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Tiivistelmä 

Luotettavat suunnittelumenetelmät ovat olennainen osa siltojen turvallisuuden ja käytet-
tävyyden varmistamisessa. Puu-betoniliittorakenteisten siltojen suunnittelua hankaloit-
tavat osien viruma, betonin kutistuma sekä lämpölaajeneminen ja kosteuseläminen. Va-
litettavasti tällä hetkellä Eurokoodeissa ei ole juurikaan ohjeita puu-betoniliittorakenteis-
ten siltojen suunnitteluun, mikä rajoittaa suunnittelun mahdollisuuksia. Viime vuosi-
kymmeninä puu-betoniliittorakenteista tehtyjen tutkimusten pohjalta on kuitenkin esi-
tetty useita suunnittelumenetelmiä, etupäässä kuitenkin lattiarakenteiden suunnitteluun.   
 
Työssä oli tavoitteena kartoittaa sillansuunnittelun soveltuvia laskentamenetelmiä, arvi-
oida niiden soveltuvuutta käytännön sillansuunnitteluun ja ehdottaa soveltuvaa siltojen 
analysointimenetelmää. 
 
Työssä käytiin läpi nykyisiä Eurokoodeja, olemassa olevia suunnitteluohjeita ja joukko-
tutkimusartikkeleita liittyen lyhytaikaisiin laskentamenetelmiin. Olemassa olevia liitto-
palkkien laskentamenetelmiä verrattiin keskenään parametrissa tutkielmassa, jonka pe-
rusteella todettiin, että yksinkertaisimmat menetelmät soveltuvat vain rajoitettuihin eri-
koistapauksiin. Yksittäisten liittimet palkissa huomioivaa menetelmää kehitettiin työn ai-
kana niin, että myös pakkovenymät ja palkin jatkuvuus voidaan huomioida laskennassa, 
sekä esitettiin elementtimenetelmään perustuva laskentamalli puu-betoniliittorakentei-
sille silloille. 
 
Pitkäaikaisvaikutuksien tutkimista varten käytiin läpi ohjeita, laskentamenetelmiä, ajasta 
riippuvia materiaalimalleja sekä lämpötilan ja kosteuden vaikutusta rakenteeseen. Kat-
sauksen pohjalta ohjelmoitiin työkalu, jolla voidaan simuloida puu-betoniliittorakentei-
sina palkkeja ottaen huomioon tärkeimmät ajasta riippuvat ilmiöt, ja mallinnettiin sää-
havaintoihin perustuen lämpötila- ja kosteushistoria käytettäväksi simuloinneissa. Simu-
lointityökalulla mallinnettiin puu-betoniliittorakenteisen esimerkkisillan käyttäytymistä 
50 vuoden käyttöiän aikana kahdessa eri tapauksessa, rakennettuna käyttäen tuettua tai 
tukematonta rakennustapaa. Tuloksia verrattiin olemassa olevan yksinkertaistetun las-
kentamenetelmän tuloksiin ja todettiin tuloksien välillä selkeä yhtenevyys. 
 
Tulosten pohjalta esitetään elementtimenetelmään perustuva malli käytettäväksi yhdessä 
tutkitun pitkäaikaisvaikutukset huomioivat laskentamenetelmän kanssa puu-betoniliit-
torakenteisten siltojen suunnittelussa. 
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Abstract 

Reliable design methods are important aspect of ensuring safety and serviceability of 
bridges. The design of timber-concrete bridges is complicated due to time-dependent phe-
nomenon like creep, shrinkage of concrete and effects of the varying temperature and 
moisture content. Unfortunately, at the moment, Eurocodes include very limited guide-
lines for designing such bridges, which limits the possibilities for designing. However, due 
to research done on timber-concrete composite structures in past few decades and some 
analysis methods has been proposed, but mostly for floor construction. 
 
The goal of the thesis was to find and evaluate existing short- and long-term analysis 
methods applicable to design of timber-concrete composite bridges and based on the re-
sults propose a suitable procedure of analyzing timber-concrete composite bridges.  
 
To study the short-term analysis methods, current Eurocodes, existing design guidelines 
and number of research articles were reviewed. Existing analysis methods for composite 
beams were compared by parametric study and it was concluded the simplest methods 
are applicable only to limited cases and method with discrete connections should be used 
for the analysis. The method with discrete connections was also extended to account ine-
lastic strains and intermediate supports as well as a finite element analysis model for anal-
ysis timber-concrete composite bridges was presented. 
 
For the long-term analysis existing guidelines and methods, time-dependent material 
models and effects of the environmental variations were studied. Based on the findings, a 
simulation tool for timber-concrete composite beam accounting the time-dependent phe-
nomena was programmed. Also temperature and moisture content histories for the bridge 
components, to be used with the tool, were determined based on the existing weather 
data. The tool was used to simulate the effects over the service life of an example bridge. 
The bridge was analyzed using the tool and existing approximate method over the service 
life of 50 years in two cases, built using un-shored or shored construction method, and 
good agreement between the simulation and approximate model was found. 
 
Based on the short-term and long-term studies it was proposed, that timber-concrete 
composite bridges could be analyzed using finite element model and in the long-term 
analysis the existing method, with modification in the un-shored case, could be used. 
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Symbols 
 

A [m2] Cross-section area 

B  [m] Free width of the bridge deck 

E [N/m2] Elastic modulus 

EI [Nm2] Bending stiffness 

(EI)0 [Nm2] Bending stiffness of a composite beam with no connection 

(EI)ef [Nm2] Effective bending stiffness of a composite beam 

(EI)∞ [Nm2] Bending stiffness of a composite beam with rigid connection 

F [N] Force 

I [m4] Second moment of inertia 

J  Compliance function 

K [N/m] Slip modulus of a connector 

L [m] Total length of the bridge 

M [Nm], [-] Bending moment, number 

N [N] Normal force 

S  General effect on the structure 

T [K] Temperature 

V [N] Shear force 

Vc [N] Connector shear force 

 

b [m] Width of the section 

e [m] Eccentricity, distance 

h [m] Height of the section  

k [N/m2] Slip modulus per unit length 

l [m] Span of a bridge or a beam 

lmax [m] Maximum span length of the bridge 

n [-] Modular ratio  

q [N/m] Line load 

q [W/m2] Heat flux 

s  [m] Connector spacing 

t [s] Time 

u [m], [-] Interlayer slip, moisture content 

w [m] Deflection 

 

αu [1/%] Moisture expansion coefficient 

αT [1/K] Thermal expansion coefficient 

β [-] Creep development function or coefficient 

γ [-] Connection efficiency factor for whole composite beam 

γi [-] Connection efficiency factor for single part  

γij [m/N] Flexibility coefficient 

δ [m] Displacement 

ε [-], [-] Strain, emissivity 

κ [rad/m] Curvature 

ϕ [-], [m] Creep function or creep coefficient, diameter 
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Abbreviations 
 

CFC  Continuous flexible connection 

DFC  Discrete flexible connection 

D-R  Rigid-diaphragm method 

EM  Effective modulus method 

FE  Finite element 

FEM  Finite element method 

Glulam  Glued laminated timber 

L-R  Lever-rule  

TCC  Timber-concrete composite 
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1 Introduction 

1.1 Background 

Reliable design methods are important aspect of ensuring the safety and the durability of 

bridges, but at the current stage the Eurocodes does not present guidelines for the design of 

timber-concrete composite (TCC) structures in buildings or bridges. Some rules of thumb 

for the bridges are given in national guidelines. Finnish Transport Agency’s guideline for 

application of Eurocode 5 for bridges, NCCI5 (Liikennevirasto 2013), includes some guide-

lines for design in Finland, but they are quite limited for detailed structural analysis purposes.  

 

TCC bridges were studied quite extensively in 90’s in Finland in Helsinki University of 

Technology during the three Nordic Timber Bridge Projects in 1994-1996, 1997-1999 and 

1999-2001 (Jutila 2003). As the result several bridges were built in Finland, new connector 

for the TCC bridges were developed and some design guidelines were introduced, but there 

has not been recent improvements in the field in Finland. Some more recent studies have 

been made and bridges has been built in other countries, but in general experiences and de-

sign methods of TCC bridges in the current design codes are limited. 

 

In general research on TCC structures, mostly for applications in building construction, has 

been going on in past few decades and some simplified methods for analysis has been pro-

posed. These methods have also been validated against numerical and experimental studies 

producing reasonable agreement, but since they are not developed for bridges, their applica-

bility on bridges remains questionable. The main motivation of the thesis is to provide more 

information if the methods could be applied on the bridges and how. 

 

The thesis was done as a part of Durable Timber Bridges (DuraTB) project, on-going 2014-

2017. The aim of the project is to develop materials, structures and durability of timber 

bridges. The topic of the thesis is related to working package 4.2 “Design concepts for short 

to medium span bridges”.  

1.2 Goals 

The main purpose of the thesis was to find analysis methods suitable for analyzing TCC 

bridges and to evaluate their applicability for practical design. The analysis methods means 

in the thesis a method for determining deformations, stresses and connector forces, so they 

can be used in the design for dimensioning the structure according the codes considering 

effects of the permanent and variable loads, inelastic strains due to environmental variations 

and  concrete shrinkage. The method should be applicable in typical bridge design scenarios, 

including possibility for un-shored or shored construction, and it should be simple enough 

for practical design, but offer adequate accuracy of the results. As the result of the work a 

proposal for applicable method and its use was to be given.  

1.3 Scope 

The scope of the thesis will be limited to typical simply supported short to medium span 

timber-concrete composite road bridges. Short to medium span refers to typical TCC bridges 

with span l = 10…25 m. The sub-structures are excluded from the scope, since they have 

small effect on the behavior of the superstructure, at least when simply supported bridges 

are considered. Also detailed design of the bridge, i.e. reinforcements, connector design or 

detailing of the bridge, is not considered.   
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2 Review of timber-concrete composite bridges and de-
sign methods 

The review of timber-concrete composite bridges includes short historic review of the 

bridges of the type and example bridges in Finland and in other countries. Also few structural 

systems, construction materials and connection systems used in the TCC bridges will be 

discussed briefly. 

2.1 History of the TCC bridges and example bridges 

Short historic review of timber-concrete bridges around the world is presented by (Ro-

drigues, Dias et al. 2013). According to the review the earliest examples can be found in 

USA starting from 1930’s. Use of the system spread to Australia and New Zealand after the 

Second World War. Since 1990’s TCC bridges has been built in Brazil, Central Europe, 

including Switzerland, France, Germany and Austria as well as in Finland. The number of 

TCC bridges around the world could not be found, but according to (Balogh, Fragiacomo et 

al. 2012) there are few hundreds of known TCC bridges. 

 

Early examples of TCC bridges are composite slab deck bridges built in USA mostly in 

1930’s and 1940’s. In this bridge type the superstructure is built of longitudinal nail-lami-

nated timber deck and cast in-situ concrete layer over the timber deck. Interaction between 

the timber deck and concrete slab is provided by triangular steel shear connectors driven into 

grooves in the wood. The use of the system had reduced and was only marginal in 1990. 

Also some T-beam composite bridges have been built in USA, but they were not either com-

mon back to date due to lack of economy. (Ritter 1990) 

 

In Australia building of TCC bridges started in 1950’s and has been continuing up to date. 

Research was conducted in Australia and New Zealand on the use of round wood of local 

species. In 2008 road authorities of New South Wales published Timber Bridge Manual 

(2008) outlining the structure, inspection and maintenance, design and construction of pre-

fabricated TCC deck modules. Deck modules are built of round wood girders and concrete 

deck with high end diaphragms. The deck is supported at the end from the bottom of the end 

diaphragms. Connection for horizontal shear between timber and concrete is provided by 

steel shear plates installed in grooves on top of the girders. Additionally coach screws are 

placed on top of the girders along the span to ensure contact in the interface. Ends of the 

girders are inlaid to the end diaphragms to provide vertical support for the girders. 

 

TCC bridges are used also in Brazil. First of these bridges were built in 1974 in São Paulo, 

followed by few more until year 2000. In 2000’s eight more timber-concrete composite 

bridges were built encouraged by São Paulo University’s research program for cost effective 

and durable timber bridges (Rodrigues, Providência et al. 2010). Spans of these latest eight 

composite bridges vary from l = 6 m to l = 15.5 m. Superstructures in these bridges are built 

of Eucalyptus logs connected to concrete slab with inclined or tension bars. All of these 

bridges are road bridges (Calil 2008).  

 

Limited amount of good information about TCC bridges in Central Europe could be found, 

but one example is the Birkberg-Bridge near Wippra, Germany. The bridge is single-lane 

road bridge with span l = 15 m and free width B = 4.5 m. It was built in 2008 and it was the 

first TCC bridge in Germany. The bridge was developed as a prototype in Bauhaus Univer-

sity Weimar research project, which focused on developing a suitable connector for bridges. 
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The studies consisted of short-term, dynamic, long-term and fatigue push-out tests for con-

nectors and bending tests to for the assembly to investigate load-bearing capacity and defor-

mations under the loading. The prototype bridge superstructure consisted of two main gird-

ers, b x h = 1260 x 700 mm2, made of glulam GL32h and 250 mm thick reinforced concrete 

deck of strength class C30/37. (Rautenstrauch, Mueller et al. 2010).  

 

Another example of newly adopted TCC system to bridges can be found in Portugal, where 

the Quiaios Bridge was built in 2005. It is a one-span bridge with span length l = 13.9 m and 

free width B = 5.0 m. It is built on the forest road, but it was designed for highest loads 

indicated by Portuguese Building Code. The bridge has four CCA treated glued laminated 

timber (glulam) beams of strength class GL28h and cast in-situ concrete slab connected to 

beams with glued-in ϕ20 mm reinforcing bars (X-connection) and notches. (Rodrigues, Dias 

et al. 2013, Rodrigues, Providência et al. 2010).  

 

Three Nordic Timber Bridge Projects were carried out during the years 1994-1996, 1997-

1999 and 1999-2001. The research was conducted in Denmark, Finland, Norway and Swe-

den and it resulted 33 printed reports related to timber bridges (Jutila 2003). In Finland the 

research was done by Laboratory of Bridge Engineering of Helsinki University of Technol-

ogy. A part of The Finnish research concentrated in TCC road bridges. The work conducted 

in Finland resulted five publications discussing different aspects of the timber-concrete 

bridges: timber-concrete connections (Mäkipuro, Tommola et al. 1996), analysis methods 

(Mäkipuro, Jutila 1999b), construction methods (Noponen, Jutila 1999), composite bridge 

with precast deck units (Mäkipuro, Jutila 1999a) and follow-up of built TCC bridge (Salo-

kangas, Jutila 1999).  

 

At least twelve TCC bridges have been built since 1993 up to 2009 in Finland (Jutila, Salo-

kangas 2010). Data for bridges owned the Finnish Transport Agency (FTA) and the Centers 

for Economic Development, Transport and the Environment can be found in FTA’s bridge 

registry and detailed data for nine bridges was found from the registry. Most of the bridges 

are road bridges for access roads and the rest are pedestrian bridges.  

 
Table 1. Timber-concrete composite Bridges built in Finland, where n is the number of spans. The table 

is reproduced from (Jutila, Salokangas 2010). 

 

Year 

 

Name of the bridge 

 

Municipality 

 

n 

lmax 

[m] 

L  

[m] 

B 

[m] 

 

Designer 

1993 Kruununmylly Bridge Hämeenlinna 1 8.0  12.0 R. Mäkipuro 

1995 Uusisalmi Bridge Urjala 1 18.0  7.5 R. Mäkipuro 

1995 Marjomäki Bridge Janakkala 1 11.0  12.0 R. Mäkipuro 

1997 Tirva Bridge Kouvola 1 15.0 17.9 7.65 R. Mäkipuro 

1997 Huhmarhaara Bridge Kouvola 1 18.0 20.8 7.65 R. Mäkipuro 

1999 Vihantasalmi Bridge Mäntyharju 5 42.0 182.0 14.0 T. Rantakokko 

2000 Karhumäki Footbridge Pirkkala 1 14.0 20.1 4.90  

2001 Talvitie Bridge Isojoki 2 11.6 31.6 4.5 R. Mäkipuro 

2001 Pikisilta Oulu 3 16.0 50.5 9.5 SCC Viatek 

2002 Nukkumajoki Bridge Inari 1 16.0 18.5 4.5 R. Mäkipuro 

2003 Koskenkulma Bridge Rautjärvi 1 12.0 15.3 7.55 R. Mäkipuro 

2009 Sorsakoski Bridge Leppävirta 1 7.8 13.6 5.65  
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All the Finnish example bridges, other than Vihantasalmi Bridge, are simple slab-beam com-

posite bridges with one or more spans. For example Huhmarhaara Bridge (Figure 1) is a road 

bridge for an access road. The superstructure of the bridge is built of three glulam beams and 

in-situ concrete deck slab. The main span of the bridge is l = 18 m and it has 1.4 m long 

cantilever ends spans. Lower surfaces of the beams are curved moderately and shear con-

nections between the beams and the slab is provided by combination of glued-in X-connect-

ors, notches and dowels. The bridge is based on simple strip abutments and the earth pressure 

from the landfill is supported by the integral diaphragms at the ends of the bridge. 

 

 
Figure 1. Huhmarhaara Bridge in Kouvola (Finnish Transport Agency 2016). 

 

Koskenkulma Bridge (Figure 2) is quite similar than Huhmarhaara Bridge with three main 

glulam main beams, but its concrete deck is assembled from prefabricated reinforced con-

crete slabs and grouted seams between the elements can be seen in the figure 8 by closer 

inspection. Prefabricated slabs have holes at locations where the connectors in the beams are 

located and the holes are grouted to provide the connection between the concrete deck and 

the main beams after installation. The bridge is a road bridge for an access road like the 

Huhmarhaara Bridge. 

 

 
Figure 2. Koskenkulma Bridge in Rautjärvi (Finnish Transport Agency 2016). 
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Compared to other examples Vihantasalmi Bridge is a special case. It serves as a road bridge 

for Finnish national road 5. The width of the roadway is 11.0 m and it has also 3.0 m wide 

pedestrian way on side of the deck. It has three l = 42 m intermediate and two l = 21 m end 

spans. The intermediate spans of the bridge are supported by glulam king-post trusses, while 

end span are simply supported beam-slabs. 

2.2 Structural systems, materials and connectors of timber-con-
crete bridges 

Two different structural systems used in construction of TCC bridges were found, the slab-

deck system or the composite girder system with individual timber beams instead of wooden 

deck. The latter system seems to be practically the only system currently in use. In most of 

the cases the timber section are glulam because quite large cross-sections are required for 

the bridges. Typically the timber sections are treated with creosote or CCA to ensure the 

durability. The most typical type of concrete deck is cast in-situ, but also prefabricated decks 

are used, like in the Koskenkulma Bridge. The most typical connection between the slab and 

the timber section were X-connector with glued in reinforcement bars. The connection type 

is discussed in more detail in the next paragraph. 

 

The studies done during the Nordic Timber Bridge Project (see section 2.1) in Helsinki Uni-

versity of Technology have been quite comprehensive and have also led to connection sys-

tems, that has been adopted in many timber-concrete bridges in Finland and the same con-

nection types has been applied also more recently some other countries. One of the tests 

during the project was fatigue testing of four different heavy duty timber-concrete shear 

connection types with glued-in reinforcement bars (Tommola, Salokangas et al. 1999). The 

test is particularly interesting due to high strength and stiffness of the connection which is 

required for the joints in the longer span timber-concrete composite bridges. Only one spec-

imen of each connection type was tested. All the specimens consisted of two 

b x h = 240 mm x 750 mm glued laminated timber beams with 350 mm thick concrete layer 

on top of the beam. Length of the specimens measured at the bottom of the beam were l = 

1200 mm. The specimens were labeled Xp, Xe, VN and XN and schematic presentation of 

the specimens can be seen in the Figure 3.  

 

 
Figure 3. Schematic presentation of test specimens in Helsinki University of Technology fatigue testing 

of timber-concrete connections adopted from (Tommola, Salokangas et al. 1999).  
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In all the specimens the bars with diameter ϕ = 20 mm were glued into ϕ = 24 mm holes in 

the glulam beams. Polyurethane glue was used for specimens Xp, VN and XN while epoxy 

glue was used for specimen Xe. In the specimens VN and XN top of the glulam beam was 

also notched. The glulam strength class was L40, reinforcement bars were steel A500HW 

and characteristic strength of the concrete corresponded to strength class C40. A connection 

close to tested X-connectors with notches were used i.e. in the Vihantasalmi Bridge. The 

connection is shown in Figure 4. 

 

In the fatigue tests connections were loaded by cyclic load varying between 

F = 10…155 kN. The connection stiffness was measured every 100000’s load cycles by 

static test in the load range F = 0…160 kN. After the fatigue testing the connections were 

loaded up to failure. The slips and slip moduli in the beginning and the end of the tests of 

each specimen are shown in the Table 2. The connections with notches performed well com-

pared to other two. The stiffness of the notched connection remained high even after over 

1000000 loading cycles compared to un-notched specimens of which stiffness was only a 

fraction of the initial stiffness. The measured ultimate loads of the specimens were 

Fv = 588 kN, Fv = 663 kN, Fv = 921 kN and Fv = 914 kN for types Xp, Xe, VN and XN, re-

spectively. 

 
Table 2. Fatigue loading test measured slips and slip moduli (Tommola, Salokangas et al. 1999). 

Specimen 

No. 

Connector 

type 

Number of load 

cycles 

Total slip 

[mm] 

Remaining slip 

[mm] 

Slip modulus 

[MN/mm] 

1 Xp 1 0.08 0.00 2.03 

  1000000 0.65 0.10 0.27 

2 Xe 1 0.03 0.00 5.86 

  2100000 0.28 0.13 0.77 

3 VN 1 0.22 0.13 1.92 

  1200000 0.35 0.25 1.46 

4 XN 1 0.06 0.02 2.19 

  1700000 0.13 0.06 1.46 

 

 

 
Figure 4. Timber-concrete shear connections with X-connectors and notches on top of the glulam beams 

in the Vihantasalmi Bridge (Finnish Transport Agency 2016). 
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2.3 Structural behavior of TCC bridges 

In this chapter general structural behavior and particular aspects of a TCC beams as well as 

different short- and long-term analysis methods found in the literature are reviewed. Also 

the effects of the lateral load distribution to overall behavior of the timber-concrete bridges 

are discussed. 

2.3.1 Timber-concrete composite structures in general 

Typical TCC structure is horizontal structure transferring vertical loads in one direction 

mainly in flexure. Simple example of such structure is a one-span TCC beam, where the 

concrete slab acts in compression and the timber section in tension in bending. The compo-

site action between the parts is provided by shear connection between the members. This 

kind of arrangement allows to exploit best properties of both the materials. Concrete is strong 

and stiffer than timber in compression, but timber is stronger in tension than concrete which 

has practically no tensile strength in comparison. (Ceccotti 1995).  

 

In building construction TCCs offer various benefits over the conventional timber floor 

structures. In-plane stiffness of the floor is increased dramatically, flexural stiffness can in-

crease up to 3…4 times and loading capacity can be doubled and damping ratio is increased 

from 1 to 2%. Other benefits of TCC construction are better sound insulation due to added 

mass and improvement in fire resistance. (Ceccotti 1995). Increased stiffness and strength 

as well as vibrations characteristics can be considered to be the main advantages in bridge 

structures. 

 

Fundamental behavior of timber-concrete composite structure in bending can be described 

by a model of simply supported beam composed of a timber section with concrete slab on 

top. Three different Cases, which are shown in Figure 5, can be considered: 

1. no connection between the elements 

2. connection between the elements is semi-rigid 

3. connection between the elements is rigid. 

 

In the Case 1, assuming that there is no friction between the elements, individual elements 

can slip freely relative to each other. When the beam deforms under the load, difference in 

axial strains and deformations is introduced between the elements. No axial forces develop 

in cross-section, since there is no shear flow between the parts and the beam acts as two 

separate beams that both carry parts of the load relative to their bending rigidity.  

 

In the Case 3, slip is fully prevented by the rigid connection. Under the load the cross-section 

is forced to act as a composite section. While there is no shear flow between the elements in 

the Case 1, in the Case 3 there is vertical shear flow, which keeps the beam together, between 

the elements. Shear flow will also induce axial forces in the elements. Bending stiffness is 

larger and stresses are reduced compared to the Case 1. 

 

In the Case 2, the connection between the elements can deform, but at the same time shear 

flow will be created due to relative slip between the elements. Connection stiffness can vary 

between the Case 1 and the Case 3, so those cases can be seen as lower and upper bounds of 

the bending stiffness and the stresses of the beam with semi-rigid connections. 
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Figure 5. Comparison of beams in bending with different type of connection between the elements. 

 

Shear connection has the governing effect on stiffness of the composite beam. Some defini-

tions for efficiency of the shear connection has been presented. According to (Gutkowski, 

Brown et al. 2008) it can be defined as 

 

 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐷𝑁 − 𝐷𝐼
𝐷𝑁 − 𝐷𝐶

 , (2.1) 

 

where DN is the theoretical deflection of fully non-composite beam (Case 1), DC is the theo-

retical deflection of fully composite beam (Case 2) and DI is the measured deflection of 

incomplete composite action beam. 

 

Another definition was presented originally by Piazza in 1983 (Lukaszewska 2009). It de-

fines efficiency as 

 

 𝛾 =
𝐸𝐼𝑟𝑒𝑎𝑙 − 𝐸𝐼0
𝐸𝐼∞ − 𝐸𝐼0

 , (2.2) 

 

where EI0 is the bending stiffness of non-composite beam (Case 1), EI∞ is the bending stiff-

ness of fully composite beam (Case 2) and EIreal is the actual bending stiffness of the beam. 

2.3.2 Analytical analysis methods for timber-concrete composite 
beams 

The simplest way to analyze composite beams is to neglect the interlayer slip corresponding 

to Case 3. Then the deformations and the stresses may be calculated by Euler-Bernoulli beam 

theory, using the method of heterogeneous sections or the method of transformed sections.  
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More refined method of analyzing beams with semi-rigid connections is presented by e.g. 

Kreuzinger (1995) and Ceccotti (2003). It is referred in the thesis as continuous flexible 

connection (CFC) method. The theory assumes that individual linear elastic beams, which 

behave according to simple bending theory, are connected with linear elastic connectors with 

constant spacing along the beam. The connection is simplified to continuous connections 

with constant stiffness along the beam. Assumptions lead to system of differential equations, 

which can be solved for different loads and boundary conditions. Exact analytical solutions 

for the system can be found for particular cases. Natterer & Hoeft (1987) present solutions 

for simply supported beam consisting of two parts subjected to uniform load, triangular load, 

sinusoidal load, point load on arbitrary position and inelastic strain difference between the 

parts. Kreuzinger (1995) presents the exact solution only for the special case with sinusoidal 

loading, whereas Ceccotti (2003) explains also means of obtaining solutions for more gen-

eral cases and presents solutions for the sinusoidal load, the uniform load and the point load 

at the mid-span. 

 

A simplified method, derived from the sinusoidal load case for simply supported beam, is 

so-called “γ-method”. It applies concepts of γ-factor, “connection efficiency factor”, and 

effective bending stiffness (EI)ef. The accuracy of the method depends on the load type and 

ratios of connector stiffness, elements bending and axial stiffness and length of the beam 

(Ceccotti 2003). The γ-method is adopted to Eurocode 5 part 1-1, in Annex B. The calcula-

tion formulas along with applicability range of the method is given in the Annex. Basically 

the method can be used for beams built of two or three parts with mechanical connections 

and loaded by uniform or sinusoidal load (SFS-EN 1995-1-1 + AC 2004). 

 

Mäkipuro & Jutila (1999b) have proposed, that TCC bridges could be generally analyzed as 

fully composite beams, but normal forces and bending moments of individual members as 

well as connector forces should be calculated taking into account the slip using the formulas 

according to Hawranek & Steinhardt (1958). The method is based on the same assumptions 

as the CFC method, thus it leads to the same solutions for the normal forces, the bending 

moments and the shear flow. 

 

Treating the connection continuous instead of discretely distributed connectors is a simpli-

fication, which limits the applicability of the method if the actual connector arrangement 

differs significantly from equally and closely space connectors with identical slip modulus. 

A way of taking into account discrete connections is introduced by (Tommola, Jutila 2001) 

and complemented by (Fernandez-Cabo, Díez-Barra et al. 2011). In the method a composite 

beam composed of two parts that are connected by linearly elastic shear connectors, which 

can be placed arbitrarily along the beam and can have individual slip moduli. Individual 

elements are treated as Euler-Bernoulli beams following Hooke’s law. The composite beam 

is treated as statically indeterminate structure, where connector forces are considered to be 

redundant forces. The system is solved by superimposing two stages, beams without shear 

connection and connector forces acting in the beam, and considering compatibility condi-

tions of the deformations of the connectors. Solving the problem leads to a matrix equation 

with n-1 unknowns, where n is the number of connectors in the beam. The method is quite 

general and it can be applied to arbitrary loads including differential strains and extended to 

i.e. continuous beams. 
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2.3.3 Finite element methods for analysis of timber-concrete composite 
beams 

Applying analytical methods for analyzing composite structures with semi-rigid connections 

are laborious in general and taking into account continuity at supports or non-linear material 

and connector behavior is problematic. More complex structures can be analyzed using finite 

element methods (FEM).  

 

Natterer and Weinand (2008) mention the framework model for modelling multi-layer 

beams, originally proposed by Kneidl and Hartmann in 1995. In the model each section of 

the beam is modelled. For modelling the connection between the beams different options are 

proposed and different options for modelling the connections are shown in the Figure 6. 

Model A is formed by combining rigidly jointed rigid arms to both beams and connecting 

them at the intermediate node by translational stiffness. Model B is a variation that can be 

adopted if the FEM software does not include possibility for modelling the flexible connec-

tion. Both models, A and B, introduce local bending moments at the connection, while model 

C is refined model that developed continuous moment. 

 

 
Figure 6. Different connector elements for modelling semi-rigid connection for composite beam in FEM 

framework model adapted from (Natterer, Weinand 2008). 

 

Rautenstrauch, Mueller et al. (2010) had used a lattice model with discrete joints for model-

ling a TCC bridge. The concrete slab and the timber section are modelled as beams at their 

actual neutral axes and the vertical displacements are coupled by using rigid pin-end mem-

bers along the beam. The connections are modelled by cantilever beams attached rigidly to 

the concrete slab and the timber section and pin-connected to each other. The stiffness of the 

cantilever beams calculated from the rigidity of the real joints and the concrete and timber 

parts. The lattice model is same by the principle as one shown in the Figure 18, except for 

the connector model. 

 

It should be noted that if the FEM software includes possibility for modelling nonlinear ma-

terial and spring behavior, non-linearity can be easily included in the analysis using the de-

scribed frame models. 
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2.3.4 Long-term behavior of timber-concrete composite structures 

Besides the instantaneous response to loads, timber, concrete and connections all have also 

time-dependent behavior due to environmental variations and material properties. Timber is 

affected by creep, mechano-sorptive creep, shrinkage/swelling and thermal strains and con-

crete is affected by creep, shrinkage and thermal strains. Also the connections experience 

creep and mechano-sorptive creep (Fragiacomo, Ceccotti 2006a). Because of these rheolog-

ical phenomena the stress and strain distributions in the composite beam will change over 

time (Fragiacomo 2006). These changes in stresses and strains will affect load-carrying ca-

pacity and deflections of TCC beams. 

 

Noponen (1998) has studied in his master’s thesis design methods of TCC bridges taking 

into account effects of the creep, shrinkage and inelastic strains due to environmental varia-

tions. In his proposal the effects of the loads applied before the concrete slab has cured are 

determined by applying the concept of restrained forces and effective modulus method. First 

the long-term effects in the timber section are determined separately from the composite 

section. Then so-called restraint forces, that are required to restore compatibility between 

the members, are determined. Total effect is then derived by superimposing the effects of 

the free strain and restrained force on the individual element with the effects of the restrained 

force with opposite sign on the composite section for the cross-section. In calculating the 

effects to the composite section effective elastic moduli are used to take into account effects 

of the creep. For the effects of the loads applied after the slab has cured, like traffic loads 

and shrinkage, effective modulus method without considering the restrained forces is used. 

Additionally the creep coefficients are modified with different factors depending whether 

the load is due to shrinkage of permanent loads. The proposed method does not take into 

account effects of the creep in the connectors. 

 

A simplified approach to account for time-dependent behavior in timber-concrete composite 

structures, including creep in connectors, has been presented by Ceccotti (1995). The long-

term effect are basically taken into account by using effective modulus approach to calculate 

long-term stresses and deformation in the structure. The basic concept of the approach is that 

long-term effects of the loads should be calculated by γ-method and replacing elastic moduli 

of timber and concrete and slip modulus of connectors by effective moduli corresponding to 

durations of the loads. The creep coefficient for the concrete should be then determined by 

using CEB (1993) formulas and creep coefficients for timber and connectors following the 

rules in Eurocode 5 (SFS-EN 1995-1-1 + AC 2004). Ceccotti’s simplified approach is basi-

cally the same as the one introduced in EC5 for long-term analysis of stresses and defor-

mations in statically un-determinate structures, when creep cannot form freely due to inter-

action of connected elements. 

 

Effective modulus method is also adopted in Eurocode 4 (SFS-EN 1994-1-1 2004) for anal-

ysis of composite steel and concrete beams. In EC4 the effects of creep are considered in 

analysis by using long-term modular ratio nL, which is determined by using the creep factor 

for concrete according to Eurocode 2 (SFS-EN 1992-1-1 2004). The creep factor is modified 

with different factors depending whether the effects due to permanent actions, shrinkage or 

pre-stressing force are considered. 
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Fragiacomo & Ceccotti (2006a) have proposed improved version of the Ceccotti’s (1995) 

simplified approach. The proposed approach takes into account creep, shrinkage and thermal 

strains in concrete, creep, mechano-sorptive creep, thermal strains and shrinkage/swelling in 

timber and creep (basic and mechano-sorptive) in connector system. Effects of the creep are 

taken into account by using effective moduli similar to Ceccotti’s earlier method, but 

Toratti’s (1992) creep model is recommended to be used for timber and connectors to define 

creep coefficients, since effects of duration of the load and varying moisture content can be 

explicitly included in it. They recommend CEB (1993) to be used for determining creep 

coefficients and shrinkage strains in concrete. 

 

Accuracy of new proposed method (Fragiacomo, Ceccotti 2006a) and earlier method (Cec-

cotti 1995) had been assessed against rigorous numerical FE model, which was developed 

for analyzing timber-concrete composite beams under varying environmental conditions. 

The FE model contains timber beam and reinforced concrete flange that are linked by con-

tinuous spring system. Parts of the cross-sections are divided into mesh to allow varying 

material properties over the cross-section of the beam. Calculation are carried out by step-

by-step method, taking into account creep, mechano-sorptive creep, shrinkage/swelling due 

to applied loads and environmental variations (Fragiacomo, Ceccotti 2006b). Proposed new 

method leads generally to smaller errors than the earlier one. Especially deflections and con-

nector shear forces were well predicted in proposed model (Fragiacomo, Ceccotti 2006a). 

 

Effective moduli in the method proposed by (Fragiacomo, Ceccotti 2006a) is derived using 

creep coefficients that correspond to creep under constant stress. In composite structures 

development of creep in individual parts is different due to internal stress redistribution due 

to different creep rates of the material, which is discussed in (Schänzlin, Kuhlmann 2004) 

and (Schänzlin 2003). Schänzlin has done numerous analytical and numerical studies for 

variety of timber-concrete composite beams. It is noted in these studies that 90% of the creep 

in concrete develops during the first 3 to 7 years while the creep in timber develops much 

slower. Due to this maximum stresses in timber are reached are reached at 3 to 7 years and 

after that timber stresses keep decreasing and maximum stresses in concrete are reached in 

the end of the service life. Schänzlin has proposed the use of effective creep coefficients for 

timber and concrete, which take into account the effects of different creep rates and non-

linearity due to composite action.  

2.3.5 Global load distribution in bridges 

TCC bridges typically consists of two or more beams with continuous concrete slab placed 

on top of the beams. When a load is applied on the deck slab, the whole structure will deform 

due to interaction between the slab and the beams. Actual behavior is very complex, but as 

a simplification it can be thought that the load is distributed among the girders so that each 

longitudinal beam will carry some portion of the load. Distribution of the loads depends on 

geometry, boundary conditions and material properties of the superstructure.  

 

Basically the analysis can be made considering only a single beam from the structure or by 

performing global analysis on the structure. In single beam approach permanent loads are 

typically distributed to individual beams considering their tributary areas and live loads are 

assigned using load distribution factors, which address the portion of the applied load that is 

carried by each girder. In the global analysis the whole structure is modelled using some 

applicable method. 
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Hawranek and Steinhardt (1958) have presented a qualitative description of distribution of 

point load among the girders in transversally stiffened bridge superstructure. They present 

non-dimensional “cross-wise bending stiffness” z, which expresses how much lateral bend-

ing stiffness of the superstructure affects lateral load distribution among the girders. The 

coefficient is calculated using formula 

 

 𝑧 = (
𝑙

2𝑎
)
3 𝐼𝑄
𝐼

 (2.3) 

 

where l is the span of the longitudinal beams, a is the spacing of the longitudinal beams, IQ 

is bending stiffness of transverse stiffeners for unit length and I is bending stiffness of lon-

gitudinal beams for unit length. The larger z is, the more linear is lateral load distribution. 

Effect of the lateral bending stiffness coefficient for laterally stiffened superstructure with 

five longitudinal girders is shown in Figure 7. Cases b), c) and d) present a unit point load 

applied on different girders. Load distribution with different lateral bending stiffness are 

considered; virtually no stiffness (z = 1), considerable stiffness (z = 25) and rigid stiffener 

(z = ∞). (Hawranek, Steinhardt 1958). It can be seen, that as z → 0, load distribution ap-

proaches the upper bound and as z → ∞, load distribution approaches the lower bound. 

 

 
Figure 7. Effect of the lateral stiffness on the global load distribution among the girders in 5-girdered 

laterally stiffened superstructure. For each load position there are 4 cases considered; no lateral stiffness 

(keine Lastvertailung), z = 1, z = 25 and rigid transverse stiffeners (starre Querträger). (Hawranek, 

Steinhardt 1958) 
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Cases with no lateral bending stiffness and with fully rigid stiffeners correspond to lever-

rule and rigid-diaphragm method, respectively. They are traditional simplified models to 

determine load distributed to each girder (Li, Chen 2011). The lever-rule assumes that trans-

verse structure bending stiffness is zero, thus it can be laterally regarded as series of simply 

supported beams supported by the girders. Parts outside the edge beam are considered as 

cantilever overhangs of the outermost beam. Under the assumptions the system is laterally 

statically determinate and leads to maximum possible loads on beams adjacent to loaded 

span. In the case where the slab is rigid and torsional stiffness of the beams can be considered 

small compared to torsional stiffness of the whole deck, rigid-diaphragm method can be used 

to determine load distribution on each beam in the superstructure. Load sharing in the ap-

proach is analogous to a rigid beam on discrete elastic foundation. Beams of the structure 

are replaced with springs with stiffness that corresponds to their vertical deflection under the 

load and the slab is replaced with a rigid beam. Rigid-body motion and forces on each spring 

under the load can be obtained by applying equilibrium of vertical forces and bending mo-

ments and compatibility conditions of spring forces and deformations.  

 

The lever-rule and rigid-diaphragm methods are crude simplifications, which may lead 

overly conservative or unsafe results. Generally lever-rule is upper bound solution, whereas 

rigid diaphragm is lower bound. In some cases, like when lanes are far inside exterior girder, 

lever-rule can actually result smaller portion of the load to exterior beam than rigid-dia-

phragm method (Li, Chen 2011). 

 

While the lever-rule and the rigid-diaphragm method can be used to define bounds for load 

distribution, in design practice multitude of methods for global analysis other than former 

are available. Design can be done by using  

 design charts 

 line girder analysis method 

 2D grillage analysis method 

 plate and eccentric beam analysis methods 

 3D FEA methods (Fu, Wang 2014).  

 

Design charts include graphs of internal and reaction forces for simple structures and loading 

cases, but typically they are too simplified for general use. Such charts exist e.g. in AISC 

Manual. Line girder method is based on considering beams individually and applying loads 

on them using load distribution factors that are obtained using approximate formulas, such 

as found in AASHTO LRFD. In 2D grillage analysis beams and the slab are simplified to 

plane frame consisting of longitudinal and transverse beams with three degrees of freedom, 

vertical displacement and rotation about transverse and longitudinal axes. In plate and ec-

centric beam method the slab is modelled using shell elements and the beam is modelled 

with beam elements that are offset from the slab distance that is normally equal to distance 

between centroids of the slab and the beam (Fu, Wang 2014). 3D FEA methods include 

various different models, such as 

1. In-plane shell-beam model 

2. 3D brick-shell model  

3. 3D shell-beam model 

4. 3D shell-shell model 

5. 3D brick-beam model (Fu, Wang 2014). 
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3 Short-term analysis of TCC bridge superstructure  
In this Chapter principles of four different short-term analysis methods, which could be used 

for analysis of timber-concrete composite beams, are described. The capability of the meth-

ods in presenting the short-term effect under the loads were studied by parametric study 

where the results of each methods were compared. Another uncertainty in analysis is related 

to lateral load distribution. The applicability of lever-rule and rigid-diaphragm method were 

studied by comparing the results with global FE model.   

3.1 Analytical methods for analyzing a simply supported TCC 
beam 

As shortly reviewed in Section 2.3.2, there are various analytical calculation models for an-

alyzing a simply supported timber-concrete composite beam. These model are 

 fully composite beam 

 composite beam with continuous flexible connection (CFC) 

 γ-method 

 composite beam with discrete flexible connection (DFC). 

 

In this Section it will be briefly explained how the aforementioned models are derived and 

what kind of characteristic features this kind of structure has. Because all the models are 

based in simple bending theory (Euler-Bernoulli beam theory), it will also be reviewed for 

basic concepts in the beginning. 

3.1.1 Euler-Bernoulli beam theory 

Euler-Bernoulli beam theory of simple bending is based on following assumptions 

1. a plane perpendicular to beam axis remains plane after deformation 

2. a plane perpendicular to beam axis remains perpendicular after deformation 

3. transverse strains are considered small and neglected. 

 

First and second assumption leads to linear distribution of strains and neglecting of shear 

strains. The materials are assumed to follow Hooke’s law 

 

 𝜎𝑥 = 𝐸𝜀𝑥 (3.1) 

 

where σx is the axial stress, E is the elastic modulus and εx is the axial strain. When the effect 

of normal forces is also taken into account axial strains εx and axial stresses σx (see Figure 

8) are obtained from  

 

 𝜀𝑥 =
𝑁

𝐸𝐴
+
𝑀𝑦

𝐸𝐼𝑦
𝑧,    𝜎𝑥 =

𝑁

𝐴
+
𝑀𝑦

𝐼𝑦
𝑧 , (3.2) 

 

where N is the normal force at given section, My is the bending moment about y-axis, A is 

the area of the section, Iy is the second moment of inertia of the section about y-axis and z is 

the distance from the neutral axis along the z-axis. 
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Figure 8. Stresses and strains due to bending moment and normal force in homogeneous cross-section. 

3.1.2 Fully composite beam model  

The fully composite beam model is based on the same assumptions as the simple bending 

theory. The difference is that the cross-section consists of multiple parts and the section is 

treated as heterogeneous section. The strains over the cross-section are still assumed to be 

linear, but the stresses at the point on the section depend on the elastic modulus of the mate-

rial at that point. The strains and stresses can be written similarly as for homogeneous cross-

section 

 

 𝜀𝑥 =
𝑁

𝐸𝐴
+
𝑀𝑦

𝐸𝐼𝑦
𝑧,    𝜎𝑥 = 𝐸𝑖

𝑁

(𝐸𝐴)
+ 𝐸𝑖

𝑀𝑦

(𝐸𝐼)𝑦
𝑧,    (3.3) 

 

where N is the normal force, My is the bending moment about y-axis, A is the area of the 

section, Iy is the second moment of inertia of the section about y-axis, z is the distance from 

the neutral axis along the z-axis, Ei is the elastic modulus of material at the point where the 

stresses are determined, (EA) is the axial rigidity of the cross-section (EI)y is the flexural 

rigidity of the cross-section about y-axis. 

 

The axial rigidity (EA) and flexural rigidity (EI)y of a non-homogeneous cross-section con-

sisting of parts with individual elastic moduli can be calculated from 

 

 (𝐸𝐴) =∑(𝐴𝑖𝐸𝑖)

𝑖

,    (𝐸𝐼)𝑦 =∑[𝐸𝑖(𝐼𝑦,𝑖 + 𝑧𝑖
2𝐴𝑖)]

𝑖

, (3.4) 

 

where Ai is the cross-section area of part i, Ei is elastic modulus of part i, Iy,i is the second 

moment of inertia of part i and zi is the distance from neutral axis of whole section to center 

of gravity of part i. The distance from arbitrary point to the neutral axis can be calculated 

from 

 

 𝑧0 =
∑[(𝐸𝐴)𝑖𝑧0,𝑖]

∑(𝐸𝐴)𝑖
, (3.5) 

 

where (EA)i is the axial stiffness AiEi of part i and z0,i is coordinate of part i center of gravity 

with respect to chosen arbitrary point. 
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3.1.3 Composite beam with continuous flexible connection  

Behavior of partially composite beam built up of two separate parts with semi-rigid connec-

tions was described in general level in Section 2.3.1. One commonly used method of ana-

lyzing such structures is presented by Kreuzinger (1995) and was originally based on the 

works of Newmark in 1951 and Möhler 1956 (Lukaszewska 2009). In the model beam is 

considered to be composed of two or more components that are connected by mechanical 

connections. The method is referred as continuous flexible connection (CFC) method in the 

thesis and only the case, in which the cross-section consists of only two parts, is considered.  

 

According to Kreuzinger (1995) the model is based on an assumption that the parts are con-

nected by discrete shear connectors that have linearly elastic load-slip behavior and the stiff-

ness of connector is K. It is assumed that the spacing of connectors is small and they are 

distributed uniformly so that the connection between the parts can be considered continuous. 

The stiffness of the connection for the unit length along the beam is k = K / s, where s is the 

spacing between the connectors. Due to assumption of linear elastic connection behavior the 

horizontal shear force along the beam is obtained from ν(x) = ku(x) = Fs / s, where u(x) is 

interlayer slip between the parts and Fs is the connector shear force. In the model the cross-

section is assumed to be constant along the beam and the individual parts are assumed to 

behave according to Euler-Bernoulli beam theory and the materials are linearly elastic. 

 

The cross-section of the beam is shown in Figure 9a) and the forces affecting the parts are 

shown in the Figure 9b). The response of the beam under loading is obtained by forming a 

system of equilibrium equations from Figure 9b), applying Euler-Bernoulli assumption to 

obtain system of differential equations and finally applying specific loading and boundary 

conditions of the given problem. The principles for solving the system can be found in 

(Kreuzinger 1995, Ceccotti 2003). Closed form solutions can be found in some cases, like 

the simply supported beam with different loads. 

 

 
Figure 9. Cross-section of the beam and b) differential elements of the beam with loading and internal 

forces acting on the elements. 

 

As mentioned earlier in the Section 2.3.2, solutions for some cases can be found from liter-

ature. For practical design purposes in bridge engineering at least solutions for uniformly 

distributed load and concentrated load at arbitrary point of the span are required. In the fol-

lowing comparison of the calculation methods (Section 3.1.6) the solutions are calculated by 

using the formulas obtained from Natterer & Hoeft (1987). The formulas for uniform load 

and concentrated load are lengthy and are not repeated here.  
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3.1.4 γ-method 

The γ-method is presented in EN 1995-1-1, annex B: mechanically jointed beams (SFS-EN 

1995-1-1 + AC 2004). The method is developed from the exact CFC method solution of 

simply supported beam under sinusoidal load. For the sinusoidal load the bending stiffness 

and the stress distribution are constant along the span of the beam. In the γ-method the effects 

of the other load types are approximated by using the same stiffness and stress distribution 

as for sinusoidal load (Ceccotti 2003). Due to these assumptions the method is exact only 

under sinusoidal load and all the other cases it gives only approximate results, while the 

accuracy depends on type of the load, cross-section properties, connection stiffness and the 

span of the beam. 

 

The assumptions for the γ-method are given in (SFS-EN 1995-1-1 + AC 2004) as  

 the beams are simply supported with span l. For continuous beams with l equal to 0.8 

of the relevant span and for cantilevered beams with l equal to twice the cantilever 

length  

 the individual parts are full length or made with glued end joints 

 the individual parts are connected with mechanical fasteners with slip modulus K 

 the spacing between the fasteners is constant or varies according to the shear force 

between smin and smax with smax < 4smin 

 the load acting in the z-direction giving a moment M = M(x) varying sinusoidal or 

parabolic and the shear force V = V(x). 

 

Deflection shall be calculated using effective bending stiffness (EI)ef, which is defined for 

T-section (SFS-EN 1995-1-1 + AC 2004) as 

 

 (𝐸𝐼)𝑒𝑓 =∑(𝐸𝑖𝐼𝑖 + 𝛾𝑖𝐸𝑖𝐴𝑖𝑎𝑖
2)

2

𝑖=1

, (3.6) 

 

where 

 

 𝐴𝑖 = 𝑏𝑖ℎ𝑖 ,    𝐼𝑖 =
𝑏𝑖𝐼𝑖

3

12
,    𝛾1 =

1

1 +
𝜋2

𝑙2
𝐸1𝐴1𝑠

𝐾

,    𝛾2 = 1, (3.7) 

 

 𝑎2 =
𝛾1𝐸1𝐴1(ℎ1 + ℎ2)

2∑ 𝛾𝑖𝐸𝑖𝐴𝑖
2
𝑖=1

, (3.8) 

 

where K is Kser for serviceability limit state calculations and Ku for ultimate limit state cal-

culations. 

 

Normal stresses due to axial force couple and bending moments in individual members, re-

spectively, should be calculated from  

 

 𝜎𝑖 =
𝛾𝑖𝐸𝑖𝑎𝑖𝑀

(𝐸𝐼)𝑒𝑓
,    𝜎𝑚,𝑖 =

0.5𝐸𝑖ℎ𝑖𝑀

(𝐸𝐼)𝑒𝑓
 (3.9) 
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The maximum shear stresses in the web member should be calculated from 

 

 𝜏2,𝑚𝑎𝑥 =
0.5𝐸2𝑏2ℎ

2

𝑏2(𝐸𝐼)𝑒𝑓
𝑉,     𝑤ℎ𝑒𝑟𝑒 ℎ =  

ℎ2
2
+ 𝑎2.  (3.10) 

 

The connector forces should be taken as 

 

 𝐹 =
𝛾1𝐸1𝑎1𝑠

(𝐸𝐼)𝑒𝑓
𝑉, (3.11) 

 

where s = s(x) is the spacing of the connectors. 

 

 
Figure 10. Notation for T-section in γ-method. The cross-section of a T-beam, dimensions, normal 

stresses and shear stresses. 

 

It is not defined in EN 1995-1-1 how varying connector spacing s = s(x) should be treated in 

defining bending stiffness of the beam, even though connector spacing is allowed to vary 

according the shear force distribution. According to Ceccotti (2003) in the cases, where the 

connector spacing varies according to the shear force, an effective connectors spacing sef can 

be used. The effective spacing is defined as 

 

 𝑠𝑒𝑓 = 0.75𝑠𝑒 + 0.25𝑠𝑚  𝑤𝑖𝑡ℎ     𝑠𝑒 < 𝑠𝑚 < 4𝑠𝑒 ,     (3.12) 

 

where se is the connector spacing at the ends of the beam and sm is the spacing in the middle 

of the beam. Using the notation in EN 1995-1-1 the effective connector spacing would be 

then defined as 

 

 𝑠𝑒𝑓 = 0.75𝑠𝑚𝑖𝑛 + 0.25𝑠𝑚𝑎𝑥,    (3.13) 

 

which is applied in calculations by replacing s with sef in γ1 in the Eq. (3.7). 
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3.1.5 Composite beam with discrete flexible connections  

Whereas fully composite method, CFC method and γ-method assume the connection be-

tween the members of the composite beam being continuous, other approach is to analyze 

the beam with discrete connection method that takes into account the actual positions and 

stiffness of the connectors (Tommola, Jutila 2001, Fernandez-Cabo, Díez-Barra et al. 2011). 

Both authors considered only simply supported beam, but Fernandez-Cabo, Diez-Barra et 

al. suggested that the approach can be extended to multi-span beam and also briefly mention 

how inelastic strains can be included in the analysis. In this thesis the method was expanded 

by considering multi-span beam and including inelastic strains in the analysis, since it was 

needed for the long-term simulation tool.    

 

The method is referred in the thesis as discrete flexible connection (DFC) method. In the 

method the beam is assumed to consist of two individual members, which may also have a 

gap between then to model e.g. non-structural element between the parts. Following assump-

tions are made 

 the connectors are linear elastic, can have individual stiffness and can be placed 

arbitrarily along the length of the beam 

 each member is modelled as Euler-Bernoulli beam and the materials are linear elas-

tic 

 deformations are small and both members are assumed to have equal deflections and 

curvatures.  

 

The span of the beam is l and the timber section and the concrete slab are connected with 

n+1 number of shear connectors, which are labeled j = 0,1,…,n. The locations and stiffness 

of the connectors are xj and Kj, respectively, where j is the number of the connector. The 

beam is also supported with m number of intermediate supports labeled j = n+1…n+m lo-

cated at xj. The notation for the cross-section and coordinate system is presented in Figure 

11. Ai is the area of the section, Ii is the second moment of inertia, Ei is the elastic modulus, 

bi is the width of the section, hi is the height of the section, hg is the gap between the parts 

and a is the distance between the centroids of the parts, where i refers to individual member 

in the cross-section. 

 

 
Figure 11. Notation used for the discrete flexible connection model. Structural system of the beam, con-

nector and intermediate support numbering and longitudinal coordinate system is shown on the left. 

The cross-section and notation is shown on the right. 
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The beam is externally and internally statically indeterminate system. Because of the static 

indeterminacy the problem is solved using force method, where the system is separated in 

statically determinate primary system and system with redundant forces. The analysis is di-

vided in two stages; S-1 and S-2. In the stage S-1 connectors 1…n and supports n+1…n+m 

are considered to be released. In the stage S-2 the effects of each redundant connector and 

support force are applied on the structure and they are then solved by applying compatibility 

conditions for the connectors and supports. 

 

In the stage S-2 there an additional assumption, called equivalent eccentricity, is used to 

simplify the analysis procedure (Fernandez-Cabo, Díez-Barra et al. 2011). The basic idea is 

to provide equivalent eccentricities to connector forces when they are applied on the mem-

bers, so that equal curvatures are maintained in both members of the composite beam without 

considering vertical force interaction between the members. It can be derived very simply 

by writing out the curvatures caused by connector force couple with eccentricities e1 and e2 

acting on the members 1 and 2 respectively, and setting them equal 

 

 {

𝐹𝑖𝑒1
(𝐸𝐼)1

=
𝐹𝑖𝑒2
(𝐸𝐼)2

𝑒1 + 𝑒2 = 𝑎
 
 
⇒ 𝑒𝑖 = 𝑎

(𝐸𝐼)𝑖
(𝐸𝐼)1 + (𝐸𝐼)2

 , 𝑖 = 1,2.   (3.14) 

 

In the stage S-1 the structure is assumed to consist of two members and the relative slip 

between the parts is prevented only by connector 0, since all the other connectors were re-

leased. When the beam is subjected to a load, it will deform and a strain difference will be 

introduced in the interface of the individual members. The loading can be external transverse 

load, external applied load, inelastic strains due to thermal elongation or moisture induced 

shrinkage/swelling or slip increment in the connectors.  

 

In the case of external loads system S-1 will be loaded by a bending moment distribution 

M(x), which can be obtained by using formulas for simply supported beam from any hand-

book of structural mechanics. The total moment carried by the beam is 

M(x) = M1(x) + M2(x). Since the curvatures of the beams were assumed to be equal, the mo-

ment can also be expresses as M(x) = -w’’(x) (EI1 + EI2) = -w’’(x) (EI)0. Now the moments 

carried by member i can be written 

 

  

 𝑀𝑖(𝑥) = 𝑀(𝑥)
𝑀𝑖(𝑥)

𝑀(𝑥)
= 𝑀(𝑥)

𝑤´´(𝑥)(𝐸𝐼)𝑖
𝑤´´(𝑥)(𝐸𝐼)0

= 𝑀(𝑥)
(𝐸𝐼)𝑖
(𝐸𝐼)0

.     (3.15) 
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The curvature due to bending moment is 

 

 𝑤´´(𝑥) = −
𝑀(𝑥)

(𝐸𝐼)0
   (3.16) 

 

and according to Figure 12 the strain difference at the interface can be obtained from 

 

 𝛥𝜀(𝑥) = 𝜀1(𝑥) − 𝜀2(𝑥) =
𝑀(𝑥)

(𝐸𝐼)0
(
ℎ1
2
+ ℎ𝑔 +

ℎ2
2
) =

𝑀(𝑥)

(𝐸𝐼)0
𝑎.   (3.17) 

 

 
Figure 12. Strains and curvatures in the stage S-1 in the section due to bending moment. 

 

The connector slip at x0 (connector 0) is u(x0) = Δu0, where Δu0 is possible initial slip of the 

connector. The interlayer slip at any point along the beam can be obtained by integration 

from 

 

 𝑢(𝑥) = ∆𝑢0 +∫
𝑀(�̂�)

(𝐸𝐼)0
𝑎 𝑑�̂�

𝑥

𝑥0

, (3.18) 

 

where )ˆ(xM is the bending moment and x̂  is dummy variable for the integration. Similarly 

the deflections at any point can be obtained by applying unit load method giving 

 

 𝑤(𝑥) = ∫
𝑀(�̂�)�̅�𝑗(�̂�)

(𝐸𝐼)0
 𝑑�̂�

𝑙

0

, (3.19) 

 

where )ˆ(xM is the bending moment due to external load, )ˆ(xM  is the bending moment due 

to unit load (F = 1) applied in positive z-direction at x and x̂  is dummy variable for the inte-

gration. 
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If the composite beam is subjected to inelastic strains due to environmental variations, the 

free linear variation of the strains over the cross-section of member i is given e.g. in case of 

thermal variations 

 

 𝜀𝑖(𝑧) = 𝜀0,𝑖 + 𝑧𝜅0,𝑖, (3.20) 

 

with 

 

 𝜀0,𝑖 = 𝛼𝑇,𝑖𝛥𝑇𝑢,𝑖 ,          𝜅0,𝑖 = 𝛼𝑇,𝑖
𝛥𝑇𝑀𝑧,𝑖
ℎ𝑖

 (3.21) 

 

where εi(z) is the strain distribution over the section of the member, ε0,i is the uniform strain 

due to uniform temperature change component, κi is the curvature due to linearly varying 

temperature difference component, αT,i is the thermal expansion coefficient of the member 

i, ΔTu,i is the uniform temperature change component and ΔTMz,i is the linearly varying tem-

perature difference component about z-axis. 

 

Equilibrium condition requires that the sum of moments acting in the whole beam section 

must be equal to zero. Secondly, curvatures due to inelastic strains and restrained moments 

must be equal. This gives pair of equations 

 

 𝑀1 +𝑀2 = 0
 
⇒𝑀1 = −𝑀2 = 𝑀 (3.22) 

 

 𝜅0,1 −
𝑀

(𝐸𝐼)1
= 𝜅0,2 +

𝑀

(𝐸𝐼)2
. (3.23) 

 

From the equations one obtains expression for internal moment due to difference in curva-

tures 

 

 𝑀 = (𝜅0,1 − 𝜅0,2)
(𝐸𝐼)1(𝐸𝐼)2
(𝐸𝐼)1 + (𝐸𝐼)2

, 𝑀1 = 𝑀,𝑀2 = −𝑀 (3.24) 

 

and after the balancing moments are applied the curvatures are 

 

 𝜅1 = 𝜅2 = 𝜅 =
𝜅0,1(𝐸𝐼)1 + 𝜅0,2(𝐸𝐼)2

(𝐸𝐼)1 + (𝐸𝐼)2
, (3.25) 

 

where κ0,1 and κ0,2 are initial curvatures from the equation (3.20). 

 

 
Figure 13. Strains and curvatures in the stage S-1 in the section due to inelastic strains. 
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Strain difference in the interlayer is 

 

 𝛥𝜀 = 𝜀0,1 − 𝜀0,2 − 𝑎𝜅   (3.26) 

  

and the interlayer slip along the span is obtained by integration  

  

 𝑢(𝑥) = ∆𝑢0 +∫ 𝛥𝜀 𝑑𝑥
𝑥

𝑥0

. (3.27) 

 

The deflection along the beam is obtained by applying the unit load method so that 

 

 𝑤(𝑥) = ∫ 𝜅�̅�𝑗(�̂�) 𝑑�̂�
𝑙

0

. (3.28) 

 

In any of the load case the slips of the connector j = 1…n and the deflections at the support 

j = n+1…n+m are obtained from the formulas 

 

 𝑢𝑗 = 𝑢(𝑥𝑗)  (3.29) 

 

and 

 

 𝑤𝑗 = 𝑤(𝑥𝑗).  (3.30) 

 

In the stage S-2 the slip of connector j or the deflection at support j due to sum of the redun-

dant forces Fi, where i refers the connector (i = 1…n) or intermediate support 

(i = n+1…n+m), is taken into account. The slip of connector j and the deflection at the sup-

port j due to force Fi are Δuji and wji. The connectors forces induce normal forces N1 = Fi and 

N2 = -Fi in x0 < x ≤ xi. By using the concept of equivalent eccentricity, the bending moments 

acting in the members due to connector forces are M1 = -e1Fi and M2 = -e2Fi in x0 < x ≤ xi. 

Support reactions i are considered as concentrated loads acting on the beam at locations xi 

and they induce bending moment Mi(x).   

 

The strain difference in the interlayer due to connector force Fi is then 

 

 

𝛥𝜀 = 𝐹𝑖 [
1

(𝐸𝐴)1
+

1

(𝐸𝐴)2
+

𝑒1
(𝐸𝐼)1

(
ℎ1
2
+ ℎ𝑔) +

𝑒2
(𝐸𝐼)2

ℎ2
2
] 

= 𝐹𝑖 [
1

(𝐸𝐴)1
+

1

(𝐸𝐴)2
+

𝑎2

(𝐸𝐼)0
] , 

(3.31) 

 

so that the interlayer strain difference is 

 

 𝛥𝜀(𝑥) = {

0, 𝑥 < 𝑥0,   𝑥 > 𝑥𝑖

𝐹𝑖 [
1

(𝐸𝐴)1
+

1

(𝐸𝐴)2
+

𝑎2

(𝐸𝐼)0
] , 𝑥0 ≤ 𝑥 ≤ 𝑥𝑖

. (3.32) 
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Total slip of connector j due to connector force Fi consist of the effects of strain difference 

and also the slip of the connector 0 due to Fi. The slip is obtained from 

 

 

𝑢𝑗𝑖 =
𝐹𝑖
𝐾0
+∫ 𝛥𝜀 𝑑𝑥

𝑥𝑗

𝑥0

 

= 𝐹𝑖 {
1

𝐾0
+ [

1

(𝐸𝐴)1
+

1

(𝐸𝐴)2
+

𝑎2

(𝐸𝐼)0
] (𝑥𝑎 − 𝑥0)} = 𝐹𝑖𝛾𝑗𝑖 , 

(3.33) 

 

where 

 

 𝑥𝑎 = {
𝑥𝑗 , 𝑥𝑗 ≤ 𝑥𝑖
𝑥𝑖 , 𝑥𝑗 > 𝑥𝑖

 . (3.34) 

 

and γji is a flexibility coefficient for connector j due to connector force i. 

 

The deflection at the support j due to connector force i is obtained considering only the 

curvature due to connector force and applying unit load method 

 

 
𝑤𝑗𝑖 = ∫

𝑀𝑖(𝑥)�̅�𝑗(𝑥)

(𝐸𝐼)0
 𝑑𝑥

𝑙

0

= 𝐹𝑖∫ −
�̅�𝑗(𝑥)

(𝐸𝐼)0
𝑎 𝑑𝑥

𝑥𝑖

𝑥0

= 𝐹𝑖𝛾𝑗𝑖 , 

 

(3.35) 

where )(xM j  the bending moment due to unit load applied in positive z-direction at xj. On 

the other hand the slip of the connector j due to support reaction i is obtained from 

 

 
𝑢𝑗𝑖 = ∫

𝑀𝑖(𝑥)

(𝐸𝐼)0
𝑎 𝑑𝑥

𝑥𝑗

𝑥0

= 𝐹𝑖∫ −
�̅�𝑖(𝑥)

(𝐸𝐼)0
𝑎 𝑑𝑥

𝑥𝑗

𝑥0

, 

 

(3.36) 

where )(xM i is the bending moment due to unit load applied in positive z-direction at xi.  

 

The deflection at the support j due to support reaction i is obtained by applying unit load 

method 

 

 𝑤𝑗𝑖 = ∫
𝑀𝑖(𝑥)�̅�𝑗(𝑥)

(𝐸𝐼)0
 𝑑𝑥

𝑙

0

= 𝐹𝑖∫
�̅�𝑖(𝑥)�̅�𝑗(𝑥)

(𝐸𝐼)0
 𝑑𝑥

𝑙

0

= 𝐹𝑖𝛾𝑗𝑖  , (3.37) 

 

where )(xM i  and )(xM j  are unit loads applied at the positive y-direction at xi and xj, respec-

tively. Algebraic expression were derived from the equations (3.37)-(3.39) for the use in the 

calculations, but they are not presented here due to their lengthiness.  
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To solve the unknown forces F1…Fn+m compatibility conditions of the connector slips 

u1…un and deflections at the supports wn+1…wn+m are considered. For each connector the 

slip from stages S-1 and S-2 must be equal to sum of slip caused by the connector force Fj 

itself and connector slip increment Δuj, which can be written 

 

 𝑢𝑗 + ∆𝑢𝑗 + ∑ 𝐹𝑖𝛾𝑗𝑖

𝑛+𝑚

𝑖=1

= −
𝐹𝑗

𝐾𝑗  
⇔∑ 𝐹𝑖𝛾𝑗𝑖

𝑛+𝑚

𝑖=1

+
𝐹𝑗

𝐾𝑗
= −(𝑢𝑗 + ∆𝑢𝑗). (3.38) 

 

The same is done for the deflections at the intermediate supports, which can be written 

 

 𝑤𝑗 + ∑ 𝐹𝑖𝛾𝑗𝑖

𝑛+𝑚

𝑖=1

= 0
 
⇔∑ 𝐹𝑖𝛾𝑗𝑖

𝑛+𝑚

𝑖=1

= −𝑤𝑗 . (3.39) 

 

This can be written in matrix form 

 

 𝑩𝑿 = 𝒖, (3.40) 

 

where 

 

 

𝑩 =

(

 
 
 
 
 
𝛾1,1 +

1

𝐾1
… 𝛾1,𝑛 𝛾1,𝑛+1 … 𝛾1,𝑛+𝑚

⋮ ⋱ ⋮ ⋮ ⋱ ⋮

𝛾𝑛,1 … 𝛾𝑛,𝑛 +
1

𝐾𝑛
𝛾𝑛,𝑛+1 … 𝛾𝑛,𝑛+𝑚

𝛾𝑛+1,1 … 𝛾𝑛+1,𝑛 𝛾𝑛+1,𝑛+1 … 𝛾𝑛+1,𝑛+𝑚
⋮ ⋱ ⋮ ⋮ ⋱ ⋮

𝛾𝑛+𝑚,1 … 𝛾𝑛+𝑚,𝑛 𝛾𝑛+𝑚,𝑛+1 … 𝛾𝑛+𝑚,𝑛+𝑚)

 
 
 
 
 

⏞                                    

(𝑛+𝑚)×(𝑛+𝑚)

 

 

𝑿 =

(

 
 
 

𝐹1
⋮
𝐹𝑛
𝐹𝑛+1
⋮

𝐹𝑛+𝑚)

 
 
 
,𝒖 = −

(

 
 
 

𝑢1 + ∆𝑢1
⋮

𝑢𝑛 + ∆𝑢𝑛
𝑤𝑛+1
⋮

𝑤𝑛+𝑚 )

 
 
 
 . 

(3.41) 

 

Forces F1…Fn can be solved by multiplying deformation vector u by inverse of the flexibility 

matrix B which is written in matrix form 

 

 𝑿 = 𝑩−1𝒖. (3.42) 

 

Finally connector force F0 must be solved by considering longitudinal equilibrium of con-

nector forces  

 

 ∑𝐹𝑖

𝑛

𝑖=0

= 0
 
⇔𝐹0 = −∑𝐹𝑖

𝑛

𝑖=1

. (3.43) 
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When the connector forces are solved, normal forces and bending moments of the composite 

beam are obtained by superimposing the effects from stage S-1 and S-2, so that 

 

 𝑁1(𝑥) =∑𝐹𝑖(𝑥)

𝑛

𝑖=0

, 𝐹𝑖(𝑥) = {
0, 𝑥 < 𝑥𝑖
𝐹𝑖 , 𝑥 ≥ 𝑥𝑖

  (3.44) 

 

 𝑁2(𝑥) = −𝑁1(𝑥) (3.45) 

 

 𝑀1(𝑥) = 𝑀0,1(𝑥) − 𝑒1𝑁1(𝑥) + 𝑀1,1(𝑥) (3.46) 

 

 𝑀2(𝑥) = 𝑀0,2(𝑥) + 𝑒2𝑁2(𝑥) + 𝑀1,2(𝑥) (3.47) 

 

where Ni(x) is the normal force in the member i, Mi(x) is the bending moment in the mem-

ber i, M0,i(x) is the bending moment in the member i from the stage S-1, M1,i(x)  is the bend-

ing moment in the member i  due to intermediate support reactions, ei is the equivalent ec-

centricity of the connector force in part i and i = 1,2. 

 

Deflection of the beam can be solved by using the unit load method, which is easy to imple-

ment numerically. With the unit load method the deflection of the beam at given point x´ 

considering member 1 can be calculated from 

 

 𝑤(𝑥) = ∫
𝑀1(�̂�)�̅�(�̂�)

(𝐸𝐼)1
𝑑𝑥

𝐿

0

 (3.48) 

 

where )ˆ(1 xM  is the bending moment in the member 1, (EI)1 is the bending stiffness of the 

part 1 and )ˆ(xM  is bending moment due to unit load F = 1 applied in positive z-direction at 

x. 

3.1.6 Comparison of analysis methods for short-term analysis of TCC 
beam 

Differences using the fully composite method, CFC method and γ-method compared to DFC 

method were analyzed by a parametric analysis of a simple supported TCC beam in the 

practical range of input parameters. The span length of the beam was l = 18 m in all the 

cases. In total six different combinations (cases) by combining three different loads with two 

different connector arrangements were considered. Load cases were uniformly distributed 

load over the span, concentrated load at mid-span (x = l/2) and concentrated load near the 

left support (x = l/10). The connector arrangements were uniformly distributed connectors 

over the whole span and connector spacing varying according the shear force distribution of 

uniform load over the span. All the cases were analyzed for in total 160 combinations of 

cross-section dimensions and connector stiffness. The concrete slab and the timber section 

were assumed to have elastic moduli Ec = 30000 MPa and Et = 13000 MPa, respectively, 

which is close to practical values when normal concrete and glulam is used in the construc-

tion. 
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In both connectors spacing models there were in total 18 shear connectors in the beam. In 

the uniformly spaced model the connectors were places with s = 1.0 m center-to-center dis-

tances so that the first and the last connector is located 0.5 m from the nearest support. In the 

varying connector spacing model the connectors were placed in three regions over the half-

spans of the beam so that in each region the spacing of the connector is inversely proportional 

to average shear force in that region. The spacing inside a region was defined so that the first 

and last connector in the region if placed half the connector spacing from the edged of the 

region according to Figure 14. The effective connector spacing according to Eq. (3.13) is 

sef = 1.2 m. 

 

 
Figure 14. Connector position arrangements for parametric study. Case a) is uniform connector spacing 

and case b) is varying connector spacing. 

 

To be able to include range of different cross-section configurations in the analyses total 

height of the section was assumed to be htot = 1.5 m and the total width of the section 

btot = 1.2 m. Four different heights of the concrete slab were used ,varying from hc = 0.15 m 

to hc = 0.3 m, and five different widths of the timber section, varying from bt = 0.2 m to 

bt = 0.4 m. The connector slip moduli has eight different values from K = 500 MN/m to 

K = 5000 MN/m. Combinations of different cross-sectional proportions and connector slip 

moduli result total of 160 combinations. The input values are summarized in the Table 3. 

 
Table 3. Input values for parametric comparison of different analysis methods comparison study. Num-

ber in the brackets ( ) displays the total number of parameters. Slip modulus values are rounded to fit 

in the table. 

Parameter Value 

Span length L [m] 18.0 

Concrete elastic modulus Ec [MPa] 30000  

Timber elastic modulus Et [MPa] 13000 

Total height htot [m] 1.5  

Total width btot [m] 1.2  

Concrete slab height hc [m] 0.15, 0.20, 0.25, 0.30 (4) 

Timber section width [m] 0.20, 0.25, 0.30, 0.35, 0.40 (5) 

Slip modulus K [MN/m] 500, 695, 965, 1341, 1864, 2590, 3598, 5000 (8) 
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Figure 15. Different load cases used in the parametric study and the cross-section of the composite beam. 

 

From each calculation maximum deflection wmax, maximum connector force Vc,max, maxi-

mum tensile stress in the bottom fiber of the timber section σt,max and maximum compressive 

stress in the top fiber of the concrete slab σc,max were extracted. They were used to calculate 

relative error of each effect compared to DFC method. Relative error was calculated from 

 

 𝐸𝑟𝑟𝑖 =
𝑆𝑖 − 𝑆𝐷𝐹𝐶
𝑆𝐷𝐹𝐶

 (3.49) 

 

where SDFC is general effect (wmax,Vc,max,σt,max,σc,max) using the DFC-method, Si are corre-

sponding effect using other methods and i refers to compared methods (i = CFC method, γ-

method, fully composite method). 

 

Relative errors Erri obtained from Eq. (3.49) were plotted in x-y plots, where x-axis contains 

composite connection effectivity factor γ according to Eq. (2.2). The bending stiffness EI∞, 

EIef and EI0 were calculated using γ-method (Eq. (3.6)). The set of plots contain four indi-

vidual plots of relative errors of wmax, Vc,max, σt,max and σc,max for each combination of load 

type and connector spacing resulting 24 plots in total. The plots are included in the Appen-

dix 1. Connection effectivity factor ranged γ = 0.81…0.90 in the case of uniform connector 

spacing and γ = 0.78…0.98 in the case of varying connector spacing. The results are plotted 

over the range of γ = 0.75…1.0 in all the cases.  

 

In general, when uniform connector spacing is used, differences to DFC method decrease 

when connection effectivity factor approaches γ = 1. For varying connector spacing only the 

difference in deflections seems to decrease in all the cases, but the differences in connector 

forces and stresses have not generally such common trend. 
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Using the fully composite method with constant connector spacing underestimates the de-

flection by 1…15% in all the cases and the error decreases linearly as the connection effi-

ciency factor γ increases. The stresses in timber σt,max are underestimated in all the load cases, 

by 1…6% for uniform load, by 4…15% for the concentrated load at x = l/2 and by 8…28% 

for the concentrated load at x = l/10. The errors in timber stresses decrease also with higher γ. 

The stresses in concrete σc,max are underestimated or overestimated depending on the ratio 

hc/ht, so that for larger ratios the stresses are underestimated and for lower ratios they are 

overestimated, producing error -20…22%. The error smallest for uniform load with high γ 

and largest for concentered loads with low γ. The connector forces are generally overesti-

mated. The maximum error for the concentrated load at x = l/2 is around 1%, for the uniform 

load around 2…15% and for the concentrated load at x = l/10 around 4…58%. The error of 

the connector forces decrease along increasing γ. Due underestimation of the deflection and 

stresses (up to 28%) the method is unsafe and using it for the analysis even with constant 

connector spacing seems unreasonable.  

 

In the case with varying connector spacing using the fully composite method produces errors 

of same magnitude smaller deflection as with constant spacing. The deflection is underesti-

mated by 1…15% and it also decreases while γ increases. The stresses in timber σt,max are 

underestimated by 1…8% for uniform load, by 8…18% for the concentrated load at x = l/2 

and by 8…26% for the concentrated load at x = l/10 also decreasing while connection effi-

ciency factor increases. The stresses in concrete σc,max are underestimated or overestimated 

the same way as with constant connector spacing producing error -19…18%. The connector 

forces are generally overestimated as they were with constant connector spacing, but in this 

case the error for the concentrated at x = l/2 is 86…191%, which is extremely very overes-

timation. The error for the uniform load around 7…14% and for the concentrated load at 

x = l/10 around 1…35%. The error of the connector forces decreases along increasing γ. The 

method is also unsafe when used with varying connector spacing and should not be used in 

the analysis. Also the large overestimation of connector forces (up to around 200%) results 

uneconomic design in practice. 

 

γ-method results only small errors in deflection for the uniform connector spacing. The de-

flection is underestimated by 2% at maximum. The stresses in timber are generally underes-

timated, by 1% for uniform load, by 4…9% for the concentrated load at x = l/2 and by 

8…24% for the concentrated load at x = l/10. The stresses in concrete σc,max are underesti-

mated or overestimated depending on the combination of ratio hc/ht and connection stiffness 

K, producing error -18…17%. The error smallest for uniform load with high γ and largest 

for concentered loads with low γ. The connector forces are overestimated by 1…8% for the 

uniform load, underestimated by 0…6% for the concentrated load at x = l/2 and overesti-

mated by 3…48% for the concentrated load at x = l/10. The errors with the uniform con-

nector spacing are generally smaller than with fully composite method, but due to underes-

timation of stresses by over 20% the method seems too unsafe for analysis. 
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With varying connector spacing γ-method underestimates or overestimated the deflection 

resulting errors around -2…6% and the error decreases as γ increases. The stresses in timber 

σt,max are generally underestimated also with varying connector spacing, by 0…3% for uni-

form load, by 7…12% for the concentrated load at x = l/2 and by 8…21% for the concen-

trated load at x = l/10. The error in stresses in concrete is -16…13%, depending on the com-

bination of ratio hc/ht and connection stiffness K as with constant spaced connectors and the 

error smallest for uniform load with high γ and largest for concentered loads with low γ. The 

connector forces are fairly well estimated for uniform load and they are overestimated by 

5…8%. For the concentrated load at x = l/10 the error is around 0…25%, but for the con-

centrated load at x = l/2 they are overestimated by 86…168%. In overall γ-method underes-

timates the stresses by over 20%, thus it is unsafe. The connector forces are overestimated 

less than with fully composite method, but the errors (up to 170%) are still too high for 

economic design. 

 

The CFC method seem to give reasonable results compared to discrete method when uniform 

connector spacing is used. For uniform load and concentrated load at x = l/2 errors for de-

flection, connector forces and stresses are small, resulting error less that ±1%. For the case 

with point load at x = l/10 the connector forces are overestimated by 1…3%. The errors in 

σt,max are around -2…4% and in σb,max around -2…3%. In general the error remains under 

±5% for all the effects, which is considered to be good agreement. 

 

In the case connector varying connector spacing, CFC results differ considerably from the 

DFC method. The error in deflections is around -1…6%, and the error reduces as connection 

efficiency increases. If the point load at the support is not taken into account, the error is 

only less than 3 %. The errors in stresses also tend to decreases as connection efficiency 

factor increases, but there are errors even with high connection efficiency values. The error 

in σt,max is around -3…8% and in σb,max around -6…7%. As there are only moderate errors is 

the stresses, but the connector forces have huge errors. For the uniform load and point load 

at x = l/10 the error is around 65…100%, but for the point load at mid-span it is -25…15%. 

The error in the connection forces is too large and the result can be on the safe or unsafe side 

depending on the load case and the connection effectivity factor. In overall using the CFC 

method for analyzing beams with varying connector spacing is unsafe. 

 

As a summary, fully composite method and γ-method result unsafe estimation of stresses in 

all the cases and highly overestimate the connector forces, and using them in the analysis 

can be considered unreasonable. Nevertheless, the errors in deflection using γ-method are 

small, the effects of the connection stiffness can be taken into account and it is simple to use, 

so it could be used in the preliminary design phase comparing different choices of cross-

section and connection system. The CFC method resulted only small errors with the uniform 

connector spacing, thus it could be used in the analysis in TCC beams with constant con-

nector spacing. With varying connector spacing the method is unsafe and should not be used. 

In general it is recommended to use DCF-method or some other method, in which the actual 

connector spacing can be taken into account, to ensure adequate accuracy of the analysis.  
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3.2 Load-distribution study 

Besides the accuracy on the calculation method applied for analyzing the composite beam, 

also global load distribution affects the accuracy of the deformations, connector forces and 

stresses obtained from the analysis. Since no regulation, recommendation or guidelines in 

the current codes could be found how to determine effects of live loads on individual beams 

of the bridge superstructure, it was of interest to study how different approaches affect the 

results. The same bridge was modelled by applying simplified calculation methods and a 

finite element model of the whole bridge. 

3.2.1 Simplified calculation methods 

In the simplified methods the effects of the load on the bridge girders were calculated by 

applying a portion of load, determined by using lever-rule and rigid-diaphragm, on the ef-

fective section. Using the lever-rule, the deck is assumed to be hinged over the interior beams 

and continuous over the exterior beam. The loads to each girder are calculated as support 

reaction of the slab segments using statics of the rigid body. Using the rigid-diaphragm 

method the deck is assumed to continuous over the beams, infinitely rigid in transverse di-

rection and the beams are considered as springs with relative stiffness corresponding to bend-

ing stiffness of the beams. The loads on each girder are obtained from the spring forces of 

the model. The schematic presentation of the load distribution models are shown in the Fig-

ure 16. The point load on the girder due to point load F on the deck is given as Fi = F.(LF)i 

and line load due to distributed load p is given as qi = p.bL
.(LF)i, where (LF)i is load distri-

bution factor to girder i and bL is the width of the loaded area. The effects of the loads were 

determined by analyzing the beam by using the DFC method. 

 

 
Figure 16. Load distribution models in the lever-rule and in the rigid-diaphragm method. 

3.2.2 Finite element model 

In the finite element model the concrete slab was modelled as grillage and timber sections 

with beam elements connected. The grillage is modelled in the mid-plane of the concrete 

slab and the timber beams in the neutral axes of the timber section, so that the distance be-

tween the grillage, a, equals distance between the mid-plane of the slab and the neutral axes 

of the timber section. The connection between the grillage and the timber sections was mod-

elled with combination of separation links and connector elements. A schematic presentation 

of the FEM model is shown in the Figure 17.  
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Figure 17. Finite element model of the bridge with the concrete slab modelled as grillage and timber 

section with beam elements.  

 

The grillage was modelled by using Euler-Bernoulli beam elements in longitudinal and 

transverse directions. In transverse direction the slab is divided in to effective concrete sec-

tions along the timber sections and edge beams which are modelled as longitudinal members 

of the grillage. The height of the effective concrete section was equal to thickness of the slab 

and the width was chosen equal to effective width of the slab in T-section, beff, according to 

EC2 (2004). The cross-section properties of the edge beam was taken equal to actual cross-

section properties of the edge beam. In the longitudinal direction the slab is divided in to 

number of the transverse beams with height equal to thickness of the slab and the width equal 

to distance between transverse beams.  

 

The timber sections were modelled by using Euler-Bernoulli beam elements placing the 

beams in the neutral axes of the timber section in the actual bridge. The actual dimensions 

of the timber sections were used to define the cross-section properties.  

 

The connection between grillage and the timber beams was modelled by connection the lon-

gitudinal effective sections of the grillage to the timber beams using the separations links 

and connector elements. The separations links were modelled as rigid pin-ended elements 

placed along the span with constant spacing. The connectors were modelled by rigid ele-

ments, which are connected rigidly to timber sections, but the in the connection to the gril-

lage has release in longitudinal direction with spring stiffness equal to connector slip modu-

lus. The principle of the connection system is shown in the Figure 18. Rotational constraint, 

about the longitudinal axis of the bridge, in the connections between the connection elements 

and the grillage, which leads to neglecting the torsional stiffness of the timber sections in the 

model. 
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The connection model was tested in simple case studies, analyzing a TCC beam in FE soft-

ware using 2D-framework model (Figure 18) and by CDF method. The beam a) in Figure 

14 was used in the analysis with cross-section dimension hc = 0.15 m, bc = 1.2 m, 

ht = 0.945 m and bt = 0.19 m. The moduli were Ec = 30000 MPa, Et = 13000 MPa and 

K = 500 MN/m. Both models were analyzed for the load cases 1-3 in the Figure 15. Gener-

ally the differences in maximum deflections, maximum stresses in the bottom fiber of the 

timber section and in the top fiber of the concrete slab as well as maximum connector forces 

between the models were less than 0.1%, except for the stresses the concrete slab in the cases 

with point load. For the point load at x = l/2 the FEM model resulted 0.9% smaller σc,max and 

for the point load at x = l/10 the FEM model resulted 8.6% larger σc,max than DFC method. 

The differences were only local and the reason is that the point load was introduced on the 

beam presenting the concrete slab on the model. The results from the models were also glob-

ally almost identical, thus the framework model was considered practically equivalent to 

DFC model.  

 

 

 
Figure 18. Framework model for modelling composite beam with semi-rigid connections using beam 

elements and link elements. Interaction between separate members is modelled by combination of pin-

connected rigid links and connector elements. The connector is released in longitudinal direction for the 

upper end with spring stiffness K. 

3.2.3 The comparison 

The effects of the load-distribution were studied by a simple case study, where a bridge with 

six main girders was considered. The bridge is the same as was used in the analysis of long-

term effects in the Section 5.1.1 (see Figure 24). The main idea of the comparison was to 

analyze the same bridge using simplified analysis methods and finite element analysis to 

evaluate the accuracy of the approximate methods by comparison. Only the exterior girder 

was studied since it is normally to most stressed part of the bridge. Timber elastic modulus 

Et = 13000 MPa, concrete elastic modulus Ec = 30000 MPa and connector slip modulus 

K = 1500 MN/m were assumed for the analysis. In the finite element analysis the whole 

bridge was modelled in Autodesk’s Robot Structural Analysis Professional 2015.  

 

Three different loads are considered, a) uniform load over the whole bridge, b) uniform load 

acting over the half of the bridge and c) point load at the mid-span 0.4 m from the edge of 

the bridge deck. The loads are shown in the Figure 19. The loads applied on the effective 

beam are derived by first calculating load distribution factors using lever-rule (L-R) and 

rigid-diaphragm (R-D) method and then applying the fraction of the load corresponding to 

the load distribution factor on the beam as line or point loads. The load distribution factors 

for each load are shown in the Table 4. 
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Table 4. Load distribution factors to the exterior girder of the bridge for each load using lever-rule         

(L-R) and rigid-diaphragm method (R-D). 

 Load distribution factors 
Load L-R R-D 

1 0.21 0.17 

2 0.42 0.39 

3 1.29 0.41 

 

  
Figure 19. Load cases considered in the load distribution comparison, where e = 0.4 m is the distance of 

the point load from the edge beam. 

 

Maximum deflection wmax, maximum connector force Vc,max, maximum tensile stress in the 

bottom fiber of the timber section σt,max and maximum compressive stress in the top fiber of 

the concrete slab σc,max were extracted from each analysis. Relative errors in the results from 

lever-rule approach and rigid-diaphragm method compared global finite element model were 

calculated by using  

 

 𝐸𝑟𝑟𝑖 =
𝑆𝑖 − 𝑆𝐹𝐸𝑀
𝑆𝐹𝐸𝑀

, (3.50) 

   

where SFEM is the general effect obtained from the FEM analysis and Si are the effects ob-

tained by using simplified methods (i = lever-rule, rigid-diaphragm method). The errors are 

given in the Table 5.  

 

It can be seen that lever-rule leads to fairly good approximations for the uniform load over 

the deck (load 1), but rigid-diaphragm method underestimates all the effects for the same 

load producing errors up to 30% in deflection and stresses in concrete. For the load over the 

half deck (load 2) the connector forces are underestimated around 50% using both the sim-

plified approaches. The effects of the point load (load 3) are overestimated over 100% by 

the lever-rule, while the rigid-diaphragm method underestimates all the effects by 30…40%.  

 

Since the distributed loads are simplified to line loads in the simplified methods, loads 

1 and 2 produce similar deflection, stress and connector force diagrams along the span, dif-

fering only in magnitude. In the FE model the distribution is different also between load 1 

and load 2. This effect of the global interaction makes it even more difficult to model the 

effect by simple load-distribution methods.   
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Based on the observations from the comparison, it is clear that for the case bridge use of 

lever-rule or rigid-diaphragm methods lead to errors, which cannot be tolerated in the design 

of the TCC bridges and finite element models should be used for the analysis to ensure the 

accuracy of the calculations. Using the presented FE model also allows reading the deflec-

tions, internal forces M and N in the elements as well as connector forces directly from the 

model. 

 

 
Figure 20. The bridge used in the load distribution study was modelled in Autodesk's Robot Structural 

Analysis Professional 2015.  

 
Table 5. Errors [%] in the maximum values, when comparing lever-rule (L-R) and rigid-diaphragm 

method (R-D) results to results obtained of the finite element model.  

 Load 1 Load 2 Load 3 

Effect S L-R R-D L-R R-D L-R R-D 

wmax -13 -31 -9 -16 101 -36 

Vc,max -13 -31 -19 -25 94 -38 

σt,max 3 -19 22 12 126 -28 

σc,max 2 -19 8 0 116 -31 
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4 Long-term analysis of a TCC bridge 
As stated earlier in the Section 2.3.4, TCC structures are affected by number of time-depend-

ent phenomena. Timber is affected by creep, mechano-sorptive creep, shrinkage/swelling 

and thermal strains, concrete is affected by creep, shrinkage and thermal strain and the con-

nectors are affected by creep and mechano-sorptive creep, which will affect stress and strain 

distributions in the structure. Current design codes do not give specific guidelines for ana-

lyzing timber-concrete composite bridges or other kinds of TCC structures. 

4.1 Current design codes approaches 

By reviewing the current design codes used in Finland, a very little guidelines concerning 

the long-term effects of timber-concrete composite structures could be found. In SFS-EN 

1995-1-1 no information concerning TCC structures is available. In SFS-EN 1995-2, some 

requirements and guidelines are given, but it does not cover long-term effects. Finnish 

Transport Agency’s guideline for application of Eurocode 5 for timber bridges, NCCI5 

(Liikennevirasto 2013), gives rough estimate for taking into account the effects of the creep 

by using modular ratio n = Ec/Emean = 2 for long-term loads, while for short-term load it is 

n = Ec/Emean = 3, when the composite section is transformed to monolithic timber section. 

SFS-EN 1991-1-5, presents a methods of defining linear temperature variation in the con-

crete slab and the temperature differences between the slab and the beams for steel-concrete 

composite bridges. 

 

Design codes appear to have limited information about TCCs, but rules and instruction con-

cerning long-term behavior of the individual materials can be found. Eurocode 5 (SFS-EN 

1995-1-1 + AC 2004) states in Section 2.2.1 that design models for different limit states shall 

take into account different material properties (stiffness and strength), different time-depend-

ent behavior of the materials (duration of load and creep), different climatic conditions (tem-

perature and moisture) and different design situations (construction stages and support con-

ditions), when appropriate. However, how the climatic variations and different design situ-

ations should be taken into account, is not covered in the standard, but considering duration 

of the load and creep is included.  

 

Basically in the linear analysis of the structures, that consists of members, components and 

connections with similar creep behavior, the value of the final deformation ufin should be 

taken as  

 

 𝑢𝑓𝑖𝑛 =∑𝑢𝑓𝑖𝑛,𝑖 =∑𝑢𝑖𝑛𝑠𝑡,𝑖(1 + 𝜓2,𝑖𝑘𝑑𝑒𝑓), (4.1) 

 

where uinst,i are instantaneous deformations for actions i, ψ2,i are factors for the quasi-perma-

nent values of actions i and kdef is a deformation factor (or creep factor). The deformation 

factors are gives for three service classes and for different types of wood products in SFS-

EN 1995-1-1 table 3.2.  
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When the structural system consists of parts with different time-dependent behavior, the 

long-term effects of the structure for the actions should be determined by using for each part 

corresponding final mean modulus of elasticity Emean,fin and slip modulus Kser,fin, which 

should be taken in the service limit state (SLS) as 

 

 𝐸𝑚𝑒𝑎𝑛,𝑓𝑖𝑛 =
𝐸𝑚𝑒𝑎𝑛
1 + 𝑘𝑑𝑒𝑓

 ,    𝐾𝑠𝑒𝑟,𝑓𝑖𝑛 =
𝐾𝑠𝑒𝑟

1 + 𝑘𝑑𝑒𝑓
 (4.2) 

 

and in the ultimate limit state (ULS) as 

 

 𝐸𝑚𝑒𝑎𝑛,𝑓𝑖𝑛 =
𝐸𝑚𝑒𝑎𝑛

1 + 𝜓2𝑘𝑑𝑒𝑓
 ,    𝐾𝑠𝑒𝑟,𝑓𝑖𝑛 =

𝐾𝑠𝑒𝑟
1 + 𝜓2𝑘𝑑𝑒𝑓

 (4.3) 

 

where Emean and Kser are mean values of modulus of elasticity and slip modulus, ψ2 is factor 

for the quasi-permanent action causing the largest stress in relation to the strength and kdef is 

the deformation factor in the relevant service class. This approach is so-called effective mod-

ulus method (EM).  

 

In the connections between two wood based elements with different time-dependent behav-

ior, the deformation factor kdef for the connector should be taken as 

 

 𝑘𝑑𝑒𝑓 = 2√𝑘𝑑𝑒𝑓,1𝑘𝑑𝑒𝑓,2 (4.4) 

 

where kdef,1 and kdef,2 are the deformation factors for the connected timber elements. (SFS-

EN 1995-1-1 + AC 2004) 

  

EN 1995-1-1 or EN 1995-2 do not present any guidelines for taking into account the effects 

of the inelastic strains due to temperature and moisture variation in the timber in the ele-

ments. Some guidelines are given in the NCCI5 (Liikennevirasto 2013). The guideline de-

scribes thermal expansion coefficients for thermal variations and moisture content variations 

for solid wood and glued laminated timber, which should be taken parallel to grain 

αT = 5x10-6 / °C and αu = 1x10-4 /%, respectively. The moisture expansion coefficient is 

valid in the range u = 0…30% of the moisture content and for the moisture contents u > 30% 

the expansion coefficient should be taken as αu = 0. NCCI5 also states that after the equilib-

rium moisture content is reached, variation of the moisture content in the timber section can 

be taken as ±3% for salt impregnated wood and as ±2.5% for creosote impregnated timber 

in service class 2.  
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The basis of design of the concrete structures is given in EN 1992-1-1 (SFS-EN 1992-1-1 

2004), in which it is stated as a principle rule, that the consequences of deformation due to 

temperature, creep and shrinkage shall be considered in design. For determining the inelastic 

strains due to temperature variations, the linear thermal expansion coefficient αT = 

10x10-6 / K may be used. The total shrinkage εcs(t) over time in concrete is given as 

 

 𝜀𝑐𝑠(𝑡) = 𝜀𝑐𝑑(𝑡) + 𝜀𝑐𝑎(𝑡), (4.5) 

     

where εcd(t) is the drying shrinkage strain, which depends on dimensions of the element, the 

ambient relative humidity and the composition of the concrete, and εca(t) is the autogenous 

shrinkage strain, which depends on the strength of the concrete. Determining the shrinkage 

strains in concrete in detail can be found in the clause 3.1.4(6) and in annex B.2.  

 

The creep strains εcc(t) over time is given  

 

 𝜀𝑐𝑐(𝑡) = 𝜑(𝑡, 𝑡0)
𝜎𝑐
𝐸𝑐
= 𝜑0𝛽𝑐(𝑡, 𝑡0)

𝜎𝑐
𝐸𝑐
, (4.6) 

 

where φ(t,t0) is the creep function for the constant stress σc applied at time t0, Ec is the tangent 

modulus, which may be taken as 1.05Ecm and φ0 is the notional creep coefficient depending 

on the ambient relative humidity, dimensions of the element, compressive strength of the 

concrete and the concrete age when the load is applied. βc(t,t0) is the coefficient depending 

on ambient relative humidity and element size, and describing the development of creep over 

period t - t0. The creep is assumed to be linear and model is valid when the concrete is sub-

jected to stresses σc(t0) ≤ 0.45fck(t0) at the age of the loading t0. In the case when 

σc(t0) > 0.45fck(t0) the creep is considered non-linear and the creep function is modified with 

the factor depending on stress-strength ratio σc / fcm(t0). Determining the creep strains in con-

crete can be found in detail in clauses 3.1.4(2)…3.14(5) and in annex B.1. 

 

In the serviceability limit states the total deformations including the creep may be determined 

by using the effective modulus of elasticity for concrete, which is given as 

 

 𝐸𝑐,𝑒𝑓𝑓 =
𝐸𝑐𝑚

1 + 𝜑(∞, 𝑡0)
, (4.7) 

 

where φ(∞,t0) is the creep coefficient at time t = ∞ and Ecm is the secant modulus of the 

concrete. However, it is not clearly defined at which time the secant modulus should be 

defined, although it develops over the time. Additional guidelines how the creep of the con-

crete should be taken into account in steel-concrete composite structures are given in EN 

1994-1-1. The effective modulus is defined as 

 

 𝐸𝑐,𝑒𝑓𝑓 
=

𝐸𝑐𝑚
1 + 𝜓𝐿𝜑𝑡(𝑡, 𝑡0)

 (4.8) 

 

where Ecm is secant modulus of concrete for short term loading, ψL is creep multiplier de-

pending on the loading (Table 6) and φt(t,t0) is concrete creep coefficient at time t when the 

loading was applied at time t0. 
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Table 6. EN 1994-1-1 creep multipliers for  

different type of loadings. 

Loading type Creep multiplier ψL 

Permanent load 1.1 

Effects of shrinkage 0.55 

Prestressing forces 1.5 

 

After the brief overview of the current design codes, it is clear that treating the time-depend-

ent phenomena are better covered for the concrete than for the timber. Whereas for the con-

crete the development of the creep and shrinkage are defined as a functions of time, also 

accounting material, dimensional and environmental parameters, for the timber only crude 

final creep values in three different service classes are given with indication of using the 

effective modulus method, when the time-dependent material parameters differ in the struc-

ture. Most of the directions for dealing with the timber-concrete composite structures were 

found in the Finnish transport agency’s guideline NCCI5 (Liikennevirasto 2013), even if 

they are very few and rough. 
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4.2 Existing analysis methods to account for long-term effects 

As it was seen in the previous Section, the current design codes do not cover explicitly the 

design of the timber-concrete composite structures. However, the subject can be found in 

many studies from the past decades up to date with also proposed design methods for the 

timber-concrete composite structures. The main interests in this study are the methods that 

are suited to be used with the Eurocode standards. One applicable method was proposed by 

Ceccotti (1995, 2003) and summarized in (Fragiacomo, Ceccotti 2006a). The method is quite 

straight forward applying γ-method described in EN 1995-1-1 in Annex B with the effective 

modulus method (EMM) for the individual elements and connectors of the timber-concrete 

composite beam similarly as recommended for the wood-based structures with different 

time-dependent behavior in EC5. Another method, which is basically an extension of Cec-

cotti’s approach, was proposed later by Fragiacomo (2006). In it also the effects of the envi-

ronmental variation and the shrinkage of concrete are included, which is particularly inter-

esting if considering timber-concrete composite bridges, which are exposed to outdoor en-

vironment.  

4.2.1 Method proposed by Ceccotti 

The method proposed by Ceccotti (1995, 2002) is based the use of the γ-method, which was 

already presented in the Section 3.1.4. The method is intend to be used for simply supported 

TCC structures with mechanical connections, where the structure is modelled as a T-section 

with concrete slab and timber section connected by a flexible connection. The model con-

siders effects of the permanent load and live loads, but the effects of the shrinkage of the 

concrete and inelastic strains due to environmental variation are neglected. The model is 

presented here by following the summary in (Fragiacomo, Ceccotti 2006a, Ceccotti 1995), 

but different notation is adopted and the approach is presented in more general terms. In 

general the structural response is obtained by superposition of the effects of the individual 

loads, so that total effect is  

 

 𝑆 =∑𝑆𝐺𝑖

𝑁

𝑖=1

+∑𝑆𝑄𝑖

𝑀

𝑖=1

, (4.9) 

 

where S is a general effect (deflection, slip, stress, connector force, etc.), iG
S  is the effect 

of ith permanent load (i = 1…N) and iQ
S  is the effect of ith variable load (i = 1…M).  

 

In the short-term analysis the effects are obtained simply by elastic solution 

  

 𝑆𝑖𝑛𝑠𝑡
𝑗

= 𝑆𝑒𝑙
𝑗
(𝐸𝑐𝑚(𝑡𝑖), 𝐸𝑚𝑒𝑎𝑛, 𝐾), (4.10) 

 

where 
j

instS  is the short-term effect due to load (j = Gi, Qi) applied at time ti and 
j

elS (Ecm(ti), 

Emean, Kser) is the elastic effect by using the elastic modulus of concrete at age ti, Ecm(ti), mean 

elastic modulus of timber Emean and  slip modulus K for the connectors. The time ti is con-

sidered to be the time measured from the pouring of the concrete and the time t1 corresponds 

to removal of the shores, when the self-weight of the structure G1 is assumed to be applied.  
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In the long-term analysis with the effects of the creep taken into account using the effective 

modulus method (EM) by calculating the effect from 

 

 𝑆𝑗(𝑡) = 𝑆𝑒𝑙
𝑗
(𝐸𝑐,𝑒𝑓𝑓(𝑡, 𝑡𝑖), 𝐸𝑡,𝑒𝑓𝑓(𝑡, 𝑡𝑖), 𝐾𝑒𝑓𝑓(𝑡, 𝑡𝑖)), (4.11) 

 

where )(tS j
 is the effect at time t due to load (j = Gi, Qi) applied at time ti and 

j

elS (Ecm(ti), 

Emean, Kser) is the elastic solution by using the effective moduli Ec,eff(t,ti), Et,eff(t,ti) and Keff(t,ti) 

for the concrete, timber and the connectors, respectively. The effective moduli are obtained 

from 

 

 𝐸𝑐,𝑒𝑓𝑓(𝑡, 𝑡𝑖) =
𝐸𝑐𝑚(𝑡𝑖)

1 + 𝜙𝑐(𝑡, 𝑡𝑖)
    (4.12) 

 

 𝐸𝑡,𝑒𝑓𝑓(𝑡, 𝑡𝑖) =
𝐸𝑚𝑒𝑎𝑛

1 + 𝜙𝑡(𝑡, 𝑡𝑖)
 (4.13) 

 

 𝐾𝑒𝑓𝑓(𝑡, 𝑡𝑖) =
𝐾

1 + 𝜙𝑓(𝑡, 𝑡𝑖)
  , (4.14) 

 

where ϕc(t,ti), ϕt(t,ti) and ϕf(t,ti) are the creep factors for the concrete, timber and connectors 

at time t for the load applied at time ti. The creep factor for the concrete can be obtained by 

using formulas from CEB-FIP Model Code 90 (Fragiacomo, Ceccotti 2006a) or Eurocode 2 

(Ceccotti 1995). The creep factor for the timber is taken as ϕt(t,ti) = kdef(t-ti). In the current 

version of EC5 only final value corresponding the time t - ti = 50 years is given, but in the 

older version (1994) also intermediate values for different durations of loads are available 

(see Table 10) so that creep factor ϕt(t,ti) at time t can be interpolated from the values. For 

the creep factor ϕf(t,ti) it is suggested that it should be taken as ϕf(t,ti) = 2ϕt(t,ti) (Ceccotti 

2002, Fragiacomo, Ceccotti 2006a).   

 

Although the method presents a way of approximating the effect creep, ignoring inelastic 

strains due to environmental variations and concrete shrinkage have led to significant errors 

and un-conservative results (Fragiacomo, Ceccotti 2006a, Ceccotti, Fragiacomo et al. 2007). 

4.2.2 Method proposed by Fragiacomo  

The extended version of the Ceccotti’s approach, proposed by (Fragiacomo 2006), adds the 

effects of the shrinkage and thermal expansion in concrete, explicit mechano-sorptive creep, 

shrinkage/swelling and thermal expansion in timber and mechano-sorptive creep in connect-

ors to the former approach. The model is intended to be used in conjunction with the γ-

method presented in Eurocode 5 annex B (Fragiacomo 2006), but principles can be applied 

also with other analysis methods of TCC beams with flexible connections. 
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The proposed method is based on superimposing the effects of the permanent loads, variable 

loads, concrete shrinkage and inelastic strains due to environmental variations. In the model 

t denotes the time from the casting of the concrete and t0 is the time of concrete curing.  Total 

generic effect S can be obtained according to the superposition principle from (Fragiacomo 

2006) 

 

 𝑆 = 𝑆ℎ
𝐺+𝑄 + 𝑆ℎ

𝑠 + 𝑆𝑒𝑙
𝑦
+ 𝑆𝑒𝑙

𝑑 , (4.15) 

 

where the superscripts G, Q, s, y and d refer to permanent load, variable load, concrete 

shrinkage, yearly inelastic strains due to hygrothermal variations and daily inelastic strains 

due to thermal variations, respectively. The subscripts h and el refers to hydroviscoelastic 

and elastic analyses. The effects of the loads are obtained from (Fragiacomo 2006) 

 

 𝑆ℎ
𝐺+𝑄 = 𝑆ℎ

𝐺 + 𝑆ℎ
𝑄 (4.16) 

 

 𝑆ℎ
𝑖 = 𝐹𝑒𝑙

𝑖 (𝐸𝑐,𝑒𝑓𝑓
𝑖 , 𝐸𝑡,𝑒𝑓𝑓

𝑖 , 𝐾𝑓,𝑒𝑓𝑓
𝑖 ),     𝑖 = 𝐺, 𝑄 (4.17) 

 

where 
i

elF  is the effect of load i obtained from elastic solution applying effective moduli 

i

effcE , , 
i

efftE ,  and 
i

efffK ,  for the concrete, timber and connectors, respectively. The effective 

moduli are obtained from (Fragiacomo 2006) 

 

 𝐸𝑐,𝑒𝑓𝑓
𝑖 =

𝐸𝑐(𝑡𝑖)

1 + 𝜙𝑐(𝑡, 𝑡𝑖)
   𝐸𝑡,𝑒𝑓𝑓

𝑖 =
𝐸𝑡

1 + 𝜙𝑡(𝑡, 𝑡𝑖)
    𝐾𝑓,𝑒𝑓𝑓

𝑖 =
𝐾𝑓

1 + 𝜙𝑓(𝑡, 𝑡𝑖)
 , (4.18) 

 

where ϕc(t,ti), ϕt(t,ti) and ϕf(t,ti) are the creep factors for the concrete, timber and connectors 

at time t for the load applied at time ti and Ec(ti) is concrete elastic modulus at the age ti. 

 

The effects shrinkage of concrete are taken into account by (Fragiacomo 2006) 

 

 𝑆ℎ
𝑠 = 𝐹𝑒𝑙

𝛥𝜀𝑠ℎ(𝐸𝑐,𝑒𝑓𝑓
𝑠 , 𝐸𝑡,𝑒𝑓𝑓

𝑠 , 𝐾𝑓,𝑒𝑓𝑓
𝑠 ),    (4.19) 

 

where sh

elF


is the effect of shrinkage strain obtained through elastic analysis using effective 

moduli  

 

 𝐸𝑐,𝑒𝑓𝑓
𝑠 =

𝐸𝑐(𝑡)

1 + 𝜙𝑐(𝑡, 𝑡0)
   𝐸𝑡,𝑒𝑓𝑓

𝑠 =
𝐸𝑡

1 + 𝜙𝑡(𝑡, 𝑡0)
   𝐾𝑓,𝑒𝑓𝑓

𝑠 =
𝐾𝑓

1 + 𝜙𝑓(𝑡, 𝑡0)
 , (4.20) 

 

where t0 is the start of the concrete curing and t is the time of shore removal (empirical rule), 

which is assumed to be typically at t  = 7…14 days.  
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The shrinkage influencing eigenstresses in the composite system is obtained from Δεsh = 

εcs(t) – εcs(t0). The effects due to the yearly and daily inelastic strains, are evaluated from 

 

 𝑆𝑒𝑙
𝑦
= 𝐹𝑒𝑙

𝛥𝜀𝑦(𝐸𝑐(𝑡∞), 𝐸𝑡, 𝑘𝑓)        𝑆𝑒𝑙
𝑑 = 𝐹𝑒𝑙

𝛥𝜀𝑑(𝐸𝑐(𝑡∞), 𝐸𝑡, 𝑘𝑓), (4.21) 

 

where the effects 
y

elF


and d

elF


are elastic solution to inelastic strains Δεy and Δεd using 

elastic modulus Ec(t∞) at the end of the analysis (t = t∞) for the concrete and mean moduli 

for the timber and connectors. The yearly and daily inelastic strains in the Eq. (4.21) are total 

strain differences between the timber section and the concrete slab and are given by (Fragia-

como 2006) 

 

 
∆𝜀𝑦 = ∆𝜀𝑡,𝑢 + ∆𝜀𝑡,𝑇 − ∆𝜀𝑐,𝑇 

= 𝛼𝑡,𝑢[𝑢(𝑡) − 𝑢(𝑡0)] + 𝛼𝑡,𝑇[𝑇(𝑡) − 𝑇(𝑡0)] − 𝛼𝑐,𝑇[𝑇(𝑡) − 𝑇(𝑡0)] 
(4.22) 

 

 ∆𝜀𝑑 = ∆𝜀𝑡,𝑇 − ∆𝜀𝑐,𝑇 = 𝛼𝑡,𝑇𝑘∆𝑇𝑑𝑎𝑖𝑙𝑦 − 𝛼𝑐,𝑇∆𝑇𝑑𝑎𝑖𝑙𝑦 (4.23) 

 

where u = u(t) is approximate history of average timber moisture content, T = T(t) = approx-

imate environmental temperature history, αt,u, αt,T and αc,T are expansion coefficients for tim-

ber moisture content variations, timber temperature variations and concrete temperature var-

iations, respectively. ΔTdaily is the daily environmental temperature variation and k is reduc-

tion factor taking into account thermal damping of the timber section. 

 

The histories of the average moisture content u(t) and average temperatures Tn(t) (n = c,t) as 

well as ΔTdaily depend on the environmental variations, to which the structure is subjected to. 

Additionally u(t) is also largely dependent on the dimensions of the timber section. The 

thicker the section is the slower the average moisture content is changed due to changes in 

relative humidity. In the model it is assumed that the daily fluctuations in the moisture con-

tent can be neglected and the history needs only to be approximated on the yearly level. The 

change in temperature is considered to follow the variation of daily temperature ΔTdaily, but 

due to thermal mass and good insulation properties of the timber the daily temperature var-

iation in the timber section is considered to be lower than variation of the ambient tempera-

ture. A recommended value for reduction factor for medium width timber section, i.e. in the 

reference b x h = 125 mm x 500 mm, is k = 0.6 (Fragiacomo, Ceccotti 2006b).   

 

The use of CEB (1993) or B3 models are suggested to be used to determine the creep coef-

ficients to be used for the concrete and CEB 90 has been used for modelling creep and 

shrinkage in the concrete in the reference. The creep in timber is modelled by the Toratti 

model (1992). The creep coefficient is given by equation (Fragiacomo, Ceccotti 2006a) 

 

 

𝜙𝑡(𝑡, 𝑡𝑖) = 𝜙𝑡,𝑐(𝑡 − 𝑡𝑖) + 𝜙𝑡,𝑚𝑠(𝑡 − 𝑡𝑖) 

= (
𝑡 − 𝑡𝑖
𝑡𝑑

)
𝑚

+ 𝜙∞ [1 − 𝑒−𝑐
2∆𝑢

∆𝑡
(𝑡−𝑡𝑖)], 

(4.24) 

 

where ϕt,c is the basic creep, ϕt,ms is the mechano-sorptive creep, Δu moisture content varia-

tion amplitude, Δt is period for the moisture content variation and td, m, 


 and c are model 

parameters given in the Table 7.  
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Table 7. Toratti creep model parameters for the simplified creep coefficients (Toratti 1992). 

Parameter Value 

td [days] 29500 

m [-] 0.21 

ϕ∞ [-] 0.7 

c [-] 2.5 

   

Another option is to use Eurocode 5 model creep coefficient for the relevant service class. 

For the service class 3 the parameters for power-type formula similar to basic creep in the 

Toratti model are given m = 0.2193 and td = 708.7 days. The connector creep coefficient is 

suggested to be taken as (Fragiacomo, Ceccotti 2006a)  

 

  𝜙𝑓(𝑡, 𝑡𝑖) = 2𝜙𝑡(𝑡, 𝑡𝑖). (4.25) 
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4.3 Rheological models for timber, connectors and concrete 

To understand and to be able to make more precise estimations of the long-term behavior of 

the timber-concrete composite bridges under the loads and subjected to environmental vari-

ations, rheological models describing time-dependent behavior of each component in the 

each component are needed.  

4.3.1 Timber 

One of often referred models in literature for timber is Toratti model (1992), which includes 

the effects of creep, mechano-sorptive creep, dependency of elastic modulus on the moisture 

content and shrinkage/swelling of timber under variable loads and environmental relative 

humidity. In the model time-dependent total strain is the sum (Toratti 1992) 

 

 𝜀𝑡(𝑡) = 𝜀𝑡,𝑣(𝑡) + 𝜀𝑡,𝑚𝑠(𝑡) + 𝜀𝑡,𝑢(𝑡) (4.26) 

 

where εt,v  is viscoelastic strain, given as sum of elastic strain εE and creep strain εc, εt,ms is 

mechano-sorptive strain and εt,u is free shrinkage strain due to variation of the moisture con-

tent. 

 

The viscoelastic strain can be presented with the integral (Fragiacomo, Ceccotti 2006b) 

 

 

𝜀𝑡,𝑣(𝑡) = 𝜀𝑡,𝐸(𝑡) + 𝜀𝑡,𝑐(𝑡) 

= ∫ 𝐽𝑡0(𝑢(𝜏))𝑑𝜎(𝜏)
𝑡

𝑡0

+∫ 𝜎(𝜏)𝑑𝐽𝑡0(𝑢(𝜏))
𝑡

𝑡0

 

+∫ 𝐽𝑡𝑐(𝑡, 𝜏) 𝑑𝜎(𝜏)
𝑡

𝑡0

, 

(4.27) 

 

where the two first integrals present the elastic strain εt,E and last integral present the basic 

creep strain εt,c. The moisture content dependent elastic compliance function is given as 

 

 𝐽𝑡0(𝑢) =
1

𝐸𝑡(𝑢)
=

1

𝐸0(1 − 𝑘𝑢𝑢)
 , (4.28) 

 

where E0 is elastic modulus for dry timber and ku is material parameters.  

 

Jc(t,τ) in Eq. (4.35) is the creep compliance function as the series of Kelvin bodies (Eq. 

(4.29)) or as power-law type formulation (Eq. (4.30)) are given as (Toratti 1992) 

 

 𝐽𝑡𝑐(𝑡, 𝜏) = 𝐽𝑡0(𝑢𝑟𝑒𝑓)∑𝐽𝑡𝑛
𝑛

[1 − 𝑒𝑥𝑝 (
−(𝑡 − 𝜏)

𝜏𝑡𝑛
)] (4.29) 

 

 𝐽𝑡𝑐(𝑡, 𝜏) = 𝐽𝑡0(𝑢𝑟𝑒𝑓) (
𝑡 − 𝜏

𝑡𝑑
)
𝑚

, (4.30) 

 

where J0 is elastic compliance function in moisture content u, uref is reference moisture con-

tent, Jtn is final compliance of Kelvin element n relative to the elastic compliance, τtn is re-

tardation time of Kelvin element n, td is doubling time of the creep and m is constant. 
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The Kelvin series formulation is used due to its computational advantages and the latter 

due to simplicity and relatively good fit of creep function. Toratti had used in his studies 

values td = 29500 days, m = 0.21 and uref = 0.20 as the power-type model parameters and 

had converted the function into six element Kelvin series model with the parameters given 

in the Table 8. 
 

Table 8. Basic creep Kelvin series model parameters related (Toratti 1992).  

n Jn [-] τn [days] 

1 0.0686 0.01 

2 -0.0056 0.1 

3 0.0716 1 

4 0.0404 10 

5 0.2073 100 

6 0.5503 5000 

 

Toratti had used three different models for mechono-sorptive creep, from which creep limit 

model B is referred here. Mechano-sorptive strain and free shrinkage strain in creep limit 

model B are defined as (Fragiacomo, Ceccotti 2006b) 

 

 𝜀𝑡,𝑚𝑠(𝑡) = 𝐽𝑡
∞∫ {1 − 𝑒𝑥𝑝 [−𝑐∫ |𝑑𝑢(𝜏′)|

𝑡

𝜏

]}
𝑡

𝑡0

𝑑𝜎(𝜏), (4.31) 

 

 𝜀𝑡,𝑢(𝑡) = ∫ {𝛼𝑢 − 𝑏𝜀(𝜏)}𝑑𝑢(𝜏)
𝑡

𝑡0

 (4.32) 

 

where 

tJ  is the compliance at the mechano-sorptive creep limit and b and c are material 

parameters.  

 

The free strains due to temperature variations εT are not included in the Toratti model. Add-

ing the free strains due to temperature variations results the total strains  

 

 𝜀𝑡(𝑡) = 𝜀𝑡,𝐸(𝑡) + 𝜀𝑡,𝑐(𝑡) + 𝜀𝑡,𝑚𝑠(𝑡) + 𝜀𝑡,𝑢(𝑡) + 𝜀𝑡,𝑇(𝑡), (4.33) 

 

where i.e. Fragiacomo and Ceccotti (2006b) have used simple linear thermal expansion with 

Toratti model, so that the temperature strains are obtained from 

 

 𝜀𝑇(𝑡) = ∫ 𝛼𝑇𝑑𝑇(𝜏)
𝑡

𝑡0

. (4.34) 

 

The model needs as an input moisture content and temperature histories, which can be de-

rived by numerical analyses or by other means based on the environmental loads the struc-

ture is subjected to. Deriving the histories is discussed later in the Section 4.5. The material 

parameters used by Toratti (1992) in his work are presented in the Table 9. 
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Table 9. Model parameters (Toratti 1992). 

Parameter ku [-] 

tJ  E0 [MPa] b c 

Value 1.06 0.7J0(uref) 14000 1.3 2.5 

 

The creep model presented in the Eurocode 5 is crude compared to Toratti model and EC5 

creep values are probably defined conservatively, but it is useful to make comparison be-

tween the two models. The effects of the creep are considered only by final creep coeffi-

cients, which correspond to duration of 50 years according to (Fragiacomo, Ceccotti 2006a). 

The effects of the mechano-sorptive creep is not considered explicitly, but three different 

creep coefficient depending on the service conditions are given. In the older version of 

EN 1995-1-1 (1994) also creep coefficients corresponding to other than permanent duration 

are given. Creep factors for solid timber and glulam are presented in the Table 10 and the 

ranges for different service classes in the Table 11. 

 
Table 10. Load duration classes, corresponding accumulated durations and deformation factors kdef for 

each service class for solid timber and glued laminated timber (EN 1995-1-1, 1994). 

  Service class 

Load duration class Order of accumulated duration 1 2 3 

Permanent 10 - 50 years (3650…18250 days) 0.60 0.80 2.00 

Long-term 6 months – 10 years (180…3650 days) 0.50 0.50 1.50 

Medium-term 1 week – 6 months (7…180 days) 0.25 0.25 0.75 

Short-term less than one week (0…7 days) 0.00 0.00 0.30 

Instantaneous - 0.00 0.00 0.00 

 
Table 11. Limits for the service classes, when the moisture content of the materials corresponds to tem-

perature of T = 20 °C. (EC5) 

Service class Relative humidity 1 Moisture content 2 

SC1 RH ≤ 65 % u ≤ 12 % 

SC2 65 % < RH ≤ 85 % 12 % < u ≤ 20 % 

SC3 RH > 85 % u > 20 % 

1) Relative humidity exceeds the limit only few weeks in a year 

2) Moisture content is most of the time within the limits 

 

Time-dependent development of the creep according to the given deformation factors can 

be approximated by fitting power-law type function similar to Toratti model Eq. (4.30) like 

it has been done in (Fragiacomo 2006). Creep functions in Eq. (4.30) and in Eq. (4.29) were 

fitted to EC5 deformation factors in service class 3 and the parameters are shown in the Table 

12 and in the Table 13, respectively. The maximum creep curve corresponds to the points in 

the beginning of each load duration class and the minimum creep curve to the points in the 

end of each load duration class, so that they approximate upper and lower bound of EC5 

creep values. Tabulated values from EC5 are plotted against the fitted function in the Figure 

21.  

 
Table 12. Parameters for the fitted power-law type creep function approximating creep factors in EC5. 

 Service class 3 (SC3) 
Parameters Max Min 

td [days] 7.701 708.8 

m 0.1148 0.2193 
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Table 13. Parameters for Kelvin series creep function approximating creep factors in EC5.  

 Service class 3 (SC3) 

 Max Min 

n Jtn τtn [days] Jtn τtn [days] 

1 0.8347 0.5 0.2349 0.5 

2 0.1567 5 0.1228 5 

3 0.3183 50 0.2447 50 

4 0.3893 500 0.3941 500 

5 0.4886 5000 0.6078 5000 

6 0.8768 50000 1.4830 50000 

 

 
Figure 21. Tabulated EC5 creep factors and approximated creep curves in service class 3. 

 

To derive the expression for the total time-dependent strain according to EC5 model, Toratti 

model is modified with following 

 elastic modulus dependency on the moisture content is neglected, E = Emean 

 component –bε(t) is neglected in Eq. (4.32) 

 the sum of basic creep and mechano-sorptive creep εc + εms is replaced by creep strain 

using the fitted EC5 creep functions. 
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4.3.2 Connectors 

Also the time-dependent behavior of the connector system will affect the behavior of the 

composite structure. Whereas models for the timber are available, models for the connectors 

are limited and large range of different connection systems makes it more different to eval-

uate the applicability of the models. The creep behavior of the connectors could be deter-

mined by testing, but when there is no data available, approximate models has been pro-

posed. Fragiacomo and Ceccotti (2006b) present that the creep of the connectors could be 

described by the estimated by the same Toratti creep functions as for the timber section in 

the composite beam taking into account basic and mechano-sorptive creep, since the defor-

mations of the connectors occur mainly in timber. Total slip in the connection is given 

(Fragiacomo, Ceccotti 2006b) 

 

 

𝑠𝑓(𝑡) = ∫ 𝐽𝑓0 𝑑𝑉𝑐(𝜏)
𝑡

𝑡0

+∫ 𝐽𝑓𝑐(𝑡, 𝜏) 𝑑𝑉𝑐(𝜏)
𝑡

𝑡0

+ 𝐽𝑓
∞∫ {1 − 𝑒𝑥𝑝 [−𝑐𝑓∫ |𝑑𝑢(𝜏′)|

𝑡

𝜏

]}
𝑡

𝑡0

𝑑𝑉𝑐(𝜏)

− ∫ 𝑏𝑓𝜀(𝜏)𝑑𝑢(𝜏)
𝑡

𝑡0

, 

(4.35) 

 

where Vc is the shear force carried by a connector, sf is relative slip of the connector, 


fJ  = 0.7Jf0, bf = 1.3 and cf = 2.5 are model parameters equal to the Toratti model. The vis-

coelastic compliance function is given 

 

 𝐽𝑓(𝑡, 𝜏) = 𝐽𝑓0 + 𝐽𝑓𝑐(𝑡, 𝜏) =
1

𝐾𝑓
+ 𝑐𝑘

1

𝐾𝑓
∑𝐽𝑓𝑛
𝑛

[1 − 𝑒𝑥𝑝 (
−(𝑡 − 𝜏)

𝜏𝑓𝑛
)] (4.36) 

 

where Jfn and τfn are Kelvin series parameters evaluated from the test data or assumed equal 

to Toratti model parameters, Kf is the connector slip modulus and ck is creep amplification 

factor. Power-law type creep compliance function similar to Toratti rheological model can 

be written 

 

 𝐽(𝑡, 𝜏) = 𝐽𝑓0 + 𝐽𝑓𝑐(𝑡, 𝜏) =
1

𝐾𝑓
+ 𝑐𝑘

1

𝐾𝑓
(
𝑡 − 𝜏

𝑡𝑓𝑑
)

𝑚𝑓

 (4.37) 

 

where tfd and mf are model parameters determined by test result or assumed from the Toratti 

model. If the creep functions fitted to Eurocode 5 creep factor are to be used, total slip of the 

connector is obtained from 

 

 𝑠𝑓(𝑡) = ∫ 𝐽𝑓0 𝑑𝑉𝑐(𝜏)
𝑡

𝑡0

+∫ 𝐽𝑓(𝑡, 𝜏) 𝑑𝑉𝑐(𝜏)
𝑡

𝑡0

, (4.38) 

 

where Jf is the compliance function according to Eq. (4.36) (parameters from the Table 12) 

or Eq. (4.37) (parameters from the Table 12). 
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4.3.3 Concrete 

The most important time-dependent phenomena concrete are creep, shrinkage (drying and 

autogenous) and thermal expansion. Total strain in concrete can be written as 

 

 𝜀𝑐(𝑡) = 𝜀𝑐,𝑣(𝑡) + 𝜀𝑐,𝑠(𝑡) + 𝜀𝑐,𝑇(𝑡) (4.39) 

 

where εc,v is the viscoelastic strain, given as sum of the elastic strain εE and the creep strain 

εc, εc,s is the inelastic strain due to shrinkage and εc,T is the inelastic strain due to thermal 

expansion. 

 

Material models describing evaluation of aforementioned strains over time can be found in 

EN 1992-1-1 (2004) or in CEB (1993), which was used by (Fragiacomo, Ceccotti 2006b) in 

the numerical analysis of the TCC structures. Both models are closely related, but they have 

some differences in development of the elastic modulus with respect to age of the concrete, 

in the creep model for higher strength concrete and in the shrinkage model. 

 

In both models, by using the same integral form as for timber, total strains can be obtained 

from  

 

 

𝜀𝑐(𝑡) = 𝜀𝑐,𝐸(𝑡) + 𝜀𝑐,𝑐(𝑡) + 𝜀𝑐,𝑠(𝑡) + 𝜀𝑐,𝑇(𝑡) 

= ∫ 𝐽𝑐0(𝜏)𝑑𝜎𝑐(𝜏)
𝑡

𝑡0

+∫ 𝐽𝑐𝑐(𝑡, 𝜏)
𝑡

𝑡0

𝑑𝜎𝑐(𝜏) + 𝜀𝑠(𝑡) + ∫ 𝛼𝑇𝑑𝑇(𝜏)
𝑡

𝑡0

, 
(4.40) 

 

where Jc0 is elastic compliance function for concrete, Jcc is creep compliance function, dσc 

is differential change in concrete stress, αT is thermal expansion coefficient and dT is differ-

ential change in temperature at time τ. Elastic and creep compliance functions can be ob-

tained  

 

 𝐽𝑐0(𝜏) =
1

𝐸𝑐(𝜏)
 (4.41) 

 

 𝐽𝑐𝑐(𝑡, 𝜏) =
𝜙(𝑡, 𝜏)

𝐸𝑐𝑖
=
𝜙0(𝑡)𝛽(𝑡, 𝜏)

𝐸𝑐𝑖
, (4.42) 

 

where Ec is elastic modulus of concrete at time τ, Eci is concrete elastic modulus at 

t = 28 days, ϕ is creep function, ϕ0 is the notional creep coefficient depending on the age of 

the concrete at the time of loading t and β is the creep development function.  
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EC2 time-dependent material model 

 

According to EN 1992-1, annex KK.3, the creep function Jc is related to tangent modulus of 

elasticity Ec at the age of t = 28 days and the elastic compliance function J0 is related to 

tangent of elasticity at age t. The tangent modulus should be taken as Ec = 1.05Ecm. Mean 

elastic modulus Ecm(t) according to (SFS-EN 1992-1-1 2004) is given 

 

 𝐸𝑐𝑚(𝑡) = (
𝑓𝑐𝑚(𝑡)

𝑓𝑐𝑚
)
0.3

𝐸𝑐𝑚, (4.43) 

 

where fcm(t) and fcm are mean modulus of elasticities determined at ages t and t = 28 days and 

Ecm is mean modulus of elasticity at age t = 28 days. Mean compressive strength in time is 

determined from 

 

 𝑓𝑐𝑚(𝑡) = 𝛽𝑐𝑐(𝑡)𝑓𝑐𝑚 = 𝑒𝑥𝑝 {𝑠 [1 − (
28

𝑡
)
1/2

]} 𝑓𝑐𝑚, (4.44) 

 

where s is coefficient depending on the cement type and t is the age of the concrete. Defining 

the elastic modulus can be found in detail in clause 3.1.3 in EN 1992-1-1. 

 

The creep function in EC2 is given as  

 

 𝜙(𝑡, 𝜏) = 𝜑(𝑡, 𝜏) = 𝜑0(𝜏)𝛽𝑐(𝑡, 𝜏), (4.45) 

 

where φ creep function using EC2 notation, φ0 is notional creep coefficient depending on 

concrete age at loading as well as strength of the concrete, ambient relative humidity and 

notional size of the member. βc is coefficient describing development of creep with time 

after loading and depending on ambient relative humidity, notional size of the member and 

mean compressive strength of the concrete fcm if fcm ≥ 35 MPa. This linear creep function is 

valid for stress levels σc(τ) ≤ 0.45fck(τ), otherwise the function is modified by stress level 

dependent factor. In detail the creep function is given in clauses 3.1.4(2) - 3.1.4(5) and An-

nex B.1 in EN 1992-1-1.  

 

Shrinkage strain in EC2 is defined as  

  

 𝜀𝑐𝑠(𝑡) = 𝜀𝑐𝑑(𝑡) + 𝜀𝑐𝑎(𝑡), (4.46) 

 

where εcd is the drying shrinkage, εca is the autogenous shrinkage In detail the shrinkage 

strain can be found in clause 3.1.4(6) and in Annex B.2 in EN 1992-1-1. The thermal expan-

sion coefficient may be taken as αT  = 10x10-6 / K according to EN 1992-1-1 clause 3.1.3(5). 

 

CEB-FIP Model Code 90 time-dependent material model 

 

In MC90 creep compliance function Jc is related elastic modulus Eci at the age of t = 28 days 

and elastic compliance function J0 is related elastic modulus Eci(t), which is according to 

MC90 
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 𝐸𝑐𝑖(𝑡) = 𝛽𝐸(𝑡)𝐸𝑐𝑖 = [𝛽𝑐𝑐(𝑡)]
0.5𝐸𝑐𝑖, (4.47) 

 

where βcc(t) is coefficient describing development of concrete strength in time and it is given.   

 

 𝛽𝑐𝑐(𝑡) = exp {𝑠 [1 − (
28

𝑡
)
1/2

]}, (4.48) 

 

where s is coefficient depending on the cement type and t is the age of the concrete. In detail 

defining the elastic modulus can be found in sections 2.1.4.2 and 2.1.6.3 in MC90. 

 

The creep function in MC90 is given as  

 

 𝜙(𝑡, 𝜏) = 𝜙0(𝜏)𝛽𝑐(𝑡 − 𝜏), (4.49) 

 

where ϕ0 is notional creep coefficient depending on concrete age at loading as well as 

strength of the concrete, ambient relative humidity and notional size of the member. βc is 

coefficient describing development of creep with time after loading and depending on am-

bient relative humidity, notional size of the member. This linear creep function is valid for 

stress levels σc(τ) ≤ 0.40fcm(τ), otherwise in the range 0.4fcm(τ) < |σc(τ)| < 0.6fcm(τ) non-line-

arity is taken into account by modifying the coefficient with stress level dependent factor. In 

detail the creep function is given in section 2.1.6.4.3 in MC90.  

 

Shrinkage strain in MC90 is defined only as lumped value  

  

 𝜀𝑐𝑠(𝑡, 𝑡𝑠) = 𝜀𝑐𝑠0𝛽𝑠(𝑡 − 𝑡𝑠), (4.50) 

 

where εcs0 is notional shrinkage coefficient depending on ambient relative humidity as well 

as strength and composition of the concrete, βds is coefficient describing development of 

drying shrinkage in time, depending on notional size of the member, and ts is age of the 

concrete at the beginning of the drying shrinkage. In detail shrinkage strain can be found in 

section 2.1.6.4.4 in MC90 and the thermal expansion coefficient αT may be taken as αT  = 

10x10-6 / K according to MC90. 

 

Use of concrete creep functions in the numerical analysis 

 

The creep development function βs in (CEB 1993) was transformed into six parameter Kel-

vin chain type functions for the use in the long-term simulations (Chapter 5) using RH = 80% 

as ambient relative humidity, h = 400 mm as notional thickness of the concrete slab. The 

creep development function parameters are shown in the Table 14. 

 
Table 14. Kelvin chain type creep development function parameters for concrete. 

 Max 

n Jtn τtn [days] 

1 0.05787 0.1 

2 0.07801 1 

3 0.1149 10 

4 0.2896 100 

5 0.377 1000 

6 0.0762 10000 
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4.4 Construction stages and load history over the service life 

The construction process of a TCC bridge has multiple different stages until the bridge is 

finished. As an example un-shored erection process of the superstructures of the 

Huhmarhaara and Tirva Bridges can divided in following stages (Noponen, Jutila 1999) 

1. glulam girders are installed on the abutments 

2. falsework, formwork and slab reinforcements are installed 

3. concrete is poured after the preparations are finished 

4. after the concrete has hardened, railings and waterproofing are installed. 

 

In the stages 1…3 all the loads due to loads must be carried by the timber beams alone. The 

beams are also affected by environmental variations and undergo some creep, but the creep 

can happen quite freely in simply supported structure and will mostly just increases the de-

formation. After the concrete starts to harden between the stages 3…4, the structure will start 

working as a composite with the timber sections redistributing stresses due to environmental 

variations and increasing creep in the timber parts. Additional loads, like railings, asphalt 

layer and the waterproofing, in stage 4 will be carried the composite structure. Since the 

creep increases over time, duration of each stage will also have effect on the amount of 

redistribution of the stresses over time. 

 

In the example the bridge was un-shored during the construction process, but if shored con-

struction method the structure is also supported at some points along its span to decrease the 

stresses and deflection during the construction. In the shored construction the difference to 

the un-shored construction method is that stresses and deformations in the timber sections 

are reduced remarkably by introducing the intermediate supports in the span. These supports 

are removed when the concrete has hardened, the support reactions will vanish creating ad-

ditional load to the composite structure. Basically shoring shifts the part of the effects of the 

permanent actions from the timber sections to the composite structure, resulting smaller de-

formations and different stress distribution inside the cross-section. 

 

The loads carried by the bridge will vary over life span of the bridge. In the construction 

phase the structure will loaded step by step by the timber sections self-weight, falsework and 

formwork, concrete, railings and the waterproofing. Additionally the will be some loads due 

to equipment, machinery and workers over the bridge during the construction. The falsework 

and formwork load will be removed when the disassembled. After the construction is over 

and the bridge is opened, it will be mostly subjected to traffic loads and loads due to envi-

ronmental variations besides the existing permanent actions. 

4.5 Thermal and moisture loads on the bridge 

Variations of the moisture content and temperature inside the members cause inelastic strains 

in the materials, which will also induce stresses in statically indeterminate structure. The 

most important phenomena affecting the TCC bridges are variation of the moisture content 

in timber sections as well as temperature variations inside concrete slab and the timber sec-

tions.  
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4.5.1 Moisture content in timber section 

Although the number of factors affecting the time-dependent variations of the moisture con-

tent of timber is large, there is a practical need to reduce the analysis. Taking in the account 

all the factors would lead to overly complex analysis and require more input data than it is 

possible to obtain in the current work. In the most simple calculation models the moisture 

content can be derived based on the histories of ambient relative humidity and ambient tem-

perature or relative humidity alone.  

 

Moisture transport in wood is slow process, which lead to large differences of moisture con-

tent inside the section, leading to need for determining the actual distribution of the moisture 

content in the section to derive the data needed for time-history analyses (Fragiacomo, Cec-

cotti 2006b). Simple procedure for determining the moisture variations over the section in 

time was used by Toratti (1992) in his work. The model is based on Fick’s II law  

 

 
𝜕𝑢

𝜕𝑡
=
𝜕

𝜕𝑦
(𝐷
𝜕𝑢

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝐷
𝜕𝑢

𝜕𝑧
), (4.51) 

 

where u = u(x,y,t) is moisture content in the section and D is diffusion coefficient. Moisture 

loads to the section is given by moisture content flux on the boundaries 

 

 𝑞𝑢 = 𝑆(𝑢𝑒𝑞 − 𝑢), (4.52) 

 

where S = S(u) is surface emissivity and ueq is equilibrium moisture content. Initial condition  

for the section is defined as 

 

 𝑢(𝑦, 𝑧, 𝑡0) = 𝑢0(𝑦, 𝑧), (4.53) 

 

where u0 is initial moisture content over the section. 

 

The equilibrium moisture content ueq, diffusion coefficient D and surface emissivity S used 

by the Toratti (1992) are 

  

 𝑢𝑒𝑞(𝑅𝐻) =
0.01𝑅𝐻

−0.00084823𝑅𝐻2 + 0.11665𝑅𝐻 + 0.38522
 (4.54) 

 

 𝐷(𝑢) = 1.2𝑥10−10 𝑒𝑥𝑝(2.28𝑢) [m2 s⁄ ] (4.55) 

 

 𝑆 = 1.3𝑥10−7[m s⁄ ], (4.56) 

 

where RH = RH(t) [%] is ambient relative humidity.  
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4.5.2 Thermal analysis of timber-concrete composite section 

Larsson (2012) has studied in his doctoral thesis actions of a concrete bridge due to thermal 

loads, including the effects of convection, incident solar radiation and long-wave radiation, 

resulting quite good in comparison with measurements in an existing bridge. The method of 

determining the temperature field in the concrete section was adapted to thermal analysis of 

TCC cross-section with some modifications to the input data and by including timber sec-

tions with relevant material properties in the analysis.  

 

According to Larsson the variation of the temperature field inside the structure is governed 

by Fourier’s law, which is here given only in 2-dimesional form similar to Fick’s law (Eq. 

(4.51)), is 

 

 𝜌𝑐
𝜕𝑇

𝜕𝑡
= 𝑘 (

𝜕2𝑇

𝜕𝑦2
+
𝜕2𝑇

𝜕𝑧2
), (4.57) 

 

where ρ is the density [kg/m3], c is specific heat capacity [J/(kg°C)] and k is thermal con-

ductivity [°C/s]. Possible internally generated heat is neglected from the equation. Boundary 

condition are described by 

 

 𝑘 (
𝜕𝑇

𝜕𝑦
+
𝜕𝑇

𝜕𝑧
) − 𝑞 = 0, (4.58) 

 

where q is total heat flux from the environment to the section [W/m2]. The heat flux is com-

posed of three parts; heat flux from incident solar radiation qs, convection heat transfer qc, 

depending in the air temperature and wind speed, and the long wave radiation heat transfer 

qr, which is governed by the cloud cover and the temperature of the surroundings. Total 

amount of solar radiation absorbed by the surface is 

 

 𝑞𝑠 = 𝑎𝐺, (4.59) 

 

where a is solar absorption coefficient and G is global radiation hitting the surface. Larsson 

had chosen a = 0.5 for the concrete and a = 0.9 for the asphalt.  

 

The net rate of long-wave radiation, if the surroundings and the surface have same absorp-

tivity, is given 

 

 𝑞𝑟 = 𝜎𝜀(𝑇𝑠
4 − 𝑇𝑠𝑢𝑟

4 ), (4.60) 

 

where σ = 5.67x10-8 W/(m2K4) is Stefan-Boltzmann constant, Ts is temperature of the sur-

face [°C], Tsur is temperature of the surroundings [°C] and ε is emissivity, which was chosen 

by Larsson equal to 0.9. Horizontal surfaces facing to the sky exchange heat with the sky, 

so they effective sky temperature Tsky can be used.  
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Since vertical surfaces exchange radiation with both, the sky and the surroundings, the equiv-

alent temperature for those surfaces can be taken as  

 

 𝑇𝑒𝑞 =
𝑇𝑠𝑘𝑦 + 𝑇𝑎𝑖𝑟

2
, (4.61) 

 

where Tair is surrounding air temperature based on the assumption that the surrounding 

ground has the same temperature as the air. 

 

Larsson had used actual measured data for the long-wave radiation from the sky. In this 

thesis long-wave radiation data was unavailable, but cloud cover history could be obtained. 

Simple expression for the effective sky temperature to the horizontal surfaces based on the 

cloud cover can be obtained (Hagentoft 2001) 

 

 𝑇𝑠𝑘𝑦 = {
1.2𝑇𝑎𝑖𝑟 − 14,   for clear sky
𝑇𝑎𝑖𝑟 ,   for cloudy sky

   [°C], (4.62) 

 

where Tair is ambient temperature [°C]. Hagentoft does not give more details about the ef-

fective sky temperature. It was assumed here that cloudy sky refers to full cloud cover. The 

intermediate values between clear and cloudy case were approximated by linear interpola-

tion, so that sky temperature is given as 

 

 𝑇𝑠𝑘𝑦 = (1.2𝑇𝑎𝑖𝑟 − 14)(1 − 𝜂) + 𝑇𝑎𝑖𝑟𝜂, (4.63) 

 

where η is linearly varying cloudiness coefficient, so that η = 0 refers to clear sky and η = 1 

refers to cloudy sky. 

 

According to Larsson (2012) convective heat flux can be obtained from 

  

 𝑞𝑐 = ℎ𝑐(𝑇𝑠 − 𝑇𝑎𝑖𝑟), (4.64) 

 

where Ts is surface temperature, Tair is ambient air temperature and hc is convective heat 

transfer coefficient [W/(m2°C)]. An approximate expressions for wind speed dependent heat 

transfer coefficient presented by Nevander and Elmarsson in 2001 (Eq. (4.65)) is given as 

(Larsson 2012) 

 

 ℎ𝑐 = {
6 + 4𝑉,        if 𝑉 ≤ 5 m/s

7.4𝑉0.78,      if 𝑉 > 5 m/s
 (4.65) 

 

and where V is wind speed [m/s].    

 

  



66 

 

The analysis requires determination of thermal properties of the materials in the cross-sec-

tion. The material properties governing the heat transfer in the section are density ρ, specific 

heat c and conductivity k. Larsson had gone through a range of properties from the literature 

and chosen intermediate values from these ranges for density and specific, but the conduc-

tivity is chosen higher to present moist concrete exposed to weather. The values chosen by 

Larson and from few other references for the concrete are shown in the Table 15. Few values 

from the literature for the timber are shown in the Table 16. For the asphalt layer Larsson 

had used ρ = 2200 kg/m3, c = 880 J/(kg°C) and k = 0.8 W/(kg°C). The thermal properties 

chosen for the thermal analyses in this thesis are given in the Table 20. 

 
Table 15. Thermal properties for concrete. 

Reference Density ρ 

[kg/m3] 

Specific heat c 

[J/(kg°C)] 

Conductivity k  

[W/(kg°C)] 

Larsson (2012) 2400 900 2.5 

Hagentoft (2001) 2300 900 1.7 

Hens (2011) 2400 1000 2.0 

 
Table 16. Thermal properties for timber. 

Reference Density ρ 

[kg/m3] 

Specific heat c 

[J/(kg°C)] 

Conductivity k  

[W/(kg°C)] 

Hagentoft (2001) 500 1500 0.14 

Hens (2011) 500 1600 0.13 

 

The structure was analyzed in this study by using model, in which individual components of 

the composite beam are considered as Euler-Bernoulli beams. In such model only linearly 

varying strain distributions can be considered. Thus, thermal and moisture fields must be 

converted to equivalent counterparts producing linearly varying strain distribution over the 

section when linear expansion coefficients are used. This is the method of describing thermal 

loads according to (SFS-EN 1991-1-5 2004), where arbitrary change temperature distribu-

tion over the section ΔT(y,z) is divided in uniform temperature component ΔTu, linearly var-

ying temperature difference component about the z-z axis ΔTMy, linearly varying temperature 

difference component about the y-y axis ΔTMz and self-equilibrated temperature difference 

component ΔTE. The components and the notation is shown in the Figure 22. 

 

 
Figure 22. Temperature load components in EN 1991-1-5. a) total temperature variation field ΔT(y,z), 

b) uniform component ΔTMz, c) linearly varying component about the z-z axis ΔTMy, d) linearly varying 

component about the y-y axis ΔTMz and non-linear self-equilibrated component ΔTE. 
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Based on the load components described in EN 1991-1-5, the principle of obtaining the load 

components from variation over the cross-section were derived. To obtain the load compo-

nents, one can first re-write the total variation as 

 

 ∆𝑇(𝑦, 𝑧) = ∆𝑇𝑢 + ∆𝑇𝑀𝑦
𝑦

𝑏
+ ∆𝑇𝑀𝑧

𝑧

ℎ
+ ∆𝑇𝐸(𝑦, 𝑧), (4.66) 

 

where b is the width of the section and h is the height of the section. From the requirement, 

that the self-equilibrating part does not produce any load effects, one can write integrals over 

the section for load effects equivalent to normal force, bending moment about the z-z axis 

and bending moment about the y-y axis, respectively, as 

 

 ∫∆𝑇𝐸(𝑦, 𝑧)𝑑𝐴
 

𝐴
 
⇔∫ ∆𝑇(𝑦, 𝑧) − ∆𝑇𝑢 − ∆𝑇𝑀𝑦

𝑦

𝑏
− ∆𝑇𝑀𝑧

𝑧

ℎ
𝑑𝐴

 

𝐴

= 0 (4.67) 

 

 ∫∆𝑇𝐸(𝑦, 𝑧)𝑦𝑑𝐴
 

𝐴
 
⇔∫ [∆𝑇(𝑦, 𝑧) − ∆𝑇𝑢 − ∆𝑇𝑀𝑦

𝑦

𝑏
− ∆𝑇𝑀𝑧

𝑧

ℎ
] 𝑦𝑑𝐴

 

𝐴

= 0 (4.68) 

 

 ∫∆𝑇𝐸(𝑦, 𝑧)𝑧𝑑𝐴
 

𝐴
 
⇔∫ [∆𝑇(𝑦, 𝑧) − ∆𝑇𝑢 − ∆𝑇𝑀𝑦

𝑦

𝑏
− ∆𝑇𝑀𝑧

𝑧

ℎ
] 𝑧𝑑𝐴

 

𝐴

= 0. (4.69) 

 

Carrying out the integration over the section A and solving for each component results 

 

 ∆𝑇𝑢 =
∫ ∆𝑇(𝑦, 𝑧)𝑑𝐴
 

𝐴

𝑏ℎ
 (4.70) 

 

 ∆𝑇𝑀𝑦 =
∫ ∆𝑇(𝑦, 𝑧)𝑦𝑑𝐴
 

𝐴

(𝑏2ℎ)/12
 (4.71) 

 

 ∆𝑇𝑀𝑧 =
∫ ∆𝑇(𝑦, 𝑧)𝑧𝑑𝐴
 

𝐴

(𝑏ℎ2)/12
. (4.72) 

 

In analogy to temperature variations, moisture content variation components can be obtained 

from 

 

 ∆𝑢𝑢 =
∫ ∆𝑢(𝑦, 𝑧)𝑑𝐴
 

𝐴

𝑏ℎ
 (4.73) 

 

 ∆𝑢𝑀𝑦 =
∫ ∆𝑢(𝑦, 𝑧)𝑦𝑑𝐴
 

𝐴

(𝑏2ℎ)/12
 (4.74) 

 

 ∆𝑢𝑀𝑧 =
∫ ∆𝑢(𝑦, 𝑧)𝑧𝑑𝐴
 

𝐴

(𝑏ℎ2)/12
, (4.75) 

 

where Δu(y,z) is the moisture content variation over the section. 
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4.6 Incremental long-term analysis tool for timber-concrete com-
posite beams 

To be able to analyze time-dependent behavior of timber-concrete composite bridges taking 

into account all the effects, a numerical procedure is needed for the solution. In this work a 

simulation tool, based on DFC method in Section 3.1.5 and incremental time-dependent 

analysis, was programmed.  

4.6.1 General procedure 

Basic procedure of the analysis is that the simulation, with duration of tfin – t0, is discretized 

by dividing the time-domain t[t0,tfin] in time-steps Δtm = tm – tm-1, within discrete time do-

main of t0, t1,…,tm,…tN-1,tN, where N is total time steps. In the beginning of the simulation 

all the stresses and the deformations are zero. During each time step the structure and its 

components are subjected to strain increments Δεm due to external loads, creep and inelastic 

strain due to environmental variation and shrinkage/swelling. Changes in temperature and 

in moisture content for each time step are given ΔTm = Tm - Tm-1 and Δum = um – um-1, respec-

tively. The strain will induce global deformations and also stresses and forces in connectors 

due to static indeterminacy of the system. If all the effects due to strain increment Δεm are 

considered general effect increment ΔSm, then total effects at time tm are given 

 

 𝑆𝑚 =∑∆𝑆𝑖

𝑚

𝑖=0

. (4.76) 

 

The calculation tool was build the way that different construction stages may be included in 

the analysis. If the concrete slab is cast in-situ, in the beginning of the analysis the beam 

consist only of timber section. In the tool this is taken in to account by analyzing plain timber 

section, while effects on concrete slab and connectors are considered to be Sc = Sf = 0, where 

Sc and Sf are general effects on concrete and connectors, respectively. The analysis for the 

timber section only is carried out up to a point where the slab has cured. After the curing 

analysis model is switched to one with concrete slab, connectors and timber section included. 

The effects from the non-composite stage are taken as initial values for the timber section. 

 

If intermediate supports during the construction is used, the shoring is modelled by consid-

ering two stages, shored stage in the beginning of the analysis and un-shored stage after the 

time when the supports are removed. Shores during the first stage are simply considered in 

boundary condition by including them as intermediate supports. At the point in analysis, 

where the shores are removed, the model is switched to one without supports intermediate 

supports and the support reactions from the removed supports are applied to same locations, 

but with opposite sign. All the effect from the first stage are considered as initial values for 

the second stage model.  

 

The calculation procedure was implemented in Matlab version 2015b. Input parameters are 

given inside the input file and histories of moisture content and temperatures are read from 

external file. The tool outputs time-histories for all the effects at predefined calculation point 

of the structure and they are exported to external file for post-processing. 
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4.6.2 Strain increments 

The strain in the timber section were calculated by applying the incremental numerical pro-

cedure presented by Toratti (1992) with addition of thermal effects and the approach same 

was also extended for the concrete section and the connectors.  

 

Timber 

 

Total strain increment Δεt during the time step in timber section is obtained from 

 

 ∆𝜀𝑡 = ∆𝜀𝑡,𝐸 + ∆𝜀𝑡,𝑐 + ∆𝜀𝑡,𝑚𝑠 + ∆𝜀𝑡,𝑢 + ∆𝜀𝑡,𝑇 (4.77) 

 

where Δεt,E is the elastic strain increment, Δεt,c is the basic creep strain increment, Δεt,ms is 

the mechano-sorptive creep strain increment, Δεt,u is the shrinkage/swelling strain increment 

and Δεt,T is the thermal expansion strain increment. 

 

For the glulam used in the long-term analyses, only constant value of elastic modulus is 

given in the product standard. Toratti had used moisture content dependent elastic modulus 

E(u) in his analyses, but since the dependency is not known for the glulam, the dependency 

was neglected, leading to neglecting second integral in Eq. (4.27). Elastic strain increment 

is derived from Eq. (4.27) first integral and it can be given as (Toratti 1992) 

 

 ∆𝜀𝑡,𝐸 = 𝐽0∆𝜎, (4.78) 

 

where J0 is elastic compliance and σ is stress. Basic creep strains are derived by using Kelvin 

series conversion of the creep function, since exponential form required for the incremental 

formulation. The basic creep strain increment (from Eq. (4.27), third integral) is given by 

using trapezoidal rule as (Toratti 1992) 

 

 ∆𝜀𝑡,𝑐 = 𝐽0(𝑢𝑟𝑒𝑓)∑ 𝐽𝑛[1 − exp(−∆𝑡/𝜏𝑛)]

𝑁

𝑛=1

(
∆𝜎

2
+ 𝜎𝑛

ℎ𝑖𝑠𝑡), (4.79) 

 

where 
hist

n  is stress history term related to nth Kelvin chain component in the creep function 

and is updated after each time step by using 

 

 𝜎𝑛,𝑢𝑝𝑑𝑎𝑡𝑒
ℎ𝑖𝑠𝑡 = (𝜎𝑛

ℎ𝑖𝑠𝑡 +
∆𝜎

2
) exp(−∆𝑡/𝜏𝑛) +

∆𝜎

2
. (4.80) 

 

Mechano-sorptive creep strain increment is given by (Toratti 1992) 

 

 ∆𝜀𝑡,𝑚𝑠 = 𝐽
∞[1 − exp(−𝑐|∆𝑢|)] (

∆𝜎

2
+ 𝜎𝑛

ℎ𝑖𝑠𝑡,𝑚), (4.81) 

 

where stress history term 
mhist

n

,
  is updated after each time step by using 

 

 𝜎𝑛,𝑢𝑝𝑑𝑎𝑡𝑒
ℎ𝑖𝑠𝑡,𝑚 = (𝜎𝑛

ℎ𝑖𝑠𝑡 +
∆𝜎

2
) exp(−𝑐|∆𝑢|) +

∆𝜎

2
. (4.82) 
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Fragiacomo and Ceccotti (2006b) pointed out that Toratti had derived parameter b by fitting 

experimental data from the bending tests. Using the same parameter for TCC beams, where 

there is also axial force present in the timber section, leads to non-asymptotic behavior of 

the deflection and stresses, while asymptotic behavior has been observed in earlier long-term 

experiments. Fragiacomo and Ceccotti suggest neglecting value b = 0 should be used in the 

analyses. That has been applied in this work also and the term –bε(t) in Eq. (4.32) is ne-

glected. Shrinkage strain increment Δεu and thermal expansion strain increment ΔεT can be 

given as 

 

 ∆𝜀𝑡,𝑢 = 𝛼𝑢∆𝑢 (4.83) 

 

 ∆𝜀𝑡,𝑇 = 𝛼𝑇∆𝑇. (4.84) 

 

In the cases, where Eurocode 5 model is used, basic creep function parameters are taken 

from the Table 13 and mechano-sorptive creep strain is neglected. 

 

Connectors  

 

Total connector slip increment Δsf is obtained in analogy to timber strain increment from  

 

 ∆𝑠𝑓 = ∆𝑠𝑓,𝐸 + ∆𝜀𝑓,𝑐 + ∆𝜀𝑓,𝑚𝑠 + ∆𝑠𝑓,𝑢 (4.85) 

 

where Δsf,E is the elastic slip increment, Δsf,c is the basic creep slip increment, Δsf,ms is the 

mechano-sorptive slip increment and Δsf,u is the shrinkage related slip increment. 

 

Elastic slip increment, which is obtained from the Eq. (4.27) first integral, is given as 

 

 ∆𝑠𝑓,𝐸 = 𝐽𝑓0∆𝑉𝑐, (4.86) 

 

where Jf0 is elastic compliance and ΔVc is change in connector force. Basic creep slip incre-

ment is given according to trapezoidal rule as 

 

 ∆𝑠𝑓,𝑐 = 𝑐𝑘𝐽𝑓0∑𝐽𝑓𝑛[1 − exp(−∆𝑡/𝜏𝑓𝑛)]

𝑁

𝑛=1

(
∆𝑉𝑐
2
+ 𝑉𝑐,𝑛

ℎ𝑖𝑠𝑡), (4.87) 

 

where ck is creep amplification factor and 
hist

ncV ,  is connector force history term related to nth 

Kelvin chain component in the creep function and is updated after each time step by using 

 

 𝑉𝑐,𝑛,𝑢𝑝𝑑𝑎𝑡𝑒
ℎ𝑖𝑠𝑡 = (𝑉𝑐,𝑛

ℎ𝑖𝑠𝑡 +
∆𝑉𝑐
2
) exp(−∆𝑡/𝜏𝑓,𝑛) +

∆𝑉𝑐
2
. (4.88) 
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Mechano-sorptive creep strain increment is given by 

 

 ∆𝑠𝑓,𝑚𝑠 = 𝐽
∞[1 − exp(−𝑐|∆𝑢|)] (

∆𝑉𝑐
2
+ 𝑉𝑐,𝑛

ℎ𝑖𝑠𝑡,𝑚), (4.89) 

 

where stress history term 
mhist

ncV ,

,  is updated after each time step by using 

 

 𝑉𝑐,𝑛,𝑢𝑝𝑑𝑎𝑡𝑒
ℎ𝑖𝑠𝑡,𝑚 = (𝑉𝑐,𝑛

ℎ𝑖𝑠𝑡,𝑚 +
∆𝑉𝑐
2
) exp(−𝑐|∆𝑢|) +

∆𝑉𝑐
2
. (4.90) 

 

Since the term b in Toratti model was assumed as b = 0 for the strains in timber, it was also 

neglected in connector slip increments. If Eurocode 5 model is used, basic creep function 

parameters are taken from the Table 13 and mechano-sorptive creep slip increment is ne-

glected. 

 

Concrete  

 

Total concrete strain increment Δεc during the time step in timber section is obtained from 

 

 ∆𝜀𝑐 = ∆𝜀𝑐,𝐸 + ∆𝜀𝑐,𝑐 + ∆𝜀𝑐,𝑐𝑠 + ∆𝜀𝑐,𝑇 (4.91) 

 

where Δεc,E is the elastic strain increment, Δεc,c is the creep strain increment, Δεc,shr is the 

shrinkage strain increment and Δεc,T is the thermal expansion strain increment. Elastic strain 

increment, which is obtained from the Eq. (4.40) first integral, is given as 

 

 ∆𝜀𝑐,𝐸 = 𝐽𝑐0∆𝜎, (4.92) 

 

where Jc0 is elastic compliance and Δσ is change in concrete stress. Basic creep strain incre-

ment is given according to trapezoidal rule as 

 

 ∆𝜀𝑐,𝑐 = 𝐽𝑐0∑𝐽𝑐𝑛[1 − exp(−∆𝑡/𝜏𝑐𝑛)]

𝑁

𝑛=1

(𝜙0(𝑡𝑚−1)
∆𝜎

2
+ 𝜎𝑛

ℎ𝑖𝑠𝑡), (4.93) 

 

where 
hist

n  is stress history term related to nth Kelvin chain component in the creep function.  

 

The stress history term is updated after each time step by using 

 

 𝜎𝑛,𝑢𝑝𝑑𝑎𝑡𝑒
ℎ𝑖𝑠𝑡 = (𝜎𝑛

ℎ𝑖𝑠𝑡 + 𝜙0(𝑡𝑚−1)
∆𝜎

2
) exp(−∆𝑡/𝜏𝑐,𝑛) + 𝜙0(𝑡𝑚)

∆𝜎

2
, (4.94) 

 

where ϕ0 is notional creep coefficient taking into account the also age of the concrete in the 

creep function. tm-1 is age of the concrete in the beginning of the time step and tm is age of 

the concrete in end of the time step.  
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Shrinkage strain increment can be simply given as 

 

 ∆𝜀𝑐,𝑐𝑠 = 𝜀𝑐𝑠(𝑡𝑚, 𝑡𝑠) − 𝜀𝑐𝑠(𝑡𝑚−1, 𝑡𝑠), (4.95) 

 

where tm and tm-1 are times in the end and in the beginning of the time step and ts is time 

when the shrinkage begins. Thermal expansion strain increment is given as 

 

 ∆𝜀𝑐,𝑇 = 𝛼𝑇∆𝑇. (4.96) 

 

Implementing the strains in the simulation model 

 

To be able to implement incremental strain model in the discrete connection model, which 

was used to build the long-term simulation tool, kinematics of Euler-Bernoulli beams needed 

to be considered. In the case of axial actions and bending around the y-y axis the strains are 

fully defined by  

 

 𝜀𝑖(𝑥, 𝑧) = 𝜀𝑖,0(𝑥) − 𝑧𝜅𝑖(𝑥) (4.97) 

 

where x and z are coordinates, εi,0 is uniform the strain of the section, κi is the curvature of 

the section and subscript i refers to timber section or concrete slab (i = t,c). Different strain 

increments in the Euler-Bernoulli beam model can be considered by replacing the general 

strain increment Δε in the equation given in this section by strain in Eq. (4.97) and rewriting 

the strain as combination of uniform strain and curvature.  

 

As an example the elastic strain and curvature increments in the timber section (from Eq. 

(4.78)) can be given as 

 

 ∆𝜀𝑡,0,𝐸(𝑥) = 𝐽0
∆𝑁(𝑥)

𝐴𝑡
+ ∆𝐽0

𝑁(𝑥)

𝐴𝑡
, (4.98) 

 

 ∆𝜅𝑡,𝐸(𝑥) = 𝐽0
∆𝑀(𝑥)

𝐼𝑡
+ ∆𝐽0

𝑀(𝑥)

𝐼𝑡
, (4.99) 

 

where At and It are the area and the second moment of inertia of timber section, ΔN is incre-

ment in the normal force during the time step and ΔM is increment in the bending moment 

during the time step.  
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The creep strain and curvature increments (from Eq. (4.79)) can be given as 

 

 ∆𝜀𝑡,0,𝑐(𝑥) = 𝐽0(𝑢𝑟𝑒𝑓)∑ 𝐽𝑛[1 − exp(−∆𝑡/𝜏𝑛)]

𝑁

𝑛=1

(
∆𝑁(𝑥)

2𝐴𝑡
+
𝑁𝑛
ℎ𝑖𝑠𝑡(𝑥)

𝐴𝑡
), (4.100) 

 

 ∆𝜅𝑡,𝑐(𝑥) = 𝐽0(𝑢𝑟𝑒𝑓)∑ 𝐽𝑛[1 − exp(−∆𝑡/𝜏𝑛)]

𝑁

𝑛=1

(
∆𝑀(𝑥)

2𝐼𝑡
+
𝑀𝑛
ℎ𝑖𝑠𝑡(𝑥)

𝐼𝑡
), (4.101) 

 

where 
hist

nN  and 
hist

nM  is normal force and bending moment history terms related to nth Kel-

vin chain component in the creep function and is updated after each time step by using 

 

 𝑁𝑛,𝑢𝑝𝑑𝑎𝑡𝑒
ℎ𝑖𝑠𝑡 (𝑥) = (𝑁𝑛

ℎ𝑖𝑠𝑡(𝑥) +
∆𝑁(𝑥)

2𝐴𝑡
) exp(−∆𝑡/𝜏𝑛) +

∆𝑁(𝑥)

2𝐴𝑡
 (4.102) 

 

 𝑀𝑛,𝑢𝑝𝑑𝑎𝑡𝑒
ℎ𝑖𝑠𝑡 (𝑥) = (𝑀𝑛

ℎ𝑖𝑠𝑡(𝑥) +
∆𝑀(𝑥)

2𝐼𝑡
) exp(−∆𝑡/𝜏𝑛) +

∆𝑀(𝑥)

2𝐼𝑡
. (4.103) 

 

Strain and curvature increments due to mechano-sorptive (from Eq. (4.81)) are derived anal-

ogous to basic creep. Strain and curvatures due to shrinkage and thermal strain are given by 

 

 ∆𝜀𝑡,0,𝑢(𝑥) = ∆𝜀𝑡,0,𝑢 = 𝛼𝑢∆𝑢𝑢 (4.104) 

 

 ∆𝜅𝑡,𝑢(𝑥) = ∆𝜅𝑡,𝑢 = 𝛼𝑢∆𝑢𝑀𝑧 (4.105) 

 

 ∆𝜀𝑡,0,𝑇(𝑥) = ∆𝜀𝑡,0,𝑇 = 𝛼𝑇∆𝑇𝑢 (4.106) 

 

 ∆𝜅𝑡,𝑇(𝑥) = ∆𝜅𝑡,𝑇 = 𝛼𝑇∆𝑇𝑀𝑧 , (4.107) 

 

where εt,0 and κt are total uniform strain and total curvature at the beginning of the time step. 

The strain and curvature increments in the concrete section can be obtained using the same 

principle and connector slip increments are obtained directly by using Eqs. (4.85)-(4.90). 
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5 Long-term case studies of timber-concrete composite 
bridge 

In this Chapter effects of the time-step length, effects of different time-dependent compo-

nents, effects of the different construction stage histories as well as effects of the different 

material parameters and material models were investigated by running long-term simulation 

and comparing the result. Also the existing approximate method was compared against sim-

ulation results in un-shored and shored cases. All the analyses were made for same TCC 

beam, which present the exterior girder of the case bridge. 

5.1 General 

In this Section the case bridge, loads, material properties and structural models used in the 

analyses are presented. 

5.1.1 The case bridge 

The case bridge is a single span two lane road bridge, with span length l = 20 m and the free 

width of the deck B = 7.5 m. The bridge is assumed to be a public road bridge located in 

Southern Finland. The dimensions of the bridge were decided by preliminary analysis, con-

sidering the effects of the permanent loads, traffic loads and final concrete shrinkage accord-

ing to Eurocodes. Design checks were made for combined axial stresses and shear stresses 

in the timber section, maximum connector forces and for the maximum deflection. The anal-

ysis of forces and deflections were carried out in Autodesk’s Robot Structural Analysis Pro-

fessional 2015 using the model described in the Section 3.2.2. The dimensions of the bridge 

are shown in the Figure 24. The bridge has six glued laminated timber beams (GL30c) with 

concrete slab (C30/37) connected by combination of glued-in reinforcement bars and 

notches (similar to type XN in Section 2.2). The stiffness was assumed to be K = 1500 MN/m 

based on the test results described in Section 2.2. Looking at three existing simple TCC 

bridges in Finland, the Huhmarhaara Bridge (l = 18 m, hc = 170 mm, ht = 1260…1575 mm), 

the Uusisalmi Bridge (l = 18 m, hc = 150 mm, ht = 1350 mm) and the Tirva Bridge 

(l = 15 m, hc = 170 mm, ht = 1035…1350 mm), chosen thickness of the slab hc = 200 mm 

seems reasonable thickness for the bridge, since the span length of the case bridge is longer. 

The height of the timber sections as well as overall height is lower than in the existing 

bridges.  

 

 
Figure 23. Static system of the un-shored and shored beam. 
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Figure 24. The case bridge in the long-term analyses. The effective section used in the numerical simu-

lations and approximate analyses is shown on the left side of the section A - A. 

 

Table 17. Dimensions of the structure and the material properties used in the long-term simulations. 

Parameter Simulation model 

Dimensions  

Span length l 20 m 

Timber section width bt  0.43 m 

Timber section height ht  1.125 m 

Concrete slab effective width bc  1.35 m 

Concrete slab thickness hc  0.2 m 

Concrete slab   

Strength class C30/37 (CEB90) 

Material model  CEB90 

Thermal expansion coefficient αT  10 x 10-6 / °C 

(Mean) ambient relative humidity  80% 

Timber section  

Strength class GL30c 

Elastic modulus Et 13000 MPa 

Creep model Toratti 

Thermal expansion coefficient αT 5 x 10-6 / °C 

Moisture expansion coefficient αu  5.25 x 10-5 / u-% 

Connectors  

Type  XN (Section 2.2) 

Slip modulus K 1500 MN/m 

Creep model Modified Toratti 1 

1) Connector creep function derived from the Toratti model with ck = 2. See Section 4.3.2.  
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In the following analyses time history of construction stages and applied loads is shown in 

the Table 18 if not otherwise mentioned. Both, un-shored and shored, construction methods 

are considered in the analyses. Time for removal of the shores, tsr, is a variable parameter 

between the analyses. For un-shored construction tsr = 0 and for shored construction tsr > t2 

marks the instance the props are removed. In the shored cases the intermediate supports are 

places at the third-points along the span of the beam, at x = l/3 and x = 2l/3, as shown in the 

Figure 23. 

 
Table 18. Time-history of construction stages and applied loads in the long-term analyses. 

Event Symbol Un-shored Shored 

Timber beams installed t0 0 days 0 days 

Formwork and falsework installed  t1 3 days 3 days 

Concrete slab is cast  t2 7 days 7 days 

Props removed tsr  - 1 21 days 2 
Formwork and falsework removed  t3 28 days 28 days 

Surface structures installed t4 42 days 42 days 

Railings installed  t5 45 days 45 days 

The bridge opened for traffic  t6 60 days 60 days 

End of the service life t∞ 50 years 50 years 

1) No intermediate supports during the construction 

2) Except for Section 5.2.3, where effects of different removal times are studied 

 

5.1.2 Permanent and variable loads on the bridge 

During the construction stage and the service life a composite bridge is affected by construc-

tion loads, permanent loads, variable loads, like traffic, wind, snow and ice, and loads due 

to temperature and moisture content variations. Effects of the wind, snow and ice are not 

considered in the presented long-term analyses. Inelastic strains due to environmental vari-

ations are considered in the analysis by applying temperature and moisture content histories 

in the analysis. They are discussed in the next Section.  

 

The construction loads considered in the long-term studies are due to weight of the scaffold-

ing and the formwork, which are constructed before casting the concrete slab and taken down 

after the concrete has developed adequate strength. The permanent loads include self-

weights of the timber section and the concrete slab, weight of the surface structures and the 

railings. Construction loads, self-weight of the timber sections and the concrete slab are ap-

plied to structure consisting of timber sections only, since the slab has not cured at the stage. 

Rest of the loads are considered to be applied to composite structure.  

 

The variable loads are also included, since they will have considerable effect on the long-

term response of the bridge structure. Detailed modelling of the traffic loads is problematic 

due to their highly variable nature. The loads vary in position, magnitude, duration and fre-

quency. Any applicable detailed models to present the long-term effects of the live loads 

were not found in literature, so simple approach was chosen. The traffic load was modelled 

with load model LM1 according to EN 1991-2 and their placement on the bridge is shown 

in the Figure 25. To consider the creep due to the loads, effective traffic load was defined as 

quasi-permanent part of the load, which is in Eurocodes used for the calculation of long-

term effects. The quasi-permanent value of the load is given by ψ2Qk, where ψ2 is the com-

bination factor for quasi-permanent value of variable action from the table in EN 1990 table 

A1.1 and Qk is the characteristic value of the load.  
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Using the quasi-permanent load to calculate the effects of the creep does not present real 

effect of the variable loads. In EN-1991-1-5 the combination factor is ψ2 = 0, but in the Finn-

ish National Annex of it is ψ2 = 0.3. Looking at the large difference it is clear that the values 

are very crude simplifications and in following studies the topic should considered in more 

detail. 

 

 
Figure 25. Placement of the traffic loads on the case study bridge. 

 

Because the only effective section was modelled in the long-term analyses, amount of the 

each distributed to this effective section was considered. The timber section will fully carry 

its own load. The part of the construction loads and the concrete slab self-weight will be 

distributed among the girders by applying lever-arm method, since the load is distributed by 

the formwork, which low lateral bending stiffness. The rest of the loads are distributed 

among the sections by applying load factors, which were determined from finite element 

model for each load. The load factor LFi for ith girder of the bridge was determined from 

mid-span deflections of the bridge by using formula  

 

 𝐿𝐹𝑖 =
𝑤𝑖

∑ 𝑤𝑗
𝑁
𝑗=1

, (5.1) 

 

where wi and wj are mid-span deflections of girders i and j from FEM analysis for each load 

and N is the number of girders. All the load factors and effective loads are given in the Table 

19. 

 

 
Figure 26. Load distribution models used for determining the load distribution for different load. a) 

timber section, b) formwork, scaffolding and concrete slab, c) surface structures and railings and d) 

traffic loads. In c) and d) dashed line represents deflection of the deck in FE model. 
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Table 19. Load distribution factors and loads subjected to exterior girder for the long-term analysis. 

Load Load 

factor 

Load type Total load Load to girder 

Permanent loads     

Self-weight of the timber section1  1 Line load 2.42 kN/m 2.42 kN/m 

Self-weight of the concrete slab2 0.38 Line load 46.9 kN/m 18.2kN/m 

Surface structures  0.16  Line load 18.8 kN/m 3.0 kN/m 

Railings  0.22 Line load 0.5 kN/m 0.1 kN/m 

Construction phase loads     

Scaffolding and formwork2 0.36 Line load 3.8 kN/m 1.4 kN/m 

Variable loads (LM1 EC1)3     

Surface load, lane 1 0.31 Line load 27 kN/m 8.37 kN/m 

Surface load, lane 2 0.10 Line load  18 kN/m 1.8 kN/m 

Axle loads, lane 1  0.31 Concentrated loads 2 x 300 kN 2 x 93 kN 
Axle loads, lane 2 0.10 Concentrated load 2 x 300 kN  2 x 30 kN 

1) Timber sections are assumed to be loaded by their own weight  

2) Transverse stiffness is assumed to be low before concrete slab is cured, distribution 

is based on lever-rule  

3) ψ2Qk of the variable loads is applied with creep included and (1-ψ2)Qk of the varia-

ble loads with creep excluded in the analysis 

 

5.1.3 Thermal and moisture loads on the bridge 

Thermal and moisture loads on the case bridge were defined by considering effective cross-

section, which was analyzed taking into account ambient air temperature, relative humidity, 

global solar radiation on the surface and effective sky temperature approximated from the 

cloud cover. 

  

History of ambient temperature T [°C], relative humidity RH [%] and cloud cover N [okta] 

were obtained from Finnish Meteorological Institute’s open data (Ilmatieteen laitos 2016a) 

for Kumpula weather station in Helsinki. The time series ranges from 1.5.2010 to 30.4.2015. 

The original data consisted of measurements for every 10th minute, but the data was reduced 

to hourly data containing only the measurements on the hours. Since the data obtained from 

Finnish Meteorological Institute did not include measurements for solar radiation, it was 

obtained from Copernicus Atmosphere Monitoring Service (2016). The data is derived from 

satellite images. Spatial resolution of the data is approximately 3 km at nadir and 5 km at 

45° latitude. The sky temperature corresponding to horizontal surface was derived from am-

bient temperature and cloud cover data using Eqs. (4.62)-(4.63). Only five full years of data 

were available, so the data is repeated in five year cycles necessary number of times. An 

option would have been to use climatic test years (Ilmatieteen laitos 2016b), which are de-

veloped to be representative weather data for heating and cooling simulations of buildings. 

Since they are developed for different purpose, they were not considered applicable for this 

study.   

  



79 

 

Table 20. Material parameters in the time history analyses of thermal and moisture content analyses. 

Parameter Timber Concrete Asphalt 

Thermal analysis    

Density ρ [kg/m3] 500 2500 2200 

Specific heat c [J/(kg°C)] 1500 900 880 

Conductivity k  [W/(kg°C)] 0.13 1.7 0.8 

Emissivity ε [-] 0.9 0.9 0.9 

Absorption coefficient a [-] - 0.5 0.9 

Moisture content analysis    

Equilibrium MC ueq [-] Eq. (4.54)   

Diffusion coefficient D  Eq. (4.55)   

Surface emissivity S  Eq. (4.56)   

 

Moisture content history 

 

Due to choice of the constitutive models heat transfer and moisture transfer are uncoupled, 

and the analyses could be run separately. The moisture content was analyzed only for the 

timber section, since effects of moisture content variation in concrete were not considered. 

The cross-section is shown in Figure 27 a). Only half of the section is modelled and vertical 

mid-plane (1) is considered adiabatic due to symmetry. Top of the section (2) is considered 

also adiabatic, it is typically sealed by epoxy layer to prevent moisture transfer from the 

concrete slab. Other sides (3) are subjected to moisture content flux qu due to ambient rela-

tive humidity. The analyses were run in Comsol Multiphysics (version COMSOL 5.2.0.220) 

by implementing constitutive model for moisture content according to Eq. (4.51). From each 

analysis histories of uniform moisture content uu(t) and moisture content difference uMz(t) 

are obtained by integrating numerically over the section in Comsol according to Eq. (4.73) 

and Eq. (4.75).  

 

 
Figure 27. The cross-sections used in the different analyses of the moisture content and temperature 

variation histories. 
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First set of analyses consisted of three different cases. The analysis was run for ten years 

with three different initial moisture contents (u0 = 0.16, 0.20, 0.24) to find out the time re-

quired for yearly average moisture content to stabilize on certain level. The analyses were 

run using Toratti (Eqs. (4.54)-(4.56)) model parameters to see overall effect of the choice of 

the initial moisture content. The analyses were run for 10 years period. The development of 

uniform moisture content history uu over the time is shown in Figure 28. The moisture con-

tent seem to stabilize to same level regardless of initial moisture content approximately after 

10 years. 

 
Figure 28. Uniform moisture content histories uu(t) by using Toratti material parameters with three 

different initial moisture contents u0 = 0.16, 0.20, 0.24. The graph presents first ten years of time-history 

and it begins and ends in beginning of April. 

 

The second step was to produce moisture content history over 100 years to be used as input 

data for the long-term analyses of the case bridge. The initial moisture content was assumed 

to be u0 = 0.20. The first 20 years were simulated and rest of the history was created by 

repeating time-history at t = 15…20 years of the simulation up to 100 years. The first 15 

years of the uniform moisture content and the moisture content difference components are 

shown in the Figure 29.  

 
Figure 29. First 15 years of uniform moisture content history from the numerical analysis. 
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The initial moisture content of the cross-section of the timber section was u0 = 20%. Ap-

proximately during the first 10 years the average moisture content decreases and after that it 

stabilizes to constant level. Between 10…15 years mean moisture content is around 

uu,mean = 19% and the moisture content fluctuates between uu = 18.3%…20.1%, so that the 

variation range is Δuu = 1.8%. The maximum moisture content is reached in and minimum 

in June-July and maximum moisture content in December-January. Average daily variation 

is only Δuu,daily,mean = 0.088% and maximum daily variation is Δuu,daily,max = 0.4%.  

 

Typically glulam products are dried to u = 12%, so the assumed initial moisture content was 

higher than normal. Since the initial moisture content was assumed higher than in practice, 

the moisture content history from the analysis will result lower inelastic strains over the 

service life, but the yearly and daily variations are only slightly affected by the choice.  

 

To evaluate the moisture content from the time-history analysis few reference values were 

looked up. Some measurements of the existing bridges in Finland could be found. Moisture 

contents of the Uusisalmi Bridge were measured on 26th of August in 1998. The beams of 

the bridge are creosote treated glulam L40, with section b x h = 190 x 1350 mm2. The mois-

ture contents from two samples bored 40 mm deep were u = 0.13 and u = 0.16. Average 

moisture content from randomly chosen points using electronic measuring device was 

u = 0.145 and in the earlier measurements u = 0.15 (Salokangas, Jutila 1999). The measure-

ments were done in the end of the August, so they should be close to mean value during the 

year if looking at the results from the simulation. The moisture transport model in the simu-

lation was for plain timber, which might be partially the reason for higher moisture content. 

In overall it seems that the simulation model overestimates the moisture contents to some 

extend. 

 

Swiss code for timber structures (SIA 265:2003 2003) has list of average moisture contents 

with variations for design purposes. The code recommends that for structural timber ele-

ments partially protected from weathering in open structure with a roof mean value of mois-

ture content Δuu,mean = 17% with variation Δuu = ±5% may be used. The average value from 

the simulation is higher, but the value is not for Finnish climate so they are not directly 

comparable. If the moisture content variation is considered, the variation from the simulation 

is low. The variations given in NCCI5 (Liikennevirasto 2013), Δuu ±2.5% for salt impreg-

nated timber and Δuu = ±3% for creosote treated timber. The suggested variation ranges are 

significantly larger, but cross-section in the study is massive, which damps effectively even 

the yearly variations of the moisture contents. Also the variation in NCCI5 is probably con-

servatively given. In that perspective the variation lead to larger effects in the design leading 

to safe design. 

 

Temperature history 

 

Analysis of thermal variations were analyzed based on the Fourier’s law (Eq. (4.57)) con-

sidering effects of convection, solar radiation and radiation exchange with the sky and the 

environment. Two different cross-sections in Figure 27 b) and c) were considered, one with 

and one without surface structures on top of the slab. The top of the section (1), concrete 

slab or surface layer, is subjected to convection due to differences between the surface and 

ambient temperature, solar radiation and radiative cooling due to effective sky temperature.  
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The whole section was assumed to consist of series of equal effective cross-sections, so hor-

izontal edges of the effective section (2) and mid-plane (3) of the section are considered 

adiabatic due to symmetry. Other boundaries (4) that are not considered adiabatic are sub-

jected convective transfer with ambient air and radiative transfer with surroundings, which 

is assumed to have temperature equal to ambient air temperature. The analyses are run in 

Comsol Multiphysics by implementing the material model and boundary conditions to the 

model. In all the analyses initial temperature distribution over the section was considered to 

be equal to ambient temperature. The differences between different models were studied by 

running four separate analysis with 

1. surface structures excluded; only convection fluxes considered 

2. surface structures excluded; convection, solar radiation and radiative exchange 

fluxes considered 

3. surface structures included; only convection fluxes considered 

4. surface structures included; convection, solar radiation and radiative exchange fluxes 

considered. 

The cross-sections used in the analyses with or without the asphalt layer are shown in the 

Figure 27 b) and c). 

 

The model 2 resulted the largest variations in uniform temperatures and linear temperature 

differences, so it is considered to result largest effects on the bridge. The temperature histo-

ries to be used in the long-term simulation tool were produced using model 2 and running 

the analysis for ten years. The history was extended up to 100 years by repeating last five 

years of the simulation history. The first year of the histories of the uniform temperature in 

concrete Tu,c and uniform temperature in timber Tu,t are shown in the Figure 30 and temper-

ature difference in concrete TMz,c and temperature difference in timber TMz,t are shown in the 

Figure 31.  

 

 
Figure 30. Uniform temperatures during the first year from the temperature history analysis. 
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Figure 31. Temperature differences during the first year from the temperature history. 

 

The maximum uniform temperatures are reached in June and the lowest in January. Mini-

mum and maximum values over the whole history and minimum and maximum mean daily 

values for ambient temperature and temperatures in the sections are given in the Table 21. 

The overall variation in uniform temperatures is larger in concrete than in timber. The reason 

can be seen by looking at the graph. The daily variations of temperature are significantly 

larger in the concrete slab than in the timber section, which is partly due to higher thermal 

conductivity of the concrete and partly due to solar radiation affecting the concrete slab, but 

not the timber section. The maximum and minimum values of mean daily temperatures are 

close to ambient temperatures for timber section and concrete slab, the difference is only -

0.5…2.2°C. The minimum and maximum temperature uniform temperature components ac-

cording EN 1991-1-5 (2004) and its Finnish National Annex are Te,min = -40°C and 

Te,max = 33°C assuming bridge type 3, concrete deck. The range is wider than what obtained 

from the analysis, but the weather data in the analysis is only from five years, so any reliable 

conclusions cannot be made. 

 

When considering the difference in uniform temperatures of the parts, 

ΔTu(t) = Tu,t(t) – Tu,c(t), the maximum difference over the whole time-history is 

ΔTu,max = 8.4°C and the minimum ΔTu,min = -5.8°C. Daily variation differences are mostly 

the reason for larger variations of temperature in concrete than timber. Eurocode 1 (SFS-EN 

1991-1-5 2004) recommends for the difference between main structural elements ΔTu = 

±15°C, which is conservative compared to simulation result.  

 
Table 21. Minimum and maximum values from the simulated temperature history. 

 Ambient temperature 

Tamb [°C] 

Concrete uniform 

temperature Tu,c [°C] 

Timber uniform    

temperature Tu,t [°C] 

Minimum -25.8 -23.8 -20.9 

Maximum  31.0 32.4 27.1 

Minimum daily mean  -20.0 -20.5 -19.2 

Maximum daily mean  26.2 28.4 26.2 
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Since thermal expansion coefficients for timber and concrete are different, uniform temper-

ature change over the whole section will induce stresses in the structure. Since the minimum 

and maximum uniform temperatures from EN 1991-1-5 had wider range of variation, it 

seems reasonable to use then for defining yearly maximum and minimum uniform tempera-

tures. The temperature difference between individual parts does also induce stresses in the 

structure. This can be taken into account by calculating the effects of the maximum variation 

in the temperatures of the individual parts. At least based on this study, variation given in 

the EN 1991-1-5 is conservative in the analysis.  

 

The temperature difference in concrete TMz,c during the summer has very large daily variation 

compared to the temperature difference in timber TMz,t. In winter the difference is small. The 

difference is due to effects of the solar radiation, which heats the top of the slab during the 

summer, but during the winter the amount of solar radiation is very low. During the long-

term simulations it was noticed, that the temperature differences have only small effect on 

the deformations, connector forces and stresses of the TCC beam and it is not discussed 

further here. 

5.2 Parameter studies 

In this Section effects of different parameters on the results are investigated. 

5.2.1 Effects of the time step 

The simulation tool is computationally heavy and requires considerable time to finish simu-

lation of 50 years with short time-steps. The simulation tool can model creep exactly follow-

ing the applied creep curves regardless of the time-step for the individual elements of the 

structure, but due to interaction between the elements the size of the time-step will affect the 

accuracy of the results. Time-step length comparison had two objectives, to see the effect of 

the time-step length to the accuracy of the result and to see the applicability of so-called 

“adaptive time-stepping” to increase required time-step length in the analysis. The compar-

ison was done by running five year simulation with different time-step and comparing the 

deflection at mid-span, stresses in the top fiber of the concrete slab at mid-span, stresses in 

the bottom fiber of the timber section at mid-span and connector forces in the connector 

closest to support.  

 

Five time-step lengths, Δt = 1/48 days, Δt = 1/24 days, Δt = 1/12 days, Δt = 1/6 days and 

Δt = 1/4 days, were used. The adaptive time-stepping means that the time-step is reduced to 

1/10 of overall time-step around each increment of external load during tq - 

0.25 days < t < tq + 1.00 days, where tq is the time when the load increment is applied. The 

adaptive time-stepping was tested using Δt = 1/4 days as the base time-step in the analysis. 

The analysis was made for the bridge assuming un-shored construction method.  
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The difference between the results decreased while the time-step Δt was shortened and the 

difference between the cases Δt = 1/48 days and 1/24 days was very small. It was deduced, 

that shortening the time-step further would not result considerably better results and the case 

Δt = 1/48 days would give accurate simulation results. Most of the difference between the 

simulations with different time-step lengths originated from the increments of external loads 

and the difference remained nearly constant between the increments. Results obtained by 

using the adaptive time-stepping resulted close approximation to the simulation with 

Δt = 1/48 days. The difference between Δt = 1/48 days and adaptive Δt = 1/4 days was 

smaller than the difference between Δt = 1/48 days and Δt = 1/24 days, thus the adaptive 

time-stepping Δt = 1/4 days was considered lead to adequate accuracy for the simulations in 

the thesis. The adaptive time-stepping method and time-step Δt = 1/4 days were used in all 

the subsequent simulations. 

5.2.2 Effects of the different components of the time-dependent models 

The effects of the different time-dependent phenomena were studied by running nine differ-

ent analyses including different number of time-dependent components in the analysis. Un-

shored construction model (Figure 23) was used in the simulation. The dimensions and the 

material parameters in the simulation are shown in the Table 17. Loads in the analysis in-

clude permanent loads, construction loads and variable loads according Table 18. Different 

cases are labeled C1…C9 and they are shown in Table 22. The base case C1 is elastic anal-

ysis without any time-dependent effects or environmental loads, the cases C2…C7 have 

creep and concrete shrinkage components included and in the cases C8…C9 include also the 

effects of the environmental variations.  

 
Table 22. Components of time-dependent model included in different analysis cases. 

Components C1 C2 C3 C4 C5 C6 C7 C8 C9 

Elastic x x x x x x x x x 

Timber           

Basic creep   x x x x x x x x 

Mechano-sorptive creep    x x x x x x x 

Connectors          

Basic creep    x x x x x x 

Mechano-sorptive creep     x x x x x 

Concrete          

Creep       x x x x 

Shrinkage       x x x 

Environmental load 

components 

         

uu(t)        x x 

uMz(t)        x x 

Tu(t)         x 

TMz(t)         x 
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Figure 32. Deflection w at the mid-span of the beam from analysis cases C1…C9 of the time-dependent 

component comparison over the 50 years.  

 

The graphs of mid-span deflections w, axial stresses in the top fiber of the concrete slab σc,top 

at mid-span, axial stresses in the bottom fiber of the timber section σt,bot at mid-span and 

connector forces of the connector Vc closest to the support are shown in the Appendix 2. The 

graph of deflections is shown also in the Figure 32. The maximum values during the analyses 

for each case were extracted from the results and the differences to elastic results (C1) were 

calculated to compare the effects of the different components. The values and relative dif-

ferences are shown in the Table 23. 

 
Table 23. Comparison between the maximum values of deflection, stresses and connector forces in the 

cases C1…C9 of the time-dependent component comparison.  

Maximum values during the simulation 

 C1 C2 C3 C4 C5 C6 C7 C8 C9 

w [m] 0.100 0.129 0.145 0.147 0.147 0.158 0.172 0.172 0.179 

σc,top [MPa] -9.0 -12.7 -14.7 -14.8 -14.9 -12.5 -12.5 -12.7 -12.8 

σt,bot [MPa] 22.3 21.4 20.8 20.8 20.9 21.0 21.1 20.9 21.1 

Vc [MN] 0.163 0.228 0.252 0.253 0.253 0.245 0.199 0.243 0.323 

Difference to the elastic value (case C1) [%] 

 C1 C2 C3 C4 C5 C6 C7 C8 C9 

(wi - w1) / w1 0  29  45  47  47  58  72  72 79 

(σc,top,i  - σc,top,1) / σc,top,1 0 42 64 65 66 40 40 41 43 

(σt,bot,i - σt,bot,1) / σt,bot,1 0 -4 -7 -6 -6 -4 -5 -6 -6 

(Vc,i - Vc,1) / Vc,1  0 40 55 55 55 50 22 49 98 

Difference between the cases relative to the elastic values (case C1) [%] 

 C1 C2 C3 C4 C5 C6 C7 C8 C9 

(wi - wi-1) / w1  +29  +16  +2  +1  +10  +14  0 +7  

(σc,top,i  - σc,top,i-1) / σc,top,1  +42 +22 +2 0 -26 0 +2 +2  

(σt,bot,i - σt,bot,i-1) / σt,bot,1  -4 -3 0 0 +1 0 -1 +1  

(Vc,i - Vc,i-1) / Vc,1   +40 +15 +1 0 -5 -28 +27 +49  
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All the time-dependent components increase the deflection. The largest increase in deflec-

tion is due to creep in timber. The creep and shrinkage in concrete induce also significant 

increases in deflection, while creep in connectors have very small effect on it. Inelastic strain 

due to environmental variations have quite small effect on the maximum deflection. The 

stresses in the top fiber of the concrete slab are mostly affected by the creep in timber, which 

increases the stress remarkably, and concrete shrinkage, which tends to decrease the stress. 

Other components have very small effect on the peak value of the stress. The time-dependent 

components have only small effects on the stress in bottom fiber of the timber section. Most 

effect is due to creep in timber, which decreases the stress. It should be noted that largest 

deflection and stresses in concrete occur in the end of the service life, but maximum stresses 

in timber are obtained when all the external loads are applied but keeps decreasing after that. 

The largest stresses in timber do not necessarily determine the load-carrying capacity, since 

duration of load effect decreases strength of the timber over time. 

 

Compared to other effects, the connector force is largely affected by the concrete shrinkage, 

which decreases the force considerably, and inelastic strains, which cause large fluctuation 

and increase in the maximum connector force. Also the creep in timber have remarkable 

effect of increasing the connector force. The maximum connector force increases after the 

loads are applied up to around two years, but starts decreasing after it due to combined effects 

of creep and shrinkage. Similarly, as for timber stresses, the shear resistance of the connect-

ors is affected by the duration of the load effect and the peak value of the connector force is 

not necessarily governing design criteria.  

 

In overall it seems, that creep in connectors has very small effect on the overall behavior of 

the beam. In the case bridge the connector stiffness is high, but for the cases with lower 

stiffness the effects of the connector creep would also increase. All the other components 

have significant effects on the structure and cannot be neglected in the analysis. 

5.2.3 Effects of the construction methods 

The construction method, shored or un-shored, has effects on the deformations, stresses and 

connector forces in the structure even if under the same load histories. The differences in the 

response due construction method was studied by running six simulations, one un-shored 

case (C1) and five shored cases, but with different times for removal of shores (C2…C6). 

The instance of shore removal are shown in the Table 24. Age of the concrete at shore re-

moval is three days in the case C2 and 56 days in the case C6. 

 
Table 24. Times of support removals measured from casting of the concrete slab in different cases. In 

the case C1 no props during the construction are used. 

 C1 C2 C3 C4 C5 C6 

Time of support removal tsr  [days] -  10 14 21 35 63 

 

The mid-span deflections w, axial stresses in the top fiber of the concrete slab σc,top and  

bottom fiber of the timber section σt,bot at mid-span and connector forces of the connector Vc 

closest to the support are shown graphically in the Appendix 3. The graph of deflection are 

shown also in the Figure 33. The maximum values during the analyses for each case were 

extracted from the results and the differences to shored case results (C1) were calculated to 

compare the effect of the shored construction and different times of shore removal. The val-

ues and differences are shown in the Table 25. 
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Figure 33. Deflection w at the mid-span of the beam from the un-shored case (C1) and shored cases 

(C2...C6) with varying times of shore removal of the construction method comparison over the 50 years. 

 
Table 25. Comparison between the maximum values of deflection, stresses and connector forces during 

the last year of the simulation in the cases C1…C6 of the construction method comparison. w is the 

deflection at the mid-span, σc,top and σt,bot are the axial stresses in the top fiber of the concrete slab and 

the bottom of the timber section, respectively. Vc is the connector force of the connector nearest to the 

support.  

Maximum value during the last year of the simulation 

 C1 C2 C3 C4 C5 C6 

w [m] 0.177 0.134 0.131 0.129 0.128 0.126 

σc,top [MPa] -12.8 -14.5 -14.7 -14.8 -15.0 -15.1 

σt,bot [MPa] 20.2 18.2 18.1 18.0 17.9 17.9 

Vc [MN] 0.300 0.339 0.342 0.343 0.345 0.346 

Difference to values of the case C1 [%] 

 C1 C2 C3 C4 C5 C6 

(wi - w1) / w1 0.0 -24.4 -25.9 -26.9 -27.7 -28.5 

(σc,top,i  - σc,top,1) / σc,top,1 0.0 13.1 14.6 15.7 16.8 17.8 

(σt,bot,i - σt,bot,1) / σt,bot,1 0.0 -10.1 -10.7 -11.1 -11.5 -11.8 

(Vc,i - Vc,1) / Vc,1  0.0 13.2 14.0 14.5 15.0 15.4 

 

In general it can be seen that using shored construction method decreases deflection, in-

creases stress in concrete, decreases stress in timber and increases connector force. The larg-

est effect is on the deflection, which is decreased by 25…29 %. The effect on concrete stress 

is smaller, it increases by 13…18 % depending on the time of shore removal. Shoring has 

the smallest effect on stress in timber, which is decreased only by 10…12 % and the time of 

shore removal has quite small effect on the result. The connector force is increased by 

13…15 % and the effect of the time of shore removal has also quite small effect on it. Since 

the stresses in timber are decreased only by around 10% and deflection can be countered by 

pre-cambering the timber beams, benefit of the shoring during the construction are small 

considering the case study.  
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5.2.4 Effects of the varying material properties and material models 

The results obtained from the calculation model are affected by the choices of the material 

properties or models. Connector stiffness used in the analysis is only an estimate based on 

the test results of the actual connection and the stiffness might vary from the assumed value. 

The effect of the connector stiffness was studied by running analyses with 30 % lower (C2) 

and 30 % higher (C3) connection stiffness compared base value K = 1500 MN/m. Also the 

effects of timber creep model were studied by running two cases were fitted EC5 creep 

curves in service class 3 (Table 13 and Figure 21) were used. The case C4 corresponds to 

maximum creep curve and case C5 to minimum creep curve. Third studied aspect was the 

effect of the material model for the concrete. In the case C6 concrete was modelled according 

to EC2. Case C1 is the base case with the properties shown in the Table 17. Choices of the 

material properties and models in the different cases are summarized in the Table 26. 

 
Table 26. Cases in the study of effect of the varying material properties and models. 

 C1 C2 C3 C4 C5 C6 

Connector stiffness K [MN/m] 1500   1050 1950 1500 1500 1500 

Timber creep model Toratti Toratti Toratti EC51 EC52 Toratti 

Concrete material model CEB 90 CEB 90 CEB 90 CEB 90 CEB 90 EC2 

1) EC5 service class 3 maximum creep curve 

2) EC5 service class 3 minimum creep curve 

 

The graphs of mid-span deflections w, axial stresses in the top fiber of the concrete slab σc,top 

at mid-span, axial stresses in the bottom fiber of the timber section σt,bot at mid-span and 

connector forces of the connector Vc closest to the support are shown in the Appendix 4. The 

graph of deflection are shown also in the Figure 34 and the values at the end of the simulation 

and the differences to base case (C1) are shown in the Table 27. 

 

 
Figure 34. Deflection w at the mid-span from the analysis cases C1...C6 of the material parameter and 

model comparison over the 50 years. 
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Table 27. Comparison between the maximum values of deflection, stresses and connector forces in the 

cases C1…C9 of the material parameter and model comparison.  

Maximum values during the simulation  

 C1 C2 C3 C4 C5 C6 

w [m] 0.179 0.180 0.178 0.204 0.185 0.168 

σc,top [MPa] -12.8 -12.8 -12.9 -13.6 -13.7 -13.4 

σt,bot [MPa] 21.1 21.2 21.1 19.8 20.9 20.9 

Vc [MN] 0.323 0.314 0.330 0.308 0.312 0.335 

Difference to values of the case C1 [%] 

 C1 C2 C3 C4 C5 C6 

(wi - w1) / w1 0.0 0.6 -0.3 14.2 3.4 -5.9 

(σc,top,i  - σc,top,1) / σc,top,1 0.0 -0.1 0.0 6.2 6.5 4.7 

(σt,bot,i - σt,bot,1) / σt,bot,1 0.0 0.4 -0.2 -6.0 0.9 -1.2 

(Vc,i - Vc,1) / Vc,1  0.0 -3.0 2.1 -4.6 -3.4 3.6 

 

By comparing the cases C1, C2 and C3, it can be noted that changing the connector stiffness 

has very small effect on the deflection or the stresses and limited effect on the connector 

forces. Moderate overestimation of the connector stiffness leads to safe side estimation of 

the connector forces and affects only slightly other effects, but in the design scenarios the 

connector stiffness should reliably defined by testing. 

 

When comparing cases C1, C4 and C5, it can be seen that using EC5 creep curves in has 

significant effect on the results. With the maximum curve in SC3 the deflection is overesti-

mated by 14 %. Stresses in concrete are overestimated, but stresses in timber are underesti-

mated by 6% and connector forces by 5 %, which is on the unsafe side. Using minimum 

creep curve still causes some errors, but generally lot smaller than with the maximum curve. 

The observation is based only on the case bridge, but with more slender timber section the 

daily variation would be larger, which would also lead to larger creep rate in Toratti model.  

 

Finally when comparing C1 and C6 (concrete modelled according to EC2) difference is only 

around ±5 %. It may be discussed which model approximates the behavior of the concrete 

closer to actual behavior of the concrete. 

5.3 Comparison with existing model 

To be able to validate the applicability of existing approximate method (Fragiacomo 2006), 

results of long-term simulations were compared with approximate analysis results. The com-

parison was made for un-shored construction method (Section 5.3.1) and for shored con-

struction method (Section 5.3.2). In both four different cases were considered. In all the cases 

the effects of the creep were included, but with only certain loads. The loads included in 

each case were  

1. only external loads (permanent, construction and traffic loads) (C1) 

2. only concrete shrinkage (C2) 

3. only inelastic strains due to temperature and moisture content variations (C3) 

4. all the loads (C4).  
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The load histories used in the numerical simulation and approximate analysis were the same 

and they are shown in the Table 18. Also the for the both cases the environmental variation 

derived from the moisture content and temperature time-history analyses were used, but only 

the uniform parts of the moisture content and the temperature variation, uu and Tu, were taken 

into account in the approximate analysis as suggested by Fragiacomo. Originally he has pro-

posed that the temperature variations should be derived directly from the ambient tempera-

ture, but in this case the same input data was used to allow better comparability between the 

results.  

 

The dimensions of the bridge and the material parameters for both, simulations and approx-

imate analysis are given in the Table 17. In the approximate method the mechano-sorptive 

creep in timber (Eq. (4.23)) requires determining cumulative variation Δu during time Δt. 

The variation was derived from the moisture content history by integrating over the whole 

history using  

 

 ∆𝑢 =
∆𝑡

2(𝑡1 − 𝑡0)
∫ |𝑑𝑢(𝜏)|
𝑡1

𝑡0

, (5.2) 

 

where Δt is the time-step corresponding to cumulative moisture content variation Δu, t0 and 

t1 is the beginning and the end of the history and du(τ) is the change of the moisture content. 

Obtained value used in the analysis was Δu = 0.23 for Δt = 365 days. It should be pointed 

out, that Δu depends mostly on daily variations of moisture content, and it is only slightly 

affected by the yearly variations, which makes it important to be able to predict daily varia-

tions. 

5.3.1 Un-shored construction 

The simplified analysis was done following the principles described in the Section 4.2.2, 

except for analyzing the loads that are applied before the concrete slab has cured. Fragia-

como’s proposal does not include the method for analyzing the effects of the loads applied 

before the composite action has started.  

 

The effects of the load applied before the composite action were taken in the account by 

following developed approximate method. The analysis is divided in two stages, t ≤ tc (S1) 

and t > tc (S2), where tc is the time when the slab has cured and the composite action begins. 

The load is assumed to be applied at time ti < tc. In the stage S1 the load is applied only on 

the timber section and the effects of the load taking into account the creep are calculated up 

to a point where the composite action begins. In the stage S2 the additional displacements 

due to creep in the timber section are considered to be restrained. This restraint is taken into 

account by applying a restraint load, which cancels out the creep deflection between tc…t, 

and then applying the same load with opposite sign on the composite beam.  
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The general effect due to the loads can be considered as following 

 

 𝑆 = {
𝑆𝑡
𝑞(𝐸𝑡,𝑒𝑓𝑓)                                                                                  (S1)

𝑆𝑡
𝑞(𝐸𝑡,𝑒𝑓𝑓) − 𝑆𝑡

∆𝑞(𝑡)(𝐸𝑡) + 𝑆𝑐𝑜𝑚𝑝
∆𝑞(𝑡)(�̂�𝑐,𝑒𝑓𝑓, 𝐸𝑡,𝑒𝑓𝑓, 𝐾𝑒𝑓𝑓)   (S2)

, (5.3) 

 

where 
q

tS is the effect on the timber section due to load q using the effective modulus Et,eff 

and 
)(tq

compS 
 is the effect on the composite beam due to restrained force Δq(t) using mean 

moduli effcE ,
ˆ , efftE , and effK for concrete, timber and connectors, respectively. The effective 

modulus for timber at time t is obtained from 

 

 𝐸𝑡,𝑒𝑓𝑓 =
𝐸𝑡

1 + 𝜙𝑡(𝑡, 𝑡𝑖)
 (5.4) 

 

and the effective moduli at time t from  

 

 �̂�𝑐,𝑒𝑓𝑓 =
𝐸𝑐(𝑡)

1 + 𝜙𝑐(𝑡, 𝑡𝑐)
 (5.5) 

 

 𝐸𝑡,𝑒𝑓𝑓 =
𝐸𝑡

1 + 𝜙𝑡(𝑡, 𝑡𝑐)
 (5.6) 

 

 𝐾𝑒𝑓𝑓 =
𝐾

1 + 𝜙𝑓(𝑡, 𝑡𝑐)
. (5.7) 

 

Since the restrained load is applied to the structure gradually, the elastic modulus Ec(t) and 

creep rate ϕ0(t) (in Eq. (4.49)) was assumed to correspond to age of the concrete t = 14 days 

as an estimation for calculating effcE ,
ˆ . 

 

Restrained load was be derived by considering deflection of the timber beam. After the con-

crete slab has cured, the difference between the free deflection due to load applied at ti and 

deflection due to restrained force applied at tc should be equal to free deflection at time tc, 

which can be given 

 

 𝑤𝑞(𝑡) − 𝑤∆𝑞(𝑡)(𝑡) = 𝑤𝑞(𝑡𝑐). (5.8) 

 

Using the effective modulus approach the relations between the deflections can be rewritten  

 

 𝑤0
𝑞[1 + 𝜙𝑡(𝑡, 𝑡𝑖)] − 𝑤0

∆𝑞(𝑡)[1 + 𝜙𝑡(𝑡, 𝑡𝑐)] = 𝑤0
𝑞[1 + 𝜙𝑡(𝑡𝑐, 𝑡𝑖)], (5.9) 

 

where qw0
is the elastic deflection due to load q. By taking into account that applied load and 

the deflection are proportional in linear elasticity, the restrained load can be solved as 

 

 ∆𝑞(𝑡) = 𝑞
[𝜙𝑡(𝑡, 𝑡𝑖) − 𝜙𝑡(𝑡𝑐, 𝑡𝑖)]

1 + 𝜙𝑡(𝑡, 𝑡𝑖)
. (5.10) 
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The graphs of mid-span deflections w, axial stresses in the top fiber of the concrete slab σc,top 

at mid-span, axial stresses in the bottom fiber of the timber section σt,bot at mid-span and 

connector forces of the connector Vc closest to the support are shown in the Appendix 6. The 

graphs of deflections are shown also in the Figure 35. 

 
Figure 35. Deflection w at the mid-span of the beam from the numerical analyses (C1 num.-C4 num.) 

and approximate analyses (C1 appr.-C4 appr.) using the un-shored construction method over the 50 

years. 

 
Table 28. Comparison between the results of the numerical simulation and the approximate methods in 

the case C3 (inelastic strains only). “C3 num.” refers to minimum and maximum values obtained from 

the numerical analysis, “C3 appr.” refers to minimum and maximum values obtained from approximate 

analysis and “diff. to num.” refers to relative differences of the approximate values compared to numer-

ical ones. 

Peak values during the simulation, inelastic strains (C3) 

 C3 num. C3 appr. Diff. to num. [%] 

 Min Max Min Max Min Max 

w [m] -0.0121 0.0089 -0.0136 0.0082 12.2 -7.6 

σc,top [MPa] -0.435 0.203 -0.180 0.108 -58.6 -46.5 

σt,bot [MPa] -1.050 0.923 -1.417 0.855 34.9 -7.4 

Vc [MN] -0.112 0.129 -0.108 0.179 -4.1 38.2 

 

Table 29. Comparison between the results of the numerical simulation and the approximate analysis in 

the case C1, C2 and C4. “num.” refers to results from the numerical analysis, “appr.” refers to results 

from approximate analysis and diff. refers to relative difference of the approximate values compared 

to numerical ones. Either minimum or maximum values of each case/effect combination is compared, 

depending on which have larger absolute values.  

Peak values values during the simulation 

 C1 

num. 
C1 

appr. 
Diff. 

[%] 
C2 

num. 
C2 

appr. 
Diff. 

[%] 
C4 

num. 
C4 

appr. 
Diff. 

[%] 
w [m] 0.158 0.159 0.7 0.014 0.014 -1.5 0.179 0.179 -0.1 

σc,top [MPa] -12.51 -12.06 -3.6 0.056 0.144 156.1 -12.85 -12.06 -3.6 

σt,bot [MPa] 20.99 21.29 1.5 0.571 0.564 -1.3 21.10 21.39 1.4 

Vc [MN] 0.245 0.242 -1.1 -0.067 -0.070 4.2 0.323 0.359 11.0 

 

Looking at the  

Table 29 it can be seen that for the external loads only (C1) the error is almost negligible for 

all the results. The largest error is in concrete stresses, which are underestimated by around 
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4% and the error in other effects is less than ±2%. Looking at the graphs, also the develop-

ment of the effects during the service life are well comparable. 

 

The effects of the inelastic strains due to environmental variation (C3) have large variation 

compared to numerical solution. The deflection is approximated quite well resulting only 

around ± 10 % errors, but the minimum and maximum stresses in top fiber of the concrete 

slab are largely underestimated giving errors around -50 %. Also the approximated stresses 

in bottom fiber of the timber section and the connector force result significant errors, but the 

overestimation is considerably larger than the underestimation.   

 

Effects of the concrete shrinkage (C2), excluding concrete stresses, are approximated quite 

accurately resulting errors less than 5%. The concrete stresses are overestimated by 

around 150%. In overall, including all the loads (C4) the errors in deflection and timber 

section stresses are around -1…5%, but the stresses in concrete underestimated by 7%. The 

connector force is overestimated by 11 %, but since it is on the safe side it can be considered 

tolerable error thinking of the practical design purposes with many other sources of error.  

 

Since the effects of the environmental variations and the concrete shrinkage were consider-

ably smaller than the effects of the external loads, the approximate results were close to 

simulated ones, but effort should be put on finding better agreeing method for the concrete 

shrinkage and the inelastic strains. 

5.3.2 Shored construction 

The approximate analysis is done according to method proposed by Fragiacomo (Fragia-

como 2006), except for calculating the effects of concrete shrinkage and inelastic strains due 

to environmental variations, for which also the stage before removal of shores was included 

in the analysis. The analysis was done using two calculation models, shored structure S1 and 

un-shored structure S2.  

 

Effects of the external loads to the shored structure at t < tsr were neglected in the approxi-

mate analysis, since the structure is assumed to be well supported. All the effects are calcu-

lated by using un-shored model S2. The loads, that are applied in the simulation to the struc-

ture at t < tsr, are applied on the structure at t = tsr in the approximate simulation. The rest of 

the external loads are applied according to Table 18. 

 

The effects of the concrete shrinkage in the approximate analysis were calculated by super-

imposing the effects of the shrinkage to the shored structure S1, the effects of the shore 

removal at t = tsr and the effects of the concrete shrinkage to the un-shored structure S2. The 

effects of the shrinkage to the shored structure S1 was calculated using the effective moduli 

Ec,eff(t,tc), Et,eff(t,tc) and Keff(t,tc) for the concrete, timber and connectors, respectively, where 

tc = 8 days is the time when the slab has cured. The effects of the shore removal were calcu-

lated by applying the support reactions at t = tsr with opposite sign to the un-shored structure 

S2 using effective moduli Ec,eff(t,tsr), Et,eff(t,tsr) and Keff(t,tsr). The effects of the shrinkage to 

the un-shored structure S2 were calculated by using effective moduli Ec,eff(t,tsr), Et,eff(t,tsr) 

and Keff(t,tsr).  

 

The effects of the inelastic strains due to environmental variation in the approximate analysis 

were calculated the same way as the effects of the concrete shrinkage, but all the effective 



95 

 

moduli were replaced by elastic moduli Ec(t∞), Et and K, where t∞ age of the concrete at the 

end of the service life, for concrete, timber and connectors, respectively. 

 

The graphs of mid-span deflections w, axial stresses in the top fiber of the concrete slab σc,top 

at mid-span, axial stresses in the bottom fiber of the timber section σt,bot at mid-span and 

connector forces of the connector Vc closest to the support are shown in the Appendix 7. The 

graph of deflection are shown also in the Figure 36. 

 

 
Figure 36. Deflection w at the mid-span of the beam from the numerical analyses (C1 num. to C4 num.) 

and approximate analyses (C1 appr. to C4 appr.) using the shored construction method over the 50 

years. 

 
Table 30. Comparison between the results of the numerical simulation and the approximate methods in 

the case C3 (inelastic strains only). “C3 num.” refers to minimum and maximum values obtained from 

the numerical analysis, “C3 appr.” refers to minimum and maximum values obtained from approximate 

analysis and “diff. to num.” refers to relative differences of the approximate values compared to numer-

ical ones. 

Peak values during the simulation, inelastic strains (C3) 

 C3 num. C3 appr. Diff. to num. [%] 

 Min Max Min Max Min Max 

w [m] -0.012 0.009 -0.013 0.009 3.0 4.2 

σc,top [MPa] -1.635 0.213 -1.967 0.467 20.3 119.1 

σt,bot [MPa] -1.051 0.922 -1.303 1.246 24.0 35.1 

Vc [MN] -0.112 0.130 -0.108 0.179 -4.1 37.7 

 
Table 31. Comparison between the results of the numerical simulation and the approximate analysis in 

the case C1, C2 and C4. “num.” refers to results from the numerical analysis, “appr.” refers to results 

from approximate analysis and diff. refers to relative difference of the approximate values compared to 

numerical ones. Either minimum or maximum values of each case/effect combination is compared, de-

pending on which have larger absolute values.  

Peak values during the simulation 

 C1 

num. 
C1 

appr. 
Diff. 

[%] 
C2 

num. 
C2 

appr. 
Diff. 

[%] 
C4 

num. 
C4 

appr. 
Diff. 

[%] 
w [m] 0.110 0.106 -3.7 0.014 0.015 4.4 0.131 0.128 -2.6 

σc,top [MPa] -14.53 -14.41 -0.8 0.129 0.161 24.4 -14.86 -14.38 -3.2 

σt,bot [MPa] 16.77 16.66 -0.6 0.567 0.619 9.2 18.15 17.90 -1.4 

Vc [MN] 0.288 0.302 4.9 -0.067 -0.077 16.0 0.381 0.424 11.2 
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The errors in effects due to external loads (C1) are small, the deflection is underestimated 

by around 4% and the stresses are underestimated by less than 1%. The connector force is 

overestimated by 5%. In general the approximate method gives good agreement with the 

simulation results.  

 

The effects of the inelastic strains due to environmental variations (C3) are mostly overesti-

mated. The deflection is quite close to simulation results, with error 3…4%. The stress in 

concrete is overestimated by 20…120% and the stress in timber by 24…35%. The error in 

connector force was -4…38%. Even though the errors are mostly on the safe side, the errors 

are large.  

  

The effects of the concrete shrinkage (C2) are generally overestimated. The overestimations 

of the deflection, the stress in concrete, the stress in timber and the connector force are 

around 4%, 25%, 9% and 16%, respectively.  

 

In overall, including all the loads (C4), the deflection and the stresses in concrete and timber 

are underestimated by less than 4%. The connector force is overestimated by 11 %, but since 

it is on the safe side it can be considered tolerable error thinking of the practical design 

purposes with many other sources of error. As in the un-shored case, the effects of the con-

crete shrinkage and inelastic strains due to environmental variations were small compared 

to the effects of the external loads, leading to good agreement with the simulation results 

and the error is tolerable for design. Also this case shows, that analyzing the effects of the 

concrete shrinkage and inelastic strains should be studied further. 

 

In this Section the effects of the inelastic strains due to environmental variations were con-

sidered also in the shored stage in contrast to Fragiacomo’s proposal, but since constant 

elastic modulus is used, the superimposed effects at t > tsr are identical to the effects using 

Fragiacomo’s proposal, where shoring is neglected calculating the effects of the inelastic 

strains. 

 

If the concrete shrinkage were calculated as proposed by Fragiacomo, the shrinkage would 

be analyzed in the approximate method the same way as for un-shored case. Thus, compar-

ing the effects of the shrinkage using approximate method in un-shored study ( 

Table 29) to the simulated effects of the shrinkage using approximate method in this Section 

(Table 31), the errors in deflection, concrete stress, timber stress and connector force are 

around 0%, 12%, -1% and 5%, which is considerably less than in the approach chosen in 

this Section. Thus, Fragiacomo’s proposal seems to show better agreement for concrete 

shrinkage and could be used. 
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6 Limitations of the study 
The results in this thesis are based on the comparison analysis models, but the models could 

not be validated in the scope of the thesis experimentally. The limitations of the models 

affecting the results are discussed in this Chapter. 

6.1 Analytical short-term comparison calculation models 

In the comparison of the short-term analysis methods (Section 3.1.6), fully composite 

method, CFC method and γ-method were compared against DFC method. Even though the 

DFC methods was considered most accurate, since the other models do not take into account 

actual connector placement in the beam, the DFC model still includes many simplifications 

and uncertainties that affect the results.  

 

The simplifications in the model are 

 effects of the interlayer friction is neglected 

 effects of the shear deformations are neglected 

 effects of the concrete cracking are neglected 

 reinforcement steels in the concrete are excluded 

 assumption of the equal curvatures of the individual parts 

 non-linearity of the materials and the connectors are neglected 

 connector forces are introduces to the beams point-wise, neglecting the complex in-

teraction between the connector and the connected parts. 

 

Determining the accuracy of the model by testing and comparison to more refined models 

were out of the scope of the thesis, thus the results of the comparison at this stage are theo-

retical, but they still display large differences in the results.  

6.2 Finite element model 

The finite element model presented in the Section 3.2.2 has the same limitations as listed for 

the DFC method in the previous Section. In addition, the transverse bending stiffness of the 

slab is based on the un-cracked section, while the concrete may crack due to bending or the 

shrinkage. Also modelling the slab as a grillage does not accurately model in-plane shear 

deformations, longitudinal axial stress distribution and torsional behavior of the slab, which 

will have influence on the accuracy of the model. The torsional stiffness of the timber sec-

tions were also neglected by releasing the rotational constrains of the connection elements 

about the longitudinal axis of the bridge. 

 

Determining the accuracy of the finite element model by testing or more refined models was 

also out of the scope of the thesis and the differences between the actual behavior and the 

model could not be evaluated.    

6.3 Long-term simulation 

The long-term simulation tool has limitations due to simplifications of the structural model 

as well as uncertainties in the material parameters and material models, thermal and moisture 

content histories and the external loads.  

 

In the structural model the analysis of the bridge was simplified to the analysis of an effective 

section, presenting the exterior girder of the bridge, which was analyzed by using DFC 
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method. The simplifications in the method were presented in the Section 6.1. Also the use 

of effective section and load distribution factors is only approximate method and it also ne-

glects time-dependent interaction inside the whole bridge. 

 

The material parameters and the models used in the simulation present uncertainties, which 

will affect the results of the study. The models were chosen due to quite good agreement 

between the analysis and test results in the referred literature, but validation of the models 

was out of the scope in this work.  

 

Third important factor, affecting the results, are the thermal and moisture content variations 

on the bridge. The derived history is affected by multiple factors, which are 

 constitutive models 

 material parameters 

 weather data 

 simplifications of the analyzed section 

 simplifications of the temperature and moisture content fields due to use of Euler-

Bernoulli beam model. 

 

Also, the long-term results are based on the case study, thus the effects of the different struc-

tural arrangement, dimensions, connector stiffness, materials, loads or environment are un-

known, and they might affect the results.  
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7 Proposals for design methods of TCC bridges 
In this Chapter methods for analyzing timber-concrete composite bridges, built using un-

shored or shored construction, are proposed. The proposal is preliminary and based only on 

the case study. The applicability of these procedures should be investigated further in the 

future studies. 

7.1 Modelling the structure 

It is proposed, that TCC bridges should be generally analyzed by using finite element meth-

ods, since large differences in the effects calculated by using traditional load-distribution 

approach were found. The proposed model is presented in the Section 3.2.2. The model takes 

into account also the lateral bending stiffness of the concrete slab as well as stiffness and the 

locations of the shear connectors. The accuracy of the model could not be studied in the 

scope of this thesis and also the finite element analyses require certain level of expertise, so 

the use of the model in the design practice should be considered case by case. 

7.2 Time-dependent analysis 

It is proposed that the effects of the external loads for the simply supported TCC bridges 

could be analyzed using the approximate method (Fragiacomo 2006). As an extension, when 

analyzing a bridge built using un-shored construction method, the loads applied on the struc-

ture before the slab has cured should be analyzed by the procedure presented in the Sec-

tion 5.3.1. Benefits of the approximate method are that it can be applied using analytical 

methods or finite elements method and does not require use of step-by-step calculations. 

7.3 Material properties and models 

The material properties for timber can be readily obtained from the relevant product stand-

ards, but the rheological model for the timber in current EC5 (2004) is quite limited, giving 

final creep values in three different service classes. It is recommended that Toratti model 

should be applied for the timber to be able to explicitly take into account the effects of the 

moisture content variations in the timber sections. Applying the Toratti model in approxi-

mate analysis is described in the Section 4.2.2. The value for Δu can be derived if uniform 

moisture content history including daily variations is available for the timber section using 

Eq. (5.2). When data of the moisture content is very limited, also the creep model given in 

older version of EC5 could be used (see Section 4.3.1), but caution should be used applying 

these values. 
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8 Conclusions and recommendations 
Conclusions 

 

Four different short-term analysis methods of TCC beams, fully composite beam, composite 

beam with continuous flexible connection, γ-method and discrete flexible connection 

method, were reviewed and they were compared by a parametric study with combination of 

different load types, cross-section dimensions, connector arrangements and connector stiff-

ness. The results indicated large differences between the methods. Since the discrete flexible 

connection method takes into account the actual connector arrangement of the beam, it was 

considered to most accurate of the investigated models for analyzing a TCC beam.  

 

The accuracy of two traditional load-distribution models, lever-rule and rigid-diaphragm 

method, were studied by calculating the effects of the load different loads on the exterior 

girder by using the simplified methods and a finite element model. The comparison dis-

played large differences between the simplified methods and FEM results, -13…126% using 

the lever-rule and -38…22% using the rigid-diaphragm method. Based on the finding, it was 

recommended that finite element model should be used in the analysis in general.  

 

For the long-term studies, a simulation tool capable of simulating timber-concrete beams 

under various loads and taking into account time-dependent phenomena in concrete, timber 

and connectors as well as modelling effects of different construction stages was pro-

grammed. The tool was used to evaluate an existing approximate analysis method, proposed 

by Fragiacomo (2006) for analysis of TCC beams. In the comparison the effects over the 

service life of 50 years of an example bridge were simulated in two cases, bridge built using 

un-shored or shored construction method. The same bridge was analyzed by using the exist-

ing approximated method, in the un-shored case, with extension considering the stress dis-

tribution between un-composite and composite stage, and in the shored case according to 

Fragiacomo’s proposal. Good agreement of the effects of the external loads between the 

simulation and the approximate method were found.  

 

The effects of the concrete shrinkage were approximated fairly well by the existing method, 

but displayed larger differences in the concrete stresses. The reason for the difference was 

unclear, but the material parameters in the approximate method should studied further. The 

effects of the inelastic strains due to environmental variations did not show good agreement 

and the comparison displayed both under- and overestimation of the effects compared to the 

simulation.  

 

In overall the effects of the shrinkage and inelastic strains due to environmental variations 

were small compared to effects of the external loads resulting good agreement when com-

bining the effects of the external loads, shrinkage and inelastic strains, but in the other cases 

the effects of the shrinkage and inelastic strains might be relatively larger, leading to larger 

errors in the calculations. Thus, at this stage further investigations are recommended. 

 

In the end short proposal for analysis procedure combining the proposed finite element 

model and the existing approximate method for analyzing the effects of the external loads. 

The procedure is general and could be used in design of many different types of timber-

concrete bridges as well as other kind of timber-concrete structures. 
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Recommendations  

 

The accuracy of the DFC method could be studied by small series of tests of simply sup-

ported TCC beams. The test results should also be compared with the results of fully com-

posite method, γ-method and CFC method to validate the results of the parametric compar-

ison study. 

 

The accuracy of the finite element model could be investigated by testing scale models of 

TCC bridges in the laboratory or monitoring the short-term effects of existing TCC bridges 

as well as comparing to more refined FE models.  

 

The accuracy of the material models for timber and concrete could be investigated in the 

future studies by literature review and material testing. It is also recommended that the 

creep behavior of notched X-connector should be studied by the long-term testing. 

 

The accuracy of the simulation model could be investigated by long-term monitoring of a 

TCC beams exposed to outdoor environment.  

 

Approximate method of analyzing the effects of the shrinkage and inelastic strains due to 

environmental variations should be investigated further to find the cause of the large differ-

ence between the results of the existing approximate method and the simulation, and pro-

pose improvements to the method.  

 

The long-term comparison should be extended by analyzing bridges with different structural 

arrangements, dimensions, connector stiffness, materials, loads or environmental variations 

to validate the general applicability of the results.  

 

Thinking of the practical design, the future Eurocodes should include information on 

 applicable structural models, i.e. what simplified methods can be used 

 more detailed material models for timber and the connectors including creep behav-

ior including effects of the moisture variations 

 suitable method for long-term analysis of TCC bridges, including effects of the ex-

ternal loads, concrete shrinkage and inelastic strains due to environmental variations 

 method for determining thermal loads for TCC bridges in particular 

 method of determining moisture content variations in the section depending on the 

size of the members and treatment of the wood material, i.e. salt impregnated timber. 
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Appendix 1. Error plots from the comparison of different 
calculation methods for short-term analysis  

 

 
Figure A1-1. Differences compared to DFC method for the uniform load with uniform connector spac-

ing.  
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Figure A1-2. Differences compared to DFC method for the concentrated load at x = l/2 with uniform 

connector spacing. 
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Figure A1-3. Differences compared to DFC method for the concentrated load at x = l/10 with uniform 

connector spacing. 
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Figure A1-4. Differences compared to DFC method for the uniform load with varying connector spac-

ing. 
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Figure A1-5. Differences compared to DFC method for the concentrated load at x = l/2 with varying 

connector spacing. 
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Figure A1-6. Differences compared to DFC method for the concentrated load at x = l/10 with varying 

connector spacing. 
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Appendix 2. Result plot from the comparison of the time-
dependent component study 
 

 
Figure A2-1. Deflection w at the mid-span of the beam from analysis cases C1…C9 of the time-depend-

ent component comparison over the 50 years. 

 

 

 
Figure A2-2. Stress in the top fiber of the concrete slab σc,top at the mid-span of the beam from analysis 

cases C1…C9 of the time-dependent component comparison over the 50 years. 
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Figure A2-3. Stress in the bottom fiber of the timber section σt,bot at the mid-span of the beam from 

analysis cases C1…C9 of the time-dependent component comparison over the 50 years. 

 

 

 
Figure A2-4. Connector force Vc in the connector closest to the support from analysis cases C1…C9 of 

the time-dependent component comparison over the 50 years. 
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Appendix 3. Result plots from the comparison of the con-
struction method study 
 

 
Figure A3-1. Deflection w at the mid-span of the beam from the un-shored case (C1) and shored cases 

(C2...C6) with varying times of shore removal of the construction method comparison over the 50 

years. 

 

 
Figure A3-2. Stress in the top fiber of the concrete slab σc,top at the mid-span of the beam from the un-

shored case (C1) and shored cases (C2...C6) with varying times of shore removal of the construction 

method comparison over the 50 years. 
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Figure A3-3. Stress in the bottom fiber of the timber section σt,bot at the mid-span of the beam from the 

un-shored case (C1) and shored cases (C2...C6) with varying times of shore removal of the construction 

method comparison over the 50 years. 

 
 

 
Figure A3-4. Connector force Vc in the connector closest to the support from the un-shored case (C1) 

and shored cases (C2...C6) with varying times of shore removal of the construction method comparison 

over the 50 years. 
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Appendix 4. Result plots from the comparison of the ma-
terial parameter and model study 
 

 
Figure A4-1. Deflection w at the mid-span from the analysis cases C1...C6 of the material parameter 

and model comparison over the 50 years. 

 

 

 
Figure A4-2. Stress in the top fiber of the concrete slab σc,top at the mid-span of the beam from the anal-

ysis cases C1...C6 of the material parameter and model comparison over the 50 years. 
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Figure A4-3. Stress in the bottom fiber of the timber section σt,bot at the mid-span of the beam from the 

analysis cases C1...C6 of the material parameter and model comparison over the 50 years. 

 
 

 
Figure A4-4. Connector force Vc in the connector closest to the support from the analysis cases C1...C6 

of the material parameter and model comparison over the 50 years. 
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Appendix 5. Result plots from the comparison of the nu-
merical and approximate analyses for un-shored con-
struction method study 
 

 
Figure A5-1. Deflection w at the mid-span of the beam from the numerical analyses (C1 num.-C4 num.) 

and approximate analyses (C1 appr.-C4 appr.) using the un-shored construction method over the 50 

years. 

 

 
Figure A5-2. Stress in the top fiber of the concrete slab σc,top at the mid-span of the beam from the nu-

merical analyses (C1 num.-C4 num.) and approximate analyses (C1 appr.-C4 appr.) using the un-shored 

construction method over the 50 years. 
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Figure A5-3. Stress in the bottom fiber of the timber section σt,bot at the mid-span of the beam from the 

numerical analyses (C1 num.-C4 num.) and approximate analyses (C1 appr.-C4 appr.) using the un-

shored construction method over the 50 years. 

 

 
Figure A5-4. Connector force Vc in the connector closest to the support from the numerical analyses 

(C1 num.-C4 num.) and approximate analyses (C1 appr.-C4 appr.) using the un-shored construction 

method over the 50 years. 
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Appendix 6. Result plots from the comparison of the nu-
merical and approximate analyses for shored construc-
tion method study 
 

 

 
Figure A6-1. Deflection w at the mid-span of the beam from the numerical analyses 

(C1 num. to C4 num.) and approximate analyses (C1 appr. to C4 appr.) using the shored construction 

method over the 50 years. 

 

 
Figure A6-2. Stress in the top fiber of the concrete slab σc,top at the mid-span of the beam from the nu-

merical analyses (C1 num. to C4 num.) and approximate analyses (C1 appr. to C4 appr.) using the 

shored construction method over the 50 years. 
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Figure A6-3. Stress in the bottom fiber of the timber section σt,bot at the mid-span of the beam from the 

numerical analyses (C1 num. to C4 num.) and approximate analyses (C1 appr. to C4 appr.) using the 

shored construction method over the 50 years. 

 

 

 
Figure A6-4. Connector force Vc in the connector closest to the support from the numerical analyses 

(C1 num. to C4 num.) and approximate analyses (C1 appr. to C4 appr.) using the shored construction 

method over the 50 years. 
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