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Modelling short-termmonotonic response of timber–concrete
composite structures
Cong Liu, Anca C. Ferche, and Frank J. Vecchio

Abstract: Timber–concrete composite is an efficient hybrid construction material that exploits the advantageous properties
of timber and concrete. The use of shear connectors enables the two dissimilar materials to act together, resulting in an
increase in global stiffness as well as load-carrying capacity. As this composite material is becoming increasingly more pop-
ular in the construction industry, there is a need to develop analysis tools that have general applicability to timber–concrete
composite systems with variations in loading schemes, specimen configurations, materials, and types of shear connectors. One
such tool, a generic two-dimensional nonlinear finite element model, is proposed in this paper; it is verified through numerical
simulations of six experiment series carried out by other researchers. Good agreement between experimentally observed behav-
iour and numerical simulations was generally obtained.
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Résumé : Le composite bois–béton est un matériau de construction hybride efficace qui exploite les propriétés avanta-
geuses du bois et du béton. L’utilisation de connecteurs de cisaillement permet aux deux matériaux dissemblables d’agir en-
semble, entraînant une augmentation de la rigidité globale ainsi que de la portance. Comme ce matériau composite est de
plus en plus populaire dans l’industrie de la construction, il est nécessaire de développer des outils d’analyse qui sont gén-
éralement applicables aux systèmes composites bois–béton avec des variations dans les schémas de chargement, les config-
urations de spécimens, les matériaux et les types de connecteurs de cisaillement. L’un de ces outils, un modèle des
éléments finis non linéaires non bidimensionnels générique, est proposé dans cet article; il est vérifié par des simulations
numériques de six séries d’expériences réalisées par d’autres chercheurs. On a généralement obtenu une bonne concord-
ance entre le comportement observé expérimentalement et les simulations numériques. [Traduit par la Rédaction]

Mots-clés : composite bois–béton, connecteurs de cisaillement, structures, modélisation, analyse des éléments finis.

Introduction
Timber–concrete composite (TCC) systems have seen increased

development in the past two decades, finding extensive struc-
tural applications, including renovation and upgrading of exist-
ing timber structures, new construction of mid- to low-rise
buildings, and construction of mid- to short-span bridges (Yeoh
et al. 2011; Ceccotti 2002; Le Roy et al. 2009). The composite sys-
tem typically takes the form of a concrete slab supported by tim-
ber beams or panels. Thus, the advantageous properties of both
materials are utilized, with the tensile stresses being primarily
resisted by timber and the compression stresses by concrete. The
degree of composite action between the two materials arises from
the use of shear connectors, which provide resistance to interlayer
slip. Ideally, the shear connectors should be sufficiently stiff under
service loads to ensure a high degree of composite action, yet suf-
ficiently soft to provide global ductility to the composite system
at the ultimate limit state. As such, TCC systems are preferably
designed to remain linear–elastic under the serviceability limit
state, and to undergo nonlinear plastic deformation at the ulti-
mate limit state as the shear connectors start to yield.
Several analytical methods have been developed for the analy-

sis of TCC structures, each method with its own underlying

assumptions and limited scope of application. The gammamethod,
currently adopted by Eurocode 5 (CEN 2004), is suitable for linear–
elastic analysis of TCC members and is widely used in design. A
linear–elastic analysis, however, is not expected to provide an
accurate estimation of the failure load for ductile systems exhib-
iting pronounced nonlinear response.
Nonlinear methods that account for yielding of the shear

connector include methods developed by Van der Linden (1999),
Frangi and Fontana (2003), and Zhang and Gauvreau (2015). Van der
Linden (1999) proposed a model that accounts for both elastic and
plastic deformations of shear connectors and it assumes linear–
elastic behaviour for concrete and timber. The method, however,
does not allow for progressive yielding of the connectors resulting
in an underestimation of the post-yielding stiffness. Frangi and
Fontana (2003) proposed an elasto-plastic model suited to the
assessment of the ultimate bending capacity of a TCC member.
This procedure was developed for cases when failure occurs upon
yielding of the connectors. The shear connectors are treated as
having rigid – perfectly plastic behaviour. As such, this method
cannot provide accurate estimations of stresses and deformations
at serviceability limit state, unless highly stiff connectors are
used. Zhang and Gauvreau (2015) proposed an analytical solution
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that combines the strengths of the gamma method and the Van
der Linden model, producing a more accurate post-yielding load–
deflection response over its predecessors. In this method, shear
connectors are assumed to have linear – perfectly plastic behav-
iour and are allowed to yield progressively, while concrete and
timber are considered to remain linear–elastic.
Concurrently with the development of analyticalmethods suited

to the analysis of TCC elements, research efforts have been directed
towards their implementation within nonlinear finite element
analysis (NLFEA) software to enable both short-term and long-term
loading analyses. Typically, concrete slab and timber beam systems
weremodelled with beam or shell elements, and the shear connec-
tors were represented by discrete one-dimensional springs.
The model developed by Van der Linden (1999) was imple-

mented within the finite-element program DIANA and it was
used to analyze the response of TCC beams. The finite element
(FE) model consisted of shell elements to represent the concrete
slab, frame elements for the timber joist, and one-dimensional
spring elements for the shear connectors. The FE model was used
in conjunction with a Monte Carlo simulation to obtain a mean
load–deflection response.
Fragiacomo and Ceccotti (2006) investigated the numerical

modelling of TCC beams subjected to long-term loading. The
approach assumed that shear strains were negligible and that
plane sections remained plane. The FE model represented the
concrete slab and the timber joist with two parallel beam ele-
ments connected with smeared one-dimensional spring ele-
ments that represented the shear connectors.
Persaud and Symons (2006) used the program Abaqus to model

TCC specimens. Timber and concrete were modelled as linear–
elastic materials represented by beam elements and the shear
connectors were modelled as discrete spring elements with an
empirically derived nonlinear force–displacement relationship.
The numerical results were in good agreement with the experi-
mental data up to approximately 50% of the failure load. However,
the FEmodel underpredicted the deflection in the final load stages,
potentially due to thematerialmodelling of the concrete slab.
A comprehensive report by Dias et al. (2018) on the state-of-the-

art of TCC recognized the current gap between research and design
practice with respect to the use of FE analysis. The work presented
in this paper aims, in part, to expand the range of application of
FE analysis of TCC systems.
Toward the further development of NLFEA in this field, a two-

dimensional FEmodel is proposed herein that considers material
nonlinearity and yielding of shear connectors. The model was
implemented within the algorithms of VecTor2, a two-dimensional
nonlinear FE program developed at the University of Toronto,
which has proven to be a reliable tool for the analysis of rein-
forced concrete structures (Ferche et al. 2017; Suseyto et al. 2013;
Sagbas et al. 2011; Saatci and Vecchio 2009; Kim and Vecchio 2008;
Palermo and Vecchio 2004). The somewhat rudimentary constitu-
tive model implemented for timber performed well for the types
of TCC specimens examined. For more challenging conditions, a
more comprehensive constitutive model for timber may be required.
The structure of the NLFEA program is such that a more encom-
passingmodel can easily be implemented as the need arises.
The primary value of the analysis procedure proposed herein is

to provide accurate assessment capabilities at ultimate limit
states. The verification studies undertaken show that the model
performs well when calculating the behaviour of TCC specimens.

Mechanical behaviour of wood
Wood is an orthotropic material with three axes of symmetry:

longitudinal, radial, and tangential. The longitudinal axis is par-
allel to the fiber, the radial axis is perpendicular to the growth
rings, and the tangential axis is tangent to the growth rings. The
mechanical properties along these axes are unique and independent.

In the elastic region, wood obeys Hooke’s generalized law for ortho-
tropic materials. Therefore, the elastic properties can be described by
12 elastic constants, including three elastic moduli, three shear mod-
uli, and six Poisson’s ratios. Themechanical properties of wood differ
with respect to species, moisture content, temperature, and density;
however, relationships have been developed to relate one to another
reasonably well (Bodig and Jayne 1982; Forest Products Laboratory
2010). Bodig and Jayne (1982) proposed the following relationships:

ð1Þ EL : ER : ET � 20 : 1:6 : 1

ð2Þ GLR : GLT : GRT � 10 : 9:4 : 1

ð3Þ EL : GLR � 14 : 1

Shown in Fig. 1 are typical stress–strain curves for wood loaded
in tension in the longitudinal direction and in compression in
the longitudinal, tangential, and radial directions (Holmberg
et al. 1999). When subjected to axial tension along the longitudi-
nal direction, wood behaves in a linear–elastic manner up to the
proportional limit, followed by a reduced amount of plastic de-
formation. Such plasticity is often ignored by researchers in the
field. By contrast, significant plasticity develops when wood is
subjected to axial compression in the longitudinal direction.
Compression in the radial and tangential directions yield similar
stress–strain behaviour. For this reason,wood is sometimes regarded
as a transversely isotropic material. Models describing the uniaxial
behaviour of wood range from linear–elastic – perfectly plastic
(Neely 1899) to linear–elastic followed by a linear descending
branch (Bazan 1980), to a nonlinear seventh-order polynomial
model (Glos 1978).
The failure modes of wood can be highly complex as they can

be induced by one or more mechanical stimuli. Failure of a tim-
ber beam, for instance, may be caused by rupture of the tension
fibers, delamination of fibers due to horizontal shear, buckling
of the compression fibers, or a mix of all three. Several failure cri-
teria applicable to wood, or to orthotropic composite material in
general, are available in the literature (Hankinson 1921; Hill 1948;
Azzi and Tsai 1965; Norris 1950; Hoffman 1967; Hashin 1980).

Structural behaviour of TCC components
TCC sections have been shown to be structurally efficient, with

increased vibrational damping, increased in-plane rigidity, and
superior sound insulation compared to an all-timber section (Dias
et al. 2018). Their structural behaviour, however, is somewhatmore
complex than that of regular sections, in part because themechanical

Fig. 1. Typical stress–strain curves for wood (Republished with
permission of Elsevier, from Holmberg et al. 1999; permission conveyed
through Copyright Clearance Center, Inc.). [Colour online.]
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characteristics of wood and TCC are significantly different, and
because the mechanical characteristics of the shear connectors dic-
tate the stress distribution within the composite element. The
degree of composite action depends heavily on the interlayer stiff-
ness. There are three possible scenarios: full composite action, par-
tial composite action, and no composite action. In the case of full
composite action, the interlayer is considered to be infinitely rigid
and therefore slip between timber and concrete layers cannot
occur, whereas in the case of no composite action, the interlayer
stiffness is assumed to be zero, allowing slip to occur freely. The
actual degree of composite action of TCC systems generally lies
between these two extremes.
A wide range of connection systems has been developed over

the past decades, from simple nails to concrete notches rein-
forced with steel bars (Dias et al. 2018). These connection systems
have unique load–slip responses determined through push-out or
direct shear tests. In general, connection systems are evaluated in
three aspects, including stiffness, strength, and ductility. Ideally,
connection systems should be strong enough to resist the horizon-
tal shear force along the interface, sufficiently stiff prior to yielding
to ensure a high degree of composite action, and sufficiently ductile
after yielding to provide overall ductility to the global TCC system.
For any TCC system to be efficient, three design criteria must

be satisfied: the timber member must be strong enough to resist
both bending and tension induced by gravity loads applied on
the beam, the connection system must be sufficiently strong to
transfer the design shear force and be sufficiently stiff to provide
a high degree of composite action, and the connection system
must be sufficiently ductile to provide overall ductility to the
entire composite system.
The typical load–deflection curve for a TCC beam subjected to

short-term bending starts with a linear–elastic branch followed
by a nonlinear softening portion. Such nonlinearity is likely caused
by cracking of concrete, buckling of wood fibers under compres-
sion, or progressive yielding of shear connectors (Persaud and
Symons 2006; Deam 2008; Yeoh 2010; Gerber 2016). The failure of
TCC beams generally arises from the rupture of wood fibers in
the tension zone, particularly near knots or finger joints.

Overview of NLFEA procedure
The FE model for TCC structures proposed herein was imple-

mented into the nonlinear FE program VecTor2 (VTAG 2019;
Wong et al. 2013). The program employs a smeared rotating crack
model for concrete and the solution procedure utilizes an incre-
mental total-load, iterative secant, stiffness formulation. The
disturbed stress field model (DSFM) (Vecchio 2000) forms the
theoretical basis of the program. The DSFM is a smeared crack
model, and is a hybrid formulation between a fully rotating
crack model and a fixed crack model. Based on the modified
compression field theory (Vecchio and Collins 1986), the DSFM
considers equilibrium, compatibility, and constitutive relation-
ships in terms of average stresses and strains measured over a
gauge length greater than the crack spacing.
In VecTor2, wood is represented as a fixed orthotropic material

with two axes of symmetry: parallel to the grain and perpendicu-
lar to the grain. This represents a significant deviation to how
cracked concrete is modelled in VecTor2, where the axes of
orthotropy typically rotate. Poisson’s effect may not be neglected
and the material stiffness matrix for wood, [Dw], subjected to
plane stress condition, is taken as

ð4Þ ½Dw�0 ¼

1

EL
� yTL

ET
0

� y LT

EL

1

ET
0

0 0
1

GLT

2
6666664

3
7777775

�1

The secant moduli EL; EL; andGL can be computed in a similar
fashion as was done for concrete using the DSFM approach.
The accuracy of the constitutive model is critical as it heavily

influences the material stiffness matrix. The constitutive model
adopted in VecTor2 for wood consists of both linear and nonlin-
ear branches. The Glos (1978) model is utilized for wood in com-
pression, while linear–elastic behaviour is assumed for wood in
tension up to peak tensile stress, followed by a linear softening
branch. The linear softening branch is intentionally included for
themodelling of timber structures reinforcedwithfiber-reinforced
polymers. A typical stress–strain curve for wood in the grain orien-
tation is shown in Fig. 2a.
The formulation of the Glos model is given as

ð5Þ s ¼ «=« 1ð Þ þ G1ð«=« 1Þ7
G2 þ G3ð«=« 1Þ þ G4ð«=« 1Þ7

ð6Þ G1 ¼ 100fs
6E 1� fs=fcð Þ½ �

ð7Þ G2 ¼ 1
E

ð8Þ G3 ¼ 1
fc
� 7
6E

Fig. 2. Analytical stress–strain curve for wood: (a) grain direction,
and (b) transverse direction. [Colour online.]
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ð9Þ G4 ¼ G1

fs

where s is the stress, « is the net strain, «1 is the strain corre-
sponding to maximum stress, fs is the residual stress, E is Young’s
modulus, and fc is themaximum compression stress.
The Glosmodel can be simplified using the following relations:

ð10Þ fs ¼ 0:8fc

ð11Þ « 1 ¼ 0:008� 0:012ð0:010Þ

ð12Þ «u � 3« 1

The stress–strain behaviour in the transverse direction is
approximated as linear–elastic–plastic for both compression and
tension. The elastic modulus is taken as 5% of that in the longitu-
dinal direction. A typical stress–strain curve for wood in the
transverse orientation is presented in Fig. 2b.
The shear connectors connecting the timber and the concrete

components can be modelled by bond–slip elements. VecTor2
has two built-in bond–slip elements: link elements and contact
elements. The link element is a non-dimensional element defined
by two different nodes sharing the same coordinates prior to slip-
page. It may be idealized as two springs orthogonal to one another.
One spring deforms tangentially to the connected elements while
the other spring deforms perpendicular to the connected elements.
The contact element is a four-noded element with the four nodes
defining the element divided into two-node pairs. Like the link ele-
ment, the nodes within each node pair share identical coordinates
prior to slippage. The contact element represents a continuous
interface along the shared edge of the connected elements. The dis-
placement of any point along the contact element is linearly inter-
polated from the nodal displacements to ensure compatibility of
the connected elements.
Because the link element is dimensionless, it is suitable for sit-

uations where the shear connectors are concentrated at distinct
locations, such as with screw- or dowel-type fasteners. By con-
trast, the contact element may be considered as a more flexible
and realistic representation of shear connectors. The contact ele-
ment may be used to model concentrated connectors, as well as
those connectors that are large in size such as notched concrete
connections, or those that are continuous along the span, such as
continuousmetal plate connections.
In VecTor2, the load–slip behaviour of the connectors is approxi-

mated by a piecewise linear curve. An example of this approxi-
mation is shown in Fig. 3, in which the real load–slip behaviour
of screw connectors tested by Persaud and Symons (2006) was
approximated by three line segments.The piecewise curve is defined
by four reference points connected with straight lines. By default,
the origin is used as one of the reference points and the remaining
three points are manually input by users. It should be noted that
the load–slip relationmust be first converted to the stress–slip do-
main simply by dividing the resistance force by the tributary area
of the contact element.
Because wood is modelled as a fixed-orthotropic material sub-

jected to biaxial stress, three alternative failure criteria may be
applicable to the scenario: the Azzi and Tsai (1965) criterion, the
Norris (1950) criterion, and the Hashin (1980) criterion. The
Hashin criterion has been implemented in VecTor2 to account
for the different types of failure modes, and characterizes wood
failure by four scenarios: fibre tension

ð13Þ s2
L

f 2L;t
þ t2LT

f 2L;v
¼ 1

fibre compression

ð14Þ s L

fL;c
¼ 1

matrix tension

ð15Þ s2
T

f 2T;t
þ t2LT

f 2L;v
¼ 1

andmatrix compression

ð16Þ s2
T

4f 2T;v
þ fT;c

2fT;v

� �2

� 1

" #
s2

T

f 2T;c
þ t 2LT

f 2L;v
¼ 1

where fL,t, fL,c, fT,t, fT,c, fL,v, and fT,v are the strengths related to lon-
gitudinal tension and longitudinal compression, transverse ten-
sion and transverse compression, and longitudinal shear and
transverse shear, respectively.
For flexure-critical timber beams, failures typically occur at the

bottom of the beam, where the wood fiber is essentially subjected
to uniaxial tensile stress. In this scenario, both eqs. (15) and (16) will
be equal to zero on the left-hand side, and the matrix failure mode
will never govern the ultimate failure. Moreover, the second term
of eq. (13) is zero, and therefore the Hashin criterion is reduced to
the uniaxial failure criterion, which is the same as the Rankine
criterion.
For shear-critical conditions, failures are more likely governed

by a combination of shear stress and axial stress, and the matrix
failure modes become more prominent. However, it should also
be pointed out that the transverse tensile strength and the trans-
verse shear strength are the less commonly known mechanical
properties of wood; their values are typically not available in the
literature.

Modelling of timber specimens
The experiment series conducted by Gentile (2000), chosen as

the verification study, consisted of 22 half-scale timber beams
and four full-scale timber beams tested to failure. This analytical
study was performed to evaluate the accuracy of the proposed
methodology in simulating the response of timber specimens
prior to modelling TCC beams. All specimens were simply sup-
ported and tested under four-point bending. Among the speci-
mens, 15 of the half-scale specimens and three of the full-scale
specimens were reinforced with glass fiber-reinforced polymer
(GFRP) bars, with the remaining plain timber beams serving as
control specimens. Epoxy resin was used to bond the GFRP bars
to the timber, creating a perfect bond condition.
For all the half-scale specimens, the cross section was 100mm�

300 mm, with a load span of 600 mm, and a support span of

Fig. 3. Multilinear approximation (adapted from Persaud and
Symons 2006). [Colour online.]
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4000 mm. The GFRP bars were installed in the grooves that were
cut 30 mm above the bottom fibers into the sides of the speci-
mens. The grooves had a constant depth of 25 mm, and varying
width to accommodate different numbers of GFRP bars. For the
four full-scale specimens, the cross section was 200mm� 600 mm
with a load span of 1200 mm and a support span of 10.0 m. Due to
the available lengths of the GFRP bars used, only the central 6.0 m
was reinforced.
Both the plain timber specimens and the reinforced timber

specimens were modelled in VecTor2 using the auto-meshing
function, with only half of the span modelled due to symmetry.
Rectangular membrane elements were used tomodel the timber,
while truss elements were used to model the GFRP bars. Perfect
bonding was assumed between the GFRP bars and the timber. A
typical FEmodel is shown in Fig. 4.
The modulus of elasticity and the modulus of rupture in the

longitudinal direction were reported by Gentile (2000); these val-
ues were used as the input mechanical properties of timber. The
modulus of rupture, a flexural failure test, may be used as the
tensile strength parallel to the grain, although it is not a true
stress because the formula by which it is calculated is valid only
within the elastic range.
For a FE analysis, apart from the modulus of elasticity and the

modulus of rupture, other material inputs are required, namely,
the tensile strength perpendicular to the grain, the compressive
strength parallel to the grain, the compressive strength perpen-
dicular to the grain, and the shear strength. Representative val-
ues may be found in the Wood Handbook (Forest Products
Laboratory 2010). However, these values were obtained from
small defect-free samples, which may not be appropriate for full-
scale structural grade timber. Therefore, reasonable assumptions
weremade as follows:

1. The magnitude of the longitudinal compressive strength was
taken as equal to that of the longitudinal tensile strength.

2. The tensile strength perpendicular to the grain and the shear
strength were assumed to be 10% of the tensile strength paral-
lel to the grain, while the transverse compressive strength was
assumed to be 20% of that of the longitudinal counterpart.

3. Lastly, the elastic modulus perpendicular to the grain orienta-
tion was calculated based on relationships proposed by Bodig
and Jayne (1982). Additional details are given in Liu (2016).

Given in Fig. 5 are typical load–deflection plots, showing com-
parisons between the VecTor2 simulation results and the experi-
mental results, presented as the red dotted line and black solid
line, respectively. In general, the NLFEA model was capable of
predicting the pre-peak global load–deflection responses and the
global stiffness with sufficient accuracy. Table 1 presents the ulti-
mate loads calculated by VecTor2, which agreed well with the ex-
perimental measurements. The only exception was specimen D2,
in which the failure occurred outside of the constant moment
region, causing an underestimation of themodulus of elasticity.
The post-peak ductility for the reinforced specimens was also

reasonably well captured. For additional information on model-
ling the Gentile (2000) specimens, the reader is referred to Liu

(2016). In general, the reinforced specimens exhibited more post-
peak ductility than those without reinforcement. Specimen F2,
with a modulus of elasticity of 6039 MPa and a modulus of
rupture of 23 MPa, exhibited a smooth and ductile post-peak
response with only 0.27% reinforcement. To the contrary, speci-
men D1, while having the same amount of reinforcement and
being approximately two times stronger and stiffer than speci-
men F2, experienced a brittle failure as the applied load and the
stiffness dropped rapidly once the maximum force was reached.
Specimen I2 had a reinforcement ratio of 0.82%, and demon-
strated a more ductile post-peak response than that of specimen
D1. Based on the preceding observations, it may be concluded
that the amount of post-peak ductility depended not only on the
reinforcement ratio, but also the quality of the timber.
Regarding the failure modes, tension failure was predicted by

the NLFEA model in the constant moment region for all speci-
mens; whereas, as per Gentile (2000), the failure modes of the
specimens included tension failure, compression failure, and
flexural-shear failure, which was only found in three of the rein-
forced specimens. Because of the lack of information, the speci-
mens that had flexural-shear failures were excluded from the
analysis. All plain timber beams failed in brittle tension with no
signs of crushing in the compression zone, which was in agree-
ment with the analysis predictions. While all the reinforced speci-
mens initially developed tensile cracks in the constant moment
region, half of them experienced ductile compression failure due
to crushing of wood fiber in the top face. Unfortunately, Gentile
(2000) did not identify the failure modes of individual specimens
and therefore it was impossible to proceed any further with the
analysis of failure modes. Nevertheless, it was believed that the
analysis model was unable to predict the ductile compression fail-
ures for two possible reasons as follows: the true compressive strength

Fig. 4. FE mesh for half-scale timber beams with GFRP
reinforcement. [Colour online.]

Fig. 5. Typical load–deflection plots for timber specimens: (a) half-scale
specimen D1, and (b) full-scale specimen FS-1. [Colour online.]
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of timber was not reported in the original literature and was
assumed to have the same magnitude as the tensile strength, and
the presence of GFRP bars hindered the propagation of tension-
initiated cracks, leading to a much more ductile post-cracking
tensile response of the timber. Although the currently adopted
constitutive model included a simple linear softening branch in
tension, its appropriateness was not validated experimentally.
The perfect-bonding assumption of the numerical models

agreed well with the experimental observations. Although local-
ized debonding of GFRP bars adjacent to tensile crackswas present,
none of the failures were caused by debonding or delamination of
the reinforcement.
Based on this verification study, it was concluded that the sim-

ple constitutive models adopted, and the assumptions made for
the unknown mechanical properties of wood, were appropriate
in general for flexure-critical conditions. Because of the lack of
information on specimen material properties, the NLFEA model
as implemented in VecTor2 was unable to capture the compres-
sion failures observed in some of the reinforced specimens.
Nevertheless, it was able to predict the global stiffness, the fail-
ure loads, and the initial cracks initiated by tension with suffi-
cient accuracy.

Modelling of TCC beams
Following the successful analytical results for plain timber

specimens, numerical modelling of TCC beams subjected to
short-termmonotonic loadings was investigated. Despite the fact
that the experiments performed by different researchers varied
considerably in terms of dimensions, load configurations, me-
chanical properties, materials, and the types of shear connector,
all the FE models created in the verification studies undertaken
share the following similarities:

1. All models consist of two basic elements: membrane ele-
ments and contact elements. The membrane elements were

used to model the timber and the concrete components,
while the contact elements were used to represent the shear
connectors.

2. Bearing plates were introduced to all the models to mitigate
high local stress for the elements directly in contact with the
supports and the loading jacks. The bearing plates were also
modelled with membrane elements.

3. A number of the specimens had interlayers (e.g., particle
board) between the concrete and the timber members. Such
interlayers were treated as an integral part of the underlying
timber members, and were assumed to have the same me-
chanical properties. It is possible that this simplification
could result in an overestimation of the global stiffness as the
interlayers are likely softer than the timber member. More-
over, the presence of interlayer reduces the penetration depth
of the shear connectors into the timber members, which can
cause a reduction in the stiffness and load-carrying capacity
of the shear connectors.

A sample FE model with an exaggerated depth-to-span ratio is
presented in Fig. 6a. This general model represents a TCC beam
subjected to four-point bending. Due to symmetry, only half of
the beam is modelled. For the purpose of illustration, the model
has a coarse mesh and includes all the possible components as
discussed, with the concrete, the timber, and the interlayer com-
ponents shaded in grey, brown, and yellow, respectively. The
blue and green elements represent the loading plate and bearing
pad, respectively. The red line between the concrete and the inter-
layer depicts the smeared contact elements, representing continu-
ous shear connectors. Alternatively, the shear connectors may be
modelled as discrete, as shown in Fig. 6b.
While VecTor2 has a number of built-in advanced material and

behaviouralmodels implemented for concrete, only simple (default)
models were used for the verification studies. Additional details
on themodelling aspect can be found in Liu (2016). As per the pub-
lished literature (Persaud and Symons 2006; Ceccotti et al. 2007),
the global failure of TCC beams is rarely governed by the concrete
component; therefore, there was no need to use the advanced
models that were implemented for specific case scenarios. For
concrete, a minimum of one input parameter is required to char-
acterize the material: the cylinder compressive strength. Unless
otherwise specified, the other mechanical properties are calcu-
lated using the default relationships (Wong et al. 2013).
Owing to the orthotropic nature of wood, the required input

parameters for timber are quite extensive. The majority of these
required inputs were not available from the original literature,
including the longitudinal compressive strength, the transverse
compressive and tensile strength, and the shear strength, as well
as Poisson’s ratios. As mentioned previously, the appropriateness
of the mechanical properties suggested in the Wood Handbook
(Forest Products Laboratory 2010) to represent full-scale struc-
tural timber is questionable. The longitudinal tensile strength of
the specimens, on the other hand, was reported in most studies.
The source of these values was typically from the manufacturers’
specifications or, occasionally, from design guidelines, such as
the Eurocode 5. These values are inherently conservative as they
are intended for practical use by design engineers; use of these
values in the FE models likely results in an early termination of
the analysis once the longitudinal tensile strength of wood is
reached.
Based on the aforementioned circumstances and the limited

availability of data, a number of assumptions and simplifications
were adopted to make the subsequent validations possible, includ-
ing the following:

1. The published longitudinal tensile strength was used as a
starting point for all the FE models; however, in case of early

Table 1. Summary of results for the Gentile (2000)
specimens.

Beam ID

Pu (kN) Pu(VecTor2)/
Pu(exp.)Exp. VecTor2

A1 36.9 34.6 0.94
A2 75.8 82.0 1.08
B1 37.5 35.8 0.95
C1 64.7 63.0 0.97
D1 92.6 95.2 1.03
D2 85.7 60.0 0.70
F1 32.5 31.0 0.95
F2 40.0 40.0 1.00
G1 76.5 72.2 0.94
G2 77.4 85.4 1.10
H1 43.5 41.6 0.96
H2 55.9 58.4 1.04
I1 107.5 111.0 1.03
I2 103.0 90.0 0.87
J1 34.4 32.6 0.95
K1 65.1 68.2 1.05
L1 47.2 50.6 1.07
L2 59.6 69.0 1.16
FS-1 236.0 243.0 1.03
FS-2 296.0 298.6 1.01
FS-3 191.0 212.4 1.11
FS-4 132.0 126.4 0.96

Mean 1.00
SD 0.10
COV 9.57%
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termination of the analysis, the longitudinal tensile strength
was progressively increased to ensure that a complete global
load–deflection response was replicated.

2. The predominant failure mode of plain timber beams is
through tensile failure of the bottom fiber, typically initiated
near knots or finger-joints. The implication of this experimen-
tal observation is that the longitudinal compressive strength
is likely as strong as the longitudinal tensile strength, if not
stronger. Therefore, unless explicitly stated in the literature,
the magnitude of the longitudinal compressive strength was
taken as equal to that of the longitudinal tensile strength.

3. The transverse tensile strength was assumed to be 10% of the
longitudinal tensile strength while the transverse compres-
sive strength was taken as 20% of the longitudinal compres-
sive strength. These assumptions are largely consistent with
the values published in the Wood Handbook (Forest Products
Laboratory 2010).

4. Although the Wood Handbook (Forest Products Laboratory
2010) suggests that the shear strength parallel to the grain
may be taken as 20%–25% of the longitudinal compressive
strength, 10% was adopted in the FE models to account for the
fact that the timber types used in the experiments were engi-
neered wood products, such as laminated-veneer lumber,
glued-laminated timber, and cross-laminated timber (CLT).
These engineered wood products contain not only natural
defects, but also artificial defects, such as finger-joints or
inadequate glue between the layers. In fact, rolling shear fail-
ure is a common type of failure found in CLT.

5. As density and Poisson’s ratios have a small influence on the
numerical results, these values were taken directly from the
Wood Handbook (Forest Products Laboratory 2010).

6. The transverse Young’s modulus was taken as 5% of the longi-
tudinal Young’s modulus as per the relations proposed by
Bodig and Jayne (1982).

The load–slip relationship of the shear connectors is specified
as an input in VecTor2. The load–slip relationship is approxi-
mated by a piecewise curve, as discussed previously, and must be
converted to stress–slip format by converting the force to an equiv-
alent stress.
A full-scale TCC floor slab was constructed and tested under

three-point bending to failure at the University of Cambridge
(Persaud and Symons 2006). The proposed system used ordinary
zinc-plated steel coach screws as the shear connectors and a thin
ribbed steel decking system to act as a permanent formwork for
the cast-in-place concrete floor slab. Smeared contact elements
were used in the FE models, with the analytical load–slip curve
adapted from the experimental results obtained by Persaud and
Symons (2006), presented in Fig. 3.
Figure 7a shows the experimental load–deflection response

versus the predicted load–deflection response, while Fig. 7b com-
pares the predicted and the experimental load–slip curves meas-
ured at the beam end. The dotted lines included in both plots are
the analytical results obtained from a 2DAbaqus model created by
Persaud and Symons (2006). Overall, the complete load–deflection
response was captured well by VecTor2, better than was done with
Abaqus. A mid-span deflection of 75.6 mm and a failure load of

Fig. 6. Timber-concrete FE models: (a) sample FE model with
smeared connectors, and (b) sample FE model with discrete shear
connectors. [Colour online.]

Fig. 7. Experimental versus calculated response for Persaud and
Symons (2006) TCC slab (adapted from Persaud and Symons 2006):
(a) load–deflection behaviour, and (b) load–slip response. [Colour
online.]

(a)

(b)

0

50

100

150

200

0

A
p

p
li

ed
 l

o
ad

 (
k

N
)

0

50

100

150

200

0

A
p

p
li

ed
 l

o
ad

 (
k

N
)

0 20

Mid-sp

Ab

0 1 2
En

Ab

40

an deflection 

V

Experiment

aqus

3 4
nd slip (mm)

V

Experiment

aqus

60 80

(mm)

VecTor2

t

5 6

VecTor2

t

Liu et al. 207

Published by Canadian Science Publishing

C
an

. J
. C

iv
. E

ng
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

U
N

IV
E

R
SI

T
Y

 O
F 

T
E

X
A

S 
A

U
ST

IN
 o

n 
09

/1
8/

23
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



173.6 kN were predicted by VecTor2 while the actual mid-span
deflection and failure load were 74.9 mm and 173 kN, respectively.
Moreover, VecTor2 predicted tension failure at mid-span, which
was consistent with the experimental observation that the final
collapse of the specimenwas initiated in the region of a knot in the
bottom laminates. An exaggerated deflected shape (5� magnifica-
tion) of the TCC specimen is depicted in Fig. 8. One major discrep-
ancy between the experimental result and the NLFEA prediction
was that the latter indicated concrete cracking near the mid-span
directly under the loading jack, whereas in the experiment, no
cracking was observed. Such a discrepancy may be attributed to
the confining effect of the steel decking, which may have pre-
vented the concrete slab from cracking.
Eleven full-scale TCC beams were tested in four-point bending

at the University of Canterbury in New Zealand by Yeoh (2010).
Four connection types were used in these specimens, including
metal plates pressed onto the timber beams, triangular notches,
and small and large rectangular notches cut from the timber beams.
A summary of the numerical results is presented in Table 2. In

general, the experimental load–deflection curves and the failure
loads were reasonably well predicted by the analyses. Note that
specimen D1 was not loaded to complete destruction. Specimens
B1, C1, C2, E1, and F1 experienced brittle tension failure while
progressive tension failure was found in specimen G1. The failure
modes of the rest of the specimens were not reported in the liter-
ature. Some degree of post-peak strength recovery observed in
specimens B2 and F1 was not properly captured in the analyses.
Also, the stiffnesses of specimens B1, B2, E1, and E2 were some-
what underestimated. As a natural material, wood properties vary
considerably. Consequently, the source of error could be solely
from the natural variability of the modulus of elasticity of wood,
whichwas assumed to be identical across all specimens.
Notably, the predicted stiffness of specimen F1 deviated from

the experimental result at large loads. In this case, the spacing
effect of the shear connectors could be ultimately responsible for
the deviation. The shear connectors were closely spaced near the
support. Ceccotti et al. (2007) tested two push-out test specimens
with variable spacing and found a clear distinction between the
corresponding load–slip curves. Specimen G1, contrary to the
brittle tension failure predicted by the analysis, exhibited sub-
stantial post-peak ductility. No signs of connector failure were
observed experimentally, and the unusual plateau resulted from
the progressive tension failure in the timber beam. The currently
adopted timber constitutive model is inadequate for replicating
such types of failure.
Another series of specimens tested at the University of Canter-

bury by Deam et al. (2008) was selected for the verification stud-
ies. Two of the specimens, CS3 and CS4, were prestressed with
low relaxation 7-wire stranded tendons and different connection
systems were investigated: 24 notches with screws for specimen
CS1, end-bearing bolted saddles for specimen CS2, 48 notches with
screws for specimenCS3, and 24 lag screws for specimen CS4.
No analysis was performed for specimen CS2 since there was

no push-out test performed for the novel connection system.
While it is theoretically possible to model the draped tendon

profile in specimen CS4, it is currently impractical to do so
because the current version of auto-meshing functionality of Vec-
Tor2 is not applicable to TCC structures. To capture the draped
tendon profile, a series of nodes must be created in line with the
tendon profile and the bounded elements must be either triangu-
lar or quadrilateral. As such, specimen CS4 was also excluded
from the analysis. The load–deflection response was captured
with sufficient accuracy for specimen CS1 and the results are
summarized in Table 2.
Eighteen TCC panels were tested at the University of British Co-

lumbia by Gerber (2016). These panels, unlike typical TCC beams,
had uniform thickness over their depth. Nevertheless, the observed
load–deflection behaviour of this series agreed fairly well with
that of the TCC beams investigated previously. All the specimens
were modelled with the same approach described in the previous
three experiment series. Four panels were constructed with CLT.
Typically, CLT consists of an odd number of layers of timber boards
stacked together in alternating directions; the direction with one
extra layer of timber board is hereinafter referred to as the primary
direction, whereas the orthogonal direction is denoted as the sec-
ondary direction. The intent of CLT is to have an improved stiffness
in the secondary direction at the cost of a reduced stiffness in the
primary direction. Consequently, it may be inappropriate tomodel
CLT as awhole; the alternating layersmust be reflected in the corre-
sponding FEmodel.
While the initial stiffness of the CLT specimens was well cap-

tured in the analyses, the stiffness at large loads was overesti-
mated by 9% on average. This may be attributed to the weaker
sandwiched layer. According to the literature, it is common
industry practice to use timber boards of lower grade as the inner
layers of CLT. Rolling shear failure, a common type of failure
found in CLT, may also contribute to the deviation in stiffness. As
a result of the nonuniform distribution of glue strength, this
type of failure typically occurs at locations where the shear stress
demand exceeds the local glue strength. At the onset of rolling
shear failure, the applied shear stress must be redistributed to
the adjacent glue, causing a reduction in the global stiffness.
Moreover, since the specimens were loaded under displacement
control, the stress redistribution also gave rise to a series of sud-
den drops in force observed in the global load–deflection curves.
The results are summarized in Table 2.
The precision of a FE analysis is normally heavily dependent on

the mesh size. To obtain stable analysis result, the mesh size
must be sufficiently fine. The mesh size of an FE model is consid-
ered to be adequate if further refinement of the mesh size yields
no significant changes to the analysis results.
Figure 9 presents the FE models, both created for specimen CS1

tested by Deam et al. (2008). Identical input parameters were
used in each model. The model with the finer mesh had a grid
size of 25 mm � 25 mm, which was three times finer than that of
the model with a coarse mesh. While the finer mesh is muchmore
computationally demanding, the calculated load–deflection responses
are practically identical, as depicted in Fig. 10. The model with a
finer mesh did terminate earlier as a result of higher average stress

Fig. 8. Deflected shape for Persaud and Symons (2006) TCC slab at collapse (5� magnification). [Colour online.]
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within the critical element. Nevertheless, the model with a coarse
mesh can be considered as adequatelymeshed.
Since nonlinear material constitutive models were adopted in

VecTor2, it is important to examine the contribution of the non-
linear models to the global nonlinearity of the composite system.
To do this, the material responses were set to linear–elastic mod-
els such that the shear connectors were the only source of nonli-
nearity of the global system. Figure 11a compares the numerical
results of specimen CS1 (Deam et al. 2008) with linear and nonlin-
ear material models. While the linear material models yielded a
slightly stiffer result, the difference was rather negligible. A similar
comparison was performed for specimen S7 tested by Gerber
(2016); the results are presented in Fig. 11b. This time, the linearma-
terial models yielded a noticeably stiffer load–deflection response
than that of the nonlinear material models. The major distinction
between the two specimens was the specimen configuration. The
concrete slab of specimen S7 had a depth of 70 mm and a total
depth of 159 mm, while specimen CS1 had the same depth of con-
crete slab but the total depth of the specimenwas 448mm.
Therefore, for a TCC beam of typical configuration where the

depth of the concrete slab is relatively thin compared to the total
depth of the specimen, the global load–deflection response is
generally not sensitive to material nonlinearity. However, for a
TCC beam with a higher percentage of concrete depth with

respect to the total depth, inclusion of nonlinear material mod-
els may yieldmore accurate results.

Conclusion
The goal of this work was to investigate the potential capability

of NLFEA procedures to accurately model the behaviour of TCC
structures subjected to short-term loadings, and to gain some
insight into the nature of the constitutive models best suited for
this purpose. Appropriate constitutive models describing the
nonlinear behaviour of wood were determined from the litera-
ture and implemented in NLFEA program VecTor2. Verification
of the constitutive models and analysis procedure was then
undertaken by modelling plain and reinforced timber beams
subjected to short-termmonotonic flexure. Finally, modelling of
TCC beams subjected to short-term monotonic flexure was con-
ducted for numerous specimens varying in size, test setup, speci-
men configuration, materials, and types of shear connectors.
From the results of the verification studies performed, the fol-

lowing conclusions were derived:

1. NLFEA procedures based on a total-load, secant-stiffness
algorithm is a viable approach for modelling structural ele-
ments comprising plain timber or timber composite such as
timber – fiber-reinforced polymer or TCCs.

Table 2. Summary of results for the TCC specimens.

Beam
ID

Experiment Analytical Comparison

Pu
(kN)

Displ.
(mm)

Pu
(kN)

Displ.
(mm)

Pu(VecTor2)/
Pu(exp.)

Displ.(VecTor2)/
Displ.(exp.)

Persaud and Symons 2006
PS1 173 74.9 173.6 75.6 1.00 1.01
Yeoh 2010
A1 87.5 63.9 89.6 77.5 1.02 1.21
A2 75.1 63.0 89.6 77.5 1.19 1.23
B1 104.9 63.0 99.8 67.7 0.95 1.07
B2 98.1 63.6 98.4 67.6 1.00 1.06
C1 89.1 58.2 101.8 65.4 1.14 1.12
C2 109.7 66.8 101.8 65.4 0.93 0.98
E1 79.4 92.2 80.4 96.2 1.01 1.04
E2 55.9 66.4 79.0 96.9 1.41 1.46
F1 175.0 89.8 176.4 76.8 1.01 0.86
G1 201.1 69.2 199.2 67.6 0.99 0.98
Deam 2008
CS1 158.5 77.7 158.5 89.0 1.00 1.15
Gerber 2016
VG3-1 128.6 161.6 134.2 160.4 1.04 0.99
VG3-2 114.4 148.5 134.2 160.4 1.17 1.08
VG6-1 125 182.8 137.2 150.9 1.10 0.83
VG6-2 124.5 174 137.2 150.9 1.10 0.87
VG10-1 73.8 117.6 104.6 125.37 1.42 1.07
VG10-2 92.6 117.4 104.6 125.37 1.13 1.07
VG15-1 120.5 125 103.6 92.5 0.86 0.74
VG15-2 102.7 116.3 103.6 92.5 1.01 0.80
AB6-1 104.5 112.2 100.2 88.7 0.96 0.79
AB6-2 86.4 254.1 100.2 88.7 1.16 0.35
GM1-1 88.7 120.5 97.6 129 1.10 1.07
GM1-2 86.7 127.5 97.6 129 1.13 1.01
GM2-1 87.8 115 94.2 101.3 1.07 0.88
GM2-2 89.5 102 94.2 101.3 1.05 0.99
GM4-1 84.4 119.2 81.4 91.2 0.96 0.77
GM4-2 74.11 102.9 81.4 91.2 1.10 0.89
GM6-1 90.4 80.1 97.6 73.2 1.08 0.91
GM6-2 90 75 97.6 73.2 1.08 0.98

Mean 1.07 0.97
SD 0.12 0.19
COV 11% 19.60%
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2. Wood can effectively be modelled as a fixed orthotropic ma-
terial, while concrete can be treated as an orthotropic mate-
rial based on the smeared rotating crack approach.

3. The Hashin failure criterion, coupled with appropriate assump-
tions found in the literature for the various strength and me-
chanical properties of wood, enables accurate predictions of
strength, load–deflection response, ductility, and failure
mode for timber and TCC systems.

4. The capabilities of NLFEA have been examined for flexure-
critical TCC beams subjected to short-term monotonic load-
ings only. Capability to perform dynamic analysis of TCC
structures is uncertain.

5. The true tensile strength, as determined from the failure
loads of the beam specimens examined, is generally 30%–
50% higher than the mean suggested by the manufacturers.

6. The performance of TCC is largely dictated by the load–slip
relationship of shear connectors. As illustrated by Yeoh
(2010), the degree of composite action can be close to 100% if
the shear connectors are sufficiently stiff. It was also observed
that the load–deflection remains fairly linear up to failure.

Fig. 9. FE models with different mesh sizes: (a) coarse mesh, and (b) fine mesh. [Colour online.]

Fig. 10. Comparison of predicted load–deflection responses of
different mesh sizes. [Colour online.]

0

50

100

150

200

0

L
o

ad
 (

k
N

)

0 25
D

Coar
Fine 

50 7
Deflection (mm

rse Mesh
Mesh

75 100
m)

Fig. 11. Load–deflection responses: linear versus nonlinear concrete
constitutive models: (a) specimen CS1, and (b) specimen S7. [Colour online.]

210 Can. J. Civ. Eng. Vol. 49, 2022

Published by Canadian Science Publishing

C
an

. J
. C

iv
. E

ng
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

U
N

IV
E

R
SI

T
Y

 O
F 

T
E

X
A

S 
A

U
ST

IN
 o

n 
09

/1
8/

23
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



The implication of this observation is that a high degree of
composite action is achieved at the cost of reduced global
ductility.

7. Shear connectors may be modelled using smeared (contact)
or discrete (link) elements, depending on the connection
type and the layout of shear connectors. For shear connec-
tors with constant spacing or shear connectors that are in-
stalled continuously along the span, such as metal plate
connectors, the smeared contact elements may be a better
option, whereas the discrete link element is more suitable
for connectors without uniform spacing. The elastic–plastic
behaviour found with most connectors should be repre-
sented in the modelling.

8. The size of the shear connectors in full-scale specimens should
be consistent with that tested in the calibration push-out tests.
As demonstrated in Deam et al. (2008), the accuracy of the anal-
ysis is compromised when the sizes of shear connectors do not
match those of the full-scale bending specimens.

9. The spacing effect should be taken into consideration in the
push-out tests. The load–slip relationship can vary consider-
ably as a function of spacing.

10. Generally, the load–deflection response of a TCC member is
well predicted if the ultimate failure is caused by either the
timber beam rupturing due to high tensile stress in the
wood fiber or by crushing of concrete; however, crushing of
concrete is a less common type of failure for TCC specimens.

11. Although cracking of concrete was predicted for all the
specimens investigated, it was not experimentally observed
in the TCC specimens with an interlayer acting as a permanent
formwork for the concrete slab. However, Van der Linden
(1999) tested 20 TCC specimens without such interlayers
and found visible cracks, which first occurred directly
underneath the loading jacks. This suggests that the pres-
ence of an interlayer may confine or cushion the bottom
concrete from cracking.
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