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Abstract

This paper investigates the long-term behavior of cross-laminated timber (CLT)-concrete composite (TCC) slabs through a large-scale
parametric study using a two-layer finite-element model with interface springs to represent partial interaction. The study isolates
the influence of four parameters—concrete shrinkage (modeled via relative humidity, RH), composite factor (y), concrete creep
coefficient (¢), and timber creep coefficient (Kyp—on time-dependent deflections. A total of 36,864 analyses were performed fora6 m
span under quasi-permanent loading, with results normalized to the least-deflecting case in each subset.

For a representative configuration (CLT 120 mm, concrete 50 mm) and RH = 60%, the normalized 50-year deflection increases
by approximately 22% with higher shrinkage, by 6% when reducing y from 0.9 to 0.3, by 8% when increasing ¢ from 1.5 to 3.0, and
by 12% when increasing Kdeffrom 0.6 to 1.0. Across configurations, shrinkage is consistently the dominant driver. Moreover, shrinkage-
induced deflection scales approximately linearly with the distance from the centroid of the concrete layer to the composite neutral
axis (), highlighting geometry as a primary design lever.

The design implications are as follows: 1. prioritize low-shrinkage concrete mixes; 2. avoid intentionally reducing y, as global stiffness

and overall performance deteriorate; and 3. select layer proportions that minimize Z, while balancing the stiffness gains and shrinkage

sensitivity associated with thicker concrete toppings.
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1 Introduction

The use of cross-laminated timber (CLT) slab sys-
tems has expanded rapidly across Europe over the past
decade [1, 2]. Both manufacturers and researchers are
striving to develop efficient and economically viable solu-
tions for large-scale timber construction [3, 4]. CLT con-
sists of layers of sawn timber boards bonded together with
alternating grain orientations, resulting in panels that
exhibit improved strength and dimensional stability in
both directions compared to solid timber [5]. This mate-
rial offers several advantages, including a reduced car-
bon footprint, a high strength-to-weight ratio, and faster
construction times [5—8]. Since timber weighs only about
one-fifth as much as concrete, CLT is particularly attrac-
tive for vertical extensions of existing or historical build-
ings [9, 10]. However, CLT structures can be more sensitive

to vibrations than conventional concrete systems, and the
unit cost of timber remains comparatively higher [11].

A widely adopted approach to overcoming these limita-
tions is the use of timber—concrete composite (TCC) sys-
tems, which combine a CLT slab with a concrete topping
to achieve higher stiffness, improved acoustic and fire per-
formance, and enhanced vibration control [1, 12, 13]. The
connection between the two layers may be provided by
screws, notches, or epoxy adhesives, each offering differ-
ent degrees of composite action [2, 14, 15]. The efficiency
of the interface is quantified by the composite factor (y)
defined in Eurocode 5 [16]. A value of y = 1 represents
full interaction, while y = 0 corresponds to no connec-
tion [17, 18]. In practice, y lies between these two extremes,
depending on the type of connector. Screw connections
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are ductile but provide moderate stiffness. Notched inter-
faces achieve high stiffness at the expense of additional
prefabrication. Epoxy adhesives deliver the best mechani-
cal bond but are difficult to apply reliably on-site.

Numerous studies have examined the design and behav-
ior of TCC slabs under both ultimate and serviceability
limit states [10, 19-21]. Because such systems are typi-
cally used for spans between 7 and 11 meters, their design
is often governed by serviceability requirements such as
deflection and vibration. Short-term deflections can usu-
ally be controlled through appropriate selection of total
slab thickness, CLT-to-concrete ratio, and connector stiff-
ness [3]. However, long-term deflections are governed by
additional time-dependent phenomena. Concrete exhibits
faster creep development than timber, resulting in stress
redistribution between the two materials and additional
interface stresses, which are most pronounced within the
first three to seven years of service [6, 22]. Early-age con-
crete shrinkage also induces internal stresses that increase
long-term deflection, while timber remains more sensitive
to variations in humidity and temperature, causing swell-
ing and shrinkage. Furthermore, connectors themselves
undergo creep, gradually reducing the composite effi-
ciency over time [23-25].

A comprehensive review by Shi et al. [26] summarizes
the state of research on the long-term behavior of TCC struc-
tures, categorizing previous work into experimental and
numerical investigations. Among the experimental studies,
Fragiacomo et al. [27] conducted a detailed investigation on
wood—concrete composite beams with notched (shear-key)
connections. Their 133-day experimental test, supported
by long-term numerical extrapolation to 50 years, demon-
strated that rheological effects—particularly concrete creep
and shrinkage—significantly increase long-term deflections,
while stress variations remain relatively minor. They con-
cluded that connection stiffness and environmental humidity
are crucial factors in determining serviceability performance.
Yeoh et al. [25] conducted a four-year study on 8 m-span
laminated veneer lumber (LVL)—concrete composite beams
subjected to sustained loading under fluctuating indoor
humidity. Deflections were found to be highly sensitive to
environmental changes; low temperatures and high humidity
increased moisture content and deformation. Beams cast with
low-shrinkage concrete showed about 14 percent smaller
long-term deflections than those with normal concrete,
although all specimens exceeded the span-to-depth ratio
limit of 1:200 when extrapolated to a 50-year service life.
The authors identified mechano-sorptive effects, concrete

shrinkage, and connector creep as the primary drivers of
long-term deformation under cyclic humidity conditions.

Hailu [28] tested four TCC beams under sustained load-
ing in a controlled environment and analyzed the effect
of cyclic relative-humidity changes on deflection. An
increase in relative humidity (except during the first cycle)
reduced deflection, whereas a decrease produced the
opposite effect. In contrast, Czabak and Perkowski [29]
observed that, one year after loading, beam deflections
decreased with falling relative humidity and increased
with rising humidity—results that diverged from those
reported by Hailu [28].

On the numerical side, Fragiacomo et al. [30] devel-
oped a three-dimensional model to simulate the long-term
behavior of TCC structures, considering environmen-
tal variations, concrete shrinkage, and various construc-
tion methods. Their results indicated that longer concrete
curing times reduce long-term deflections, suggesting
that prefabricated concrete toppings can enhance perfor-
mance. They also demonstrated that temporary shoring of
the timber beam offers limited benefits in reducing deflec-
tions caused by concrete shrinkage. Binder et al. [31]
employed a hybrid analysis approach integrating time-de-
pendent material models to assess load redistribution and
deflection development. Their findings revealed that com-
posite slabs deform more than pure CLT slabs but less than
reinforced-concrete slabs. While the 3-D model achieved
higher accuracy than simplified 1-D models, it required
substantially greater computational time; nevertheless, its
advantage lay in eliminating the need for experimentally
determined slip-modulus data.

Overall, the existing literature on long-term TCC
behavior has primarily focused on the constitutive model-
ing of material creep in wood and concrete. However, the
time-dependent slip behavior of shear connectors is often
simplified, and the correlation between connector slip
and global long-term deformation remains insufficiently
understood. Strengthening this link is crucial for enhanc-
ing both predictive modeling and practical design guid-
ance for CLT—concrete composite slabs [26, 31].

The goal of this paper is to investigate the influence
of various kinematic parameters on the long-term behav-
ior of TCC slabs through a comprehensive parametric
study. The study aims to identify the long-term variables
that have the most significant impact on structural per-
formance and those of lesser importance, and to provide
practical design recommendations for achieving efficient
and cost-effective composite slab systems.



2 Methods
2.1 Investigated parameters
Based on the findings from the literature review and prac-
tical experience in construction, several parameters were
identified as critical to the long-term behavior of TCC
slabs. Therefore, the primary objective of this paper is to
conduct a comprehensive parametric study to quantify the
influence of these parameters and determine the extent
to which each affects the long-term performance of TCC
slabs. The parameters selected for investigation are:

 creep of concrete,

 creep of timber,

+ shrinkage of concrete, and

* the composite factor.

Sections 2.1.1-2.1.5 describe the long-term behavior
associated with each of these parameters individually.

2.1.1 Creep of concrete ¢

When structural systems are subjected to sustained loads
over time, their deformations gradually increase—a phe-
nomenon known as creep deformation. According to
Eurocode 2, both creep and shrinkage are time-dependent
properties of concrete, and their effects should generally
be considered in the verification of serviceability limit
states [32]. The standard specifies that creep and shrink-
age depend on several parameters, including relative
humidity, the dimensions of the structural element, and
the type of cement used. In addition, creep is influenced
by the maturity of the concrete at the time the load is first
applied. Based on these factors, the final concrete creep
coefficient, denoted as ¢ (o, ¢,), can be calculated using
the formulations provided in Section 3.1.4 of CEN EN
1992-1-1:2004 [32]. For long-term analysis, the effective
modulus of elasticity (MoE) of concrete can be reduced to
account for the effects of creep relaxation.

2.1.2 Creep of timber (Kdef)

Just like concrete, timber also undergoes creep over time.
The magnitude of timber creep depends primarily on
environmental exposure conditions. Several models have
been developed in the literature to describe the time-de-
pendent behavior of timber, with one of the most widely
recognized being Toratti's model [33]. This model sepa-
rates the long-term deformation of timber into seven com-
ponents: elastic deformation, viscoelastic creep, strain due
to changes in moisture content, mechano-sorptive creep,
shrinkage or swelling effects, hygro-expansion strain, and
thermal strain [26, 33].
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In design practice, a simplified approach is adopted in
Eurocode 5 [16], which introduces the deformation mod-
ification factor K 4or 10 account for time-dependent effects.
Although the code does not explicitly define the creep
behavior of timber, this factor represents the combined
influence of all long-term deformations resulting from sus-
tained loading, moisture content, and variations in mois-
ture. Different service classes are defined according to the
expected ambient temperature and relative humidity:

» Service class 1 is characterized by a moisture con-

tent corresponding to a temperature of 20 °C and
a relative humidity of the surrounding air that only
exceeds 65% for a few weeks per year.

» Service class 2 corresponds to a temperature of
20 °C and a relative humidity that only exceeds 85%
for a few weeks per year.

» Service class 3 is characterized by climatic condi-
tions leading to higher moisture contents than in ser-
vice class 2.

Based on these service classes, Eurocode 5 specifies
K, ” values for various timber elements. For CLT, the val-
ues odeefare 0.6, 0.8, and 2.0 for service classes 1, 2, and
3, respectively. The MoE of timber is reduced by these fac-
tors when assessing long-term performance.

A mathematical power-law relationship is often used to
describe the time-dependent creep of timber [34]. To apply
this model with reasonable accuracy, it is assumed that
both relative humidity and temperature exhibit only small
fluctuations over time—an assumption valid for service
classes 1 and 2, which generally represent indoor environ-
ments. Fig. 1 illustrates a comparison between the creep
behavior of timber and concrete.

2.1.3 Shrinkage of concrete (¢,)

When materials harden due to chemical reactions or
interact with the environment by releasing or absorbing
moisture, their volume changes over time. In the case of

Creep coefficient

Concrete

= = Timber

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Time (Days)

Fig. 1 Creep of timber vs. concrete
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concrete, the loss of moisture after hardening leads to a
reduction in volume, known as shrinkage. According to
Eurocode 2 (CEN EN 1992-1-1:2004) [32], the total shrink-
age strain consists of two components: drying shrinkage
and autogenous shrinkage.

The total shrinkage strain can be expressed as

8cs = gcd + gcu > (1)

where:
* ¢ is the total shrinkage strain,
* ¢ ,is the drying shrinkage strain,
* ¢, is the autogenous shrinkage strain.

Similar to creep, shrinkage develops progressively over
time and is affected by several parameters, including the
type of cement, the relative humidity of the environment,
and the dimensions of the structural element. The evolu-
tion of concrete shrinkage over time can be illustrated as
shown in Fig. 2.

2.1.4 Psi factor (y)

It is well established that concrete and timber exhibit dif-
ferent creep behaviors. If the two materials were to deform
independently—without any interaction or restraint
between them—the MoE of each material could be con-
sidered separately without modification. However, as
demonstrated in analytical studies presented in the COST
Report [6], when timber and concrete are mechanically
connected to form a composite system, it becomes neces-
sary to distinguish between the material creep coefficient
and the system creep coefficient.

To account for this interaction, the psi factor () was
introduced. This factor is used to determine the reduced
modulus of elasticity of each material in the composite sys-
tem, reflecting the combined effects of creep interaction
between timber and concrete. Values for the  factor can
be taken from Table 13 in [6].
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Fig. 2 Shrinkage development in time

2.1.5 Connection efficiency (y)

As mentioned earlier, the gamma factor (y) represents
the degree of connection efficiency between the concrete
and timber layers in TCC systems. Previous research
has investigated the range of connector stiffness val-
ues required to achieve an efficient level of composite
action, suggesting both upper and lower threshold limits
for design [17].

In the present study, this investigation is extended to
evaluate how variations in connection stiffness—and their
creep over time—influence the long-term behavior of
TCC slabs, with particular emphasis on their time-depen-
dent deflection performance. The time-dependent behav-
ior of the connectors was accounted for using the K def fac-
tor recommended in Eurocode 5 and the reduction factor
v as specified in Table 13 of [6].

2.2 Numerical study

2.2.1 Two-layer finite element model

Although several finite element (FE) software packages
support the design of CLT elements, only a few offer spe-
cialized capabilities for modeling CLT—concrete composite
systems. AXIS VM, for example, includes a CLT module
based on Mindlin plate theory, which is the two-dimen-
sional extension of Timoshenko beam theory [35]. While
this approach yields reliable results for CLT slabs, the
software [36] does not include dedicated functionality for
CLT-concrete composites.

To overcome this limitation, the concrete and CLT lay-
ers were modeled separately and coupled through inter-
face elements. Both layers were represented using shell
elements, with a mesh composed of six-noded serendipity
elements averaging 0.25 m in size. The layers were linked
by spring elements, whose stiffness values were defined
according to the mechanical properties of the shear con-
nectors. Rotational stiffness was set to zero, and vertical
stiffness was given an infinite value to represent the full
contact between the layers. The slip stiffness value was
defined based on the mechanical properties of the connec-
tions, ensuring the partial interaction.

The concrete was modeled as a linear-elastic, isotro-
pic material, while the CLT was treated as a linear-elas-
tic, orthotropic material to capture its directional stiffness
characteristics. A linear static analysis was then per-
formed. The modeling approach has been validated in ear-
lier studies and serves as a reliable basis for the present
investigation [17].



2.2.2 Settings and variables of the parametric study
The variables considered in the analysis were introduced in
Section 2.1, while their numerical values and settings are
summarized in Table 1. Deflection responses were evalu-
ated under the quasi-permanent load combination at mul-
tiple time intervals throughout the structure's service life,
extending up to 50 years. The study considered slab con-
figurations that were either simply supported or continuous
over two or three spans. However, the scope of this paper
is limited to the results obtained for the simply supported
slabs where one support was a pinned connection and the
other was a roller. The time of loading on the composite
slab was 28 days, when the concrete had fully cured.
Owing to the large number of variable combinations
and time steps required, a total of 36,864 linear static
analysis runs were performed. This extensive parametric
study was automated through a custom loop developed in
Rhino Grasshopper, which interfaced directly with AXIS
VM to generate and execute the individual analysis runs.

Table 1 Material and load parameters

Parameter Values
Creep coefficient of concrete (¢) 1.5-2-25-3
Creep coefficient of timber 06081

)

Shrinkage of concrete (RH)*3 60% — 70% — 80% — 90%

Gamma factor (y) 0.3-0.65-0.9
Span (m) 6

Dead loads (kN/m?) 1

Live loads (kN/m?) 1
Unit-weight (kg/m?) CLT: 450. Concrete: 2500
Concrete thickness (mm) 50-70-80

CLT thickness (mm) 100 — 120 — 150 — 180 — 200 — 240

C24. MoE = 11,000 N/mm?

C20/25-X0-16-F2.
MoE: 30,000 N/mm?

Timber quality

Concrete quality

1. Since the analyses were performed under indoor environmental
conditions, the values of K, -used were 0.6 and 0.8, corresponding to
service classes 1 and 2, respectively. A value of 1.0 was also included,
although it does not correspond to a specific service class; it was introduced
to allow proportional scaling of the timber's MoE based on K, .

2. The shrinkage of concrete was modeled as an equivalent thermal
load applied to the surface of the concrete layer, following the approach
described in [24].

3. The shrinkage of concrete was evaluated in terms of relative humidity
(RH) to facilitate comparison between cases. It is important to note that
RH affects both the creep of concrete and timber, as well as the shrinkage
of concrete. However, to isolate the individual effects of each variable for
clearer comparison, RH in this study—and throughout the remainder of
the paper—is considered only in relation to concrete shrinkage.
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3 Results and discussion

Data points exported from the parametric study were pro-
cessed and will be presented in Section 3, broken down into
several segments for easier understanding of the results.

3.1 Long-term effects

Figs. 3—6 present the long-term deflection behavior of the
composite slab with a configuration of CLT = 120 mm
(5-ply) and a concrete topping of 50 mm. The overall
response exhibits a rapid increase in deflection during
the initial five years, followed by a gradual, quasi-linear
growth over the following decades.

Fig. 3 illustrates the influence of concrete shrinkage, rep-
resented here by varying RH levels. As expected, a reduction
in RH (corresponding to higher shrinkage strains) results in
larger long-term deflections. This trend is consistent with
previous findings reported in the literature [13, 24, 37].

Fig. 4 shows the effect of the composite factor, which
characterizes the degree of interaction between the CLT
and the concrete layer. It can be observed that increas-
ing the composite efficiency reduces global deflections,
as a higher y value implies a stiffer composite action and
reduced slip at the interface. This is also in agreement
with prior studies [17, 20].

Figs. 5 and 6 highlight the influence of creep effects

in concrete ¢ and timber K, , respectively. In both cases,

of?
larger creep coefficients leadfto increased deflections over
time, reflecting the time-dependent stiffness reduction of
each material.

To better understand and quantify the influence of
each variable on the deflections, each deflection curve in
Figs. 3—6 is normalized to the curve with the minimum
deflection. For example, in Fig. 3, all curves are normal-
ized to the RH = 0.9 curve, which represents the case with
the least deflection.

Among all long-term effects considered, concrete shrink-
age appears to have the most pronounced influence on total
deflection. This observation supports the conclusions of
previous research [6, 20, 25, 38]. Figs. 7-10 present the cor-
responding normalized deflection curves for the same slab
configuration (120 — 5s + 50 mm), further illustrating the
system's relative sensitivity to each long-term parameter.

Fig. 7 shows that as shrinkage loads increase, the total
long-term deflections can rise by approximately 22% for
the case of RH = 60% in the examined slab configura-
tion. Fig. 8 shows that reducing the composite factor from
y=10.9 to y = 0.3 results in about 6% higher deflections.
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In Fig. 9, increasing the concrete creep coefficient from
@ = 1.5 to ¢ = 3.0 leads to an approximate 8% increase
in deflection by the end of the 50-year service period.
Finally, Fig. 10 indicates that changing the timber creep
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coefficient from K, =06t K, =10 produces around
12% higher deflections.

It should be noted that these relative increases vary
depending on the thickness ratio between the CLT and



the concrete layer. For instance, in configurations with
a thicker concrete topping, the contribution of the con-
crete creep coefficient to the total deflection becomes
more significant. Nevertheless, after examining several
slab configurations, it was consistently observed that
concrete shrinkage remains the most critical long-term
parameter influencing deflection. Therefore, Section 3.2
focuses on identifying the parameters that affect shrink-
age and exploring how design decisions related to slab
geometry—rather than relying solely on low-shrinkage
concrete mixtures—can be employed to mitigate shrink-
age-induced deflections.

3.2 Factors affecting shrinkage

Since concrete shrinkage was identified as the most signif-
icant long-term effect, Section 3.2 examines how the pre-
viously introduced parameters interact and influence the
overall shrinkage behavior. In the final part, the relation-
ship between shrinkage and the distance from the centroid
of the concrete layer to the neutral axis of the composite
section is discussed in detail.

3.2.1 Composite factor (y)

Fig. 11 illustrates the relationship between the composite
factor and the corresponding shrinkage-induced deflections.
The curves labeled y = 0.9 to y = 0.3 represent the normalized
shrinkage—deflection responses for the case of RH = 60%.
It can be observed that as the composite factor increases, the
deflections attributed to shrinkage also increase.

This behavior occurs because a higher degree of com-
posite interaction enhances the transfer of shrinkage
strains from the concrete layer to the timber substrate.
Nevertheless, despite the slightly larger shrinkage-in-
duced deflections at higher y values, the overall structural
performance of the system remains superior, as a higher
composite factor results in greater stiffness and reduced
total deformation under sustained loading. Therefore,
it is not recommended to intentionally design for lower y
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values, as this would diminish the composite action and
adversely affect both stiffness and ultimate capacity [17].

3.2.2 Concrete creep coefficient (¢)

The curves shown in Fig. 12 follow the same logic as those
presented in Section 3.2.1. They represent the shrinkage—
deflection responses for the case of RH = 60%. It can be
observed that as ¢ increases, the deflections induced by
shrinkage decrease.

This behavior is physically reasonable, since concrete
creep leads to stress relaxation within the concrete layer,
thereby reducing the internal stresses associated with shrink-
age and consequently lowering the resulting deflections.

3.2.3 Timber creep coefficient (K def)

Fig. 13 shows that variations in the K dof have no signif-
icant influence on shrinkage-induced deflections. This
indicates that the creep behavior of the timber layer does
not significantly interact with the shrinkage effects of the
concrete topping, and therefore, its impact on the overall
shrinkage response of the composite section can be con-

sidered negligible.

3.2.4 Distance from concrete center to neutral axis (£ )
After analyzing the data obtained from the parametric study,
it was observed that as the overall cross-sectional thickness
increases, the normalized deflection values resulting from
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shrinkage stresses also increase. This trend, however, is not
directly related to the thickness of the concrete layer itself.

When comparing two CLT-concrete slab configura-
tions with the same total thickness but different concrete-
to-CLT thickness ratios, the shrinkage-induced deflec-
tions remain nearly identical (see Figs. 14 and 15).

In contrast, when the total thickness of the composite sec-
tion is increased, the normalized shrinkage deflections also
rise. This can be attributed to the increased distance between
the neutral axis of the composite section and the centroid
of the concrete layer. A larger separation between these two
reference points amplifies the internal moment generated by
shrinkage stresses, resulting in higher global deflections.

Fig. 16 presents the relationship between the normal-
ized deflection value at the end of the service life—when
both timber and concrete creep have reached their peak and
shrinkage is at its maximum—and the distance from the cen-
troid of the concrete layer to the neutral axis of the compos-
ite section for several slab configurations. A clear propor-
tional relationship is observed, indicating that the geometry
of the composite cross-section has a significant influence on
the magnitude of shrinkage-induced deflections.

4 Conclusions
The analyses demonstrated how each investigated param-
eter influences the overall behavior of the composite slab
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configuration, with shrinkage identified as the most crit-
ical factor. Subsequently, the interaction between these
parameters and their influence on shrinkage-induced
deflections was examined in detail. Based on these find-
ings, several design-oriented recommendations are pro-
posed to achieve optimal long-term performance of CLT—
concrete composite slabs.

As discussed in Section 3.2.4, the relationship between
the distance from the centroid of the concrete layer and the
neutral axis and the shrinkage-induced deflections exhib-
its an approximately linear correlation, where a larger dis-
tance results in higher deflection values. Therefore, select-
ing slab geometries and CLT-to-concrete thickness ratios
that minimize this distance can effectively reduce maxi-
mum shrinkage-induced deflections.

At the same time, even when two slab configurations
share the same Z  value, increasing the thickness of the
concrete layer tends to increase shrinkage-induced deflec-
tions, although the overall stiffness of the slab becomes
higher. Designers should carefully evaluate this trade-off,
as thicker concrete layers do not necessarily yield a more
optimal long-term design.

It is not recommended to design for a lower composite
factor (y), even though this would slightly reduce shrink-
age-induced deflections, because a lower y leads to a con-
siderable reduction in the overall stiffness of the composite
cross-section. Similarly, although a relationship between
concrete creep and shrinkage has been observed, increas-
ing the concrete creep coefficient to achieve smaller shrink-
age stresses is counterproductive, as the resulting stiffness
reduction over the service life would negate any benefit.

Furthermore, there appears to be no direct interaction
between the creep behavior of the timber layer and the
shrinkage response of the composite system. Therefore,
modifying the timber creep coefficient has a negligible
influence on shrinkage-related deflections.



To summarize, it is recommended to prioritize
low-shrinkage concrete mixtures, as shrinkage was found
to be the dominant parameter governing long-term deflec-
tions. In addition, designers should aim to select slab con-
figurations that minimize the distance between the neu-
tral axis and the centroid of the concrete layer (Z, ) while
maintaining an appropriate balance between stiffness and
shrinkage sensitivity when determining the thickness
ratio of the CLT and concrete layers.
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