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Timber-concrete composites (TCC) are smart solutions for slabs in residential and office buildings regarding
the sustainable and performance-optimized use of materials. However, a non-negligible disadvantage is the
deflection of the timber elements caused by in-situ concrete casting during construction. This paper presents
an approach to camber timber elements without external forces by using the innate swelling capacity of wood.
Oven-dried hardwood inlays can be inserted transversally into cuts on the top side of a timber element. After an
increase of the moisture content in the inlays, the swelling pressure will result in a self-camber of the timber
element. In this study, a procedure for prediction of the self-camber is derived and the model is validated
using an experimental test series. The results demonstrate that the self-camber of spruce elements using beech

inlays is both feasible and predictable. On this basis, practical application scenarios for TCC elements in timber
engineering are shown and discussed.

1. Introduction

The increasing need for sustainable solutions in the construction
industry brings the most common slab system with reinforced concrete
in distress [1,2]. In Switzerland, reinforced concrete slabs account for
the vast majority of all built slabs in residential and office build-
ings. However, the cement production is the third-largest human-made
source of CO, emissions [3]. The typical density of reinforced concrete
at 25kN/m? is also a serious disadvantage regarding transport, instal-
lation, and loads on the foundations. For timber-only slab systems, the
required stiffness for longer spans is often a challenge. The thickness of
timber-only slabs significantly increases with the span to achieve the
required load-bearing capacity, deflections benchmarks, and in some
cases vibration and acoustic performance. Timber-concrete composite
(TCC) slabs combine the advantages of both timber and concrete and
bring them together to an optimized performance [4-6]. The timber
part below acts as formwork and reinforcement for the concrete, taking
up the tensile forces and optionally providing an aesthetic ceiling for
the floor below. The concrete part on top takes up the compression
forces, improving the fire resistance and enhancing the stiffness and
mass of the slab for better vibration and acoustic behavior [7,8].

The main structural challenges of TCC slabs are the connection
between timber and concrete [9] and the large deflections due to the
complex long-term behavior over the entire service life [10-13]. The
challenge of deflections does not only concern TCC slabs over the
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service life in a composite state, but also the initial state of the timber
elements during in-situ concrete casting [14,15]. The deflection due
to the load of the fresh concrete is a significant disadvantage during
the construction state and constitutes a big portion of the total final
deflections over the service life.

Apart from technical notes [16], no specific considerations are made
in design standards with respect to camber measures. In practice,
camber is often subtracted from the calculated total deflections. The
hitherto available solutions to comply with the deflection guidelines are
on-site propping, prefabrication, or external pre-bending or milling of
the timber elements into a pre-camber shape. However, prefabrication
is not always possible depending on the construction site and procedure
or the transport and production possibilities. Therefore, propping is
the most common as it is compatible with in-situ concrete casting and
seemingly straightforward. However, many props are needed for larger
spans and they severely interfere with the process on the construction
site. Propping is also very time-consuming, as the props need to stay un-
til the concrete has hardened and reached a sufficient strength to ensure
the composite action. Furthermore, there are findings that propping
does not solve the long-term deflection problem, since eigenstresses
are built up during the propping phase [15]. These eigenstresses may
increase the deflection behavior in the long-term perspective [17].
More practical methods exist, e.g. the cambering of timber elements
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Fig. 1. Principle of self-camber of a simply supported timber beam by swelling inlays
where each inlay generates a normal force N,,. A total self-camber of w(c) can be used
to compensate a deflection w(q).

by using distributed screw fasteners inserted at an angle to the axes of
the elements [18,19].

The innovative measure to compensate deflections of TCC elements
presented in this paper does not require any external forces, can be
carried out on site, and has a manageable expenditure of time and
materials. The timber element is cambered by inserting oven-dry hard-
wood inlays into cuts or notches milled into the top surface of the
timber element. The inlays expand while adjusting to the moisture
content (MC) of the surrounding timber board and climate, inflicting
an expansion force N;, eccentric to the longitudinal axis of the element
(Fig. 1). The eccentricity e leads to a moment M in the timber element
at the inlay region:

M =N, e. @

This moment leads to a curvature y = M(EI,)~!, which for a simply
supported beam, assuming that the moment is sustained over the whole
span of the beam, will lead to an upwards deflection w(c) at mid-span
of

72 Ny -e-?

Hereby / is the span, and EI, is the flexural rigidity of the notched
timber beam, with a reduced area moment of inertia 7, due to the
notches. The self-camber deflection w(c) can now be used to compen-
sate deflections w(q) due to a loading ¢ of the beam as illustrated in
Fig. 1.

In order to efficiently employ this principle, i.e. to maximize w(c),
it is apparent that next to the number of inlays and their eccentricity,
the generated swelling forces N;, need to be maximized. Previous
works [20-22] have used the set-recovery capacity [23] of densified
wood inlays to generate a large pre-stress in timber beams. However,
in the study of Gronquist et al. [24], where swelling pressure of
densified and native European beech wood was compared, it was shown
that native beech wood could also reach sufficiently high swelling
pressures compared to densified wood. This renders an additional and
expensive densification process of the inlays unnecessary. A related
numerical parametric study on the concept of self-camber for TCC
elements demonstrated that in dependence of geometric configuration,
any practically relevant target camber w(q) can be achieved by using
native European beech wood [25].

A further challenge of the self-camber principle is to achieve a
precise prediction by calculation models. Otherwise, a given inlay con-
figuration is uncertain with respect to optimally compensating for w(q).
Eq. (2) shows that w(c) is directly proportional to N,,, highlighting
its importance in terms of accuracy of prediction. However, as the
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generated swelling pressure between inlay and beam (and therefore its
resultant N,,) is highly uncertain in terms of a material perspective, this
parameter needs to be precisely analyzed and assessed. Specifically, it
is known that wood possesses a complex load-, time-, and moisture-
dependent mechanical behavior that can be summarized and modeled
as a rheological one [26,27]. Mechanisms such as hardening after yield,
or relaxation should be considered. Therefore, a precise but practical
model for determination of the swelling pressure is necessary.

In this study, an analytical and simple model for the estimation
of w(c) is derived. The model considers moisture-dependent elastic,
yielding, and hardening properties of the inlay material. The swelling
against the elastic embedding case, annual ring inclination in the inlays,
as well as reduction of flexural rigidity due to notches of the timber
beam are considered. The model is validated against experimental data
from three self-cambering specimens of 2 m span and with different
notch configurations. A detailed discussion is provided on how to reach
the maximum swelling pressure, and a sensitivity analysis is conducted
in order to quantify the required control over manufacturing param-
eters. Finally, practical approaches for use of the self-camber concept
in timber engineering are discussed by showing how the deflections in
different states of 4, 6, and 8 m spanning TCC slabs can be compensated
by self-camber.

2. Calculation of self-camber

In the following subsections, a step-by-step approach to calculate
the value of the self-camber w(c) in dependence of the beam and inlay
geometry and their material parameters is derived and presented. The
model approach is shown in Fig. 2.

2.1. Effective swelling coefficient and modulus of elasticity of inlay

While the grain direction of the inlay should always be perpen-
dicular to the beam’s grain direction because of otherwise insufficient
swelling, it is often impossible to realize a clean tangential or radial
orientation of the inlays. Practically, growth ring curvature or unclean
cutting and preparation of the inlays results in an inclination 8 of the
wood’s anatomical T direction with respect to the beam axial direction.
For this reason, and in order to provide properties in the beam’s axial
direction, the effective inlay differential swelling coefficient «;, and the
effective modulus of elasticity of the inlay E;, can be approximated by

@y = ay o8> 0 + ag sin? 6, 3)

ErEg

E,=——"R |
Epsin® 0 + Egcos? 0

in “@
where the indices 7" and R indicate the properties in strict tangential
and radial directions of the inlays. In Eq. (3), the effective swelling
coefficient «; is calculated by tensor rotation. In Eq. (4), the effec-
tive modulus of elasticity E; can be calculated using Hankinson’s
formula [28] in order to avoid the need of specifying the shear modulus
and Poisson’s ratio of the inlays.

2.2. Linear elastic swelling pressure

By considering the restrained swelling of an inlay with length /,,
in an elastic embedding represented by a unit zone of the surrounding
beam of length /,, where I, = d +I;, with d being the distance between
inlays, the following governing equilibrium differential equation can be
formulated for the 1D case:

j_x((% +€0) EnAin) = 0. (5)
Hereby, x is the position variable, u is the displacement of the inlay
along x, A;, is the cross-sectional area of the inlay, and ¢, = «;,4w is the
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Fig. 2. Schematic model of a beam with inlays and the induced self-camber w(c).

residual strain due to swelling of the inlay with expansion coefficient
a;, and an applied moisture content difference of Aw. By integrating
Eq. (5) once and twice, the following expressions can be obtained:

du
EinAinE + EinAing() = Cl’ (6)
Ei,Ajyu+ EjAjggx = Cix + Gy, @)

where C; and C, are integration constants. Eq. (6) is the first in-
tegration of Eq. (5) and equals the resulting load Q acting on the
cross-section of the inlay. By formulating the boundary conditions in
Egs. (6) and (7) as u(x = 0) = 0 and O(x = (/;,/2)) = —ku(x = (1;,/2)),
where k = E,A,;,((1,/2) — (I,,/2))"" is the equivalent spring stiffness
representing the elastic embedding around the inlay (with modulus of
elasticity of the beam E,), we obtain

C, =0, (€)]

_ k(l;,/2)€q

1+ k(l;,/2)(E;, Aj) !
By inserting the expressions for the equivalent spring stiffness k and
the residual strain ¢, and by dividing the resulting load Q by the inlay

¢ =0 9

area A;,, we obtain the swelling pressure o, as:
lu - lin 1 -
= X2 4 — - Aw. 10
o ( Eyly,  E fint (o

Finally, the swelling pressure resultant per unit width for an inlay can
be calculated with N;,, = o.h;,, where h;, is the inlay height and
where it is assumed that the 1D swelling pressure is constant over the
inlay height. It should be noted that in the case of an infinitely soft
embedding of the inlay (i.e. E, - 0) N;, = 0, and in the case of an
infinitely stiff embedding (i.e. E, — ) N,, = E;,a;,Awh;,,.

mn=in

2.3. Swelling pressure limited by yield and hardening of inlay

The case of linear elastic swelling pressure, like above, is an ideal
simplification omitting the fact that the maximum possible swelling
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Fig. 3. Left: RO curves for compression of European beech wood in T and R directions
for two exemplary levels of MC (v = 8% and w = 12%), based on data from [29]. Right:
Hankinson formula (Eq. (4)) applied to theoretical values of o, ,, after e = 0.04 (for

x,lim
a T orientation of an inlay, i.e. @ = 0, this corresponds to a swelling strain resulting

from a moisture change of approx. 4w = 10%).

pressure is physically limited. Transversally compressed wood at the
macroscopic scale shows a gradual and distinct softening behavior with
increasing level of compression [29]. Mathematically, the Ramberg—
Osgood (RO) function [30] provides a convenient representation of the
stress—strain relationship of transversally loaded hardwood; especially,
in the case of European beech [29]. The RO function,

n
(o2 [0}
=Z4(2) . 11

1

possesses 3 parameters, E;, K;, and n; where the index i is the radial
direction R or the tangential direction T of the wood. Examples for
the values of these parameters for European beech are given in Table 2
and exemplary curves are shown in Fig. 3. Practically, in order to be
useful in the context of maximum admissible swelling pressure, the
RO function needs to be inverted. However, since it is not invert-
ible, an approximate first-order solution for the inverse RO function,
following [31], can be used as follows:

K;(a;Aw)"i

- . 12
1+ K, E; ' ny(; Aw)ni=!

Oilim ~

With the above equation, the swelling strain «;dw can be directly
used to calculate the maximum possible swelling pressure o, ;;,, in the
anatomical directions i = R and i = T. By calculating both oy ;;,, and
o7 1im» ONE can presumably apply the Hankinson formula (Eq. (4)) again
in case of inclined annual rings of an inlay and find the maximum
admissible swelling pressure o, ;;, (see Fig. 3). The true value of the
swelling pressure resultant can now be calculated using the condition
N'n = min(o_x’ o_x,lim)hin' (13)

i

The condition assures that the generated normal force by the restrained
swelling of the inlay against the elastic embedding is adequately limited
by possible yield of the inlay.

2.4. Reduced area moment of inertia of notched beam

In a next step, the influence of the notches on the flexural rigidity
of the timber beam has to be quantified. For this, a reduced area
moment of inertia is calculated for the notched part of the beam shown
as /., in Fig. 2. By assuming small deflections and that the notched
part h;, of the cross-section is in a uniform stress state caused by the
swelling pressure of the inlays, the weighted average axial stiffness of
the notched part of the cross-section E,A, ;, can be expressed as

EbAinlin + EinAind
EA,, = —tlinin T ZinfinT 14
b riin lin +d ( )
where A4, ,
part. By re-arranging Eq. (14), the following expression is obtained:

_ Eyl, +E,d

mn T By, + d)

r,in

is the reduced or effective cross-section area of the notched

A Aip = BAp, (15a)
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_ Eyl, +E,d
Eyl;,+d)
In Eq. (15a), f is a reduction factor. Since the width of the notches and
the beam is identical, Eq. (15a) reduces to h,;, = § - h;,. The reduced
area moment of inertia for the rectangular beam with inlays can now
be expressed as

1, = 56 = (1= p)hy)’, 16)

where b is the width of the beam. Finally, the curvature of the notched

part of the beam can be expressed as:
_ N in h

YTELY

(15b)

a7

In Eq. (17), it is assumed that the eccentricity has a constant value of
e = h;,/2+(h—h;,)/2 ~ h/2. Theoretically, the centroid of the beam will
be slightly different due to the reduced stiffness of the notched part. In
most cases, the movement of the centroid is very small and is therefore
neglected. However, this cannot be generalized, and in some situations,
will need to be considered.

2.5. Self-camber of a simply supported beam

The self camber at mid-span of a beam fully covered with inlay units
can be expressed as:

2
_ chou
Weop = 8 ’

18

where /., = nl, is a multiple of /, and represents the length of the beam
covered by n inlay units. Due to practical reasons, it may be desirable
to keep the regions around the supports of the beam free of notches
(see 4.4). Therefore, the first inlays may be separated from the beam
edges by a distance / for a beam with span /. The resulting self-camber
of the beam can be decomposed into three parts:

w(e) = wy + w, + w; 19

where w is the deflection of the notched length of the beam /,,,,, w, is
the deflection due to rigid body motion of the support regions without
notches, and w; is the deflection of the support regions due to bending.
wy is idealized as a cantilever beam with a moment at its free tip. w,
w,, and w; can be expressed as:

12
Wy = Weop = %s (20a)
I
wy= 212, (200)
Ip—1)2
wy = LRl (20¢)

2

3. Materials and methods
3.1. Experimental self-camber of 2 m span beams

Three single boards of 2m span with different arrangements of the
cuts as shown in Figs. 4 and 5 were tested. The specimens S1-S3
consisted of spruce boards (Picea abies) with cuts on the top side, where
oven-dried European beech (Fagus sylvatica) inlays were placed. An
optimal shape of the cuts and their arrangement in the timber boards
was previously determined in a parametric study using a finite element
model [25]. For each of the three specimens, a total of 15 cuts was
chosen. The specimens differ only in distances between the cuts d and
distances to the edge /;. Table 1 shows the detailed characteristics
of the three specimens. The spruce boards were manufactured with a
length of 2000 mm, a width of 40 mm, and a height of 80 mm. The cuts on
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Fig. 4. Dimensions and configuration of specimens S1-S3.

Fig. 5. Image of specimens S1-S3 with measurement of upwards deflection by
suspended LVDT sensors in 65% RH and 20 °C climate chamber.

the top side of the boards were milled out using a circular saw blade.
The boards were then acclimatized in a 65% relative humidity (RH)
and 20 °C climate. After a month in the climate, the width of each
cut was then manually measured using a digital caliper (precision of
+0.01 mm). Meanwhile, the beech inlays were oven-dried for 4 days
at 103 °C. After drying, the width of each inlay was adjusted using a
thickness planer (tolerance of +0.1 mm) to match the exact width of
each single cut the inlays were to be placed in. Overall, the cuts had
an average width of 25mm and an average depth of 23 mm. The inlays
were inserted so that the anatomical T direction aligned with the span
direction of the board. For each specimen (S1, S2, and S3) the inlays
had an average annual ring inclination of 10° off from the T direction.
After inserting the inlays into the cuts, the boards were left in the 65%
RH and 20 °C climate for the inlays to swell. Over a period of 120h,
the vertical upwards deflection of the three boards was measured using
linear variable differential transformer (LVDT) sensors (resolution of
10> mm). During the measurement, the boards were simply supported
at each end.

3.2. Model calculation of experimental configurations

The analytical model presented in Section 2 was used to calculate
the self-camber w(c) achieved by the experimental samples S1-S3.
Therefore, the geometry input parameters used for the modeling corre-
sponded to the values given in Table 1. The material parameters for the
beech inlays corresponded to the RO parameters as shown in Table 2.
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Table 1
Geometrical configurations of the three specimens S1, S2, and S3.

Construction and Building Materials 308 (2021) 125024

Table 3
Model input parameters X, attributed with uncertainty for sensitivity analysis of spec-

Parameter Label Unit Specimens imen S3 situation (fixed parameters according to Table 1). Manufacturing parameters
(¢, Aw, 0) were attributed with uniform (V") probability density functions (PDF) with
51 52 s3 lower an upper bounds a and b, and material parameters (ay, ag, Er, = Ep(w = 0),
Span 1 [mm] 2000 2000 2000 Eg, = Eg(® =0), E,) with lognormal (£N') PDFs with mean values x and coefficients
Height h [mm] 80 80 80 of variation (COV).
Width b [mm] 40 40 40 X, Unit PDF Scenario parameters
No. of cuts and inlays n [mm] 15 15 15
Distances between cuts d [mm] 101.8 105.4 58.9 A B C D
Distances to edge Ig [mm] 100 75 400 ¢ [mm] V'la, b] [0, 0.5] [0, 1] [0, 0.5] [0, 1]
Length of cuts and inlays 1, [mm] 25 25 25 Aw [%] U'la, b] [10, 12] [9, 13] [9, 13] [10, 12]
Depth of cuts and inlays hy, [mm] 23 23 23 ] [deg] U'la, b] [0, 15] [0, 45] [0, 25] [0, 25]
ar [%1] LN [u,COV] [0.0040, 10%]
ag [%1] LNu,COV] [0.0018, 10%]
Table 2 ) ) ) ) Er, [MPa] LN[u,COV] [833.29, 10%]
P‘aranfeters for calFulatlon of mmsture-d-ependent RO cur\fes for tangential and radial Eq, [MPa] LN[u,COV] [2176.4, 10%]
direction of beech inlays under compression stress. Properties calculate as P(w) = mw+q Eb‘ [MPa] LN[u,COV] [11°000, 10%]

where o is the moisture content in %. Properties are valid in a range of w = 6% to
® = 14%. Parameters based on data from [29].

Parameter Eg Ky ny E; K, ny
[MPa] [MPa] -] [MPa] [MPa] [-]
m -21.4 -0.908 0.5871 -17.62 —-0.548 0.3333
q 2176.4 28.271 9.6429 833.29 16.664 5.4000
30 : : : :
——— Adsorption
25 Desorption
= = =65% RH, w = 11%
20 -
R sl
3
wf-TTTTTT oA >
1
1
5r 1
1
0 . . | .
0 20 40 60 80 100

RH [%)]

Fig. 6. Adsorption and desorption isotherms for European beech wood at 20 °C: Wood
equilibrium moisture content (w) vs. relative air humidity (RH). Black dashed lines
represent adsorption conditions at 65% RH and 20 °C climate. Sorption curves based
on Hailwood-Horrobin model data according to [32].

The swelling coefficients in R and T directions of the inlays, needed
for Eq. (3), were chosen as ap = 0.0018% ! and a7 = 0.0040%!, and
the average value of the annual ring inclination off from the insertion
axis (T axis) was # = 10°. According to the adsorption isotherm
curve for European beech shown in Fig. 6 (adopted from [32]), the
applied difference in MC of the inlays was Adw = 11%. Finally, the
modulus of elasticity of the spruce boards was assumed to be E, =
117000 MPa, according to the value given for the timber grading class
C24 following [33].

3.3. Sensitivity analysis

The analytical model of Section 2 was used for a sensitivity analysis.
Assuming that each model input parameter X; is following a certain
probability density function (PDF) with specific parameters, the model
output random vector (Y) can be quantitatively assessed by Monte-
Carlo sampling where Y = M(X), such that M is the computational
model and X is an input vector containing an independent random sam-
pling of each input parameter X;. The procedure allows to calculate the
partial variances of each of the model input parameters separately and
of their combination with respect to the variance of Y. In this study, the
Sobol’ indices method [34], a global-type sensitivity analysis method
was employed in order to quantify the contribution of variability of
each input parameter to the resulting variability of the self-camber.

The sensitivity analysis was conducted on the exemplary situation
of the specimen S3. The model input parameters were separated in

fixed parameters and in parameters with attributed uncertainty. The
latter category was subdivided into two subcategories of manufacturing
parameters and material parameters. The manufacturing parameters
were chosen as the MC difference Aw, the inlay annual ring inclination
0, and a newly introduced parameter, the machining tolerance c. The
tolerance ¢ was defined in the frame of the model of Section 2 such that
c is representing a clearance between inlay and notch. Over the length
of ¢, the inlay is subject to free swelling with no contribution to the
swelling pressure. Therefore, an equivalent MC difference Aw,, = ¢(/;,—
c)*loti‘n1 was defined that is to be subtracted to Aw in order to calculate
the self-camber. The other subcategory of material parameters contains
the inlay swelling coefficients (a7, ag) and the moduli of elasticity of
the inlay and the spruce beam (Er, = Er(w = 0), Eg, = Eg(w = 0),
E,). The model input parameters and their chosen distributions are
shown in Table 3. Four different scenarios of parameter combination
were analyzed:

+ Scenario A: High control possibility over all of the manufacturing
parameters.

+ Scenario B: Low control possibility over all of the manufacturing
parameters.

+ Scenario C: High control over machining tolerance, low control
over climate, moderate control over inlay orientation.

» Scenario D: Low control over machining tolerance, high control
over climate, moderate control over inlay orientation.

For each scenario, the model was evaluated 107 times and only first
order Sobol’ indices were considered. For simplicity, it was assumed
that all input variables are independent and that the material pa-
rameters each possess a fixed coefficient of variation (COV) of 10%
independently of the scenario. The sensitivity analysis was conducted
with UQlab [35,36], an uncertainty quantification tool for Matlab.

4. Results and discussion
4.1. Experimental validation of model

The amount of self-camber w(c), i.e. upwards deflection reached
over time by the specimens S1-S3 is shown in Fig. 7. It can be
recognized that all three specimens reached a limit value at a time of
48h of being in a 65% RH climate. After a gradual increase in w(c),
specimens S1 and S2 reached a value of about 10 mm each, whereas
specimen S3 reached a value of approximately 13.7 mm. The limit values
of the specimens along with the model predictions using the presented
model of Section 2 are shown in Table 4 (and Fig. 7). The accuracy
of the analytical model for all three specimens is fairly reasonable and
inside a range of precision that can be justified by the natural variability
in material parameters. The specimen data shows that the deflection for
specimen S2 is slightly larger than for S1. However, the model shows
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Table 4
Self-camber deflections calculated by analytical model (Eq. (19), rounded values)
compared to data from experiments (rounded max. values from Fig. 7).

Deflection S1 S2 S3
Model Data Model Data Model Data
[mm] [mm] [mm] [mm] [mm] [mm]
w(c) 8.97 9.70 8.50 9.96 13.37 13.65
wy 7.77 8.17 3.71
w, 1.20 0.33 8.45
w; 0.01 0.001 1.20
15 . . . . .
101 —
=
B
5
----- S1 model
----- S2 model
S3 model
0 . . . ! !
0 20 40 60 80 100 120

Time in 65% RH climate [h]

Fig. 7. Self-camber of specimens S1-S3 in 65% RH climate (4w ~ 11%). Comparison
of analytical model (dashed lines) and measured data of the specimens (full lines).

the opposite behavior. The difference is very slight, and therefore, may
be attributed to material variability in the specimens too. It can be
concluded that the prediction model shown in Section 2 is suitable for
predicting the final value of self-camber of notched spruce beams with
beech inlays.

In Table 4, the decomposition of the total model self-camber w(c)
into w;, w,, and wj is shown. The deflections from the notched length
of the beam (w,) is the largest in S2. This is as expected as S2 has the
largest share of notched length compared to the other specimens. For
S3, the largest portion of the deflections results from the rigid-body
motion of the support regions of the specimen (w,). This is reasonable
as the support regions in this specimen are much larger than in the
other specimens. The flexural deflections from the support regions
(w3) of the beams are reasonable in all three specimens, where longer
support regions without notches are in theory subject to larger flexural
deflections.

Self-cambering, as will be shown in Section 5, is necessary for
larger spans (> 4 m). However, in order to validate the presented model
and for the objectives of this proof-of-concept study, the medium-
scale approach with 2 m span beams was economic and straightforward
(e.g. could be conducted in a controlled climatic chamber) while still
being comparable to the spans in practice. The size effect between
different spans is expected to be small. The axial force, and thus the
moment induced by the swelling inlays in the beam, is in principal
only dependent on the swelling pressure that can be reached by the
inlays. The resulting self-camber w(c) is dependent more on support
conditions, positioning of the notches along the beam length, and
geometry of the beam.

4.2. Analysis of swelling pressure

Next to predicting the value of w(c) for any possible geometrical
configuration according to Section 2, the validated model can now be
used to conduct parametric analyses in order to identify optimal config-
urations and boundary conditions. As a principal goal, one may define
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Fig. 8. Swelling pressure as calculated by analytical model using moisture-dependent
elastic embedding curves (Eq. (10), assuming E, = 11’000 MPa) and inverse RO curves
(Eq. (12)) for R and T orientations of inlay made from European beech. Different
lines with different starting MC’s (w = 0 and w = 4%) show pressure evolution over
respective moisture uptake until © = 14%. Elastic embedding curves are shown for
three exemplary situations of inlay spacing: /,, : [, =1:3,1:5, and 1 : 7. Example:
Inserting an R-oriented inlay (0 = 90°) at an initial MC of 0% (oven-dry state) will result
in a maximal pressure of about 16 MPa at around w = 6%. A further moisture uptake of
the inlay until = 14% will result in a reduction of the pressure to about 13 MPa.

reaching a maximal value of w(c). Such an analysis is best conducted
in an independent manner of specific inlay geometry parameters such
as inlay height or length. As mentioned above and from Section 2, it
is evident that w(c) is directly proportional to the swelling pressure,
which was defined as ¢ = min(o,, 6, ;;,,) in Eq. (13), where the subscript
x is the orientation variable. To influence o, one can vary the inlay
orientation (0) and the MC difference Aw. The inlay orientation will
define the inlay swelling coefficient, the inlay modulus of elasticity,
and the inlay RO parameters. Note that the MC difference is not to be
treated as an absolute value but is the difference of a defined starting
and end MC. Both the starting and end MC define the moisture range
that characterizes the moisture dependent modulus of elasticity and RO
properties of the inlay, which are variable over the time the inlay takes
up moisture and swells. Finally, the last parameter influencing ¢ is the
inlay spacing. The latter can be defined as a ratio of inlay length to
inlay unit length (/;, : 1,), and influences the value of ¢ during the
phase of swelling against elastic embedding. A parametric analysis of
o is shown in Fig. 8 for two orientations (R, 8 = 90°, and T, 6 = 0), two
starting MCs (o = 0 and w = 4%) with a final MC of 14%, and for three
different inlay spacings /;, : [, =1:3,1:5,and 1 : 7.

It can be observed that for both R and T orientations of the inlays,
the elastic phase is similar. This is best explained by the fact that a
T-oriented inlay possesses a higher swelling coefficient, but possesses
a lower modulus of elasticity than an R-oriented inlay. This results
in a perfect compensation making both initial slopes similar to one-
another. However, for a T-orientation, the yield limit sets in much
earlier than for an R-orientation. This enables R-oriented inlays to reach
up to 16 MPa of swelling pressure while T-oriented inlays are limited
to reach approximately half as much. An interesting behavior that
can be observed is that T-oriented inlays seem to be able to activate
the hardening phase of the RO curve while R-oriented inlays, upon
reaching yield, continuously soften because of the stiffness loss due to
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moisture-dependency of the RO parameters. This leads to the insight
that R-oriented inlay possess a distinct maximum value of ¢ directly
when reaching the yield value. Therefore, a further moisture uptake is
unnecessary, and an optimal difference in MC can be decided upon. For
example, Fig. 8 shows that inserting R-oriented inlays at the oven-dry
state and making them equilibrate at w = 14% (i.e. Aw = 14%) will result
in a lower value of ¢ than inserting inlays at 4% and then equilibrating
them at 9% (i.e. 4o = 5% only). However, in order to reach high
MCs, there is a tendency that the dryer the inlays are inserted, the
higher the end value of ¢. In addition, oven-drying the inlays is one
of the only ways to practically reach low but defined MCs (in this case
o = 0), while it is more difficult to reach other starting values because
of the necessary equilibration in a defined dry climate. Finally, it can
be recognized that whether the inlay spacing is narrow (/;, : [, =1 : 3,
approximately as in sample S3) or wide (/;, : I, =1 : 5, approximately
as in sample S2) only influences ¢ for low values of Aw before the
yield phase. However, in the example of R-oriented inlays inserted at
oven-dry state and subjected to Aw ~ 6%, the spacing /;, : I, =1 :3
is able to reach ¢ ~ 16 MPa, but the spacing /;, : I, = 1 : 7 only
reaches ¢ ~ 10 MPa. However, upon reaching the moisture-dependent
yield value, they fall on the same RO curve when Aw is increased.
As an overall conclusion, it can be said that an R-orientation of the
inlay subjected to a limited change in MC will be able to maximize the
swelling pressure, and thus also the self-camber w(c).

Comparing to Section 4.1, it can be recognized that in Fig. 7 the
experimental values of S1-S3 continuously increase, then stay constant
after t = 48h while the model in Fig. 8 shows that swelling pressure
decreases after w ~ 7% in the situation of T-oriented inlays with 6 ~ 10°.
The explanation may be the complex moisture diffusion process that
results in the outer parts of the inlay being already in the decreasing
phase while the inner, still dry parts are in the increasing phase of the ¢
curve. This moisture gradient likely results in an overall loss of stiffness
of the rising phase in the experimental w(c) versus time curve instead
of in a distinct increase and decrease of w(c). At t = 48h, all the inlay
cross-section has reached its final MC of & =~ 11%.

4.3. Model limitations

The model presented in Section 2 has certain limitations that need to
be taken into account. In a general sense, it is one-dimensional and uses
approximation functions such as the Hankinson formula. A detailed 3D
stress analysis would be possible by using a finite element numerical
model. However, it is not the aim of this practically-oriented study to
do so. From the material parameter perspective one needs to take into
account that the used RO curves for transversal behavior of beech wood
are experimentally valid only in a range of w = 6% to w = 14% [29].
This might lead to potential errors in the curves of Fig. 8 below w = 6%.
Furthermore, RO curves solely capture and model the linear-elastic,
plastic, and hardening phases of the inlay material and neglect time-
dependent deformation mechanisms. Time- and moisture dependent
creep are neglected in the model due to complexity. These additional
effects will lead to dissipation of a part of the available mechanical
energy created by the constrained swelling, resulting in a potential
reduction of swelling pressure and eventually self-camber. Therefore,
even though the model could be validated for the experimental samples
S1-S3, the authors advise to assess its usefulness with respect to the
many simplifications and assumptions made and presented in Section 2.

4.4. Sensitivity analysis and practical limitations

The results of the sensitivity analysis are shown in Fig. 9 for each of
the four manufacturing control scenarios A-D. For scenario A — high
control over manufacturing parameters (total machining tolerance <
0.5mm, MC-control of + 1%, inlay inclination 0-15°) — the Monte-
Carlo sampling resulted in rather narrow distribution of self-camber
with a mean value of x4 = 12.89 mm and COV = 10.5%. The parameter
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Fig. 9. Results of sensitivity analyses of four manufacturing control scenarios (A-D)
for specimen situation S3. Top: Monte-Carlo sampling of self-camber random response
vector Y. Bottom: Total Sobol’ indices (Sl."" ) for each input random variable X, for each
scenario, see Table 3.

with the highest sensitivity, i.e. highest value of total Sobol’ index S},
is the modulus of elasticity of the spruce beam E,, while all of the
other parameters seem unimportant. In contrast, scenario B — low
control over manufacturing parameters (total machining tolerance <
1 mm, MC-control of + 2%, inlay inclination 0-45°) — the Monte-
Carlo sampling resulted in rather broad distribution of self-camber with
a mean value of y = 10.79 mm and COV = 46.2%. It can be recognized
that in some cases, no self-camber can be reached (w(c) = 0). This is
most likely due to a particular combination of random input parameters
such that the inlay is not able to exert any swelling pressure, e.g. in
cases where the machining tolerance leaves the inlay with clearance
gaps close to ¢ = 1 mm, and simultaneously, low values of swelling
coefficients and lower values of MC-difference. Effectively, in scenario
B, the most sensitive parameter is ¢, while a minor importance can be
attributed to 4w, 0, and a;, and while the other parameters can be

neglected.
For scenario C — High control over machining tolerance, low
control over climate, moderate control over inlay orientation — a

similar situation results as for scenario A. The Monte-Carlo sampling
resulted in rather narrow distribution of self-camber with a mean value
of 4 =13.09 mm and COV = 11.0%. Here again, the parameter with the
highest sensitivity is E,, while the other parameters seem unimportant.
Finally, for scenario D — low control over machining tolerance, high
control over climate, moderate control over inlay orientation — a
similar situation results as for scenario B, with a mean value of y =
10.97 mm and COV = 34.9%. Again, the most sensitive parameter is
the clearance value c¢. This shows that even for a relatively good control
over the climate conditions during production, the machining tolerance
is still the decisive parameter.

In summary, it can be recognized that for the concept of self-camber
to work in practice, an acceptable machining tolerance is approxi-
mately < 0.5 mm. But even in that case, a good sorting (homogeneity)
of board quality and a good knowledge of the modulus of elasticity,
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here for the spruce board, is necessary in order to be able to accurately
predict the value of self-camber using the model presented in Section 2.

5. Application in timber engineering
5.1. Target camber

The amount of self-camber shall compensate for deflections of tim-
ber for TCC elements so that the requirements of serviceability limit
states can be fulfilled. The target camber can be defined according
to different requirements: (I) the short-term, elastic deflections of the
timber slab during construction state caused by the self-weight of the
timber element and fresh concrete in the case of TCC slabs; (II) the
short-term, elastic deformations of the fully effective TCC slab caused
by the self-weight and the dead load; and (III) the long-term deflections
of the TCC slab caused by the self-weight, the dead load and the
permanent part of the live load.

In the following, the calculation of the target camber for the three
different states mentioned above is shown for a TCC slab. The de-
flections are calculated according to Swiss standards SIA 265 [33],
Eurocode 5 (EC5) [37] and the technical specification for TCC comple-
menting EC5 [13]. The required limit values are calculated according
to SIA 260 [38]. The static system for all considered cases is taken
as a single-span, simply supported beam with constant cross-sections
and material properties, and the load is uniformly distributed. The
deflections are:

5q1*

384ET"
The target camber value w(c)
the admissible limit values w,

w(q) = 2D

req results from the deflection w(q) and

adm*
W(C)oq = W(G) = Wy (22)

(I) Target camber for construction state

In the construction state of an in-situ produced TCC slab, the
timber cross-section carries the self-weight of the timber and the in-situ
concrete casting. An additional dead load of g = 1 kN/m? is considered
for loads during construction, e.g. construction workers or building
materials. The total load on the slab is:

Gior,1 = Piy - bRy + 7 p - bR + qc, (23)

where p;, is the characteristic density of timber, y, = 25kN/m? the
density of concrete, b the width of the slab, i, the height of the
timber cross-section, A, the height of the concrete cross-section, and
gc the load during construction. The structural effective cross-section
is the timber cross-section. Hereby, the effective height of the timber is
conservatively considered as:

hr,red = ht - hin’ 24)

where h;, is the depth of cut for inlay as illustrated in Fig. 2. The
flexural rigidity for state I is then:

3
tred

12 °
where E, is the modulus of elasticity of timber. The admissible de-
flection for this case is w,,, ; = 0mm. Using the calculations above,
results for deflections and required target camber for TCC slabs of 1 m
width and varying spans are summarized in Table 5. The different
spans (/ = 4, 6, 8, and 10 m) are chosen according to practical spans
encountered in most situations of housing or office buildings.
(II) Target camber for a slab at the beginning of service life

At the beginning of service life, assuming that the slab is either sup-
ported during construction or that the deflections are fully compensated
by camber, the slab will deflect under the following components: Self-
weight of the timber and the concrete, and dead load of the ceiling
structure g4. Under certain circumstances it may also be necessary to

El, =E,- (25)
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Table 5
Target camber for TCC slabs of 1 m width during construction state (I). The geometric
properties (e.g. concrete heights for each span) also apply for Tables 6 and 7.

Parameter Label Unit Span /

4m 6m 8m 10m
Concrete height h, [mm] 80 80 100 150
Timber height h, [mm] 120 120 200 240
Depth of cuts h;, [mm)] 35 40 55 60
Eff. timber height Ry req [mm] 85 80 145 180
Flexural rigidity EI, [kNm?] 563 469 2795 5346
Total load Qo1 [kN/m?] 3.6 3.6 4.5 6.0
Deflection w(q); [mm] 21 129 86 145
Target deflection Woagm. 1 [mm] 0 0 0 0
Target camber W(C)yeq 1 [mm] 21 129 86 145

include a part of the live load g, representing e.g. the furniture in an
office building. In the following calculation it is assumed that this part
is the frequent part of the live load y,. The total load on the slab is
therefore:

Gror,11 = Pry - O+ 7. - bhe + 44 + vy - ay, (26)

where y, = 25kN/m? is the density of hardened concrete, ¢, the dead
load, v, the coefficient of frequent part of the live load, and g the live
load.

For state II, the structural effective cross-section is the composite
TCC section. The effective flexural rigidity EI,;, is determined with
the y-method described in Eurocode 5, Annex B [37]. For the con-
nection between timber and concrete in this example, a micro-notch
system [39,40] is chosen with slip modulus K = 880kN/mm/m and
a conservative effective distance between the micro-notch strips of s
= 900 mm. The reduction factor y considering the connection stiffness
calculates as:

1
_ 27
rr T2E Ays @7
K12
where E,. is modulus of elasticity of concrete and A, the area of the
concrete cross-section: A, = bh,. The distance z between the centroids

of timber and concrete is:
h Ry ed

2= by, + ';e ,

and the distances between the centroids of each component and the

reference axis, namely the axis of zero stresses in timber, are:
Az

Yrr nL‘AL‘ + At ’

28)

egr = (29)

yllncAcZ

=L cc 30
yIIncAcJ’_At ( )

arr

where 4, is area of the timber cross-section: A, = bh, ., and n, is ratio
of moduli of elasticity % The effective flexural rigidity is then
T

Elj =E, - (nd. +1I,+yn.Aa.z). 31)

where I, is the moment of inertia of concrete and I, is the moment
of inertia of timber. As for state I, the target deflection for state II is
Wyam 1 = O0mm. Table 6 shows the deflections and the required target
camber values for the different spans /.
(III) Target camber at the end of service life

According to Swiss standard SIA 260 [38], two serviceability limit
states at the end of the service life shall be verified: The functioning
and the appearance of the structure or structural members under
normal use. The limit state concerning the functioning is affected by
the deformations of the structure after completion of the considered
installations. In this case no camber can be applied. However, camber
can be applied to the limit state concerning the appearance. In this limit
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Table 6 Table 7
Target camber for TCC slabs of 1 m at the beginning of service life (II). Target camber for TCC slabs of 1 m at the end of service life (III).
Parameter Label Unit Span / Parameter Label Unit Span /
4m 6m 8m 10m 4m 6m 8m 10m
y-value Yir [-] 0.382 0.582 0.662 0.674 y-valuet = 0 Yir [-] 0.382 0.582 0.662 0.674
Flexural rigidity El; [kNm?] 8531 9802 34177 76514 Creep coefficient Weone [-] 1.92 1.82 1.77 1.76
Total load Qo1 [kN/m?] 5.9 5.9 6.8 8.3 Wiims [-1 1.00  1.00  1.00 1.00
Deflection w@)rr [mm] 2 10 1 14 ~ Weomn -] .00~ 1.00 ~ 1.00 1.0
Target deflection 10, 1 (mm] o o o 0 y-value t = oo i -1 i 0.620 0779  0.830  0.835
Target camber E [mm] 2 10 1 14 Flexural r¥gfd¥ty Eli1 creep [kNm?] 3161 3668 12584 28473
. Flexural rigidity Elprgs [kNm?] 2900 3542 12292 27788
Total load Gror111 [kN/m?] 5.3 5.3 6.2 7.7
Shrinkage load Dyis [kN/m?] 4.5 2.6 3.6 3.8
state, the permanent and quasi-permanent loads are considered. The Deflection w@ir [mm] 11 38 42 54
total load on the slab is: Target deflection Wegm 111 [mm] 13 20 27 33
. Target camber W) o111 [mm] 0 18 15 21

Gror, 111 = Piy DIy + 7. - bhe + a4 + w3 - ay, (32)

where y, is the coefficient of quasi-permanent part of the live load. The
structural effective cross-section is the composite section, subjected to
long-term effects. The effective flexural rigidity E1,;, is determined,
as before, with the y-method described in Eurocode 5, Annex B [37].
However, the long-term effects are taken into account according to the
technical specification for TCC [13]. To take into account the influence
of creep, the moduli of elasticity of timber, concrete, and the connection
are reduced with a material-specific creep factor ¢; and a connection
and material-specific coefficient y;:

E.
Eoo=—t—, (33)
’ I+ Yeone " Pe
E
oo = T (34
’ L+ Wimp - @4
K
o (35)

L+ Yeonn * Peonn .
In the calculation of deflections for state III, the creep factors were
chosen for concrete as ¢, = 2.5, for timber as ¢, = 0.6, and for the
connection as ¢,,,, = 2 - ¢, The connection and material-specific coef-
ficients y; are determined using y;; and Table 7.1 from the technical
specification document [13]. Using the reduced moduli of elasticity
and slip modulus from Egs. (33) to (35), the y-method (Egs. (27)
to (31)) results in an effective flexural rigidity considering long-term
creep effects El;yy ey In @ next step, the influence of shrinkage
is considered by both an additional fictitious load p,;; and a further
reduction of the effective flexural rigidity. The fictitious load pg; is
determined by the strain caused by shrinkage ¢, as:

Psis = p.sls * Eslsr (36)
with

E,_A.E A,z
Cputs = 2 Al AiZYpr 37)

(A, + E A

The effective flexural rigidity considering shrinkage is:

EIIII,SIS =Lsts Elll,creep’ (38)
with

C. Psis + Gror111

s = TEAAEA,

. (39)
ri11 EA+E A, * Psis + ‘Itof,lll

Finally, the total deflection at the end of the service life time consider-
ing creep and shrinkage is then calculated as:

4
_ Ssor111 + P!

w(@grrr = 384E1eff,5 (40)

The target deflection for this case is w,,,, ;;; = /300 according to SIA
265 [38]. Table 7 summarizes the deflections and the required target
camber values for different spans / considering the long-term effects
during a service life of 50 years.

5.2. Application of self-camber

The calculations above for target camber of different spans show
that the effective height of the timber 4,,,, and the span / have the
largest influence on the deflections and thus on the camber needed.
For these examples of TCC slabs, state (I) during construction is the
decisive state because the required target camber is by far the highest.
It can generally be seen that for all investigated spans, the states II and
III require a camber that is lower by an entire magnitude than that of
state I. Comparing the required target camber for each of the situations
and spans to the self-camber that can hypothetically be achieved based
on model calculations (see Table 8 and Fig. 10), it can be concluded
that:

» When the inlay orientation is T, for the inlay configuration given
in Table 8, that w(c) > w(c),,, r for a span of 4m, but not above.

» When the inlay orientation is R, w(c) > W) req 1 for spans 4, 6
and 8 m, but not for 10 m.

Eq. (21) and (22) show that the target camber w(c),,, increases
disproportionally with span as the deflection is dependent on the span
to the 4th power. However, the self-camber w(c) is a measure to achieve
a desired curvature and would not increase disproportionally with span.
Therefore, it must be noted that for full compensation of the deflections
for very large spans, the inlay configuration might need to be adjusted
to a level where it is not economic or feasible anymore (e.g. too many
inlays that are too closely spaced). Nevertheless, it can be shown in
Fig. 10 that a large proportion of the deflections can be compensated
with simple configurations of inlays.

It should be noted that the calculations of this section only address
the serviceability limit state issue of TCC slabs using self-camber by
swelling hardwood inlays exclusively in a proof-of-concept manner. The
effect of the notches in the timber beam have not been assessed with
respect to ultimate limit state. Further studies are needed in order to
clarify aspects such as shear capacity or performance in combination
with a shear connection between timber and concrete.

6. Conclusions

An innovative method to camber timber elements is presented in
this paper to tackle the challenges of large deflections of timber—
concrete composite beams during construction. An analytical model
was derived in order to calculate the self-camber in dependence of
geometry and material properties of the timber beam and the hardwood
inlays. The model was shown valid for three samples of 2 m span spruce
beams with varying geometrical configurations of oven-dried European
beech inlays. A parametric study as well as a sensitivity analysis were
conducted in order to assess use in practice. As a conclusion, self-
camber was shown as an applicable concept for TCC slabs given some
conditions, e.g. a low machining tolerance during manufacturing. For
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Table 8
Model parameters and self-camber calculated from model for T and R oriented inlays,
and target camber values for TCC slabs of 1 m width.

Parameter Label Unit Span /

4m 6m 8m 10m
Timber height h, [mm] 120 120 200 240
Depth of cuts hy, [mm] 35 40 55 60
Width of inlays Ly [mm)] 35 40 55 60
Distance of inlays d [mm] 140 160 220 240
Distance to edge Ir [mm] 400 400 400 400
Number of inlays I [-] 19 27 27 31
Moisture change Aw [%] 10 10 10 10
Target camber I W(C)eq.1 [mm] 21 129 86 145
Target camber II W(E) o171 [mm)] 2 10 11 14
Target camber IIT W eq 11 [mm] 0 18 15 21
Total Target camber W(C) g 10t [mm] 23 157 112 180
Self-camber (model T) w(c) [mm] 29 72 58 67
Self-camber (model R) w(c) [mm] 58 142 115 131

= = =wW(C)req,r w(c): Model T
.......... W(C)reqr + W(C)req 11 w(c): Model R
w(c)qul + w(c)i'ﬁq,ll + w(c)mq,lll
200
150 7
El
£ 100t 1
3
50 b
0 \ \ \ \
4 6 8 10
! [m]

Fig. 10. Self-camber calculated from model for T and R oriented inlays, and target
camber values for TCC slabs of 1 m, for spans of / =4, 6, 8, and 10 m.

TCC slabs with self-cambered timber elements, it could be demon-
strated that the expected deflections occurring over the service life of
different span-scenarios can be compensated. Therefore, self-camber
could represent a promising concept in timber engineering, but further
experimental studies are still needed for validation and in order to
investigate different spans or optimized inlay configurations.
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