' Aalto University

Jaaranen, Joonas; Salokangas, Lauri; Fink, Gerhard
Short-term analysis of timber-concrete composite bridges

Published in:
Conference proceedings, ICTB 2017, 3rd International Conference on Timber Bridges

Published: 01/01/2017

Document Version
Peer-reviewed accepted author manuscript, also known as Final accepted manuscript or Post-print

Published under the following license:
Unspecified

Please cite the original version:

Jaaranen, J., Salokangas, L., & Fink, G. (2017). Short-term analysis of timber-concrete composite bridges. In
Conference proceedings, ICTB 2017, 3rd International Conference on Timber Bridges (SP rapport ; No.
2017:26). Swedish National Testing and Research Institute.

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.



Short-term analysis of timber-concrete composite bridges

Joonas Jaaranen
Doctoral Candidate
Aalto University
Espoo, Finland

joonas.jaaranen@aalto.fi

Lauri Salokangas
University Teacher
Aalto University
Espoo, Finland

lauri.salokangas@aalto.fi

Gerhard Fink
Assistant Professor
Aalto University
Espoo, Finland
oerhard.fink@aalto.fi

Joonas Jaaranen received
his M.Sc. degree from
Aalto University in 2016.
He continues his studies
pursuing doctoral degree
in Aalto University
concentrating in timber
structures.

Digl.En . 1981. 1986-
2007 Lab. Man, in Bridge
Engineering at Helsinki
University of Technology
2008-2013 Prof. of Bridge
Engineering, Infra-
structures and Structural
Design. From 2014
lecturer at Aalto
University.

Gerhard Fink is Assistant
Professor for Wooden
Structures at Aalto
University. He studied
Civil Engineering at the
TU Graz, Austria and did
his PhD at ETH Zurich.

Summary

Timber-concrete composite (TCC) structures have been studied intensively during the last decades
and some analysis methods has been proposed, but mostly for floor construction. Applicability of
different analysis methods for TCC bridge design were evaluated in a parametric study. In the
evaluation, the influence of the parameters on the deformation, shear force in the connector,
compressive stresses in the concrete deck and tensile stresses in the timber beam were investigated.
The study was performed on a simply supported TCC beam, with span of 18 m, and with following
parameters: different loads, connector arrangements, connector stiffnesses and cross-sectional
dimensions. The results indicate large differences between the evaluated methods, in particular for
beams with relatively low connector stiffness.
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1. Introduction

Reliable design methods are important for ensuring safety and serviceability of bridges. However,
Eurocodes currently do not present guidelines for the design of timber-concrete composite (TCC)
buildings or bridges. Some rules of thumb for TCC bridges are given in national guidelines, e.g.
Finnish NCCI5 [1], but they are too limited for detailed analysis. TCC bridges were researched in
Finland in the 90’s, producing new connector types, bridge concepts and some guidelines [2].
Similar research projects on TCC bridges have been carried out in other countries. TCC structures
in general have been studied quite intensively in past few decades, thus some validated simplified
analysis methods have been proposed, but mainly for floor structures [3]. Purpose of the published
study was to investigate applicability of the existing analysis methods for design of TCC beams and
the results were used in the paper by Jaaranen et al. [4].

2. Structural behavior of TCC beam

A typical TCC beam consists of timber section
with concrete slab connected on top by shear

Case 1: connectors. In the case of simple supported beam,

No connection  timber 1S in tension and concrete in compression,
utilizing the best properties of both materials.
Effects of shear connection stiffness on the beam
behavior can be illustrated by considering three

Case 2 different Cases (Figure 1):

1 Semi-rigid

\  connection Case 1. no shear connection

Case 2. flexible shear connection

Case 3. rigid shear connection.

fg"fj’-’ In the Case 1, slip between the components is not
o ection resisted by the connection and shear flow will not

develop. In the Case 3, the beam is fully

Figure 1. Deformations, internal forces, composite, with no slip, thus maximum shear flow
strains and stresses of a composite beam with ~ will develop. In the Case 2, slip can happen, but at
different type of shear connection. the same time shear flow develops due to

connectors resisting the slip. Since the connection
stiffness can vary between Cases 1 and 3, those Cases present bounds for the bending stiffness and
stresses of the beam with flexible connection.

Degree of composite action is defined in this paper by connection efficiency factor y, as in Eq. (1)
[5], where (ED)ey, (ED)o and (E])» are bending stiffnesses of: a beam with flexible connection, a
beam with no shear connection and a beam with rigid connection, respectively.

_ (El)e/f - (EI)O
(ED., —(EI),
3. Analysis methods of TCC beams

In this chapter, four different analysis methods applicable for analysis of TCC beam, namely,
(1) fully composite method, (2) continuous flexible connection (CFC) method, (3) y-method and
(4) discrete flexible connection (DFC) method, are introduced.

(1

3.1 Fully composite method

The simplest way to analyze a TCC beam is to assume that the connection is smeared and rigid
corresponding to the Case 3. Then the beam can be analyzed by using Euler-Bernoulli (E-B) beam
theory.
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3.2 Continuous flexible connection method

For more detailed analysis, effects of the shear slip between elements need to be taken into account.
One such method, commonly found in literature, is described e.g. in [6, 7]. The model is based on
the assumption that the elements are connected by close and equally spaced linearly elastic shear
connectors. The connection is treated as smeared connection with constant shear stiffness per unit
length. The shear flow in the interlayer is then linearly dependent of the slip between the
components along the beam. Individual elements of the beam are assumed to be linearly elastic and
behave according to E-B beam theory.

The mathematical model for composite beams is derived by writing static equilibrium of internal
and external forces of a beam element and then applying kinematics of E-B beam theory and linear
load-slip relation of the connection, leading to a system of three differential equations. The system
is then solved by applying boundary and load conditions. However, closed form solution can be
found only in special cases. Detailed treatment on the topic can be found in [6, 7, 8]. For this paper,
solutions for simply supported beams under uniform and concentrated loads, adopted from Natterer
& Hoeft [8], were used.

3.3 y-method

In the case of sinusoidal load on a simply supported beam, the CFC model has a particularly simple
solution, in which bending stiffness is constant along the whole span leading to simple expressions
of deformations and stresses. The y-method is an approximate method, in which effects of other
load types are approximated using the bending stiffness derived for the sinusoidal load [7]. Due to
the simplifications, the method is exact only under sinusoidal load. In the other cases, the accuracy
depends on type of the load, cross-section properties, connection stiffness and the span of the beam.

The method is adopted in EN 1995-1-1, Annex B, where relevant formulas are given. The use is
restricted to simply supported, cantilever or continuous beams with components continuous over the
whole length and connected by linear elastic connectors, whose spacing is constant or varies
according the shear force. This method should be used only for sinusoidal and uniform loads. In the
case of varying connector spacing, effective connector spacing ser according to [7] may be used.

3.4 Discrete flexible connection method

Composite beams can be also analyzed by considering the behavior of individual connectors as in
the model proposed in [9, 10]. In both, the authors have treated only simply supported beams. In the
[10] it is suggested that the approach can be extended to multi-span systems, and briefly explained
how inelastic strains can be included in the analysis. A model with the suggested extensions was
derived in this study.

In this method, including the extensions, the composite beam is assumed to consist of two
individual beams, connected by arbitrary number of arbitrarily placed shear connectors each with
individual slip modulus. Both elements are assumed to follow E-B beam theory and have equal
deflections and curvatures.
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Figure 2. Model and cross-section of a composite beam in the discrete flexible connection method.

The model and the cross-section of the beam is shown in Figure 2. In the general case, the beam is
an externally and internally statically indeterminate system. Response to loads is obtained by
applying the force method, in which the system is separated into a statically determinate primary
system (stage S-1) and a system with redundant connector forces and support reactions (stage S-2).
In the stage S-1, connectors {1,..., n} and additional supports {n+1,..., n+m} are released and the
beam is subjected to external loads and inelastic strains. In the stage S-2, effects of unknown
redundant connector forces and support reactions are applied on the structure.
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Finally, the effects from both stages are superimposed. Applying compatibility conditions for each
connector and an intermediate support leads to a system of equations as in Eq. (2), where B is a
flexibility matrix of the system, x is a force vector containing unknown connector forces and
support reactions and u is a “loading” vector containing elastic and inelastic displacements of
redundant connectors and supports in the stage S-1. After solving the redundant forces, the total
response of the structure is obtained by superimposing the effects from stages S-1 and S-2. In
general cases, the method requires numerical implementation, but since arbitrary loads, connector
arrangement and support conditions can be easily implemented without the use of simplifications,
this method is advantageous compared to analytical methods.

Bx=u ()
4. Parametric comparison between the methods

The goal of the parametric comparison was to study differences of the aforementioned methods and
evaluate their applicability in design of TCC bridges. Wider range of cases were studied, but only
the elementary cases are presented here for clarity.

4.1 Geometric setup and parameters

In the parametric study, a TCC beam with a timber Table 1. Cases in the comparison study.
section and a concrete slab connected with spaced -

shear connectors was considered. The cross-section of Case Connector spacing _ Load type
the beam is illustrated in Figure 3. Two different la Uniform Uniform
connector arrangements; connectors with (1) uniform 1b Uniform Point
spacing and (2) spacing varying according to shear 2a Varying Uniform
force, as illustrated in Figure 3, were considered. In Zb Varying Point

addition, two different load types were considered in
the analysis; (a) uniform load and (b) point load at x = //2 as in Figure 4. In the parametric study,

four different Cases, which are listed in Table 1, combining different connector arrangements and
load types, were considered.

For each Case, 160 combinations of cross-section dimensions and connector stiffness in total were
used. The range of the variables as well as material properties and the span were chosen so that they
reflect practical range of values used in TCC bridges. The material properties and variables used in
the analysis are shown in Table 2. Effective connector spacing s.s[7]was adopted in both, the y-
method and the CFC method.

Connector position [m] Symmetric Cross-section
L [Tp] L [Ip] =2} [Ip] w L) - LN —
S = & & <+ 5 ¢ o © D= brot
1 .
) —tttt—F+—t—+—F—F—F—F——— t Ec <
. ==
L=18m Y ca Ey =
*
Connector position [m] Symmetric
Mmooy =N 1 1 1 b
SO = NN o F [N ”
2) ] 1 J Il } ] 1 | 1 1 } 1 I ] Il I ] }
1 T T T T | 1 L) 1 | L) | L) T L) 1 1 1 Ll 1 T
5;=06m | s,=10m |, s;=30m |,
Region 1 ] Region 2 \ Region 3 '
L/6=3m 1 L/6=3m 1 L[/6=3m =
N - L=18m

Figure 3. The composite beam and different connector arrangements, 1) uniform and 2) varying,
are shown left and cross-section of the beam on right..
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Load cases
a) Uniformly distributed load

EEEEEEREEER

I |

i L isd
" "
7 A

b) Concentrated load at x = L/2

Figure 4. Different load cases.

Table 2. Material properties and dimensions in the parametric study. Number
in parenthesis displays total number of parameters for the variable.

Parameter Value
Span length L [m] 18.0

Concrete elastic modulus E. [MPa] 30000
Timber elastic modulus £, [MPa] 13000

Total height A, [m] 1.5

Total width b, [m] 1.2

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

Timber section width b, [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)

4.2 Presentation of the analysis results

Since the DFC method takes into account individual connector positions, it was considered as the
base case for the comparison. Maximum deflection wyax, maximum connector force Ve max,
maximum tensile stress in the bottom fiber of the timber section 6p,mq and maximum compressive
stress in the top fiber of the concrete slab o,max Were calculated for all parametric combinations. In
each combination the relative differences of the results from the other methods compared to DFC
results were calculated from

D,-fﬁ:m, (3)

SDFC

where Sprc is a general effect (Wimax, Ve, max, Obmax, 01max) using DFC method and S; is corresponding
effect using other method (i = fully composite, CFC, y-method). The relative differences for each
method were plotted against connection efficiency factors y as in Eq. (1). Bending stiffnesses (£1)o,
(EDefr and (EI). were determined with the y-method.

4.3 Limitations of the study

Response of a real composite beam is affected by a number of different phenomena, such as friction
between the elements, shear deformations of individual components, cracking of concrete and non-
linear behavior of the materials and connectors, some of which are not included in any of the
described models. Even though DFC model is assumed to best approximate behavior of TCC beams
in the study, in reality the aforementioned effects might significantly affect the accuracy of the
methods for individual cases, and therefore the comparison is limited to theory.

5. Results

The results of the comparison are presented in this chapter. The axis scales of all the graphs were
unified to allow better comparability between the graphs. In two graphs, where the results were off
the scale of the graph, range of the results is marked on the figure with text and arrows.
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5.1 Uniform connector spacing - Cases 1a and 1b

Uniform load / Uniform connector spacing

w v
max c,max
30 - - - - 30 - -
a) b)
§ 201 ;\; 201
8 10t 8 10}
c c
o o
£ £ 0
© ©
(] (9]
2 -10f 2 10}
< O CcFC o O CcFC
X 0t % ~-method X oot % ~-method
Fully composite Fully composite
30 ‘ . ‘ . 30 . . ‘ ‘
0.75 0.8 0.85 0.9 0.95 1 0.75 0.8 0.85 0.9 0.95 1
Connection efficiency factor Connection efficiency factor v
ab,max at,max
30 - - - - 30 . .
c) d)
§ 201 1 § 201
8 10t 8 10}
c c
o o
[ (0]
£ kS
© ©
[ (]
2 -10f 2 10}
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X oot X y-method X oot X y-method
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0.75 0.8 0.85 0.9 0.95 1 0.75 0.8 0.85 0.9 0.95 1
Connection efficiency factor v Connection efficiency factor v

Figure 5. Differences in the Case with uniform connector spacing and uniform load (Case 1a).

The differences in the Cases 1a and 1b were plotted in Figures 5 and 6 functions of connection
efficiency factors y with a range of values, y = 0.81...0.98.

The CFC method displayed very close agreement with DFC method in both Cases, 1a and 1b.
Calculated differences were less than £1% over the whole range of parameters, thus CFC and DFC
methods produce practically identical results.

The y-method displayed fairly good agreement with DFC method with differences less than £10%.
Differences in deflection were small in the both cases. The connector forces were overestimated in
the Case 1a and underestimated in the Case 1b. In the Case 1a the stresses were in close agreement,
but in the Case 1b they showed larger differences. Difference of the stress o:max depended on the
ratio hc/h:, so that with high A./h; the stress was underestimated and with low A./h; it was
overestimated.

The fully composite method displayed largest differences of the three methods overall. The largest
differences are around +15%. The deflection of the beam is generally underestimated, while
connector forces are overestimated in the Case 1a and in close agreement in the Case 1b. The
stresses had smaller differences in the Case 1a than in the Case 1b. Differences of the stress oz max
depended on the ratio A./h; similarly as with y-method.
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Point load at x = L/2 / Uniform connector spacing
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Figure 6. Differences in the Case with uniform connector spacing and point load (Case 1b).
5.2 Variable connector spacing - Cases 2a and 2b

The differences in the Cases 2a and 2b were plotted in Figures 7 and 8 as functions of connection
efficiency factors y with a range of values, y = 0.78...0.98.

The CFC method had very close agreement in the Cases 1a and 1b, but in the Cases 2a and 2b, the
differences were larger. The deflection had a close agreement with DFC, while connector forces
displayed very large differences, up to 100% in the Case 2a and around -25...15% in the Case 2b.
In the latter Case, connector forces were overestimated with lower y values and overestimated with
higher y values. The stresses agreed reasonably well with DFC in general, the differences were less
than +£5% 1in all the Cases.

The y-method had a fair agreement with largest differences around +£10%, excluding the connector
forces in the Case 2b, where differences up to 170% could be found. The differences in deflections
were less than 5% in general, while the stresses display larger differences up to +£10%. The stress

oc,max 18 generally underestimated, while difference of o:ma depends on the ratio A./h; as in the Cases
la and 1b.

The fully composite method displayed largest differences, up to +20%, excluding connector forces
in the Case 2b where differences up to 190% could be found. The deflections were underestimated
up to 15%. o max 1s generally underestimated, while difference of o;max depends on the ratio A./h; as
in the Cases 1a and 1b.
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Uniform load / Varying connector spacing
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Figure 7. Differences in the Case with varying connector spacing and uniform load (Case 2a).
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Figure 8. Differences in the Case with varying connector spacing and point load (Case 2b).
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5.3 Discussion

Connector forces in the Cases 2a and 2b displayed extremely large differences, so the distributions
of the forces were investigated in more detail to understand the reason behind the differences.

In the Case 2a, CFC method displayed up to 100% higher connector forces than DFC method. The
connector force distributions in the Case 2a are shown in Figure 9. Increasing connector density
towards the supports effectively limits the slip, thus limiting also connector forces, which are
linearly dependent of the slip, as may be seen in Figure 9 (DFC curve). In contrast, in CFC method,
where varying connector spacing is not taken into account, connector forces are steadily increasing
towards the supports. In the fully composite method and the y-method connector forces are not
related to slip, but are estimated fairly well since the connector spacing is accounted for in
calculating the forces.

In the Case 2b (Figure 10), connector force distribution of CFC is closer to DCF, but the fully
composite method and the y-method displayed extremely high connector forces near the mid-span.
In the DFC method, the slip, as well as the connector forces, develop gradually towards the support.
In contrast, the connector forces in the fully composite method and the y-method were largely
overestimated where the connector spacing is wide, since the connector force is proportional to
product of total shear force and connector spacing.

Connector forces Connector forces
061 015
Fully composite method %\ Fully composite method
\
= —&— CFC method = 01r \ —&— CFC method
= —— ~-method = \ —— ~-method
S° DFC method S° 0,05 [0SO o0—gg/ ) \ DFC method
[0} [0} X*X%HH'/ \
<4 <4
o ks 0
= =
L L N Wim:n:pana
g 027 8 005 \ &= coo00
c c \
c c \
<) o \
O -04r O .01 \ /
%
06 . , . . , . . , ) 015 . . , . , . . . )
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Position along the span x [m] Position along the span x [m]

Figure 9. Shear connector force distributions in the Figure 10. Shear connector force distributions in
Case 2a using different analysis methods. the Case 2b using different analysis methods.

6. Conclusions

This study showed that within the range of this parametric study, CFC and DFC methods have close
agreement, when constant connector spacing is used. Thus, CFC method can be recommended as
simpler alternative to DFC method, which generally requires programming a numerical tool for
analysis.

Using the CFC method to analyze composite beams with varying connector spacing is not
reasonable due to the high differences to DFC in connector forces.

The y-method displayed lowest differences on average, even though in some cases the differences
are higher than by using CFC method. Due to simplicity, the y-method is best suited for preliminary
design stages, when rough estimates are needed, as well as for comparison of effects of different
design options.

Using the fully composite method for the analysis is not recommended, unless with very high y-
values, when the results are close the results of the y-method.
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