution of 
timber. [1] 
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4 THE TYPES OF TIMBER BRIDGE 
AND DESIGN 

4.1 Arch Types of Timber Bridge 

A type of arch timber bridge consists of two main structural parts such as 
arch and bridge deck. In the literature there are some geometrical design 
configurations that based on the location of components which are arch and 
bridge deck. In addition the using and numbers of hinge in design process is 
considered with regard to the length of span, ground conditions and tension 
tie. Before the designing and building up process, the most important 
question that is necessary to ask ‘Do the characteristics of ground and 
topography comply for arch timber bridge’s conditions? 

However all types of arch timber bridges were shown in figure 4.1and 
described as below. 

One of them is called as a ‘conventional arch bridge’. It is described that 
the arch is placed under the bridge deck in order to support the bridge deck. 

Second of them is called as a ‘tied arc with suspended deck. It is described 
that the arch is placed over of the bridge deck. 

Third of them is called as an ‘arch bridge with partially elevated deck. It is 
described that the arch component is situated normally but the position of 
bridge deck is neither above nor under the arch. In other words it is between 
the top point of arch and the footing points. 

Fourth of them is called as a ‘flat arch’ and it is described that is similar 
with conventional arch bridge’s geometry but only difference, the arch and 
the bridge deck are like two curves that their top points are on the same 
level. [2] 
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Figure 4.1.Arch types of timber bridges. Used by permission of 
[pghbridges.com] 

4.2 Truss Types of Timber Bridge 

Trusses can be able to describe that an assemblage of many smaller straight 
components which are connected to each other at the determined pinned 
hinges. In other words it is to create a triangular mesh designing with nodes 
by considering the calculations of tension and compression forces that are 
at joints as nodes. 

As shown in the figure 4.2 there are many types of truss Timber Bridge. 
Even truss was constructed first time by using timber beams as a bridge 
material. But in these types, the most common types such as ‘Arched truss, 
Straight truss and Truss with curved upper chord’. 

The designs of King Post and Queen Post are   basic and simplest kind of 
truss bridges. But Queen Post consists of an extra lateral straight member as 
a chord thus it is more suitable when to need longer span unlike King Post. 
On the other hand Queen Post Truss has a disadvantage which the 
durability of straight top chord member is lower because of the central part 
geometry of truss does not include any diagonal bracing. 
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Another type is called as Covered Truss that characteristically timber 
structure However it can be able to list the covered trusses like variations 
such as Multiple King Post, Town Lattice, Howe, Long X, Burr, Childs, 
Partridge, Smith, Haupt which were received patents by the designers with 
their own names. This kind of Trusses Bridge is available for protection of 
wooden parts under hard weather conditions, supplying the longer service 
life. [3], [4]. 

 

 

 

 

 

Figure 4.2.Truss types of timber bridge. Used by permission of 
[pghbridges.com] 
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4.3 Suspension Types of Timber Bridge 

Suspension types of bridge are suitable for long spans, such that in the 
world the longest bridges are suspension type or cable-stayed type. 
Especially timber suspension bridge has been preferred to built up for 
pedestrians or/and cycling. 

Suspension and cable-stayed bridges consist of main parts such as pylon or 
tower, wooden bridge deck, steel cables or tie bars as seen in figure 4.3. 
Pylons/towers are constructed and located in order to carry main bridge 
deck with the help of steel cables or tie bars also supporting steel beams 
which are connected with the bridge deck. [5], [6].  

 

 

Figure 4.3.Suspension types of timber bridge. Used by permission 
[pghbridges.com] 

4.3.1 Cable-Stayed Timber Bridge 

Cable-stayed bridges can be able to classify based on the number of spans 
with four fundamental types following and these types of cable stayed 
timber bridges were illustrated in seen figure 4.4.1-4.4.2-4.4.3-4.4.4; 

• One span, with a pylon at one or both sides of the span 
• Two spans, with one pylon in the middle (symmetric or asymmetric) 
• Three spans, with two pylons 
• Multiple-snap bridges with many pylons 
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Single span with pylon Single span with two pylons 

  

Figure 4.4.1The types of one span, with a pylon at one or both sides of the 
span 

Two asymmetrical 
spans and one pylon 

Two symmetrical spans  
and one pylon 

 

Figure 4.4.2.The types of two spans, with one pylon in the middle 
(symmetric or asymmetric) 

Three spans and two pylons 

 

Figure 4.4.3.The type of three spans, with two pylons 

Multiple spans and many pylons 

 

Figure 4.4.4.The types of Multiple-snap bridges with many pylons 
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4.3.1.1  Pylons 

The pylons of cable-stayed bridges are one of the most important elements 
due to balance all forces which influence the bridge by getting the support 
axially from elements such as steel cables or the backstays in the 
longitudinal direction. However the pylons carry a very high level of 
compression forces that are caused by self-weight loads, static and 
dynamic-live loads on the bridge. 

In the designing process for pylon and backstays elements, the effects of 
temperature difference must be considered. Pylons can be able to shorten or 
lengthen by depending of influences of backstay forces and temperature 
differences. The wood’s thermal conductivity is small and the axial 
deformation can be estimated in the value of 1.5 mm for the 15 m wood 
timber. The value of thermal coefficient expansion is 50 5 10, . − under the 20 
C° temperature difference. 

Another influence which affects to pylon and backstays is wind force. 
Pylons must be designed to resist bending moment caused by wind force 
and backstays forces. Due to this reason it is really important and necessary 
to consider wind force calculation and its influences during design process. 

In addition as a preliminary design, checking the load-bearing capacity of 
pylons is one of the important controls for bridge systems. The 
determinants can be considered as following; 

 The value of ultimate load is affected both by the geometric non-
linearity and by the material non-linearity (behavior of the material, 
cracking). 

 The normal compressive force is generally introduced progressively 
along the axis of the member. 

 The transverse cross-section of the member in compression can vary 
considerably. 

 The stays apply a horizontal restraining force in the deformed state. 
 The member can be subjected to skew bending under the action of 

live loads. 
 The system of the pylons is generally hyper-static. 
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3. The stays are the stabilizing elements and of course the backstays 
are very important. They must be pre-tensioned when there is no 
traffic load on the bridge and consequently the side spans must be 
shorter than half of the main span. These constructions will get 
slender pylons and slender decks. 

Another point that should be taken attention to is that, the deck must be 
designed considering bending normal forces. The deflection that is caused 
by self weight of the materials is usually small. The compression forces 
have a greater influence on decks of bridge which have many stays. 

In design of cable stayed bridges, stays are connected to cross beams 
usually supporting steel beams which are placed under the deck connected 
to main beams. Transverse bending moments are occurred in the deck 
because of the stays on both sides of the deck [9].  

4.3.1.3  Bridge Decks 

The bridge deck, a plate or part on the top of bridge deck, is subjected an 
influence firstly by dynamic and static loads such as traffic loads, snow 
loads and distributed all the load to all stays so the bridge deck behaves like 
a continues beam. 

The stays behave like a spring element while the bridge remains under the 
influence of dynamic and static loads. Because of this fact, the stays tend to 
stretch downward and it comes up as a deflection of the deck. This must be 
considered when the total deflection is calculated for the bridge. The total 
deflection can be obtained by sum up the value of self weight deflection 
and the value of deflection which the elongation of stays causes. In addition 
the behaviors of pylons will be reflected as a deflection value for the deck.  

Due to the compression forces and bending forces influence the bridge 
deck, while the bridge is designed, it shall be paid extra attention for both 
of them [10]. 

In many of timber bridge constructions, the bridge deck has been built up 
with glulam or stress laminated timber beams as a deck material. A stress 
laminated deck plate is constructed by use glulam timber or usually planks 
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that are attached with strength steel rods. If it is generalized about 
characteristic features of planks with other equipments, the planks’ 
dimensions are 43x223 mm, 15 mm high strength steel rods and the span 
length is around 5500 mm however the many constructions with more 
larger span and more longer steel rods rather than typical spans and rods 
were seem suitably for the projects. 

A stress laminated deck plate behaves as a horizontal beam for lateral load 
which is caused by wind and traffic. Due to this fact, horizontal shear stress 
will be occurred between the planks thus in the design it should be 
considered for horizontal shear stress calculation [11].  

4.3.1.4  Stays 

Cable stays is one of most important parts that carries the deck in cable-
stayed bridges structures. Because of this, the layout of the backstays has 
been became more an issue. As well as the stays affect the structural 
performance of the bridge, they also affect the economy and the technique 
of erection. 

During the design and construction period of stays, there are some 
determinant factors that are important to achieve a long service life. All 
cable stays should be able to be replaced or changed with another type of 
stays. Also the inspection and maintenance of other components of stays 
equipments such as anchorages, connections and steel plates should be able 
to be replaced. 

Stays behaves as a non-linear system that depends on deflection of stays 
and axial tension forces. In this reason, In order to ignore or avoid the non-
linear situation during the design of the structural system an equivalent 
modulus of elasticity is used. Although in the reality cable stays cannot able 
to be remained as a straight because of some deflections that is caused by 
self-weight and other loads will occur. Therefore the appearance of the 
cable stays shall be assumed as a straight line in the calculations [12], [13]. 
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The equivalent modulus elasticity was formulated following, [12],;  

                                                                                             (4.1) 

E = modulus of elasticity of the stay material 

L = horizontal projected length of the stay 

q = dead load of stay per unit of horizontal length  

σ = cable tension stress 

 

Figure 4.6.The technical properties of first steel cable 

In addition the material properties of first steel cable as shown in figure 4.6 
such as length, density etc. were taken from the table 9.2 and table 9.3. 

σ    
   

,
,

20.3 10                (4.2) 

 
. ,

.

                          (4.3) 

209995.09    

The Elasticity equivalent modulus,  according to equation of (4.1) was 
calculated analytically by using the result of self weight analysis. Thus as 
shown in the result of equation (4.3), the value of is almost same with E, 
elasticity modulus. Because the cable tension of Älvsbacka Timber Bridge 
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is a very high so the value of elasticity equivalent modulus was obtained as 
209995.09 MPa. Due to there is a so small difference between E=210000 
MPa and 209995.09  , in the simulation, E was used directly 
instead of for linear analysis. 

4.4 Beam /Girder Types of Timber Bridge 

Beam/Girder Timber Bridges that probably the oldest types of bridges used 
by human are estimated. There are many subclasses of these bridges such as 
Deck beam, Deck plate girder, Pony plate, V-leg, Inclined-leg subclasses 
but these bridges can be able to classified as below; 

Figure 4.7.Beam /Girder types of timber bridge. Used by permission of 
[pghbridges.com] 

Even though there are a lot of types of bridge, as shown the figure 4.7, 
some types are more common and suitable for a timber bridge design. 

As in seen in figures between 4.8.1-4.8.8 most common the types of the 
timber bridge are Beam Timber Bridge, Girder Timber Bridge, Lattice 
Timber Bridge, Hanging Plate Timber Bridge, Sub-supported Timber 
Bridge, Arch Timber Bridge, Suspension Timber Bridge and Cable-Stayed 
Timber Bridge were illustrated. 
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Beam Timber Bridge 
   

 

Figure 4.8.1.The type of Beam Timber Bridge 

Girder Timber Bridge 

  

Figure 4.8.2.The type of Girder Timber Bridge 

Lattice Timber Bridge 
 

 

 

 

Figure 4.8.3.The type of Lattice Timber Bridge 

Hanging Plate Timber Bridge 
 

 

 

 

Figure 4.8.4.The type of Hanging Plate Timber Bridge 

Sub-supported Timber Bridge 

Figure 4.8.5.The type of Sub-supported Timber Bridge 
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Arch Timber Bridge 
  

 

Figure 4.8.6.The type of Arch Timber Bridge 

Suspension Timber Bridge 

  

Figure 4.8.7.The type of Suspension Timber Bridge 

Cable Stayed Timber Bridge 
  

Figure 4.8.8.The type of Cable-Stayed Timber Bridge 

Used by permission of [A. Pousette and SP Trä Skellefteå] 
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5 THE MANUFACTORING AND 
DESIGNING PROCESS OF TIMBER 
BRIDGE 

5.1     Designing Process of Timber Bridge 

When all parts in bridge structures are considered to investigate, it is 
realized that bridges are complicated structures. In fact according to K. 
Schwaner, ‘A bridge is like a living organism. It requires frequent health 
check-ups and maintenance, and its life-span is 50 years on the average.’ 
Therefore bridges can be described as a connection-communication tool 
between people, countries, cities etc. During the processes of designing, 
analyzing and construction of new generation timber bridges, all project 
participants such as designers, analyzers, and contractor have to work 
coordinately in order to achieve to build up a bridge with some important 
criterions which have low maintenance needs, a long service-life, and high 
reliability. Thus the necessity of following several basic design rules that 
were recommended by Michael Flanch in order to reach the targeted criteria 
for a timber bridge. These basic design rules are; 

 Efficient protection of structure against weather 
 Adequate connection design adapted for timber construction  
 Reduction of bending moment effect in wide span elements as much 

as possible 
 Avoiding perpendicular to grain tension stresses 

First of all in the designing process, the most important consideration for 
financial and technical feasibility the span by investigating the properties of 
ground topographically and to also describes the clearance profile in order 
to determine all possible supports. 

After first investigation draft, the suitable height of bridge and the location 
of structure the optimum position of the main part are provided by the 
longitudinal profile.  
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Other important criterion is to determine all loads and forces such as the 
snow, wind, thermal etc. which affects the bridge. Also the construction 
width clearance profile has to be considered. In addition all possible 
protection options such as a roof system or a deck wearing surface system 
for the structure are estimated .Because if it is necessary to add any 
protection system, it comes up to use extra material for the structure. That’s 
mean extra dead load and more influences will be added on the structure. 
As a result of this construction cost will be increased. As in seen loads in 
figure 5.1, forces and span indicate directly on construction cost [14], [15].  

  

 
 
 
 

 
 
 
  
 
 
 
 

Figure 5.1.Design Process for a Timber Bridge [14] 

As with all structure and construction designs, timber bridges are 
designed by considering the principles of mechanical and structural 
engineering. Also it should be noted that the investigation of strength of 
materials has an important in the design process of timber bridges. In 

The Ground Profile     

   SPAN 

The Clearance Profile 

The Structure’s Height 

The Structure’s Placement 

 
LOADS 

The Type of Use 

The Clearance Profile

 Construction’s Width

Construction   
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this context the basic timber design determinants shall be followed as 
listed below; 

 Calculate load effect and select an initial member size and species. 
 Calculate the applied stress from applies loads. 
 Obtain the tabulated stress published for the specific material. 
 Determine appropriate modification factors and other adjustments 

required for actual use conditions. 
 Adjust the tabulated stress to arrive at the allowable stress used for 

design. 
 Compare applies stress to allowable stress. The design is 

satisfactory when applied stress is less than or equal to allowable 
stress. 

5.2 Manufacturing Process of Timber Bridge 

The manufacturing process that also includes fabrication and construction 
are important procedures for some deterministic issues such as 
serviceability, economically, service life and performance of Timber 
Bridge. For this purpose in order to reach proper techniques and procedure 
in the correct way, this process shall be followed that described by 
authorities as the titles below; 

A. Engineering Drawings 
 
The structural design drawing is first step of this procedure. Due to 
the drawings will affect the other steps such as fabrication and 
construction; the drawings must be accurate, clear and 
completeness. There are two types of drawings, one of them is 
structural design drawing and other one is shop drawings 
(standardized). 
Structural design drawings include the structure configuration and 
some knowledge about field assembly. On the other hand shop 
drawings are prepared in detail with more knowledge for fabrication 
of individual components. 
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B. Bridge Fabrication 
 
After design and prepared drawing for the timber bridge, the 
procedure of fabrication shall be started for manufacturing of the 
structural components of Timber Bridge. During the fabrication 
process,  it is important to follow the drawings in detail thus an 
accurate manufacturing includes trimming, drilling, counter boring, 
notching, tapering, and incising if it is obtained successfully, the 
assembly and installation process will be easier and faultless. 
 

C. Transportation, handling and storage  
 
Transportation, handling and storage operations should be 
performed with good quality control to insure the material durability 
of the structure components of the timber bridge. 
 

D. Bridge Preconstruction  
 
The work of pre-construction at the building site should be 
performed in order to save time and money to reach an accurate and 
flawless assembly for a timber bridge. 
 

E. Bridge Assembly 
 
There are several methods and techniques of bridge assembly that 
depend on the type of bridge and material. In general timber bridge 
assembly for glue laminated beam-bridges are performed with 
transverse glue laminated deck panels. [16]  
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6 STRUCTURAL HEALTH 
MONITORING SYSTEMS FOR 
TIMBER BRIDGE 

The objectives of structural health monitoring are to sequence following the 
bridge behavior and the main aim is to detect long-term/short-term 
deformations that are occurred on the structure of bridge. In this context 
two types of potential deformation exists on the timber bridge that are 
investigated by using monitoring systems. One of them is the long-term 
movements caused by stress relaxation, local deformation and foundation 
settlement; other one is the short-term dynamic movements induced by 
wind, traffic, temperature etc. For this purpose generally tri-axial 
accelerometers are used to detect the deformations in a short time period 
and for the long-term GPS systems are used to detect the deformations. 
Thus health monitoring systems in this case were used for; 

• Verify the structural design and bridge long-term behavior by using 
different monitoring systems. 

• Comparison between different monitoring systems and also other 
type of analysis systems such as simulation modeling in order to 
reach the accuracy and reliability. 

• Analyze dynamic and static behavior of the bridge. 
• Damage assessment and control of the bridge for long-term 
• Provide input information that is obtained by continuous 

measurements for putting the maintenance activities. 
• Provide great opportunities to test, develop, and evaluate methods 

for the bridge structures. 
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Table 6.1.The smart measurement system of Älvsbacka Timber Bridge 

 
The Smart Measurement Systems of 

Älvsbacka Timber Bridge 
 

 
Measurements 

Systems 
 

 
Type & Brand 

 
Intended 

Investigation 

GPS Leica GMX902 Displacement 
Vibration  

GNNS Leica GMX902 Displacement  
Vibration 

TRANSDUCERS 
 

Mulle Sensors Vibration 

LOAD CELLS MÜRMANN 
Gewindetechnik 

Displacement 
Cable tensions 

LASER 
 

Micro Epsilon 
Opto NCD ILR 

Displacement 

WEATHER 
STATION 

Viasala WXT520 Weather 
Conditions 

CAMERA 
 

AXIS 211W 
Network Camera 

Controlling of 
The Bridge and 
External Effects 

 

6.1 GPS & GNNS  

Cable supported bridges carry big loads across big distances and by the 
bridge designs the structure are affected by dynamic loads due to the loads 
imposed by wind, traffic and climate change. High performance 
GPS/GNSS receivers’ and supplemented with software and advanced 
processing algorithms can be ideal tools for health monitoring. GPS gives 
us the opportunity to verify even the movement of the abutments. [28], 
[31], [32]. 
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GPS and GNNS systems are used on Älvsbacka Timber Bridge in order to 
measure the magnitude of deflection of the bridge. First of all for static 
analysis and in long term behavior however it is also possible to use the 
GPS and GNNS systems for vibrations analysis. Due to the sampling 
frequency of system, the investigation theoretically can be done in the 
frequency range is between 0 and 20 Hz. In addition it should be noted that 
if the dynamic behaviors for pedestrian bridges below 10 Hz so the 
frequency range that will be studied is between 0 and 10 Hz. 

 

Figure 6.1.The GPS and GNSS system 

6.2  Load Cells 

‘Load cells use strain gauges  to convert strain in to electric signal, as the 
strain gauge in the load cell is elongated the resistance will change. The 
change in resistance is used to calculate the strain’. [28].Three types of load 
cell have been used for measuring the cable tensions of Älvsbacka Timber 
Bridge as listed below; 

1) M48: It represents the 48 mm of diameters of the cable and it can 
able to resist max 500kN. 



37 
 

2) M64: It represents the 64 mm of diameters of the cable and it can 
able to resist max 600kN. 

3) M80: It represents the 80 mm of diameters of the cable and it can 
able to resist max 1000kN. 

 

Figure 6.2.The load cells and data logger 

6.3 Laser System 

In order to measure the magnitude of displacement of Älvsbacka Timber 
Bridge for long term, a laser system was obtained. Even though the laser 
hasn’t been mounted yet for the bridge because of some technical problems, 
one of the laser systems has been successfully tested in SP Trä laboratory. 

 

Figure 6.3.The laser system 
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6.4 Weather Station 

In order to determine the weather conditions around the bridge territory 
especially snow and wind effects that influence the bridge and to collect 
data about weather conditions for long term, the weather transmitter system 
has been placed at top of one the pylons. 

 

Figure 6.4.The weather station 

6.5 Transducers (Accelerometers) / Mulle Sensors 

This transducer system is an important part of a smart measurement 
systems and it has an important role in the investigation of the bridge’s 
behaviors. For this purpose 18 wireless accelerometers have been mounted 
in different locations on the bridge. The reasons to prefer this model of 
accelerometers are that they consume less energy in comparison with 
traditional accelerometers and also possible to use wireless communication 
between the receivers and accelerometers. These accelerometers can 
provide to transduce data of the dynamic behavior of the bridge in between 
0-50 Hz frequency range. 
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Figure 6.5.The Mulle sensor board 

6.6 VGA Camera 

The model of AXIS 211W network camera was placed on the pylons of 
Älvsbacka Timber Bridge. The intended use of the camera is to control and 
observe the external effects at the bridge. But more importantly, when the 
bridge is subjected a great force that is caused the large vibration, the 
source of the large vibration and displacement should be able to be 
determined and defined. Due to this reason the network camera has been 
using for 24 hours in order to monitor the bridge.  

 

                                          Figure 6.6.VGS Camera 

 

 

See [17], [18], [19] [20], [21], [22], [23], [24], [25]. 
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Älvsbacka Timber Bridge is one of the new generation smart bridges in the 
world and it has been built up in the city of Skellefteå in Sweden. The 
project of Älvsbacka Timber Bridge has been founded by European Union 
as a supplier. 

However technically Älvsbacka Timber Bridge is a Cable-Stayed Bridge, 
main properties were shown in the following table 7.1. 

Table 7.1.The properties of Älvsbacka Timber Bridge 

 
Älvsbacka Timber Bridge 

 
Span Length  130,0  m 
 Pylon Height 23,10  m 
 Deck  4,000  m 
Railing Height 1,400  m 
1.Cables´ Diameters 80,00  mm 
2.Cables´ Diameters 45,00  mm 
3-4-5.Cables´ Diameters 63,00  mm 

 

Observation is an important process before making the simulation analysis. 
In this context in order to determine which loads and forces influence 
Älvsbacka Timber Bridge, the bridge was observed and all general loads 
and forces were examined in the literature. After the observation and 
examination, as shown in the following table 7.2, all general loads and 
forces are listed. However the simulation analyzes are implemented and 
based on the loads and forces that influence Älvsbacka Timber Bridge. 
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Table 7.2.The general load and forces 

 
General Loads 

and Forces 

The Forces / Loads which have 
an influence on Älvsbacka 

Timber Bridge 
Dynamic Effect Time History Analysis 
Earth Pressure No Effect 
Earthquake Force Seismic Simulation Analysis 
Snow Load Snow Load Simulation Analysis 
Wind Force Wind Force Simulation Analysis 
Uplift No Effect 
Sidewalk Live 
Load 

Time History Analysis 

Thermal Force Thermal Force Simulation Analysis 
Stream Current No Effect 
Ice Force No Effect 
Buoyancy No Effect 
Vehicle Live Load No Effect 
Curb Loads No Effect 
Dead Load Self –Weight Simulation Analysis 
Other Loads No Effect 
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8 THE MODELLING AND 
SIMULATION OF ÄLVSBACKA 
TIMBER BRIDGE 

 

Figure 8.1.A general view of Älvsbacka Timber Bridge in 3D 

 

 

Figure 8.2.The zoomed view from deck of Älvsbacka Timber Bridge in 3D 
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Figure 8.3.The general view of Älvsbacka Timber Bridge from the front 
side in 2D 

 

Figure 8.4.The zoomed view from the bottom side of Älvsbacka Timber 
Bridge in 3D 
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Figure 8.5.The general view for of Älvsbacka Timber Bridge from the left 
side in 2D 

 

Figure 8.6.The general view for of Älvsbacka Timber Bridge from the top 
view in 2D 
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9 GENERAL STATIC AND 
DYNAMIC LOAD ANALYSIS WITH 
SIMULATION MODAL FOR TIMBER 
BRIDGE 

The observation is an important process before making the simulation 
analysis. In this context in order to determine which loads and forces 
influence the static and dynamic behaviors of Älvsbacka Timber Bridge, 
the bridge was observed and all general loads and forces were examined in 
the literature. After the observation and examination, as shown in the Table 
5.2, all general loads and forces were listed. However the simulation 
analyzes were implemented based on the loads and forces which influence 
Älvsbacka Timber Bridge. 

9.1  Dynamic Effect 

The difference of the effects of static and dynamic loads is defined within 
the difference of magnitudes of stresses which occurred on the structural 
components in a timber bridge. Because of a dynamic loads are caused by 
live loads such as moving vehicle and a static load that have same 
magnitudes generate different influences. That’s mean if a dynamic load is 
performed to a structure component, the effects will be greater than the 
static effects that has same magnitude with the dynamic load under the 
same conditions. 

The reasons of the increment such as the difference of stresses that is 
between the effects of static and dynamic loads were described as below by 
M.Ritter in his timber bridge research book as below; 

• The force of the vehicle striking imperfection in the roadway, 
• The effects of sudden loading, 
• The vibrations of the vehicle or the bridge vehicle system, 
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Eventually in the process of timber bridge design, all potential live loads 
are calculated and total dynamic effect of moving loads is considered rather 
than examining only moving vehicle effects [26].  

9.2  Sidewalk Live Load  

 In general a sidewalk is designed on bridges with vehicle traffic. Thus the 
sidewalk part is designed and constructed in order to provide a more 
comfortable environment for pedestrians, bicycles, motorcycles, animals 
and other non-highway vehicles with highway vehicles at the same. Due to 
this reason sidewalk live load is generated by moving-dynamic live loads 
on the sidewalk and the magnitudes of these loads can be varied depends on 
some factors such as material(includes the material of main beams, floor 
beams ,deck beam, surface wearing), length, width of structure of sidewalk, 
connection elements and also their positions. Because of the calculation of 
these live-dynamic loads is very difficult, according to AASHTO, sidewalk 
live loads can be able to distribute as uniformly static loads afterward it is 
performed vertically on the sidewalk area. 

The sidewalk live load can be calculated as a distributed load on the 
sidewalk area with following formulation if the bridge span is longer than 
100 ft(30,48 m). 

 
P load per square foot of sidewalk area /) 

L loaded length of sidewalk ft  
W sidewalk width ft  

 

30
3000 50

50 60 /  
 

Span length 25 85 /  

25 Span length 100 60 /  

Figure 9.1.Sidewalk live load, [26] 
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AASHTO specifications give that ‘sidewalk floors, floor beams 
(longitudinal or transverse), and their immediate supports are designed for 
live load of 85 /  and loads on longitudinal beams, arches and other 
main member supporting the side walk are based on  the side walk span 
[26].  

9.3  Curb Loads 

Generally curbs are constructed for the bridge which has vehicle traffic. 
Because curb systems is added on the bridge in order to decrease the 
influences of vehicle wheels thus some structural components especially the 
deck systems that are subjected directly to wheels impacts can be better 
preserved. Actually curb systems are normally a part of the railing 
systems.Thus curb loads which are caused by vehicle wheel impact are 
implemented to the curb or railing systems. It should be determined to 
apply for just one system. 

Figure 9.2.The curb load 

According to AASHTO specifications ‘curb loading requirements are based 
on the interaction of the curb and traffic railing (AASHTO 3.14.2). When 
curbs are used without railing or are not an integral part of a traffic railing 
system, the minimum  design load consists of a transverse line load of 677 
Nm of curb applied at the curb, or at an elevation 25,4 cm above the floor if 
the curb is  higher than 25,4 cm.[26].  
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9.4 Earth Pressure 

Earth pressure is caused by filling material on the retaining structure such 
as a retaining wall or abutments. Because of the retaining structure as 
shown in the figure below is subjected to the pressure forces of filling 
material, a horizontal pressure is occurred on these components. Even 
though earth pressure can influence to the superstructure by transmitting the 
pressure from substructure but it is noted that in many cases earth pressure 
influences directly only the substructure. 

The magnitude of earth pressure can be varied according to some 
determinants as below;  

• The topographic characteristics of the area, 
• The physical properties of the soil, 
• The interaction at the soil-structure interface, 
• The deformation in the soil-structure system, 

In order to calculate the magnitude of earth pressure, Rankine’s theory 
usually is used. An assumption that the filling material act like a fluid 
material is needed for the solution afterward the assumption such as fluid 
pressure forces is distributed as in figure 9.3 and as a  triangular load on the 
wall [26]. 

Thus Rankine Theory was developed the formulation for reach an approach 
of active and passive earth pressure however some assumptions were 
considered for the formulation as below; [27]  

• The soil is cohesion-less. 
• The wall is friction-less. 
• The soil-wall interface is vertical. 
• The failure surface on which the soil move is planar. 
• The resultant force is angled parallel to the backfill surface. 
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Figure 9.3.The earth pressure [26] 

Earth pressure coefficients 

        

:       

9.5  Uplift 

Uplift is a kind of vertical force that influences bridges. This force is 
generated like reaction force at the supports of continuous-span 
superstructures and M.Ritter has described the uplift that ‘develops under 
certain combinations of bridge configuration and loading that generate 
forces acting to lift the super structure from the substructure and uplift 
forces may develop in continuous-span timber bridges where short spans 
are adjacent to longer spans’. 

In this case substructure and superstructure components and also other 
connection equipments such as anchor bolts and tension ties of bearing 
systems are really important for the transmission of uplift forces. Because 
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uplift force that generated at the superstructures is delivered to the 
substructure by the connection elements. Due to this reason connections 
must be well designed and selected to get enough strength. Although 
substructure components shall be designed as well as withstand to the uplift 
forces. 

According to AASHTO specifications require that the calculated uplift at 
any support should be resisted by member designed for the largest force 
obtained under the following two conditions; 

• 100 percent of calculated uplift caused by any loading or loading 
combination in which the vehicle live load (including impact, when 
applicable) is increased by 100 percent 

• 150 percent of the computed uplift at working load level from any 
applicable loading combination [26]. 

 

 

Figure 9.4.The uplift force 

9.6 Stream Current Pressure Force 

Stream current pressure force is caused by stream current. It means that 
some structural bridge components such as pier and foundation structure 
that are located in the water are subjected to stream flow pressure. Thus this 
stream flow generates a pressure force on the structure surfaces as shown in 
figure 9.5; 
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Figure 9.5.The stream current pressure force 

Then the stream flow pressure on the surface of the substructure which is 
subjected can be able to calculated by the formulation 9.1 as below but 
there are some remarkable points to be consider in the calculation process; 

• Calculating the pressure area of substructure, streambed and mud 
grade must be considered. 

• The velocity of water may vary depending on the depth. 
• If a stable velocity is estimated, it is possible to obtain a reasonable 

result. 
• The stream current pressure tends to overturn or dislocate the 

piers/foundation structure. Due this reason, piers and foundation 
structures must be designed and constructed as wide as possible in 
order to reduce the magnitude of pressure.  

As a result the designer shall be considered these all determinants, but in 
practice some challenges came up for the designer. For example hydraulic 
parameters and depth can be varied depending on years and local conditions 
and statistical records cannot be clear, in this point the designer shall be 
determined the best judgment [26]. 

 

1   ,   ,                9.1        
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:    ;  

:   

:         [26]. 

9.7 Ice Force 

Ice force is considered if a bridge is constructed in a region that is subjected 
to hard cold climate conditions. Especially substructure or some structure 
components will be built up in stream; probably these parts will be 
subjected to ice forces. 

According to the literature, several reasons which are caused for occurrence 
of ice forces were determined by M.Ritter as below; 

• The dynamic force of floating ice sheets and floes striking the 
structure. 

• The static ice pressure from thermal movement of continuous ice 
sheets on large bodies of water. 

• The static pressure produced by ice jams forming against the 
structure. 

• The static vertical forces caused by fluctuating water levels when 
piers are frozen into ice sheets. 

Actually to estimate and to calculate ice forces are very hard. Because there 
are some determinants such as ice thickness, length, strength and ability of 
movement and construction features. Thus AASHTO provides guidelines in 
order to calculate dynamic ice forces on the substructure such as girders, 
piers and foundation structure but these guidelines are not suitable for 
calculation of static forces because the calculation is based on the local 
conditions that’s way to generalize is impossible for reach to accurate 
results but the static ice forces can be estimated by using the some past case 
experience, statistics and relevant investigation about the conditions. [26].  
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9.8 Buoyancy 

Buoyancy is one of the main forces or loads which influence to a structure 
of bridge. This vertical force is really important for a bridge design which is 
constructed below the water surface or in other words if a bridge which has 
some structure components such as girders and foundation structures will 
be built up in water, it shall be considered in design process. Älvsbacka 
Timber Bridge has no structural components in the Skellefteå River but in 
this thesis it is mentioned in a generalization way.  

Buoyancy is described in a physic law that called Archimedes’ Principle. 
According to Archimedes ‘the weight of the displaced fluid is directly 
proportional to the volume of the displaced the surrounding fluid which is 
of uniform density. In simple terms the principle states that buoyancy force 
on an object is going to be equal to the weight of the fluid displaced by the 
objects, or the density of the fluid multiplied by submerged volume times 
the gravitational acceleration, g. Thus among completely submerged 
objects with equal masses, objects with greater volume have greater 
buoyancy’. [37] 

 
  

  
      

 
 

 

Figure 9.6.The buoyancy force [26] 
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Thus buoyancy concept can be illustrated and formulated as shown in 
figure 9.6. 

In practise for most of timber bridge construction cases, it was realized that 
the influences of buoyancy force are small enough to be ignored. 
Nevertheless it is obvious that there are some definite effects such as to 
reduce the mass of structure of bridge by lifting up the substructure. What 
is the more important that buoyancy force causes a reduction in the 
resistance which the substructure of the bridge withstand against to uplift 
from vertical to horizontal force that means overturning of the bridge. 

Ultimately it should be noted that ‘buoyancy is most significant in the 
design of massive footings or piers where dead load is a considerable 
percentage of total load’ also this point has been emphasized by M.Ritter. 
[26].  

9.9 Other Loads 

In this thesis it was mentioned a large number of load type generally which 
influence a bridge structure but in addition know that there are some other 
loads which affect to timber bridges during construction process and its 
service life. These loads are transportation, handling and erection. In fact 
when long and slender timber beams are used, it shall be taken into extra 
consideration. 

Determination especially quantifying these kinds of loads is difficult 
because the mentioned all other loads can be varied according to each 
project case. Due to this reason, a generalization is not possible or it cannot 
be correct. [26]. 
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9.10 Modal Analysis 

Modal analysis of the structure of Älvsbacka Timber Bridge was carried out 
by using Multiframe4D in order to calculate up to first 20 Eigen 
frequencies (natural frequencies) and obtain mode shapes of the bridge 
structure. 

In the process of to perform modal analysis in Multiframe4D, subspace 
iteration is a method that is used in many structure cases and in this case 
subspace iteration was applied as a method. However it is necessary to 
determine a value for the convergence error in order to obtain accurate 
results. As seen in the following formulation that provides convergence 
error was implemented at the end of each iteration thus convergence error 
falls down step by step and it can be completed successfully. Guided by 
these parameters, the value of convergence error as ‘0,003 %’ was applied 
to in Multiframe4D during the modal analysis process and the number of 
iteration was taken as 20. 

  ∑ , ,

,

                        (9.2)                            

 ,      . [39] 

Afterward the mass matrix type and the analyses type were determined for 
the appropriate structure of bridge analyze. The type of analyze was carried 
out in 3D and  more importantly Multiframe4D supplies two different types 
of mass matrix such as ‘Lumped mass matrix’ and ‘Distributed mass 
matrix’ when doing the modal analysis. Both types of mass matrixes can be 
used but in this case lamped mass matrix was obligated to choose due to 
lumped mass matrix needs the memory usage less than distributed mass 
matrix. Because lumped mass matrix is already decoupled that’s way the 
memory is required for just the diagonal. Thus lamped mass matrix is a 
suitable type because of Älvsbacka Timber Bridge simulation’s model that 
was obligated to create by reaching the limit of numbers of elements in 
order to draw every detail. That means the number of elements usage limit 
has been almost reached in the model of bridge simulation for the software 
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program Multiframe4D (this discussed knowledge was taken from 
Multiframe4D supporting service in US). Because the bridge was claimed 
to be modeled with all structural components and ‘coupling elements as a 
connection component’ (coupling element was mentioned in detail in 
9.11.Self-weight simulation analysis) in order to create a bridge model 
completely such as a real bridge with every detail. In addition due to some 
computer technical problem as not enough memory storage, the method of 
distributed mass matrix could not be implemented to the simulation model 
of Älvsbacka Bridge and the results of both matrix methods could not be 
compared to each other. 

To determine mode shapes of the bridge structure and to calculate the Eigen 
frequencies of the bridge was purposed by using Modal Analysis. Natural 
frequencies and mode shapes are really important for the structure due to 
natural frequencies and mode shapes reflect the relation of interaction that 
exists between the stiffness of the bridge structure and the inertial effects of 
the mass of bridge. 

Thus the subspace iteration method is used by Multiframe4D for modal 
analysis process of the structure in order to determine the natural dynamic 
response of the bridge structure by solving the equation (9.3); 

 0                                                                   (9.3)  

In the equation of (9.3),  represents the mass matrix,  is the vector of 
joint acceleration,  represents the stiffness matrix and  is the vector of 
joints displacements. [39]. 

The natural responses and behaves as mode shapes of the structure are 
obtained by solving the equation of un-dumped free vibration. Thus the 
solutions that base on the longest period and lowest natural frequencies can 
be computed by using the software program Multiframe4D with the local 
member mass matrix such as lamped and distributed. 

The Lamped mass matrix model as follow was used for Älvsbacka Timber 
Bridge. [39]. 
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 0                                                                                (9.4)                            

When the system oscillates in the vibration mode shape at level j, all the 
masses carry out, in synchronization, harmonic motions with the same 
period and the same phase; 

 sin                                                                      (9.5)                            

When this expression is combined with the equation of matrix form of un-
damped system;  

sin   sin   0                     (9.6)                            

 In order to simplify the equation of (9.4), both of two sides of the equation 
are divided by sin   thus, 

0                                                                           (9.7)                            

Two sides of the equation is multiplied by /   where F is the flexibility 
matrix following, 

/ / 0                                                 (9.8)                             

/ 0                                                                 (9.9)                            

And by substituting the identity matrix as FK= I following 

/ 0                                                                  (9.10)                             

Afterward the determinants are defined for the system of both equations of  
0  that no of (9.7) and / 0 that no of 

(9.10) thus; the characteristic equations of system are obtained as below; 

       0                                                                (9.11) 

 That on the basis of the matrix of stiffness;                                                   
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/ 0 ,                                                              (9.12) 

 That on the basis of matrix of flexibility,                                

Development of one or other of the determinants leads to an algebraic 
equation of degree n in ω  , and the n roots of this equation( 

, , … . ,  characterize the frequencies of n modes of vibration. 

When the value of  ω  is put in the equations of  0  that no 
of (9.7)   and  / 0 that no of (9.10), it is obtained a 
matrix equation of order n and .  

b. Matrix iteration method (Stodola): The difference of this method 
according to the classical method is to implement an iteration 
technique by using an initial value of   which may be figured out 
arbitrarily instead of investigation of an accurate result. 

 
2. Rayleigh’s Method  
a. Simple method: Rayleigh’s Method is a suitable technique for multi 

degree of freedom systems and this method works according to the 
principle of conversation of energy. Because of this ω can be 
calculated by using the conversation of kinetic and potential energies. 
Thus in order than obtained an accurate result, in this point the 
deformation becomes more than an issue. 

 
• A reasonable deformation  for the system is assumed, generally 

obtained by the application of any static loading case  on the 
mass . 

• The maximum kinetic and potential energies,   and   , of the 
masses thus displaced, are equated. 

• For single degree of freedom system-SDOF, it is applied following; 

                                                                                      (9.13)                            
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                                                       (9.14)                            

, ,                                                       (9.15)                             

Thus   , is obtained also it can be able to generalize for multi 
degree of freedom systems as below, 

∑ / ∑                                                           (9.16)                            

Where   is the load and the system mass  that acts a static load 
 and this static load as   is replaced by  in the equation 

following; 

∑ / ∑                                                           (9.17)                            

Thus it is obtained formulation as below  

∑ / ∑                                                     (9.18)                            

Afterward by taking   as unity, the formula may be modified as a 
result following; 

∑                                                                   (9.19)                            

b. Iterative method: In order to obtain more accurate results, in this 
method an iteration technique is implemented to the Simple Method. 
Thus it is iterated from step (a) to step (a+1) as below; 

  
/                                                             (9.20)                             

And this iteration can be continued till reach a reasonable and accurate 
result. [28] 

∑ / ∑                             (9.21)                             
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Thus by considering all specifications, modal analysis was implemented to 
simulation model and shown in the figures 9.7.1 to 9.7.10. The first 20 
natural frequencies and mode shapes were obtained as in the following 
pictures. 

Mode shape 1: 0.518 Hz, 
Horizontal (Lateral)  

 

Mode shape 2: 1.298 Hz, 
Horizontal (Lateral) 

 

Figure 9.7.1.The mode shapes 1 and 2 

Mode shape 3: 1,456 Hz, 
Vertical  
 

Mode shape 4: 1.848 Hz, 
Vertical 

 

 

Figure 9.7.2.The mode shapes 3 and 4 
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Mode shape 5: 2.015 Hz, 
Mixed 

Mode shape 6: 2.085 Hz, 
Pylons, Horizontal 

 

 

Figure 9.7.3.The mode shapes 5 and 6 

Mode shape 7: 2.133 Hz, 
Torsional 
 

Mode shape 8: 2.230 Hz, 
Horizontal (Lateral)  

 

 

Figure 9.7.4.The mode shapes 7 and 8 
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Mode shape 9: 2.807 Hz, 
Torsional 
 

Mode shape 10: 2,928Hz, 
Vertical  

 

 

Figure 9.7.5.The mode shapes 9 and 10 

Mode shape 11: 3.209Hz, 
Horizontal(Lateral) 
 

Mode shape 12: 3,372Hz, 
Vertical 

 

 

Figure 9.7.6.The mode shapes 11 and 12 
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Mode shape 13: 3.686 Hz, 
Pylon, Mixed 
 

Mode shape 14: 3.697 
Hz, Pylon, Mixed 

 

 

Figure 9.7.7.The mode shapes 13 and 14 

Mode shape 15: 3.732 Hz, 
Pylon, Torsional 
 

Mode shape 16: 3.746 
Hz, Pylon, Torsional 

 

Figure 9.7.8.The mode shapes 15 and 16 
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Mode shape 17: 3.939 
Hz, Vertical 
 

Mode shape 18: 4.010 
Hz, Mixed 

 

Figure 9.7.9.The mode shapes 17 and 18 

Mode shape 19: 4.126 Hz, 
Mixed 
 

Mode shape 20: 4,703 
Hz, Vertical 

 

 

Figure 9.7.10.The mode shapes 19 and 20 
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9.11 Self Weight Simulation Analysis 

Self weight is a kind of static load that is caused by the total weight of all 
components of the bridge structure. Before making the simulation of 
Älvsbacka Timber Bridge and carrying out the self weight analysis for the 
bridge, all components with their properties of Älvsbacka Timber Bridge 
were determined one by one. Components of the bridge structure such as 
pylons, main beams, cross beam, decks, cables, supporting beams etc were 
simulated with characteristic values of the material by using the 
commercial software program Section Maker. 

In process of the creation of structural elements, as shown in the table 9.2 
and table 9.3, first of all each structural element of Älvsbacka Timber 
Bridge was drawn on the basis of its real dimensions by using the software 
program of Section Maker of Multiframe4D. Afterwards in order to identify 
the drawn shape as a material, all properties and values of characteristics 
such as density, thermal coefficient, Poisson’s ratio, Young’s 
modulus(elasticity modulus), shear modulus (modulus of rigidity)  etc. were 
put in. Thus a material library that includes all structural components of 
Älvsbacka Timber Bridge was formed. 

 However in the section there are several different types of elements called 
‘Coupling Element’ in the literature. In the reality there is no such an 
element. These coupling elements were created as a so-called real material. 
During the creation material process, it was followed same way as in the 
creation of other real materials. At first the coupling beam shape was drawn 
by estimate the optimum dimension with respect to the determinant 
coordinates which the coupling element will be placed between them 
thereafter the most suitable and appropriate values of its all physical 
characteristics except the density  were  figured out. The value of density 
was put as almost ‘zero’ like ‘0.0000000000000001’ in order to adjust total 
stiffness of the bridge to obtain accurate Eigen Frequency. The coupling 
element is only used as an extra component element for structures designs 
in the virtual environment in order to provide a connection by adding a 
coupling element between two structural components. Thus the drawing of 
design in the software program can be able to seem like in real 
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construction. On the other hand due to the coupling element is an extra 
component in the structure, the weight of the coupling element will be 
added the total permanent weight of the structure thence the total mass of 
the structure will be seem to be increase. But in the real case, it is 
impossible to have something like this. Because of this reason the density 
of the coupling element is taken a diminutive value as almost zero so that it 
can be able to draw the design of structure correctly as in the reality and 
obtain the accurate results with analyzes by ignore/remove the weights of 
coupling elements in order to prevent to add the extra mass for the total 
mass of the structure. 

 

Figure 9.8.The connection type of coupling element 

As shown in the figure 9.8, a few coupling elements were drawn as beam in 
order to supply a connection between the timber beam and the steel beam. 
In the real case these structural components as timber beam and steel beam 
of Älvsbacka Timber Bridge was attached each other like face to face as 
shown in the figure 9.8. If the coupling element do not use in this case, the 
steel beam will be attached at the center point that is inside of the timber 
beam section so it would affect the result of drawings, simulation and even 
the most important part that the analyze. 
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Table 9.2.The physical properties of structural components 

 

Table 9.3.The material properties of structural components 
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Table 9.4.The results of self-weight analysis 

Analyzes  Result Values Cable Tensions  

Deflection (dy)  14.089 cm  1.Cable:408.453  kN  

Bending 
Moments(Mz′)  

225.558 kN-m  2.Cable:121.932  kN  

Shear 
Force(Vy′)  

206.146 kN-m  3.Cable:206.271  kN  

Axial 
Force(Px′)  

991.297 kN  4.Cable:228.080  kN  

Bending 
Moments(My′)  

188.599 kN-m  5.Cable: 194.620 kN  

Shear 
Force(Vz′)  

206.136 kN   

Torque(Tx′)  3.199 kN-m   
 

 

 

 

 

Figure 9.9.1.Deflection 
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Figure 9.9.2.My′: Bending Moments about the local y′ axis of the members. 
(Out of plane bending) 

 

  
 

Figure 9.9.3.Mz′: Bending Moments about the local z′ axis of the members. 
(In plane bending) 

 

 

 

 

 

Figure 9.9.4.Px′: Axial Force along the local x′ axis of the members 
(tension or compression) 
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Figure 9.9.5.Tx′: Twist or torque about the local x′ axis of the members 

Figure 9.9.6.Vy′: Shear Force through the local y′ axis of the members (In 
plane shear) 

 

 

 

 

 

Figure 9.9.7.Vz′: Shear Force through the local z′ axis of the members (out 
of plane shear) 
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As a conclusion, the results of self weight analysis are shown in the figure 
9.9.1-9.9.7 and table 9.4. According to these results, one of the important 
parameters, the deflection was obtained as a maximum value of 14.089 cm 
at the middle of the bridge. However the tension of cables that is caused by 
self weight of the structural components are in reasonable values. On the 
other hand bending moments, shear forces, axial forces and torque analysis 
were carried out and the max values of these analyzes were shown in table 
9.4 and figure 9.9.1-9.9.7. The value of 991.297 kN as max axial force was 
occurred at the pylons but there was no big effect on the main bridge in 
figure 9.9.4.  

As seen in the figure 9.9.5, torque was occurred on the main deck 
especially at the connections between cable and supporting steel beam. But 
the magnitude was small in comparison with other physical analysis values. 
In addition shear forces in x and y directions have been came up in safe and 
the max values were calculated and found at the connection between cable 
and bridge deck also at the connection point on the top of the pylons. The 
effect of shear forces as seen in figure 9.9.6 and 9.9.7 was realized to 
decrease when goes away from the connections. Due to this reason the 
connection points are important and it is necessary to obtain accurate 
calculations. Lastly other physical issue, bending moments about the local 
z′ axis as shown in figure 9.9.2 and 9.9.3, the max influence was occurred 
at the connection of second cables and the max value was obtained as 
228,518 kN. But the influence of bending moments about the local y′ axis 
was less than bending moment about the local z′ axis.  And the max value 
was measured between second and third cables also third and fourth cables 
although influence was reached the maximum at the connection of second 
and third cables. 
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9.12 Wind Force and Wind Force Simulation 
Analysis 

Wind force is a dynamic load that is generated by the pressure of wind 
which is influenced the structural components of the bridge. The wind load 
can be varied according to some basic conditions following; 

• The velocity of wind. 
• The angle of wind. 
• The wind direction. 
• The bridge structure’s shape and size. 
• The wind conditions of the region where the bridge will be 

constructed. 

As in shown in the figure 9.10, wind force is created with some 
determinants such as velocity, direction, angle etc. is applied horizontally to 
the timber bridge components especially on the superstructure and 
substructure. The magnitude of the wind force can be varied according to 
the structural components and wind characteristics especially the velocity. 

Wind loads are implemented as uniformly distributed loads to the timber 
bridge superstructure that includes the railing system, curb, decks and the 
substructure components viewed in an elevation at 90 degrees to the 
longitudinal bridge axis. However substructure carries weight with the wind 
load application and in the specification of AASHTO, it was mentioned that 
‘substructures are designed for wind loads transmitted to the substructure 
by the superstructure and those applied directly to the exposed area of the 
substructure’. [26]  

During wind load analysis process, in order to apply wind force to the 
simulation modal of Älvsbacka Timber Bridge as below, a wind load was 
created with the wind characteristics such as direction, density and strength. 
Thus first of all, the height and velocity of the wind were defined as 23.1 
meters and 5 m/second. The height for the wind force was taken the same 
height as the pylons of the Älvsbacka Timber Bridge. The magnitude of 
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velocity was taken as the average of the wind velocities in the spring time 
and based on the climate of Skellefteå city. 

Figure 9.10.Wind force application to simulation model of the bridge 

Afterward in order to calculate the wind pressure, the air density was 
adjusted and the value of air density was taken approximately as 1,2 /

 according to International Standard Atmosphere. 

0,5                                                               (9.22)                            

where C represents a combination of the user and shape factors. [29] 

And other important determinant is wind direction. For the structure of 
Älvsbacka Timber Bridge, wind direction is applied horizontally as 270 
degrees in the z axis. 

However the created wind load was adjusted that it will be influenced all 
components and also the wind force includes friction drag force to side 
walls and railing system. Friction Drag Force was calculated automatically 
by Multiframe4D following formulation. [29] 

0,5                                                    (9.23)                             

           0.01  

               1.0 
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For complete the creation of wind force, there were some members factors 
that need to be defined as ‘   ’ represents the aspect ratio factor and it 
was taken to 1.0 according to the specification of AS1170. ‘  ’is the drag 
force coefficient thus the value was put to 1.0 according to the specification 
of AS1170. ‘   ’ is the inclination factor and the value taken to 1.0 
according to the specification of AS1170. [29] 

Table 9.5.The results of wind force analysis 

Analyzes  Result Values Cable Tensions  

Deflection (dz) 1.493 cm  1.Cable:1.701 kN  

Bending 
Moments(Mz′) 

2.102 kN-m  2.Cable:0.053  kN  

Shear 
Force(Vy′)  

6.045 kN-m  3.Cable:0.002 kN  

Axial 
Force(Px′)  

62.871 kN  4.Cable:0.635 kN  

Bending 
Moments(My′) 

5.553 kN-m  5.Cable: 2.128 kN  

Shear 
Force(Vz′)  

6.045 kN   

Torque(Tx′)  0.441 kN-m   
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Figure 9.11.1.Deflection 

 
 

Figure 9.11.2.My′: Bending Moments about the local y′ axis of the 
members. (Out of plane bending) 

  

Figure 9.11.3.Mz′: Bending Moments about the local z′ axis of the 
members. (In plane bending) 
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Figure 9.11.4.Px′: Axial Force along the local x′ axis of the members 
(tension or compression) 

 

Figure 9.11.5.Tx′: Twist or torque about the local x′ axis of the members 

 

Figure 9.11.6.Vy′: Shear Force through the local y′ axis of the members (In 
plane shear) 
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Figure 9.11.7.Vz′: Shear Force through the local z′ axis of the members 
(out of plane shear) 

As a conclusion, after the application of wind force for the bridge, the 
results of all analyzes were obtained as shown in table 9.5. The deflection 
magnitude in  the y direction is 1.493 cm, also the deflection value in x 
direction was measured but it was too small due to the wind force was 
implemented to bridge in  the y direction in figure 9.11.1. Also because of 
this reason, the values of cable tensions were close to 0 kN, the max cable 
tension is around 2 kN in fifth cable. As in seen figure 9.11.4, axial force 
was effected to whole bridge deck and pylons but big influence was 
occurred middle of bridge as 62,871 kN and the effect of axial force has 
been decreased when goes away from the middle of the bridge. 

Bending Moments about the local y′ axis in figure 9.11.2, the greatest 
influence as 5.553 kNm was came up at the beginning of the main deck but 
even though the bending moments about the local z′ axis was less than 
bending moment local y′ axis, in middle of the bridge, it was realized there 
was a influence area especially connection points that should be considered 
as shown in figure 9.11.3. 

In the figure 9.11.5, the twisting was distributed non-uniformly on the 
bridge deck, even thought there was no considerable influence, the effect of 
torque has been reduced from the beginning of the bridge towards middle 
of the bridge but the area to be considered is around first cable connection. 
However Shear Force through the local y′ axis and z′ axis in figure 9.11.6 
and 9.11.7, the maximum influences were same value of 6.045 kNm. Figure 
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9.11.6, shear force Vy’ has an influence especially on the supporting steel 
beams but as shown in figure 7.10.7 Vz’ has been influenced also 
supporting steel beams but the steel I-beams was subjected mostly to shear 
force through the local z. 

9.13 Snow Load and Snow Load Simulation Analysis 

Snow load is a kind of the static force that is caused by the total weight of 
accumulated snowfall on the bridge. This load can be able to reach 
dangerous levels according to location of the bridge. Thus snow load must 
be taken into consideration definitely in the design process if the bridge will 
be constructed in an area where is subjected to potentially heavy snow-
falling during the whole winter season. But before the design of the bridge, 
the weather conditions of bridge location must be investigated and the 
magnitude of potentially snow falling must be estimated. Snow load can be 
verified with historical records data of National Weather Station but it is 
better way to consider the local records rather than generalized information. 

Actually the most important effect is about a pattern of snow accumulation 
that can be able to form on the bridge structure. On the other hand 
windblown snow drifts sometimes can be influenced much more rather than 
other loads which are caused by snow accumulations. Because windblown 
snow drifts generate unbalanced loads, a pattern of snow accumulation 
influences the bridge structure as a uniformly distributed force. There are a 
few major determinants for the drifting. The topology, the shape of the 
bridge and other features that caused changes in the general wind flow 
influence the drifting. The shape of the bridge is important for the drifting 
because some structural components of the bridge such as railing system 
can able to be serve to keep some drifting snow and set the stage for large 
accumulations.                   

Before making snow load simulation analysis with Multiframe 4D, it is 
necessary to calculate the maximum potential snow load that will be able to 
influence the bridge. 
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According to Eurocode 1 specification, Snow load calculation and rules for 
the structures can be followed [30] 

 . . .                                                                             (9.24)                            

  Shape Coefficient 

 Exposure Coefficient 

 Thermal Coefficient 

 Characteristic ground snow load  

First of all, the characteristic ground snow load was calculated by follow 
the formulation as below. 

0,790. 0,375                                                         (9.25)                            

As shown in the tables below, Z represents the zone number and A 
represents the altitude of region. In this way, Älvsbacka Timber Bridge has 
been built up in Skellefteå / Sweden so the value of zone number was 
figured out as 2,7 /  for the zone number of 3 from the table of 
European Climatic Regions for Sweden. However the altitude (A) of region 
of Skellefteå is around 300-310 m. 

 

 

Figure 9.12.1.Eurocode 1 Snow Load: European Climatic Regions for 
Sweden 



82 
 

Hence, Characteristic ground snow load was calculated by putting the 
values of Z and A. 

0,790.2,7 0,375                                                       (9.26)                            

3,43 3,5 /                                                              (9.27)                             

Shape coefficient was determined. The angle of pitch of Älvsbacka Timber 
Bridge’s shape is calculated following; 

  tan 0,93°                                                         (9.28)                             

The slope of the bridge is too small and it is almost like a straight line. 
Afterward the value of shape coefficient was obtained as  0,8 for  

 0,93° .                                                                                                                             

 

Figure 9.12.2.Eurocode 1 Snow Load coefficients, [30] 

According to Eurocode 1, Thermal Coefficient was taken generally as, 
 1  for all cases except some extreme cases.  

According to Eurocode 1, Exposure Coefficient was taken as   1  for 
Normal topography areas where there is no significant removal of snow by 
wind on construction work, because of terrain, other construction or trees. 

Thus all coefficients were determined after that the max potential static 
snow load was calculated by using the coefficient with the formula 
following; [30] 

 



83 
 

0,8  1  1  3,5                          (9.29)                                           

2,8 /                           (9.30)                                           

Hereby the calculated maximum snow load was implemented to the 
simulation modal of Älvsbacka Timber Bridge and after these analyzes it 
was demonstrated that Älvsbacka Timber Bridge can resist extreme snow 
load with shown results in the table 9.6 and also the figures 9.13.1 to 9.13.7 
that represent the corresponding behaviours of the bridge. 

Table 9.6.The results of snow load analysis   

Analyzes  Result Values  Cable Tensions  

Deflection 
(dy)  

4.629 cm  1.Cable:137.564 kN  

Bending 
Moments(Mz′) 

93.354 kN-m  2.Cable:42.501 kN  

Shear 
Force(Vy′)  

69.132 kN-m  3.Cable:69.152  kN  

Axial 
Force(Px′)  

308.641 kN  4.Cable:76.487  kN  

Bending 
Moments(My′) 

62.248 kN-m  5.Cable: 65.306 kN  

Shear 
Force(Vz′)  

69.129 kN   

Torque(Tx′)  3.205 kN-m   
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Figure 9.13.1.Deflection 

 

Figure 9.13.2.My′: Bending Moments about the local y′ axis of the 
members. (Out of plane bending) 

  

Figure 9.13.3.Mz′: Bending Moments about the local z′ axis of the 
members. (In plane bending) 
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Figure 9.13.4.Px′: Axial Force along the local x′ axis of the members 
(tension or compression) 

Figure 9.13.5.Tx′: Twist or torque about the local x′ axis of the members 

 

 

 

 

 

Figure 9.13.6.Vy′: Shear Force through the local y′ axis of the members (In 
plane shear) 
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Figure 9.13.7.Vz′: Shear Force through the local z′ axis of the members 
(out of plane shear) 

As a conclusion, after the potential max snow load was applied to bridge, 
the deflection magnitude, cable tensions, shear forces, bending moments, 
axial force and torque values were obtained as shown in table 9.6. The max 
deflection was measured as the value of 4.465 cm at the middle of the 
bridge in figure 9.13.1. Due to the max snow load implemented to bridge, 
cable tensions were reached to max magnitudes but the first cables that are 
back of the pylons were subjected to the most stress with 137.564 kN. 

However, the distribution of axial force as shown in the figure 9.13.4, and 
especially the pylons were bearing high axial forces because of the high 
cable tension magnitudes. As can be seen in figure 9.13.5 twisting occurred 
at the connection area between cables and supporting steel beams but the 
max torque was measured on the second cables connection points.  

The bending moments around the local z axis is greater than the bending 
moments about y axis. The max bending moment was in the third cables 
connections although between fourth and fifth cables big stress was 
occurred to be considered in figure 9.13.3, this part also noticed with 
influences of bending moment around the local y axis, showed in the figure 
9.13.2.  

The Shear Forces Vy’ and Vz’ have almost same magnitude with 69.1 kN 
but even though shear force through the local y axis was occurred at the all 
connection between cables and supporting steel beams, shear force through 
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the local z axis was dominantly at the connection of second and fourth 
cables. 

9.14 Thermal Force and Thermal Force Simulation 
Analysis 

Thermal effect is a force that is caused by temperature changing in the 
bridge structure components. There are several major factors which affect 
the magnitude of thermal forces; 

• The length of structural component. 
• The degree of temperature change. 
• The thermal expansion coefficient of the structural component 

material. 

The material of timber is not different from others in terms of thermal 
behavior. Just as other materials, when the timber is subjected to heat, it 
tends to be expanded and when the timber is subjected to cool, it tends to 
contract. Thus the thermal forces influence all structural components 
especially steel parts, connection elements, the most important components 
as steel cables and supporting steel beams that are much more sensitive to 
temperature changes. On the other hand most of timber bridge cases, it has 
been realized that the influences of thermal forces for the timber 
components can able to be neglected due to the small magnitude of thermal 
effects. That’s way the many of timber bridge applications the thermal 
effects for timbers was ignored. [26]  

In spite of everything, when considering the timber bridge as a whole that 
consists of  all structural components that made of different types of 
material such as steel, timber, concrete, iron… etc , it is realized to how the 
thermal force is important especially under some conditions following; 

 Long structural components. 
 Bridge structure subjected to extreme temperature changes. 
 Structural elements which made of other materials especially steel, 

iron etc. are used. 
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In the literature, it is hard to find a guideline of thermal action on timber 
bridges. But Norwegian Public Roads Administration has been measured 
temperature by investigating as an observation work five different bridges 
during 10 years. Thus the NPRA has been delivered as a conclusion ‘The 
NPRA has no reason to believe temperature actions causes problems in the 
observed timber bridges’ [10] ITCB 2010, H. Kepp, T. Dyken, NPRA. Also 
the German timber design standard DIN 1052:2008-12 [11] mentions that 
temperature changes may be neglected in wooden structures. Rug and 
Mönk [12] however deformations and additional forces due to temperature 
changes must be checked if parts of structure beside the joints are made of 
steel. [31], [32] 

In the context, by considering all these important determinants, a thermal 
analysis was implemented to the simulation modal of Älvsbacka Timber 
Bridge. Thus a thermal load based on the weather conditions of the day of 
8th of May 2012 that was created. According to the weather conditions of 
the day of 8th of May, the temperature was between from 2  to11 . 
However in order to investigate how Älvsbacka Timber Bridge will react 
under extreme weather conditions, a thermal load were created with the 
temperature between  35  to25 .  

All thermal analysis with the simulations, as can be seen in both thermal 
load cases, the bridge behaves in safe way and Älvsbacka Timber Bridge is 
not under any dangerous situations regarding thermal influences even in 
extreme thermal conditions. 

As shown in the following table, the deflection magnitudes are not big. 
Actually for Älvsbacka Timber Bridge the most important structural 
components are steel cable and there thermal influences. Due to this reason 
cable tensions were examined more carefully and it was demonstrated with 
both thermal analysis cases that thermal effects are not sufficient to 
endanger the bridge. 
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Table 9.7.The results of thermal analysis 

 
Analyzes  

Result Values  Cable Tensions  

2/11 
 

25/-35 
  

Cable 
No 

/
 

/  
 

Deflection 
(dy)  

1.666   
cm 

7.543 
 cm 

1.Cable 8.571 
kN 

8.126 kN 

Bending 
Moments(Mz′) 

82.759 
kN-m  

543.877 
kN-m 

2.Cable 7.612 
kN 

42.32 kN 

Shear 
Force(Vy′)  

93.488 
kN-m  

70.264 
kN-m 

3.Cable 1.877
kN 

1.154 kN 

Axial 
Force(Px′)  

260.0 
kN  

217.795 
 kN 

4.Cable 0.618 
kN 

2.492 kN 

Bending 
Moments(My′) 

38.359 
kN-m  

43.47  
kN-m 

5.Cable 10.12 
kN 

8.673 kN 

Shear 
Force(Vz′)  

93.488 
kN 

70.26 
kN 

  

Torque(Tx′) 4.469 
 kN-m 

6.613 
kN-m 

  

 

 
 

Figure 9.14.1.Deflection 
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Figure 9.14.2.My′: Bending Moments about the local y′ axis of the 
members. (Out of plane bending) 

 

Figure 9.14.3.Mz′: Bending Moments about the local z′ axis of the 
members. (In plane bending) 

 

Figure 9.14.4.Px′: Axial Force along the local x′ axis of the members 
(tension or compression) 
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Figure 9.14.5.Tx′: Twist or torque about the local x′ axis of the members 

 

 

 

 

 

Figure 9.14.6.Vy′: Shear Force through the local y′ axis of the members (In 
plane shear) 

 

Figure 9.14.7.Vz′: Shear Force through the local z′ axis of the members 
(out of plane shear) 
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As a conclusion, first of all in the literature it is mentioned that thermal 
force does not have small influence a timber bridge. But Älvsbacka Timber 
Bridge should be evaluated for thermal analysis in a different way. Because 
it does not consist of only timber structures, some of the most important 
parts are steel cables and supporting steel beams. As shown in table 9.7, 
especially steel cables can be able to be subjected to the unsteady thermal 
conditions in the city of Skellefteå. When the bridge was subjected to 
thermal condition of between 2 and 11 centigrade, the deflection magnitude 
was obtained as 1.666 cm see figure 9.14.1. But under the extreme 
condition as 25/-35 centigrade, as in table 9.7, the deflection magnitude was 
reached 7.543 cm and it was a quite big value regarding to thermal 
influence.   

Following forces were controlled the bending moments around the local y′ 
axis in figure 9.14.2, bending moments around the local z′ axis in figure 
9.14.3, axial force along the local x′ axis in figure 9.14.4, shear force 
through the local y′ and z′ axis in figure 9.14.6 and 9.14.7 and twisting in 
figure 9.14.5. 

9.15 Finite Element Method Patch Simulation 
Analysis 

Finite Element Analysis, (FEA) as a tool was applied to simulation modal 
for the structure of Älvsbacka Timber Bridge in order to make the patch 
analysis with a static force. Finite element analysis is known as the Plate 
Analysis in the software program of Multiframe4D. 

The finite element method is used as one of the numerical technique in 
order to reach approximate solution with partial differential equations and 
‘the finite element method is a good choice for solving partial differential 
equations over complicated domains like a bridge structure, when the 
domain changes as during a solid state reaction with a moving 
boundary’[33].  
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Thus in the process of FEM for structural analysis, the procedure is 
described as below [34]; 

• The structure is divided in pieces that represent elements that 
consist of nodes. 

• The behavior of the physical quantities on each element is 
described. 

• The elements at the nodes to form an approximate system of 
equations for the whole structure are assembled. 

• The system of equations involving unknown quantities at the nodes. 
• The desired quantities such as strains or stresses at selected elements 

However for the simulation implementation procedure; 

• Pre-processing ( build finite element model, loads and 
constraints) 

• Finite element solver ( assemble and solve the system of 
equation) 

• Post-processing (sort and display the results), see [33], [34]. 

 

Figure 9.15.1.Plate bending and Transverse shear forces [38] 

As it can be seen in the figure 7.14.1, transverse shear forces affect at the 
positive side of coordinate system. However it represents the illustration of 
plate local coordinate system and global coordinate system that was 
described with a correlation between them. 

Transverse shear forces: Vxz’ and Vyz’  
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Figure 9.15.2.Plate bending and twisting moments [38] 

The stresses and internal forces such as twisting moments, bending 
moments and transverse shear forces were shown in the figure 9.15.1 and 
figure 9.15.2. 

Plate twisting moment: Mxy’  
 
Plate bending moments: Mxx’ and Myy’  
 
As illustrated in figure 9.15.2, stresses that effect on the positive side are 
directed to the positive coordinate axes also stresses that effect on the 
negative side are directed to the negative coordinate axes. The direction of 
x’ and y’ as shown in figure 9.15.2 represent to the positive local coordinate 
direction for a positive faces. 
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Figure 9.15.3.The finite element analysis 

Thus in this task, the finite element analysis – the plate analysis was carried 
out for Älvsbacka Timber Bridge by providing the necessary conditions 
listed as following however the process of application and result were 
shown in the figure 9.15.3; 

 The C24 of timber of the patch material was chosen 
 Thickness of the patch was created with 10 cm 
 The mesh density (area) was adjusted uniformly as 0.5 m for finite 

element method with Multiframe4D 
 4kN static global distributed load was applied to the patch 
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Table 9.8.The results of FEM patch analysis 

Analyzes Result Values Cable Tensions 

Deflection 
(dy) 

20.20 cm 1.Cable: 593.134 
kN 

Bending 
Moments(Mz′) 

407.495 kN-m 2.Cable: 183.644 
kN 

Shear 
Force(Vy′) 

298.323 kN-m 3.Cable: 298.401 
kN 

Axial 
Force(Px′) 

1331.144 kN 4.Cable: 330.073 
kN 

Bending 
Moments(My′) 

279.939 kN-m 5.Cable: 280.565 
kN 

Shear 
Force(Vz′) 

298.317 kN  

Torque(Tx′) 21.264 kN-m  
 

 

Figure 9.16.1.Deflection 
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Figure 9.16.2.My′: Bending Moments about the local y′ axis of the 
members. (Out of plane bending) 

 

Figure 9.16.3.Mz′: Bending Moments about the local z′ axis of the 
members. (In plane bending) 

 

Figure 9.16.4.Px′: Axial Force along the local x′ axis of the members 
(tension or compression) 
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Figure 9.16.5.Tx′: Twist or torque about the local x′ axis of the members 

 

Figure 9.16.6.Vy′: Shear Force through the local y′ axis of the members (In 
plane shear) 

  

Figure 9.16.7.Vz′: Shear Force through the local z′ axis of the members 
(out of plane shear) 
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As a conclusion, in the FEM patch analysis 4kPa max global design force 
was applied to the created patch thus as shown in table 7.8, the max 
magnitude of deflection, bending moments, shear forces, axial force, torque 
and all cable tensions were obtained. So this 4 kN force was implemented 
uniformly on each mesh area of 0.5 m in figure 9.16.3. If the application of 
mesh area could be smaller than 0.5 m in the simulation, the more accurate 
results could be obtained but in this case because of complicity of the 
model using the smaller elements is not sufficient for computational 
efficiency. Under these conditions, the deflection magnitude of around 20 
cm was obtained as max value in figure 9.16.1. 

The figure 9.16.4 illustrates the axial force along the local x axis thus the 
max value of axial force was obtained from the pylons and it was around 
1331 kN. Under normal conditions, axial force can be expected less than 
1331kN. But due to the load was applied to a weaker plate instead of main 
beams and cross beams of the bridge, the pylons were subjected to higher 
forces. In the figure 9.16.5, twisting influences mostly the connection of 
third and fifth that at the middle of the bridge but the max value of torque is 
21.264 kNm. As shown in figure 9.16.3, the max bending moment about 
the local z′ was caused by third cables and it was measured around the 
connection of third cable at the main deck. As well as it’s the bending 
moment about the local y′ was realized around top of the pylons, third and 
fourth connection of cables to be considered as in seen in the figure 9.16.2. 

However as shown in figure 9.16.6 and 9.16.7, shear forces through the 
local z′ and y′ axis were influenced with the same magnitude of 298.3 kN-
m. 

9.16 Static Force Simulation Analysis 

In this task the static force analysis was applied to the simulation modal of 
Älvsbacka Timber Bridge in order to determine the behaviors of the bridge 
when it is under the force of 4kN per square meters as the maximum design 
distributed load. 
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Deflection, bending moments, shear forces, torque, axial force and cable 
tensions analyzes were investigated by performing the 4kN distributed 
static load. But it should be noted that in all kind of forces, only static force 
was applied to the simulation modal of the bridge because the only 
influences of the static force was purposed to determine separately for 
Älvsbacka Timber Bridge. In this context after the analysis, the following 
results were obtained and the influences of the 4kN static force were 
demonstrated in details with the figures as below. 

Table 9.9.The results of static force analysis 

Analyzes  Result Values Cable Tensions  

Deflection (dy)  14.646 cm  1.Cable:442.235 kN  

Bending 
Moments(Mz′)  

302.607 kN-m 2.Cable:136.816 kN  

Shear 
Force(Vy′)  

222.202 kN-m 3.Cable: 222.258 kN  

Axial 
Force(Px′)  

992.307 kN  4.Cable:245.845 kN  

Bending 
Moments(My′)  

203.289 kN-m 5.Cable:209.914 kN  

Shear 
Force(Vz′)  

222.191 kN   

Torque(Tx′)  4.716 kN-m   
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Figure 9.17.1.Deflection 

Figure 9.17.2.My′: Bending Moments about the local y′ axis of the 
members. (Out of plane bending) 

Figure 9.17.3.Mz′: Bending Moments about the local z′ axis of the 
members. (In plane bending) 
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Figure 9.17.4.Px′: Axial Force along the local x′ axis of the members 
(tension or compression) 

 

Figure 9.17.5.Tx′: Twist or torque about the local x′ axis of the members 

 

Figure 9.17.6.Vy′: Shear Force through the local y′ axis of the members (In 
plane shear) 
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Figure 9.17.7.Vz′: Shear Force through the local z′ axis of the members 
(out of plane shear) 

As a conclusion, in this static analysis for application of 4 kN distributed 
load, the deflection magnitude that was about 14. 6 cm and obtained as can 
be in seen in table 9.9. The bridge deflection was shown in figure 9.17.1.  
Axial force along the local x′ axis in figure 7.16.4, the max magnitude of 
axial force was occurred in the pylons and the value is approximately 1000 
kN. This is reasonable and the results show that the area to be considered 
between fourth cables at left and right side. As shown in figure 9.17.5 
torque value is small comparing to bending moments, shear forces or axial 
force but it could be said that the influences of twisting were occurred at the 
connection points especially cable connections. And the magnitude of cable 
tensions was calculated as shown in table 9.9 so these results are reliable 
according to the max design load application on the other hand it could be 
wrong to compare with other results because only static load was 
implemented separately to model. 

The shear forces through the local y′ and z′ axis were shown in figure 
9.17.6 and 9.17.7, in both of directions the max shear force were obtained 
with almost same values as 222.19 kN. Although when the whole bridge 
deck is divided for 5 equal parts, it was realized the shear forces was 
occurred in second and fourth parts especially the points that are close to 
the connection of the supporting steel beams and cables. On the other hand 
there is no considerable influence in the middle of the bridge for shear force 
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through the local z′ but for the shear force through the local y′ axis was 
affected with approximately same magnitude for all cable connections. 

As shown in figure 9.17.2 and 9.17.3 bending moments around the local y′ 
and z′ axis were compared with behaviors of the bridge under the static 
design load. According to the figure 9.17.2 and 9.17.3, max Bending 
Moments about the local z′ was obtained at third cables connections that 
attached with the bridge deck however other important part for Mz′ is 
between fourth and fifth cables, in the other words, at middle of the bridge 
deck. 
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9.17  Earthquake Force and Seismic Analysis 

Seismic force is caused by earthquakes. Due to this reason earthquake force 
is one of the most important and sometimes the greatest one in the all forces 
which influence a timber bridge structure. If the influence of earthquake is 
described, it is clear that bridge is subjected to large lateral displacement 
that is caused by the ground movement. 

Some basic influences of earthquakes that result from seismic shakings 
were determined by M.Ritter for timber bridges as below; 

• Superstructure to fall of the bearings. 
• Displacement or yielding of tall supporting columns. 
• Settlements of the substructure caused by a strength loss in the soil 

from ground vibration. 

Due to these reasons when the seismic analysis is investigated for a timber 
bridge construction in a region which is subjected significant earthquake 
ground movements, first of all it must be ensured that substructure 
component and other connection-bearing elements resist the lateral forces. 
On other hand even though seismic analysis can be able to make with 
minimum error and the timber bridge can be able to constructed too hardy 
contemporarily, it is obvious that should not be expected that the structure 
of timber bridge will be resisted against all potential loads. Because the 
main purpose of earthquake analysis is that trying to minimize possible 
damages of the bridge structure. 

According to M. Ritter, there are some factors which determinate the 
seismic forces as below; 

• The earthquake magnitude. 
• The seismic response of soil at the site. 
• The dynamic response characteristic such as especially stiffness and 

weight distribution of the structure. 

Fundamentally a prediction of earthquake forces and seismic analysis are 
complex and difficult to obtain accurate results however local seismic data 
is required for an exact analysis. Thus in order to calculate the lateral force 
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that is caused by earthquake, some guidance that is based on static 
assumption method has been provided. Accordingly AASHTO was 
provided a formulation for compute the earthquake force as ( ) by 
assuming that force is like a static and is performed at the structure’s center 
of mass. 

                                                                            (31)                             

: Equivalent static horizontal force applied at the center of gravity of the 
structure 

: Combined response coefficient 

Actually the value of ‘C’ coefficient is figured out from the graphs of 
‘Response Coefficient C – Period of structure T’ but first the natural period 
of vibration of the bridge structure ‘T’ is calculated. That’s mean it is 
related with the function of structure stiffness and it can be defined that C is 
about function of the bridge’s structure stiffness. 

In addition in design process of a timber bridge, while the coefficient C is 
determined, it can be varied according to some extreme conditions and 
other determinants, at this point the value of C shall be played by design 
engineer by considering local seismic statistical records. [35], [26] 

:   (1.0 for structures where single columns or piers resist 
the horizontal forces, 0.80 for structures where continuous frames resist 
horizontal forces applied along the frame) 

:        

In this project in order to determine the behaviors of Älvsbacka Timber 
Bridge while it is under the earthquake forces. It was carried out Seismic 
Analysis with simulation of the bridge in software program as 
Multifarme4D. 

The seismic analysis of the simulation was not possible to be completed 
due to some technical problems and software program problems. The 
problems occurred because the number of elements used in the simulation 
of Älvsbacka Timber Bridge exceeded the limit for Multifarme4D. 
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However a copy of the simulation was sent to supporting service of 
Multiframe4D in US but same trouble was described by the service. 

Actually Sweden is not in any earthquake zone, there is no any danger and 
doubt for Älvsbacka Timber Bridge. In this context seismic load is an extra 
analyze in this case but the purpose of carrying out of seismic analysis of 
Älvsbacka Timber Bridge that if this bridge is constructed in an earthquake 
zone, how it behaves?  

Thus the option of earthquake zone as Izmir-Turkey was applied to 
simulation modal of Älvsbacka Timber Bridge by following the steps. 
However as shown in the figure 9.18.1, it was formed a seismic load with 
the acceleration series of the region of Izmir for the simulation modal. 

 

Izmir North Izmir East Izmir Vertical 

  

Figure 9.18.1.Acceleration- Time graphs for the region of Izmir / Turkey 

 

Figure 9.18.2.Creating Time History Load Case 
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As in shown in the figure 9.18.2, a suitable time step is chosen for the time 
history analysis ∆ . 

∆  0,1                                                                                           (32)                            

In addition in the analysis when the proportional damping is used for this 
dynamic case, it is necessary to calculate The Rayleigh Damping 
Coefficient as  and  for the section of Rayleigh Damping Factors. With 
respect to proportional damping, there is an assumption that the damping 
matrix is proportional to the mass matrix as M and stiffness matrix as K. 

                                                                                  (33)                            

But in order to calculate both of the coefficients, primarily first and second 
Eigen (natural) frequencies   of the simulation modal of the 
bridge must be determined also critical damping (  ) values that 
correspond to first and second natural frequencies are needed for the 
formulations following. [36] 

2                                                                            (34)                            

2                                                                            (35)                            

                                                                      (36)                             

                                                                              (37)            
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9.18 The Concept Simulation Analysis of Combined 
Maximum Forces  

In this analysis a concept that consists of some maximum forces was 
created in order to determine how Älvsbacka Timber Bridge will react 
when it is under the overload situations. Älvsbacka Timber Bridge has been 
design for a characteristic load of 4kN per square meters. But in the design 
process of the bridge, a safety factor has been applied to get the design 
load. Value of safety factor is between 1 and 2. Thus when maximum 4kN 
design load multiplies with the safety factor, a value that is between 4 and 
8kN will be reached as a limit load for Älvsbacka Timber Bridge. Due to 
this reason the concept was formed with the forces’ combination that is 
more than 4kN loads per square meters. The concept of combined 
maximum forces were provided to include Self-weight, Wind load, 4kN 
Static force, Thermal load, 2,8kN Snow load because of Älvsbacka Timber 
Bridge is subjected to these loads in the reality. 

‘Self Weight + Wind Force + 4kN Static Force + Thermal Load + 
2.8kN Snow Load’ 

 

 

Figure 9.19.The deflection and Px′: Axial Force along the local x′ axis of 
the members 

After the creation of the load concept, it was applied to simulation modal of 
the bridge thus it was obtained following results in the table; 

Table 9.10.The results of the loads’ concept analysis 
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Analyzes 

 
Result 
Values 

 
Simulation 

Data 

 
Design Data 

Deflection 
(dy)  

34.958    
cm  Cable 

Tensions 
Cable 

Tensions 
Bending 
Moments(Mz) 

559.329 
kN-m  

Shear 
Force(Vy)  

507.195 
kN-m  

1.Cable: 
967.99    kN 

1.Cable:  
1000 kN  

Axial 
Force(Px)  

2267.783 
kN  

2.Cable: 
288.404 kN  

2.Cable:  
600 kN  

Bending 
Moments(My) 

461.647 
kN-m  

3.Cable: 
493.204 kN  

3.Cable:  
500 kN  

Shear 
Force(Vz)  

504.559 
kN  

4.Cable: 
542.934 kN  

4.Cable:  
500 kN  

Torque(Tx)  11.831 
kN-m  

5.Cable: 
455.968 kN  

5.Cable:  
500 kN  

 

 

 

Figure 9.20.The cables with numbers was illustrated 
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As shown in the table 9.10 and figure 9.20, the cables of Älvsbacka Timber 
Bridge have been designed to withstand for maximum 1000kN, 600kN, 
500kN, 500kN, 500kN respectively. However in order to reach the limit 
load of the bridge, the combined load concept was implemented and values 
of cable tensions were obtained from the simulation analysis. The values of 
cable tensions which come from simulation modal was compared with the 
design values of cable tensions for Älvsbacka Timber Bridge, it could be 
said obviously that there are no big differences between both of them, 
except tensions in the second cable. But nonetheless the differences as an 
amount of error which occurred between the values of design of cable 
tensions and the values of cable tensions in the simulation modal were 
investigated in order to evaluate the reasons of these small differences. 
Thus after the investigation the reasons were listed following; 

• The magnitude of applied max loads combination that is around 
7kN for the simulation modal may not be able to be exactly same 
with the magnitude of design load with the safety factor for 
Älvsbacka Timber Bridge.  

• The wind and snow loads that to have some variable characteristics.  
• The difference of effects of static and dynamic forces. 
• Calculation error. 
• The prospective errors of the creation of simulation and drawing.  
• The difference of the values of the physical properties of the 

material that were used in the simulation modal with the values of 
the real material properties. 

In addition other important issue that is the magnitude of deflection of the 
bridge was examined. When the concept of maximum load combination 
was applied to simulation modal, the bridge was stretched downward to 
34,958 cm as a maximum deflection value. 

According to Eurocode5, the range of limiting values for deflection (dy) of 
a bridge which is subjected pedestrian and low traffic loads has been 
described as below; 

                                                                                (38)                             
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130          

Thus; 

                                                                                (39)                             

0,325 0,650                                                               (40)                             

32,5 65,0                                                                (41)                            

Hence it is clear that the magnitude of deflection must be between 32,5cm 
and 65 cm for Älvsbacka Timber Bridge. The magnitude of deflection as 
34,958 cm which was obtained from the simulation modal is greater than 
32.5 and smaller than 65 cm at the same time. Thus it has been 
corresponding with the standards of Eurocode5. 
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10 THE VERIFICATION 

In this chapter, as a verification part, in order to verify the results of 
analyses of the simulation modal for Älvsbacka Timber Bridge, some 
experiments were carried out at Älvsbacka Timber Bridge for two different 
times. 

These experiments have been included different types of tests such as 
‘Jumping, Heel impact, Random Walking, Running, Single Running, 
Hanging Mass… etc. with various frequencies as 1.4 Hz, 1.5 Hz, 1.9 Hz, 
2.1 Hz. During the experiment 4 piezoelectric accelerometers were used, 
two of them were placed at middle of the bridge (L/2) and others were 
placed at quarter of the bridge (L/4). Also one of each pair of 
accelerometers was located vertically, the other horizontally. 

Actually the main purpose of these experimental tests was to determine the 
Eigen (Natural) Frequencies of Älvsbacka Timber Bridge. In this context 
the data were obtained from the experiments that were implemented to the 
software program of MATLAB® in order to investigate the induced 
vibration analyze and depending on the vibration analysis, the natural 
frequencies of the bridge were also investigated and determined as shown 
in the figures. 
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10.1 The First Experiment Tests on Älvsbacka 
Timber Bridge 

In the first experimental tests that were performed at 16th of March 2012 
has been including various types that was listed following; 

• Random Walking Test [1.2 Hz] , L/2 , at middle of the bridge 
• Random Walking Test [1.4 Hz] , L/2 , at middle of the bridge 
• Random Walking Test [1.9 Hz] , L/2 , at middle of the bridge 
• Random Walking Test [2.8 Hz] , L/2 , at middle of the bridge 
• Jumping Test [1.4 Hz] , L/2 , at middle of the bridge 
• Jumping Test [1.9 Hz] , L/2 , at middle of the bridge 
• Heel Impact Test , L/2 , at middle of the bridge 
• Single Running Test [1.5 Hz] , L, the whole bridge 
• Hanging Mass Test, L/2 , at middle of the bridge 
• Jumping Test [1.9 Hz] , L/4 , at quarter of the bridge 
• Heel Impact Test , L/4 , at quarter of the bridge 
• Single Running Test [1.5 Hz] , L, the whole bridge 

The received data from the accelerometers were implemented to 
MATLAB® by writing codes and plotting the figures for all experimental 
tests data in order to determine the natural frequencies. However in the first 
experiment when the each test data`s figure is investigated, it was realized 
that almost all data and plotting of test were not clear. Even though the 
investigation of the natural frequencies was continued with first experiment 
unclear data, on the other hand the reasons of the formation of unclear data, 
experimental mistakes were tried to examine and determine in order of 
priority following; 

• The sensitivity of accelerometers was not enough. 
• The synchronization problem that occurred between the participants 

for the experiments. 
• The used numbers of transducers were not enough. 
• Lack of experience. 
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• Time restriction due to the bridge traffic was not closing for a long 
time. 

In spite of everything some experiment tests data and plotting especially 
jumping activities were reasonable and remarkable. Thus in the 
implementation process, two methods were followed for determining the 
natural frequencies of the bridge. One of them was to examine all data 
together and to create plotting of all response of measurements at the same 
time in one figure. This technique was figured out and preferred because 
the graphs of the tests data were not clear and there were different peaks as 
a natural frequency according to another at the different points in the 
figures. Due this reason, it was not possible to make sure and the fallibility 
was too high for these data. But before determining the exact points of the 
natural frequencies, an area of the natural frequencies could be described on 
the figure by plotting for all graphs in the one figure. Thus a few small 
concentration areas that are caused by natural frequencies peaks have been 
occurred on the plotting. 

Hence as shown in the following plotting, the figure 10.1 and 10.2, some 
concentration areas were marked with the rectangular shapes and these 
areas have been representing the Eigen Frequencies of Älvsbacka Timber 
Bridge. Thus the exact Eigen frequency is at somewhere in the small 
concentration area that could be able to be estimated. 

As can be understood in the figure 10.1, the vertical natural frequencies 
areas were determined as below but in the figure 10.2, the horizontal 
natural frequencies were not described with following same way because 
the bridge could not be excited good enough in the horizontally direction; 

• First vertical natural frequency is around 1.5 Hz 
• Second vertical natural frequency is around 1.8-2.0 Hz 
• Third vertical natural frequency is around 2.2 Hz 
• Fourth vertical natural frequency is around 2.8-3.2 Hz 
• Fifth vertical natural frequency is around 4.2 Hz but also it 

should be considered around 3.8 Hz. 
• Sixth vertical natural frequency is around 4.5- 4.7 Hz 
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Figure 10.1.Vertical data comes from accelerometers which fixed at middle 
of the bridge 

 

Figure 10.2.Horizontal data comes from accelerometers which fixed at 
middle of the bridge 

Other method was to examine all data separately and to create the graphs of 
the response of measurements in order to determine the natural frequencies 
of the bridge by picking the peak points as shown in the following figures. 

In the all measurements, a few experimental tests data especially jumping 
test were clear and remarkable. Thus the vertical and horizontal natural 
frequencies were determined and marked respectively by using peak 
picking method in the following figure 10.3 and figure 10.4. 
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Figure 10.3.Vertical data comes from accelerometers which fixed at middle 
of the bridge 

 

Figure 10.4.Horizontal data comes from accelerometers which fixed at 
middle of the bridge 

10.2 The Second Experiment Tests on Älvsbacka 
Timber Bridge 

The second experiment tests were carried out at Älvsbacka Timber Bridge 
at 8th of May 2012 due to test data were received from first experiment tests 
that were not clear. The experiment were carried out in order to obtained 
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better results with more sensitive transducers by taking advantage of the 
experience of first experiment. 
Four more sensitive piezoelectric accelerometers compared to the 
transducers in first experiment were used to get the vibration test data thus 
two of them were placed at middle of the bridge (L/2) and two at quarter of 
the bridge (L/4). Also one of each pair of accelerometers was located 
vertically, the other horizontally. 

When the data of measurements were investigated, it was realized that more 
accurate results, clear graphs and reasonable peak points for natural 
frequencies were obtained thus it was reached successfully the purpose of 
the experiments. In this context as the investigation of first experiment, 
primarily the received data from the accelerometers from all test 
measurements were implemented together at the same time to software 
program of MATLAB® and the responses of all measurements were 
plotted in one figure in order to determine concentration areas of Eigen 
Frequencies of the bridge as shown in the following figure 10.5 and 10.6; 

 

Figure 10.5.Horizontal data comes from accelerometers which fixed at 
middle of the bridge 

According to the figure 10.5, the horizontal natural frequencies were 
figured out from the concentration points as following; 
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• First horizontal natural frequency is around 0.6-0.8 Hz. 
• Second horizontal natural frequency is around 1.4-1.5 Hz. 
• Third horizontal natural frequency is around 1.75 Hz. 
• Fourth horizontal natural frequency is around 2.25 Hz. 
• Fifth horizontal natural frequency is around 3.2 Hz but also it 

should be considered around 3.5-3.8 Hz. 
• Sixth horizontal natural frequency is around 4.6- 4.7 Hz. 

 

Figure 10.6.Vertical data comes from accelerometers which fixed at 
middle of the bridge 

According to figure 10.6 the vertical natural frequencies were figured out 
from the concentration points as below; 

• First vertical natural frequency is around 1.5 Hz. 
• Second vertical natural frequency is around 1.8-2.0 Hz. 
• Third vertical natural frequency is around 2.2 Hz. 
• Fourth vertical natural frequency is around 2.8-3.2 Hz but also it 

should be considered around 3.5 Hz. 
• Fifth vertical natural frequency is around 4.2 Hz but also it 

should be considered around 3.8-3.9 Hz. 
• Sixth vertical natural frequency is around 4.5- 4.7 Hz. 
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The data of each experiment test was implemented individually to 
software program of MATLAB® in order to determine the exact value 
of natural frequencies of Älvsbacka Timber Bridge by using peak pick 
method in the plotting figures that represent the response of the 
measurements. Thus some figures of responses of measurements 
especially ‘jumping tests’ were shown separately however the vertical 
and horizontal Eigen frequencies of the bridge were marked on the peak 
points in the following figures from 10.7 to 10.14. 

 

Figure 10.7.Horizontal data comes from accelerometers which fixed at 
middle of the bridge (2.measurement) 
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Figure 10.8.Vertical data comes from accelerometers which fixed at middle 
of the bridge (2.measurement) 

 

Figure 10.9.Horizontal data comes from accelerometers which fixed at 
quarter of the bridge (2.measurement) 
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Figure 10.10.Vertical data comes from accelerometers which fixed at 
quarter of the bridge (2.measurement) 

 

Figure 10.11.Vertical data comes from accelerometers which fixed at 
middle of the bridge (7.measurement) 
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Figure 10.12.Horizontal data comes from accelerometers which fixed at 
middle of the bridge (7.measurement) 

 

Figure 10.13.Vertical data comes from accelerometers which fixed at 
quarter of the bridge (7.measurement) 
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Figure 10.14.Horizontal data comes from accelerometers which fixed at 
quarter of the bridge (7.measurement) 

In addition, all data that was received from the accelerometers were 
examined individually and each natural frequency was determined by using 
the graphs of the data and presented in tables for all response of the 
measurements with first six vertical and horizontal Eigen Frequencies of 
Älvsbacka Timber Bridge as shown in the following Table 10.1.1, 10.1.2 
and 10.1.3; 
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Table 10.1.1.The results of test of second measurement 

 
SECOND MEASUREMENT ON ÄLVSBACKA 

 TIMBER BRIDGE 
 [2012 / May / 08] 

 
 

Tests 
 
 

Accelerometers where 
placed on the L/2 

Accelerometers where 
placed on the L/4 

Vertical 
Frequency 

Horizontal 
Frequency 

Vertical 
Frequency 

Horizontal 
Frequency 

 
 

Jumping 
Test 

(1.4 Hz) 
L/2 

1.438 0.683 1.438 0.683 
1.784 1.438 1.731 1.349 
2.273 1.687 2.273 1.758 
2.841 2.273 2.8-3.0 2.273 
4.199 3.178 4.341 3.143 
4.599 3.782 4.599 4.341 

- 4.3-4.5 - 4.599 
 

Jumping 
Test 

(1.5 Hz) 
L/2 

 
 

1.497 0.7031 1.497 0.677 
1.784 1.458 1.732 1.497 
2.266 1.680 2.266 1.758 
2.995 2.266 2.982 2.279 
4.245 3.398 3.516 3.542 
4.609 3.776 4.609 - 
5.781 4.609 - 4.609 

Jumping 
Test 

(1.5 Hz) 
L/2 

 
 

 

1.465 - 1.599 0.647 
1.782 1.465 - - 
2.283 1.672 2.283 1.758 
3.101 2.258 3.101 2.283 
4.211 3.162 - 3.174 
4.614 3.760 4.614 3.552 

- 4.614 - 4.614 
 

Side 
Jumping 

Test 
(1.4 Hz) 

L/2 

1.465 0.6-0.8 1.465 0.6-0.8 
1.790 1.449 1.742 - 
2.279 1.774 2.279 1.742 
3.060 2.279 3.044 2.295 
4.232 3.158 3.499 3.060 
4.590 3.776 4.574 3.743 

- 4.590 - 4.574 
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Side 

Jumping 
Test 

(1.4 Hz) 
L/2 

1.451 0.767 1.451 0.767 
1.786 1.451 1.814 - 
2.274 - 2.288 1.758 
3.097 2.274 3.097 2.330 
4.227 3.083 - 3.069 
4.618 3.753 4.618 3.753 
5.748 5.622 - 4.618 

 

 

 

Table 10.1.2.The results of test of second measurement 

 
SECOND MEASUREMENT ON ÄLVSBACKA TIMBER 

BRIDGE 
[2012 / May / 08] 

 
 

Tests 
Accelerometers where 

placed on the L/2 
Accelerometers where 

placed on the L/4 
Vertical 

Frequency 
Horizontal 
Frequency 

Vertical 
Frequency 

Horizontal 
Frequency 

 
 

Heel 
Impact  

Test  
L/4 

 

1.465 0.6-0.8 1.465 0.697 
1.786 - - - 
2.288 - - 1.758 
3.041 2.288 3.041 - 
4.199 3.195 - 3.041 
4.618 3.781 4.618 3.781 

- 4.618 - 4.618 
 
 

Jumping 
Test  

(1.9 Hz) 
L/4 

1.448 0.677 1.448 0.677 
1.884 - 1.723 - 
2.275 1.850 2.034 1.712 
3.010 2.275 3.010 1.907 

3.8-4.2 3.148 3.722 - 
4.596 3.788 4.596 3.768 
5.722 4.596 5.722 4.596 
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Jumping 
Test 

(2.1 Hz) 
L/4 

- 0.6-0.8 - 0.6-0.8 
- - 1.712 - 

2.091 1.827 - 1.716 
- 2.240 3.527 2.093 

4.182 3.136 4.182 2.953 
4.619 3.7-4.1 4.619 3.7-4.2 

- 4.619 - 4.618 
 
 

Jumping 
Test 

(2.1 Hz) 
L/4 

1.451 0.6-0.8 1.437 0.865 
1.786 - 1.702 - 
2.107 2.023 2.107 2.093 
3.013 2.288 3.0-3.4 - 
4.227 3.069 4.227 3.013 
4.618 3.7-4.1 - 4.241 

- 4.618 - 4.618 
 

Heel 
Impact  

Test 
L/4 

1.476 0.7-0.8 1.335 0.7-0.8 
1.725 - 1.725 - 
2.289 1.725 2.072 1.725 
3.038 2.289 3.0-3.4 - 

- 3.179 - - 
4.612 3.776 4.612 - 
5.718 4.612 5.512 4.612 
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Table 10.1.3.The results of test of second measurement 

 
SECOND MEASUREMENT ON ÄLVSBACKA TIMBER 

BRIDGE  
[2012 / May / 08] 

 
Tests 

 
 

Accelerometers where 
placed on the L/2 

Accelerometers where 
placed on the L/4 

Vertical 
Frequency 

Horizontal 
Frequency 

Vertical 
Frequency 

Horizontal 
Frequency 

 
 

Random 
Walking 

Test 
(1.5 Hz) 

L 

1.497 0.703 1.497 0.705 
1.790 - 1.725 - 

2.2-2.6 - 2.658 1.725 
3.016       2.658 3.016 2.637 
4.243 3.179 3.505 3.027 
4.525 3.765 4.666 3.787 
5.751 - - - 

 
 

Random 
Walking 

 Test 
(1.5 Hz) 

L 

1.500 0.753 1.500 0.753 
1.786 1.500 - - 
2.267 - 2.260 1.709 
3.006 2.260 3.0-3.5 2.246 

- 3.062 - 3.034 
4.632 3.753 4.632 3.753 

- 4.632 - 4.632 
 
 

Random 
Walking 

Test 
(1.9 Hz) 

L 

1.449 0.6-0.9   1.449 0.675-
0.952 

1.790 - 1.855 1.676 
1.904 1.912 1.904 1.904 

- 2.287 3.019 - 
3.825 2.840 3.817 2.840 

- 3.817 4.614 3.817 
- - - 4.614 

 
 

Random 
Walking 

Test 
(1.9 Hz) 

L 

- 0.675 - 0.675 
- - - - 

2.002 1.9-2.0 1.912 1.912 
2.979 2.279 - - 
3.988 - 3.979 - 
4.175 3.817 - - 

- - - - 
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As a conclusion, after all investigations for the natural frequencies of 
Älvsbacka Timber Bridge, the first six vertical and horizontal Eigen 
Frequencies were determined and showed in the table 10.2 as below; 

Table 10.2.The natural frequencies of Älvsbacka Timber Bridge 

The Eigen (Natural) Frequencies of Älvsbacka Timber Bridge 
Number 

of 
Frequency 

The Vertical Eigen 
Frequencies 

The Horizontal Eigen 
Frequencies 

First  1.448 Hz 0.6 - 0.8 Hz 
Second 1.884 Hz 1.3 - 1.450 Hz 
Third 3.010 Hz 1.6 -1.7 Hz 
Fourth 3.0 - 3.5 Hz (unclear) 2.275 Hz 
Fifth 3.826 Hz 3.15 – 3.5 Hz 
Sixth 4.596 Hz 3.7-3.8 Hz 

 

Table 10.3.The Comparison of Vertical Natural Frequencies of Älvsbacka 
Timber Bridge 

The Comparison of Vertical Natural Frequencies of Älvsbacka 
Timber Bridge 

Number 
of 

Frequency 

Experimental 
Analysis 

Simulation  
Analysis 

Percent  
Error 

First  1.448 Hz 1.456 Hz -0.5495% 
Second 1.884 Hz 1.848 Hz 1.948% 
Third 3.010 Hz 2.927 Hz 2.836% 
Fourth 3.0 - 3.5 Hz 

(unclear) 
3.372 Hz -11.03% / 3.796% 

Fifth 3.826 Hz 3.938 Hz -2.844% 
Sixth 4.596 Hz 4.702 Hz -2.254% 

 

As in seen in the table 10.3, the result of simulation analysis was compared 
with the result of experimental analysis also the percent error was 
calculated and shown in the table 10.3. 
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11 THE COMPARISON AND 
DISCUSSION 

In this chapter, in order to compare the results of the simulation modal with 
the real time data that was obtained from the measurement that was 
mounted on the bridge such as GPS, GNSS and Load Cells. For this 
purpose, first of all the conditions of loads concept that will be applied to 
the simulation modal and the conditions of real time data that will be 
received from the bridge were be same. Due this reason Älvsbacka Timber 
Bridge was closed to traffic and some experiment tests were carried out on 
the bridge by 8 persons. The several tests such as jumping, random 
walking, running and heel impact etc. were performed at the bridge but 
within these experiments, the most suitable one was ‘heel impact test’ for 
the comparison. Because an input force that can make influences that 
between static and dynamic were needed in order to apply a point load to 
the bridge. Thus the bridge was excited successfully and was influenced 
exactly nor statically nor dynamically by heel impacts. However the 
question could be came to minds ‘why either only static or dynamic force 
did not apply to the bridge?’ Because when the only static force apply to 
bridge, the bridge could not be excited to receive enough remarkable data, 
on the other hand when the dynamic force apply to the bridge, some 
synchronization problems and different effects that was made by the 
participants were occurred. In addition another experiment as ‘hanging 
mass’ was tested for getting dynamic effects. The technique is explained 
like that some solid masses were hanged on the bridge there after all masses 
were released by cutting off the ropes but unfortunately the result was 
unclear. Because mass was not enough to excite the bridge sufficiently. 

‘Self Weight + Wind Force + 6.66kN Static Point Load + Thermal 
Load’ 
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Figure 11.1.Mz′: Bending Moments (left picture) and Px′: Axial force 

Thus after figure out the most suitable point load, a concept of the loads 
combination that based on the condition of the experiment day was created. 
According to these conditions, first of all it was determined which forces or 
loads were influenced to Älvsbacka Timber Bridge at the experiment day as 
8th of May. 

• Wind Force: The properties and conditions of wind force were taken 
from the weather station. 

• Self-Weight. 
• Thermal Load: The magnitude of temperature was taken from the 

weather station with respect to the day of 8th of May. 
• The Static Point Load: The heel impact test was carried out by 8 

persons thus the static force was calculated by measuring total 
weight as below. 

The total weight: 98.4 + 89.8 + 56.9 + 90.4 + 102.8 + 73.6 + 68 + 
99.6 = 679.5 kg  

679.5 kg * 9.81 m/s2 = 6665.8 N = 6.66kN 

Thus the created concept of loads combination was applied to the 
simulation modal of Älvsbacka Timber Bridge and as shown in following 
table 11.1, some important results especially cable tensions, deflection 
shear forces, bending moments, torque and axial force etc. were obtained 
by the simulation analysis. 
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First when the values of cable tension for each cable which was calculated 
by the simulation compare with the values of cable tensions as a real data 
which comes from the measurement system as load cells, it is realized that 
the results of the simulation are remarkable and reasonable. However it 
could be said that there are some differences between the values of 
simulation data and experimental data. Hence these differences were 
investigated in order to determine what reasons are caused for the 
differences and some reasons were listed as below; 

• A technical problem in third cable of Älvsbacka Timber Bridge 
was detected. Third cable has been subjected extra load as an 
amount of the load of fourth and fifth cables with its load to carry. 

• Calculation errors. 
• Some prospective simulation and drawing errors. 
• Measurements errors. 
• The errors is caused due to applied force to the bridge for the 

experiment test was not nor static nor dynamic. 
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Table 11.1.The results of the concept analysis and comparison 

 
Analyzes 

 
Result 
Values 

 
Simulation 

Data 

 
Experiment 
Real Data 

Deflection 
(dy)  

15.826 
cm  Cable Tensions

Cable 
Tensions 

Bending 
Moments(Mz) 

255.468 
kN-m  

Shear 
Force(Vy)  

208.536 
kN-m  

1.Cable: 
402.244 kN  

1.Cable: 
503.25 kN  

Axial 
Force(Px)  

993.884 
kN  

2.Cable: 
114.132 kN  

2.Cable: 
174.25 kN  

Bending 
Moments(My) 

190.598 
kN-m  

3.Cable: 
209.207 kN  

3.Cable:  
377.0 kN  

Shear 
Force(Vz)  

208.314 
kN  

4.Cable: 
229.257 kN  

4.Cable: 
298.50 kN  

Torque(Tx)  7.814 
kN-m  

5.Cable: 
185.897 kN  

5.Cable: 
137.38 kN  

However other important case is the examination of the deflection. When 
the concept of loads combination applies to the simulation modal, the 
magnitude of deflection of 15.826 cm was found as shown in the figure 
11.2. 
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Figure 11.2.Simulation result data 

On the other hand, in order to compare and verify the deflection result 
which comes from the simulation data with ‘Coordinate difference-Time’ 
figure that is as a real time data which comes from GPS data system, the 
following plotting was obtained as shown in the figure 9.3. 

The graph of ‘Coordinate difference -Time’ represents the magnitude of 
deflection of Älvsbacka Timber Bridge in the real time and this figure was 
modified for better understanding. First of all the time and date of heel 
impact experiment test was determined and the date and time of 8/05/12, 
14:06 were marked with the vertical green line. Thus the peak of the 
influences of heel impact test was picked up on the figure 49. Afterward the 
magnitude of this peak point as ‘0.016-0.017 meters’ was marked with 
horizontal green line. In the other word the peak point of influences of the 
heel impact test represents the maximum deflection magnitude of 
Älvsbacka Timber Bridge. 
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Figure 11.3.GPS system data 

When the value of deflection that was obtained by simulation modal of the 
bridge compare with the value of the deflection which was found from the 
GPS data systems of the bridge, it is clear that both the magnitude of 
deflection are exactly same as shown in table 11.2; 

But there is really important point that should not be overlooked. When 
GPS system measures the deflection of the bridge, the magnitude of 
deflection that is caused by self-weight of the bridge is impossible to be 
measured by GPS system. Because GPS system has been located at the 
middle of the bridge while the bridge remains under already the self-weight 
effects. That’s mean that the origin coordinates of GPS are same with the 
origin coordinate of the bridge while it remains like a curve because of the 
just influences of self-weight. 
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Due to this reason the magnitude of deflection that is caused by self-weight 
of the bridge was removed for this comparison as shown below and thus the 
correctness of results was verified and proved by comparing both results 
such as GPS data and Simulation data. 

Table 11.2.The comparison of the magnitudes of deflection 

 
The magnitude of deflection that was obtained by simulation modal o

15,826 14,089 1,737 0,01737 
0,017  

 

The magnitude of deflection that was measured with GPS  
0.016 0.017 m  
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12 CONCLUSION AND FUTURE 
WORK 

This research project was carried out in order to reach three main purposes; 

1. To determine the static and dynamic behaviours of Älvsbacka 
Timber     Bridge! 

2. To verify the results of the smart measurement systems! 
3. To estimate the behaviours of Älvsbacka Timber Bridge under 

extreme conditions! 

Thus the each purpose was implemented successfully in this context all 
forces and load which influence Älvsbacka Timber Bridge were analyzed 
then the static and dynamic behaviours of the bridge were determined by 
using the simulation model that was created with software program of 
Multiframe4D. Afterward all response results which were obtained from 
the simulation model were verified and compared with the results of the 
smart measurement systems such as GPS, Load Cells, Weather Station and 
Accelerometers etc. in order to reach most accurate results for Älvsbacka 
Timber Bridge. 

Other important purpose was how Älvsbacka Timber Bridge behaves under 
the extreme conditions? This approach was possible with only simulation 
model of the bridge in the virtual environment. In this context all loads and 
forces that have extreme conditions were created these concept forces were 
applied to the bridge simulation model in Multiframe4D. 

As a conclusion of all made analyzes, the main purposes of the project were 
implemented successfully. This conclusion has been shown us obviously if 
simulation modal of a structure is created with minimum error, it is possible 
to obtain good results and responses of a structure under different 
condition. On the other hand it is noted that simulation analysis is one of 
the most economical and appropriate in all methods.            

However in this task some suggestions were figured out and sequenced as 
below for future work by follow this thesis report that based on the project. 

• To verify the snow load analysis 
• To mount some wind pressure sensors  
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• To make operational deflection shape analysis by mounting 
accelerometers for whole bridge. 

• To investigate how the moisture influences to the natural 
frequencies of a wooden bridge. 

• To examine how the occurred damages on a bridge that 
influence the natural frequencies of a bridge in long term. In this 
context also it is possible to detect damages that are occurred on 
a bridge by making re-analysis for natural frequencies of a 
bridge. 

• To form a data store system in order to collect all data that is 
obtained from all measurements for the service life assessment 
of a bridge. 

• To mount a laser system to verify the deflection of the bridge. 
• To mount more cameras for monitoring much more clear the 

bridge in order to analyze the traffic load that the bridge is 
subjected and estimate the pedestrian density of the bridge. 

• To mount another  GPS antenna at an immovable place rather 
than a moveable place such as pylon or bridge deck in order to 
make better analysis the behaviors of the bridge in vertical and 
horizontal axis’s  and  obtain more accurate results. 

• To use Operational Modal Analysis that is the advanced 
technique to make modal analysis for the structure of bridge in 
order to obtain most accurate results and system identification. 

• To use more Health Monitoring Systems in long- term to detect 
fatigue and determine damage control  for the structure of bridge 

• To calculate the scaling mode shapes factor as shown the 
following formulation as a simple approach in order to identify 
damages in health monitoring applications for structural 
response simulation. 
 

∆
 , and the scaled mode shape is Ψ . 
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