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Abstract: Timber-concrete composite beams are an increasingly common design solution for medium-to-long span floors in new buildings.
Thus, there is a significant need for accurate models and analysis tools to predict the response and performance of timber-concrete composite
beams. In this paper, a nonlinear finite-element (FE) frame model with deformable shear connection is adopted to estimate the short-term
structural response of timber-concrete composite beams for which experimental results are available. The FE model is used in conjunction
with a probabilistic analysis methodology, which explicitly accounts for the uncertainties in the parameters that describe the constitutive
models for timber, concrete, and shear connectors. The objectives of this study are (1) the evaluation of the variability of global and local
structural response quantities owing to the uncertainties in the constitutive parameters of timber, concrete, and shear connectors; and (2) the
analysis of the correlation between experimental measurements and numerical results based on FE models in which the values of the con-
stitutive parameters are set equal to their experimentally identified mean values and in which the values of the constitutive parameters are
optimized through FE model updating, respectively. The results presented in this study show that uncertainties in the constitutive parameters
of timber, concrete, and shear connectors have a significant influence on the correlation between the experimental and numerical results. In
addition, the optimal values of material parameters obtained using the FE model updating procedure may show substantial variations with
respect to the parameters’mean values as identified in the experimental testing. Prospective developments directed toward design applications
and based on the obtained results are also discussed. DOI: 10.1061/(ASCE)ST.1943-541X.0000509. © 2012 American Society of Civil
Engineers.
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Introduction

Timber-concrete composite beams are made of a timber joist/beam
connected to a concrete topping through an appropriate shear con-
nection (Ceccotti 2002). This technique, originally developed for
upgrading existing timber floors, is currently also proposed as a
possible solution for medium-to-long span floors in new buildings.
The concrete topping significantly increases the stiffness, with ad-
vantages in terms of reduced deflection and susceptibility to vibra-
tions compared with timber-only floors. The concrete topping also
improves the acoustic separation and thermal mass and increases
the fire resistance and the load-carrying capacity of the composite
system. In addition, the use of timber to replace the lower cracked
part of a solid reinforced concrete floor ensures significant

weight reduction with the following benefits: less load imposed
on foundations, smaller seismic actions, and a more sustainable
form of construction with less embodied energy and fewer CO2
emissions (Yeoh et al. 2011c).

Extensive experimental research has been conducted on various
timber-concrete composite systems, including fully prefabricated
systems (Bathon et al. 2006; Lukaszewska et al. 2010), semipre-
fabricated systems (Yeoh et al. 2011a), and systems with cast-in
situ concrete topping (Dias et al. 2007; Gutkowski et al. 2008).
Various wood-based materials have been used, such as sawn tim-
ber, glue-laminated timber, and laminated veneer lumber (LVL).
Several experimental programs that involve tests to failure in the
short term (Gutkowski et al. 2008; Lukaszewska et al. 2010; Yeoh
et al. 2011a), tests under repeated loads (Balogh et al. 2008), and
long-term tests under sustained load (Ceccotti et al. 2007; To et al.
2011; Gutkowski et al. 2011) have demonstrated the overall good
performance of the composite system over time. A key component
is the shear connection, for which numerous solutions are available,
such as glued or screwed mechanical connectors and notches cut in
the timber and filled with concrete (Yeoh et al. 2011c). Mechanical
connectors are more flexible and, therefore, less effective; notches
are, conversely, stiffer. Because the case of full composite action
in which there is no relative slip between concrete and timber is
hardly achievable, it is important to take into account the flexibility
of the connection system.

Various numerical models for short- and long-term analyses of
timber-concrete composite beam have been developed, including
analytical models based on the finite-difference method (FDM)
(Schänzlin 2003), unidimensional (frame) finite-element (FE) mod-
els that account for the connection flexibility (Fragiacomo 2005;
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Fragiacomo and Ceccotti 2006), and three-dimensional FE
models (To et al. 2011). Specifically, the experimental-numerical
comparisons presented in the literature demonstrate the good
approximation that is achievable using frame models (Fragiacomo
2006; Yeoh et al. 2011a).

To date, the aforementioned models have only been used for
deterministic analyses of timber-concrete composite beams. How-
ever, loading conditions, material properties, geometry, and several
other parameters often show considerable variability because they
are stochastic quantities in nature. Modern design codes often
directly account for parameter and model uncertainties with
approximate procedures and underline the importance of assessing
such uncertainties to ensure satisfactory designs (Melchers 1999).
Thus, in addition to accurate deterministic models, a methodology
is needed to propagate uncertainties from the parameters defining
the model of the structure to the structural response quantities of
interest to engineers. From an engineering viewpoint, probabilistic
response analysis becomes particularly important for structures in
which uncertainties are significant, such as in the case of timber
and timber-concrete composite structures.

In this paper, a nonlinear FE beam model with a deformable
shear connection is adopted to estimate the short-term structural
response of LVL-concrete composite beams for which experimen-
tal results up to failure, as well as tests on specimens of LVL,
concrete, and connectors, are available. The FE model is used in
conjunction with a probabilistic analysis methodology, which
explicitly accounts for the uncertainties in the parameters that de-
scribe the constitutive models for timber, concrete, and shear con-
nectors. This study has two objectives. The first objective is the
evaluation of the variability of global and local structural response
quantities owing to the uncertainties in the constitutive parameters
of timber, concrete, and shear connectors. This variability evalu-
ation provides insight into the effects of model parameter uncer-
tainty on the short-term structural response and performance of
timber-concrete composite beams. The second objective is the
analysis of the correlation between experimental measurements
from beam tests and numerical results based on the FE models
in which the values of the constitutive parameters are set equal
to their mean values, as identified in experimental testing, and
in which the values of the constitutive parameters are optimized
through the FE model updating procedure, respectively. This analy-
sis is crucial to validate the FE model (adequate representation of
the major structural behavior aspects) and the experimental iden-
tification of the material parameters (adequate characterization
of the material parameters through laboratory tests on materials
and connectors). In this paper, to discuss the aforementioned issues,
selected global and local numerical response results obtained from
FE probabilistic response analysis and FE model updating of
timber-concrete composite beams are illustrated and compared with
the experimentally measured results obtained from beam tests.

Deterministic and Probabilistic Analysis of
Timber-Concrete Composite Beams

Deterministic FE Response Analysis

In this study, timber-concrete composite beams are modeled using
the Newmark et al. (1951) composite beam model with a deform-
able shear connection, originally introduced for steel-concrete
composite beams. In this model, the Euler–Bernoulli beam theory
(in small deformations) applies to both components of the
composite beam, and the deformable shear connection is repre-
sented by an interface model with a continuously distributed bond,

allowing interlayer slip and enforcing contact; i.e., equal vertical
deflection and rotation between the timber and concrete compo-
nents [Fig. 1(a)].

The timber is modeled using an elasto-plastic constitutive law
with assigned ultimate strain in compression and an elastic-brittle
constitutive law in tension (Edlund 1995). The selected constitutive
law for the concrete material in compression is the Saenz (1964)
uniaxial law with zero strength in tension. The reinforcement steel
is modeled using an elasto-plastic constitutive law with assigned
ultimate strain. The shear connection is modeled using the follow-
ing relationship experimentally derived by Ollgaard et al. (1971):

ps ¼ sgnðδÞ · ps;max · ð1� e�β·jδjÞα; maxðjδjÞ ≤ δu ð1Þ

where δ = slip between the two components of the composite beam;
ps = value of the shear force corresponding to δ; ps;max = connection
shear strength; α and β = parameters controlling the stiffness (slope
of the curve) for small and intermediate (of the order of β�1) values
of the slip, respectively, as shown in Fig. 2; δu = ultimate slip; and
sgn(…) = sign function.

The resulting nonlinear structural response problem is solved
by using a dedicated FE code developed by Zona (2002), based

(a)

(b)

Fig. 1. Composite beam model: (a) kinematics; (b) 10-DOF FE with
relevant displacement DOFs

Fig. 2. Shear force versus slip from the Ollgaard et al. (1971) model for
various values of the constitutive parameters α and β
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on a 10 nodal degrees-of-freedom (DOFs) displacement-based
composite frame element with a deformable shear connection
[Fig. 1(b)]. Of the 10 DOFs, 8 DOFs are external (4 DOFs per
end node) and 2 DOFs are internal (axial displacements of the tim-
ber beam and of the concrete slab, respectively), as shown in
Fig. 1(b). This frame FE is the simplest displacement-based
element for composite beams with deformable shear connection
that avoids the eccentricity issue and the slip locking (Dall’Asta
and Zona 2004), and has been widely adopted for nonlinear analy-
sis of steel-concrete composite beams and frames (Dall’Asta and
Zona 2002, 2005; Fragiacomo et al. 2004; Zona et al. 2008; Zona
and Ranzi 2011), as well as for long-term analysis of timber-
concrete composite beams (Fragiacomo 2005; Fragiacomo and
Ceccotti 2006).

FE Response Sensitivity Analysis

FE response sensitivity analysis provides the gradient of the re-
sponse quantities r ¼ ½r1;r2;…; rm�T (where the superscript T de-
notes the vector/matrix transpose operator) with respect to the
parameters θ ¼ ½θ1; θ2;…; θn�T ; i.e., ½∇θr�ij ¼ ∂ri∕∂θj, in which
i ¼ 1; 2;…;m and j ¼ 1; 2;…; n. The components of this gradient
are called FE response sensitivities. FE response sensitivity
analysis is used in several subfields of structural engineering, such
as in FE model updating and simplified FE probabilistic response
analysis, both of which are considered in this paper.

Several methods are available for computing FE response sen-
sitivities, such as the FDM and the direct differentiation method
(DDM) (Kleiber et al. 1997). The FDM consists of performing
multiple FE response analyses by perturbing the value of the sen-
sitivity parameter θiði ¼ 1;…; nÞ by a small but finite amount Δθi
in addition to a FE analysis with all parameters θ set at their nomi-
nal values. Each response sensitivity is then calculated as the ratio
between the response variation and the parameter perturbation. This
method is computationally expensive and approximate in nature
(Haftka and Gurdal 1993; Conte et al. 2003; Zona et al. 2005).
The DDM consists of (1) differentiating analytically the discretized
equations of equilibrium of the FE model for the considered struc-
tural system and (2) solving the obtained sensitivity equations as
the FE analysis proceeds (Kleiber et al. 1997; Conte et al. 2003,
2004; Haukaas and Der Kiureghian 2004, 2005; Barbato and Conte
2005; Barbato et al. 2007). Thus, the DDM provides exact response
sensitivities (consistent with the numerical response) at a small
fraction of the computational cost of the additional FE analyses
required by the FDM to obtain approximate response sensitivities
(Conte et al. 2003; Haukaas and Der Kiureghian 2005). A detailed
derivation of the DDM procedure for the 10-DOF FE models of
composite beams with a deformable shear connection used in this
study is available in Zona et al. (2005, 2006).

FE Model Updating

FE model updating consists of correcting the initial FE model by
matching (up to a specified accuracy level) the structural response
numerically obtained from the FE model with available experimen-
tal data (Zhang et al. 2001; Zivanovic et al. 2007). Owing to sim-
plified mechanical models—as well as to incomplete knowledge
and/or statistical uncertainty in the material, geometric, and other
mechanical parameters characterizing the structural systems—a FE
model based on the initial estimates of these model parameters may
be unable to represent the behavior of the actual system with the
level of accuracy required for a specific application. The final result
of FE model updating is an updated FE model that can represent the
mechanical behavior of the considered structural system with
higher fidelity.

Two general classes of methods are used in FE model updating;
i.e., direct methods and sensitivity-based methods (Friswell and
Mottershead 1995). Direct methods update the global stiffness,
damping, and/or mass matrices that appear in the structural equa-
tions of motion of the system under study (Baruch 1982; Wei
1990). However, these methods can lead to FE models with non-
physical values of some parameters or with different structural
connectivities (Jaishi et al. 2007). Sensitivity-based methods use
FE response sensitivities to adjust a preselected set of physical
parameters and to minimize an objective function that represents
the discrepancy between the computed and measured structural
responses. A comprehensive survey of the earlier research on
the topic can be found in Mottershead and Friswell (1993).

In this paper, nonlinear FE model updating is used to update the
model parameters needed to define the nonlinear material constit-
utive models for timber, concrete, reinforcing steel and the shear
connection in timber-concrete composite beams. This study adopts
a sensitivity-based method that uses the sensitivities of FE global
response quantities (e.g., deflection at midspan and external load)
with respect to the material parameters of interest. The objective
function, F, considered here is the sum of the squares of the differ-
ence between the numerically simulated and the experimentally
recorded response at each load increment:

FðθÞ ¼
XNstep

i¼1

½uiðθÞ � ui;exp�2 ð2Þ

in which ui = numerically simulated midspan deflection at load in-
crement i; ui;exp = experimentally recorded midspan deflection at
load increment i; and Nstep = total number of load increments.
In Eq. (2), the dependency of the various quantities on the material
parameters θ is explicitly shown. The values of the material param-
eters are constrained to physically meaningful values. The con-
strained minimization of F is performed by using the MATLAB
(MathWorks 2010a) function “fmincon” (MathWorks 2010b),
whereas the FE response and response sensitivities needed at each
iteration of the optimization process are computed using the dedi-
cated FE code developed by Zona (2002), directly controlled
through MATLAB.

Probabilistic FE Response Analysis

Probabilistic response analysis consists of computing the prob-
abilistic characterization of the response of a structure given
the probabilistic characterization of its input random parameters.
Several methods are available for probabilistic response analysis
(Melchers 1999); e.g., Monte Carlo simulation (MCS) and the
first-order second-moment (FOSM) method (Haukaas and Der
Kiureghian 2004; Barbato et al. 2010; Zona et al. 2010). MCS
is a general and robust methodology. However, it requires knowl-
edge of statistical information that, in general, is only partially
available, and it could require a very large number of response
analyses to obtain accurate estimates of the statistical moments of
the response vector R. The mean-centered FOSM method con-
sists in estimating the first- and second-order statistical moments
(mean values collected in the vector μR, as well as variances and
covariances collected in the matrix ΣR) of R using its first-order
Taylor series expansion in the random parameters Θ about their
mean values μΘ:

RðΘÞ≈ RlinðΘÞ ¼ rðμΘÞ þ∇θrjθ¼μΘ
· ðΘ� μΘÞ ð3Þ

where r = specific realization of the random quantity R, and
∇θrjθ¼μΘ

= response sensitivities computed at the mean values,
θ ¼ μΘ, of the random structural parameters. Thus, the
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first- and second-order statistical moments of R are approximated
as follows (Barbato et al. 2010; Zona et al. 2010):

μR ≈ μRlin
¼ rðμΘÞ ð4Þ

ΣR ≈ΣRlin
¼ ∇θrjθ¼μΘ

·ΣΘ · ð∇θrjθ¼μΘ
ÞT ð5Þ

where ΣΘ = covariance matrix of Θ, determined when the stan-
dard deviations and the correlation coefficients of the random
parameters are known. The FOSM method requires statistical in-
formation usually available (i.e., mean values, standard devia-
tions, and correlation coefficients of the random parameters)
and has a low additional computational cost compared with a
deterministic-only response analysis. In addition, when structural
response nonlinearities are in the low-to-moderate range, the
FOSM approximation has been found to be sufficiently accurate
in estimating the mean and standard deviations of response quan-
tities for random structural systems under quasi-static loads
(Barbato et al. 2010). Based on the aforementioned considera-
tions, the FOSM method is validated through a comparison with
MCS results and used as an efficient and practical technique for
probabilistic analysis of timber-concrete composite structures.

Case Study: LVL-Concrete Composite Beams
Tested in New Zealand

Description of the Beam Specimens and Experimental
Setup

An extensive experimental program on LVL-concrete composite
beams was undertaken at the University of Canterbury, Christ-
church, New Zealand. This program included tests to failure under
monotonic load of 11 full-scale strips of composite floor (Yeoh et al.
2011a), 13 small LVL-concrete composite blocks (push-out tests)
to characterize the connection systems used in the beams (Yeoh
et al. 2011b), and several concrete cubes and cylinders to character-
ize the mechanical properties of the concrete (Yeoh 2010). The
beam specimens differed in span length (8 and 10 m), type of shear
connection (large and small rectangular notches reinforced with a
lag screw, as well as toothed metal plates), number of connectors
along the beam length, and type of concrete (normal or with re-
duced shrinkage). The timber used was LVL manufactured by a
New Zealand producer, which also provided the results of the qual-
ity control tests performed in the factory for the LVL batch used in
the beam specimens constructed at the University of Canterbury.

Fig. 3 displays the experimental setup used in the four-point
bending test to failure of the various beams. All relevant quantities,

such as midspan deflection, relative slip at the connector location,
and strains in the timber and concrete at midspan, were monitored
during the tests. Two of the beam specimens tested at the University
of Canterbury are used as benchmark problems in this study. These
specimens are denoted as Beam E1 and Beam F1 and are charac-
terized by notched and toothed metal plate connectors, respectively
(Fig. 4). Beam E1 was made of one 400 × 63 mm LVL joist, 10 m
long, connected with six connectors to a 65 × 600 mm concrete
slab reinforced with a steel mesh 1ϕ10 at 200 mm c∕c poured above
a 17 mm plywood formwork. The connector was obtained by
cutting a 50 × 300 mm rectangular notch in the LVL joist, which
was then filled by concrete once the slab was poured (Fig. 5).
A 16-mm-diameter lag screw was inserted in the timber at the
center of the notch to reinforce it and improve the strength and post-
peak behavior. Beam F1 had two 400 × 63 mm LVL joists, 8 m
long, connected with eight connectors to a 65 × 1;200 mm con-
crete slab with the same reinforcement as in Beam E1. Each con-
nector was made of two 136 × 333 mm toothed metal plates, one
pressed in one LVL joist and the other in the other LVL joist, so that
the two metal plates were between the two LVL joists (Fig. 5). The
metal plates had several round openings in the upper part to allow a
good bond and embedment in the concrete slab. More details can be
found in Yeoh et al. (2011b).

Characterization of the Material Parameters of the LVL

Statistical information on the bending strength, f b, or modulus of rup-
ture (MOR), and on the apparent modulus of elasticity (MOE), Eb, of
the LVL used in the timber component of the composite beams tested
at the University of Canterbury was provided by the New Zealand
LVL producer. It is noteworthy that the apparent MOE also includes
an allowance for shear deformation. Mean values (μ), coefficients of
variation (COVs), and correlation coefficients (ρ) are computed from
643 control tests on95 × 63-mmLVLcross sections taken fromentire
billets of LVL. The following values are obtained: μf b ¼ 58:43 MPa,
COVf b ¼ 10:99%, μEb

¼ 11:53 GPa, COVEb
¼ 7:59%, and

ρf bEb
¼ 0:59. Because the actual size of the LVL used in the

composite beam specimens is 400 × 63 mm, the values given previ-
ously need to be corrected for the size effect. This correction is done
using an experimentally derived strength reduction factor developed
by theNewZealandLVLproducer, fitted to the experimental results of
bending tests on various LVL sizes. A strength reduction factor of
0.8016 from the 95 × 63-mm control specimens is obtained for the
400 × 63-mm specimens. Thus, the correctedmeanvalue of the bend-
ing strength is μf b ¼ 46:84 MPa.

Statistical information on the tensile strength, f t, was also pro-
vided by the New Zealand LVL producer. In this case, the strength
value depends on the length of the specimen tested and reduces as

Fig. 3. Experimental setup of the tests to failure (data from Yeoh et al. 2011a)
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the length increases. The experimental tests provide the following
results: μf t ¼ 42:67 MPa and COVf t ¼ 12:8% for 31 specimens
(610 mm long); μf t ¼ 40:74 MPa and COVf t ¼ 17:4% for 79
specimens (945 mm long); μf t ¼ 38:03 MPa and COVf t ¼
10:3% for 32 specimens (2,438 mm long); and μf t ¼
37:02 MPa and COVf t ¼ 13:3% for 29 specimens (3,048 mm
long). Another experimentally derived equation developed
by the New Zealand LVL producer is used to estimate the
tensile strengths μf t ¼ 33:38 MPa and μf t ¼ 32:71 MPa for the
beams that are 8 and 10 m long, respectively. For both beams,

COVf t ¼ 17:4% (i.e., the largest COV among the various sample
lengths) is conservatively assumed.

Because the LVL beam in the tested composite beams is
subjected to a combination of bending and tension, its strength
depends on both the bending and tensile strength. The interaction
between bending and tension is considered in this study using the
resistance criteria for combined bending and axial tension provided
by Eurocode 5 (CEN 2004b):

σb

f b
þ σt

f t
≤ 1 ð6Þ

Fig. 4. Elevation and cross section of Beam E1 (top) and Beam F1 (bottom); dimensions in mm (data from Yeoh 2010; Yeoh et al. 2011a)

Fig. 5. Details (top left) and photograph (top right) of the notched connection approaching failure (note the concrete crushing on the right-hand side),
and details (bottom left) and photograph (bottom right) of the toothed metal plate connection (dimensions in mm) (data from Yeoh 2010)
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where σb = flexural component of the stress and σt = tensile com-
ponent of the stress.

This inequality can be manipulated to express it in terms of the
maximum stress σmax in the bottom fiber of the timber joist:

σmax ¼ σb þ σt ≤ f MN ¼
1þ σt

σb
f t
f b

þ σt

σb

f t ð7Þ

The stress ratio σt∕σb depends on the ratio M∕N between the
bending moment M and the axial force N in the timber joist, which
is affected by the stiffness ratio between the reinforced concrete
slab and timber joist, as well as by the stiffness of the connection
system. Thus, this ratio is not known a priori. However, if the sim-
plified gamma method in Annex B of Eurocode 5 (CEN 2004b) is
used to investigate the stress distribution in the composite beam, the
values of σt∕σb for Beam Specimens E1 and F1 are 0.906 and
0.885, giving a resulting strength f MN of 38.9 and 39.4 MPa, re-
spectively, and COVf MN

is conservatively assumed equal to the
maximum between COVf b and COVf t ; i.e., COVf MN

¼ 17:4%
(Table 1). The correlation between f MN and Eb is assumed equal
to the correlation between f b and Eb; i.e., ρf MNEb

¼ 0:59.

Characterization of the Material Parameters of the
Concrete Topping

The values of the concrete compression strength, f c, were measured
from a number of cylinders at 7 days, 28 days, and at the time of
beam testing; i.e., about 5 months after casting (Yeoh 2010). On the
test day, six concrete samples were tested for Beam E1, giving
μf c ¼ 48:17 MPa and COVf c ¼ 3:51%; and two concrete samples
were tested for Beam F1 (with measured values of f c ¼ 52:28 and
56.48 MPa, respectively), giving μf c ¼ 54:38 MPa. In this second
case, COVf c ¼ 10% is conservatively assumed. The mean value of
the concrete elastic modulus, Ec, is derived using the indications in
Eurocode 2 (CEN 2004a), and COVEc

is assumed equal to COVf c
(Table 1). The correlation between f c and Ec is assumed to be equal
to 0.8.

The constitutive model of the reinforcement steel in the concrete
topping is described by the yield stress, f y, and Young’s modulus,
Es. Because specific coupon testing of the reinforcement steel was
not performed in the experimental program at the University of
Canterbury, the statistical properties of the constitutive parameters
are assumed here as follows: μf y ¼ 525 MPa (equal to the nominal
yield stress), μEs

¼ 210 GPa, COVf y ¼ 0:106, COVEs
¼ 0:033,

and ρf yEs
¼ 0 (i.e., f y and Es are assumed statistically independent),

according to Mirza and MacGregor (1979).

Characterization of the Material Parameters of the
Shear Connection

The mean values and COVs of parameters ps;max, α, and β are ob-
tained in this study from force-slip curves experimentally recorded
during the push-out tests (Yeoh et al. 2011b). Four curves are avail-
able for the rectangular notched connectors (Fig. 6), and nine
curves are available for the toothed metal plate connectors (Fig. 7).
Using a least-squares procedure, the parameters ps;max, α, and β that
minimize the error between Eq. (1) and each experimental curve in
the range from 0 to 4 mm of slip are determined. Based on these
data, the mean values and COVs are computed for the three param-
eters of each connection type (Table 1). Attention is limited to the
0- to 4-mm slip interval based on preliminary FE analyses, which
are used to identify the slip range of variation for the beams con-
sidered. In addition, significant degradation of the connection
strength is observed in the experimental testing for slips larger than
4 mm. This observation suggests that an ad hoc softening model is
needed to describe the shear connection behavior for slip values
larger than 4 mm (Yeoh et al. 2011b). This option is not pursued
in this work to limit the number of uncertain parameters in the shear
connectors. The three parameters ps;max, α, and β are assumed to be
statistically independent; i.e., their correlation coefficients are equal
to zero. The constitutive curves obtained using the mean values are

Table 1. Mean Values and COVs of the Material Parameters Assumed as
Random Variables

Parameter

Beam E1 Beam F1

Mean COV (%) Mean COV (%)

f MN (MPa) 38.90 17.40 39.40 17.40

Eb (MPa) 11,340 7.59 11,340 7.59

f c (MPa) 48.17 3.51 54.38 10.00

Ec (MPa) 35,258 3.51 36,564 10.00

Ea (MPa) 210,000 3.30 210,000 3.30

f y (MPa) 525 10.6 525 10.6

ps;max (kN) 273.62 3.78 278.89 3.39

α ð�Þ 1.1182 21.10 0.7535 19.41

β ð1∕mmÞ 2.7116 25.83 3.3939 29.34

Fig. 6. Identification of the constitutive parameters for rectangular
notched connectors (Beam E1)

Fig. 7. Identification of the constitutive parameters for toothed metal
plate connectors (Beam F1)
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plotted in Figs. 6 and 7 for the two connection types, respectively.
Figs. 6 and 7 also report the constitutive curves obtained using the
shear connection parameters of the updated FE models (Table 2)
subsequently described in the discussion of the numerical results.

Numerical Modeling

Beams E1 and F1 are discretized into 15 FEs for half of their span
length, exploiting the symmetry of the geometry and load configu-
ration. Such discretizations are chosen to model the nonuniform
shear connection distribution along the span length, as well as
the position of the external load. In the locations corresponding
to each rectangular notched connector or toothed metal plate con-
nector, the strength of the connection constitutive model is obtained
by smearing the strength of the connectors over the length of the
relevant FEs, whereas the strength of the connection constitutive
model is set equal to zero elsewhere. Each FE is numerically in-
tegrated using five Gauss–Lobatto points in the longitudinal direc-
tion and a fiber-discretization in the cross section (20 layers in the
concrete and 100 layers in the LVL component). In the probabilistic
analysis, each uncertain material parameter is described by a single
random variable over the entire structure (i.e., all random fields are
assumed with infinite correlation length), as experimental data are
insufficient to determine the correlation structure (auto- and cross-
correlation functions) for all parameters. In particular, this approach
neglects the variability among different shear connectors. The
dispersion of the response parameters of a stochastic FE model in-
creases with increasing correlation length of the model parameter
random fields; therefore, the estimates of the dispersion of the
structural response presented in this study can be considered as
upper bounds of the actual response dispersions.

Comparisons between Probabilistic Analysis and
Experimental Results

Comparisons between the experimental external load-midspan de-
flection and the numerical simulations are shown in Fig. 8 (Beam
E1) and Fig. 9 (Beam F1). The mean response (μ) and the mean
response �1 standard deviation (μ� σ) estimated by the FOSM
method are reported. The nonlinear analyses are performed using
the Newton–Raphson incremental-iterative procedure with dis-
placement control, using the midspan vertical displacement as
the controlled DOF, incremented up to failure with steps of
1 mm. Accordingly, the FOSM method is used to estimate the
mean values and the standard deviation of the external load for each
assigned deflection increment.

In Beam E1 (Fig. 8), the numerical mean response is in ex-
cellent agreement with the experimentally measured response for
midspan deflection up to 60 mm, while it presents a slightly smaller

ultimate load and larger ultimate deflection compared with the
experimental results. The experimental results for Beam E1 are al-
ways contained between the μ� σ and μþ σ curves. The FOSM-
based estimates of the external load at collapse for Beam E1 are
μ ¼ 79:16 kN, σ ¼ 3:73 kN, and COV ¼ 4:71%. In Beam F1
(Fig. 9), the numerical mean response is in excellent agreement
with the experimentally measured response for midspan deflection
up to 20 mm. For larger deflections, the numerical mean response
of Beam F1 presents a delayed stiffness degradation compared with
the measured experimental response, resulting in a 16% smaller
ultimate deflection and a 0.6% smaller ultimate load compared with
the experimental results. In Beam F1, the difference between the
experimental result and mean response is larger than 1 standard
deviation for midspan deflections larger than 30 mm. The
FOSM-based estimates of the external load at collapse for Beam
F1 are μ ¼ 174:03 kN, σ ¼ 5:98 kN, and COV ¼ 3:44%. It is
observed that the FOSM-based estimate of the COVof the external
load at collapse is very small for both beams. In particular, this
COV is considerably smaller than the COV of the LVL
strength f MN .

FE Model Updating Results

To understand the reasons for the differences between experimental
and numerical load-deflection curves, the FE model updating
procedure previously described is used to identify the material
parameters’ values that ensure the best match between experimen-
tally measured and numerically simulated responses for Beams E1

Table 2. Values of the Material Parameters in the Updated Models and
Variation with Respect to the Initial Mean Values

Parameter

Beam E1 Beam F1

Updated Variation (%) Updated Variation (%)

f MN (MPa) 38.2 �1:83 45.4 þ15:23

Eb (MPa) 11,340 0.00 11,321 �0:17

f c (MPa) 48.17 0.00 48.31 �11:16

Ec (MPa) 35,258 0.00 36,345 �0:59

Ea (MPa) 210,000 0.00 210,000 0.00

f y (MPa) 525 0.00 525 0.00

ps;max (kN) 288.51 þ5:44 242.15 �13:17

α ð�Þ 1.4071 þ25:84 0.7491 �0:58

β ð1∕mmÞ 3.5069 þ29:33 3.1513 �7:15
Fig. 8. FOSM, updated model, and experimental load-deflection
curves for Beam E1

Fig. 9. FOSM, updated model, and experimental load-deflection
curves for Beam F1
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and F1. The obtained updated FE models provides load-midspan
deflection curves that are in excellent agreement with the experi-
mental curves, as shown in Figs. 8 and 9 for Beams E1 and F1,
respectively. The corresponding updated parameters are given in
Table 2, together with the relevant variations with respect to their
estimated mean values. It is observed that the updated model of
Beam E1 differs from the initial model mostly in the shear connec-
tion parameters. However, these parameter variations are of the
same order of magnitude of their standard deviations, as observed
by comparing the last three values of the third columns in Tables 1
and 2. This observation is consistent with the result that the load-
midspan deflection curve of the updated model of Beam E1 is al-
ways contained between the μ� σ and μþ σ curves. At the same
time, the updated model of Beam F1 has a significant variation in
the strength-related parameters of concrete, LVL, and shear connec-
tion. In particular, the updated value of the connection shear
strength is 3.9 standard deviations smaller than its estimated mean
value. This large discrepancy in the connection shear strength
explains the significant discrepancy between the load-midspan de-
flection curve of the updated model and the model with the param-
eters set at their mean values.

Validation of FOSM Results through Comparison with
MCS Results

The results of the FOSM method are validated through compari-
sons with MCS analyses, performed for each beam model using
100 (a number usually sufficient for an accurate estimate of mean
and standard deviation of the response) and 2,000 (the reference
solution) realizations of the set of all random model parameters
considered in this study. The material parameters f MN and Eb
for the LVL are represented using a lognormal distribution, as rec-
ommended in the Australian/New Zealand standard, AUS/NZ
4357.3 (SAA/SANZ 2006). The lognormal distribution is also as-
sumed for the other random material parameters (Melchers 1999).
The realizations of the set of all random material parameters are
generated using the Nataf model (Ditlevsen and Madsen 1996).
Excellent agreement is found between the mean load-midspan de-
flection curves obtained from the FOSM and MCS analyses (which
are not shown in Figs. 8 and 9 for the sake of clarity because they
are practically superposed on the FOSM-based mean response
curves), while some differences are observed in the estimate of
the standard deviation of the external load. Because of space lim-
itations, comparison of the numerical estimates of the standard
deviation of the applied force obtained using FOSM and MCS
analyses are shown for Beam E1 only. Nonetheless, similar consid-
erations apply to Beam F1 as well. In Beam E1, the FOSM-based
response standard deviation is in excellent agreement with the cor-
responding results obtained using MCS up to deflections corre-
sponding to the first failure in the MCS (i.e., 62 mm for MCS
with 100 realizations and 45 mm for MCS with 2,000 realizations),
as shown in Fig. 10. In fact, some realizations of the model param-
eter values in MCS produce FE models that reach failure before the
ultimate deflection in the FOSM analysis; i.e., 110 mm. Beyond
these midspan deflection values, the results obtained from MCS
are conditional to the survival of the FE models obtained from
the realizations of the model parameters (i.e., the response statistics
are computed excluding the models that are considered as failed
when the shear connection reaches its ultimate slip or when the
timber component attains its ultimate strain). These conditional
results are not directly comparable to the results obtained from
FOSM analysis (Barbato et al. 2010). At the ultimate deflection
of the FOSM analysis, the failed FE models of Beam E1 are
65 and 1,241 for MCS with 100 and 2,000 realizations, respec-
tively; i.e., 65 and 62% of the total number of samples, respectively.

Comparisons between Experimental and Numerical
Results for Local Response Quantities

Finally, selected results for representative local response quantities
are presented in Figs. 11–16. Because the experimentally measured
local response results are available as functions of the external load,
it is of interest to evaluate the uncertainties in the local response
for each assigned load level. Thus, the FE analyses are repeated
using the Newton–Raphson incremental-iterative procedure in
load-control mode with the external vertical force taken as the con-
trolled load, incremented up to failure with steps of 0.45 kN. In this
case, the FOSM-based probabilistic analysis is used to estimate the
mean value and standard deviation of the local response quantity
considered for each external load increment. Figs. 11 and 12 show
the experimental load-slip curves, as well as their numerically si-
mulated results, in which the slip is measured at the first (most
external) stud connector in Beam E1 (Fig. 11), and at the midlength
of the first toothed metal plate in Beam F1 (Fig. 12), respectively. It
is observed that the experimental load-slip curve for Beam E1 is
contained almost completely between the mean �1 standard
deviation FOSM curves. The FOSM mean response describes
the experimental results with adequate accuracy only for small val-
ues of the slip, while the load-slip curve from the updated model
also gives a good estimate of the connection slip at failure. In Beam
F1 (Fig. 12), the experimental load-slip curve is contained between
the mean �1 standard deviation FOSM curves only for small

Fig. 10. Estimates of the load standard deviation obtained through
FOSM and MCS analyses

Fig. 11. FOSM, updated model, and experimental load-slip curves at
the first connector location of Beam E1
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values of the slip, while the updated model provides a very good
estimate of the experimentally measured slips.

Figs. 13 and 14 depict the experimentally measured and numeri-
cally simulated load-strain curves, with the strain measured at the
top fiber of the concrete topping in the beam midspan cross section,
for Beams E1 and F1, respectively. The discrepancies between
experimental tests and numerical simulations are smaller than in
the previous case. The updated model shows excellent agreement
with the experimental results for Beam E1. In contrast, for Beam

F1, the updated model presents an agreement with the experimental
results that is slightly worse than the agreement shown by the FE
model built using the constitutive parameters’mean values. Figs. 15
and 16 show experimentally measured and numerically simulated
load-strain curves, with the strain measured at the bottom fiber of
the LVL component in the beam midspan cross section for Beams
E1 and F1, respectively. In this case, the experimental load-strain
curves are not contained between the mean �1 standard deviation
FOSM curves, and the updated model does not improve the
approximation of the experimentally measured strains compared
with the FE model built using the mean values of the material
constitutive parameters.

When analyzing the discrepancies between the experimentally
measured and numerically simulated local response quantities con-
sidered, the following considerations are made. First, the role and
importance of uncertainties in the experimental values differs
between global and local response quantities, because accurate
measurement of very small local quantities (strains and slips) is
more difficult to achieve compared with measurement of larger
global quantities (deflections). In addition, there are intrinsic lim-
itations on the representation of local quantities when FE frame
models are adopted instead of more complex three-dimensional
models (for example, using solid/shell FEs). Furthermore, some
local response quantities (such as the slip at the concrete-timber
interface) are affected by physical phenomena (such as bond
and friction) that are not modeled by the frame FEs used in this

Fig. 12. FOSM, updated model, and experimental load-slip curves at
the first connector location of Beam F1

Fig. 13. FOSM, updated model, and experimental load-strain curves in
the top fiber of the concrete slab at midspan of Beam E1

Fig. 14. FOSM, updated model, and experimental load-strain curves in
the top fiber of the concrete slab at midspan of Beam F1

Fig. 15. FOSM, updated model, and experimental load-strain curves in
the bottom fiber of the LVL beam at midspan of Beam E1

Fig. 16. FOSM, updated model, and experimental load-strain curves in
the bottom fiber of the LVL beam at midspan of Beam F1
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paper. Finally, there are discrepancies between the actual stress
state of the materials and connectors in the beams and the stress
state in the block specimens used to identify the constitutive
parameters of the connection (Yeoh et al. 2011b). These discrep-
ancies could possibly explain the differences (observed in Figs. 6
and 7) between the experimental shear-slip curves and the constit-
utive shear-slip model defined by the parameters obtained through
FE model updating. Based on these considerations, it can be
concluded that the agreement observed between experimentally
measured and numerically simulated local response quantities is
very good, given the limits of the FE models used in this research.

Discussion on Prospective Design Applications

This study illustrates an efficient integration of a nonlinear FE
beam model and a simplified probabilistic response analysis
methodology. This integration has several prospective design
applications that are based on the uncertainty quantification in
the structural performance of timber-concrete composite beams.

In fact, the proposed integrated computational tool can be effec-
tively used for the assessment and design of timber-concrete
composite beams because it can realistically account for the effects
of material nonlinearity and material parameter variability. In ad-
dition, this FE model, extended with FE response sensitivity analy-
sis capabilities, represents an ideal tool for the calibration of the
partial resistance factors needed; e.g., in load and resistance factor
design (AASHTO 2004) and in limit state design (e.g., CEN 2002).
The calibration of the partial resistance factors requires the repeated
solution of a nonlinear structural reliability problem; e.g., using the
first-order reliability method (FORM) (Melchers 1999). FORM
involves the identification of the so-called design point (i.e., the
most likely failure point), which is commonly obtained by solving
a nonlinear constrained optimization problem through iterative
gradient-based numerical optimization algorithms. The availability
of accurate and consistent FE response sensitivities greatly im-
proves the convergence rate of these algorithms.

The proposed integrated computational tool also can be used to
investigate specific issues related to the analysis and design of
timber-concrete composite structures; e.g., the significant discrep-
ancies found between the values of the material parameters describ-
ing the shear connections obtained from statistical analysis of
coupon testing and from the FE model updating procedure. These
discrepancies suggest that the mechanical conditions experienced
by the shear connection during coupon testing and during loading
of the structural component are somewhat different, especially for
toothed metal plate connectors. As a consequence, the results pre-
sented in this study suggest that there could be a need to develop
appropriate correlation relationships to modify the values of the
connection parameters obtained from coupon testing into the values
to be used for design and assessment purposes. To support these
studies, further experimental tests including several identically
built timber-concrete composite beams are recommended to di-
rectly evaluate the response variability and identify other potential
issues that may have significant effects on the performance of this
structural typology.

It is noteworthy that the approach presented in this paper can be
extended to probabilistic time-dependent response analysis; pro-
vided that suitable time-dependent constitutive laws are adopted
to model the long-term material behavior and that the statistical
characterizations (mean values, COVs, and correlation coefficients)
of the required model parameters are available. Thus, an important
prospective application of this approach is its extension to the

assessment and design of timber-concrete composite beams under
long-term service conditions.

Conclusions

A nonlinear FE beam model with deformable shear connection is
used in conjunction with a methodology for probabilistic response
analysis, the mean-centered FOSM method. The FOSM method
accounts for the uncertainties in the parameters describing the
constitutive models of timber, concrete, and shear connectors. In
addition, a FE model updating procedure is used to identify the
material parameters’ values that ensure the best match between ex-
perimentally measured and numerically simulated response. The
benchmark problems considered are LVL-concrete composite
beams for which experimental results up to failure, as well as tests
on specimens of LVL, concrete, and connectors, are available.

The first objective of this study is the evaluation of the variabil-
ity of global and local structural response quantities that result from
the uncertainties in the constitutive parameters of timber, concrete,
and shear connectors. The results presented in the paper show that
the variability of the beam capacity owing to the uncertainty in the
material parameters is very small, particularly when compared with
the variability of the LVL strength f MN . It is shown that the adopted
sensitivity-based FOSMmethod for probabilistic analysis is a fairly
simple and computationally efficient tool for assessing the influ-
ence of uncertainties on the nonlinear response of timber-concrete
composite structures. Very good agreement is found between
FOSM and the computationally more expensive MCS.

The second objective of this study is to analyze the correlation
between the experimental measurements and numerical results
based on FE models, with the values of the constitutive parameters
set equal to their mean values as identified in experimental testing,
and equal to the optimized values obtained through a FE model
updating procedure, respectively. The results presented in this pa-
per show that the uncertainties of the constitutive parameters of
LVL, concrete, and shear connectors have a significant influence
on the correlation between experimental and numerical results.
Most of the experimental results fall within the numerically
predicted mean �1 standard deviation of the response quantity
considered. In other cases, the differences between the numerical
and experimental results are larger than 1 standard deviation of the
response quantity being examined. In both situations, the optimal
values of the constitutive parameters (obtained using the FE model
updating procedure described in the paper) show variations with
respect to their mean values that may exceed their COV. These re-
sults suggest that the FE model adopted in this study is adequate to
describe the main aspects of the short-term structural behavior of
timber-concrete composite beams. However, the uncertainties in
the identification of the constitutive parameters from experimental
testing are a crucial issue in the definition of an accurate nonlinear
FE model for timber-concrete composite structures.
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