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Timber-concrete composite slabs are more and more in use: the combination of timber and concrete combines the
advantages of both materials and offer a valid solution for the increasing demand for sustainable construction.
The connection between timber and concrete is the crucial element, yet its potential regarding material and time
expenses is not exploited. This paper presents the novel connection system micro-notches, an interlocking
concept between timber and concrete with indentations in the millimetre range. Micro-notches provide a
continuous shear transfer without additional steel fasteners such as screws or dowels. The paper presents the
development of the micro-notch concept in an extensive experimental program supplemented with analytical
and numerical models, a calculation model, and practice-relevant guidelines. The results of the investigations
show that micro-notches feature an approximately rigid composite action between timber and concrete and a
sufficient shear strength for the use in office and residential buildings.

1. Introduction
The demand for sustainable housing is increasing and will continue
to grow in the foreseeable future [1]. Nowadays, the majority of slabs in
office and residential buildings are built with reinforced concrete. The
cement production, however, is the third largest source of anthropo
genic GHG emissions [2]. This issue should be tackled, especially since
approximately the lower two thirds of the concrete cross-section in slabs
are statically inefficient. Timber construction is on the rise, but the
regulations for sound insulation, vibration, and deflection are often an
expensive obstacle for timber-only slabs. Timber-concrete composite
(TCC) slabs are a viable alternative [3,4] and offer a range of advantages
compared to timber-only slabs (higher stiffness and load-bearing ca
pacity, better sound insulation and vibration behaviour, improved fire
resistance, high thermal mass) as well as to reinforced concrete slabs
(less Grey energy and CO2-emissions, less self-weight (easier transport,
less foundation needed or more storeys possible), fast and dry con
struction processes, high degree of prefabrication) [5,6].
The connection between timber and concrete is the main influence
factor on the load-bearing behaviour of the composite beam [7]. The
connection stiffness, the shear resistance, and the ductility of the
connection defines the structural behaviour of the slab [8,9]. A variety
of connection systems has been and is part of the research and many are

in use in practice [10]. Dowel-type fasteners such as screws, dowels, or
rods [11,12] are often used in prefabricated TCC rib panels, but have a
low connection stiffness and are costly in material and installation time
[13]. Notches are often used in planar TCC systems in residential
buildings, mostly in combination with additional screws [14,15]. They
feature a high connection stiffness, yet the milling effort is considerable
and the shear transfer is local which leads to concentrated shear and
tension forces. To carry these loads and for fear of uplift, additional
screws are used [16]. Other connection systems such as adhesives
[17,18] or plates out of metal [19] or hardwood [20] have a very stiff
connection behaviour, but require glue and the subsequent expertise
and installation time.
The concept of micro-notches takes advantage of the carpentry
knowledge built over centuries: Indentations were used since the Middle
Ages as connection system to enhance the performance of two separate
timber beams [21]. Due to the difficult manufacturing [22], the tech
nique fell into oblivion, but modern CNC machines make the production
of even much smaller indentations viable and economical again. Micronotches are indentations in the range of millimetres, milled into the
surface of the timber element (Fig. 1a). The concrete is cast on top and
forms the counterpart of the notches (Fig. 1b). One main advantage of
micro-notches is the continuous shear transfer without the uplift forces
observed in notched connections [23]. Therefore, additional screws are
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not required, making the system more competitive. Because of the
omission of any additional metal parts or adhesives, the system is a pure
timber and concrete composite beam with the benefits of less material
costs, less installation time, improved fire safety, and easier decon
struction management. Micro-notches are intended for TCC slabs in
conventional timber construction for residential and office buildings
(service class 1, uniformly distributed load).
This paper presents the concept and the development of micronotches as a novel connection system for TCC slabs. The load-bearing
behaviour of micro-notches was tested in two local shear test series
(push-out setup with 36 specimens) and in a global bending test series
(4-point bending setup with 7 specimens). In the local shear tests, the
influence of the test setup, the micro-notch geometry, the treatment of
concrete and timber, the timber species, and the load to grain direction
was tested. The connection properties found in these small scale tests
were then implemented in the practice-relevant bending tests, where a
structural beam was tested. The connection properties were determined
for the optimum geometry found with indentations of 4 mm depth, 30
mm length, and a slightly undercut notch front.
The calculation models used for the following investigations on TCC
slabs with the novel connection system micro-notches were the
γ-method developed by Möhler [24] (described in Eurocode 5 Annex B
[25]) and the strut-and-tie model developed by Rautenstrauch [26,27].
The γ-method is a simplified solution of the differential equation of
elastic composite beams for specific boundary conditions. The results
obtained with those boundary conditions (single-span, simply supported
beam, constant material properties, continuous connection, sinusoidal
line load) are a valid approximation for the most common systems in
timber structural engineering practice (single-span, simply supported
beam, assumingly constant material properties, uniformly distributed
line load). In the case of continuously arranged micro-notches, the
condition of continuous connection is approximately given. Depending
on the arrangement of the connectors, i.e. with higher spacing s between
the individual connectors, the strut-and-tie model provides more accu
rate results regarding the deflections [28]. The strut-and-tie model al
lows an accurate simulation of any static system, loading situation as
well as the correct consideration of inconsistencies of material, the exact
position and connection properties of the individual connectors along
the span. In return, strut-and-tie models are subject to considerably
higher computational effort.
One of the major issues with TCC slabs are the long-term effects due
to moisture change, shrinkage, and creep of the composite materials
[29–31]. In this context, not only the rheological phenomena in timber
and concrete are of importance, but also the influence of the connection
between the two materials: The rigidity or flexibility of the connection
have a hitherto underestimated influence on the inelastic strains in the
system and thus deflections of TCC slabs [32,33]. These findings are
implemented in the Technical Specification CEN/TC 250/SC 5 for TCC
[34]. However, this paper focuses on the short-term investigations and
models of micro-notches as TCC connection system. An experimental

test series on TCC slabs with micro-notches was started in 2020, the
installation process and first results are described in [35].
2. Materials and methods
2.1. Material and material tests
The timber generally used for the experimental tests was of spruce
(Picea abies) or fir (Abies alba) from Switzerland. The Brettstapel elements
were produced at Sidler Holz AG. Brettstapel elements consist of upright
spruce or fir boards connected by kiln-dried beech dowels. The dried
beech (Fagus sylvatica) dowels are inserted into a drilled hole and swell
due to the higher moisture content of the surrounding spruce/fir, thus
establishing a form-fitting, mechanical connection between the upright
boards. However, the dowel connection has no static function and can
not be taken into account for any loads in traverse direction of the
timber element. The Brettstapel elements are produced in a standard
element width of 58 cm. The material strength was strength class C24 as
described in Eurocode 5 [25] and SIA 265 [36]. The density of raw and
dry timber was determined according to DIN 52182 [37] and the
moisture content of the specimens according to DIN 52183 [38]. The
static modulus of elasticity of single timber boards or manufactured
timber elements was determined according to EN 408 [39] for single
boards and Brettstapel elements.
The concrete ordered/produced for the experimental tests was a
normal-strength concrete of strength-class C25/30 as described in
Eurocode 2 [40] or SIA 262 [41]. The maximum aggregate size was 16
mm for all experimental tests. An additional shrinkage reducer (Mas
terLife SRA 895) was used for the bending tests, but not the local shear
tests. The material properties of concrete are determined both on the
fresh concrete before casting the concrete and on the hardened concrete
after approximately 28 days or around the date of the first tests. In the
fresh state, the workability, air void content and density were deter
mined: The workability of the fresh concrete was determined using the
flow spread resulting from a slump test setup according to EN 12350-2
[42]. The air void content of the fresh concrete was determined ac
cording to EN 12350-7 [43] in a pressure compensation container. In the
hardened state, the determined properties were the compressive
strength for cubes fc,cube and cylinders fc,cyl according to EN 12390-3
[44], the tensile strength fct with a Double-Punch test [45,46], and the
modulus of elasticity Ec according to SIA 262/1 Annex G [47].
2.2. Push-out tests
To assess the connection behaviour and the connection properties
needed to implement the micro-notches as a connector in TCC struc
tures, small-scale shear tests in a symmetrical push-out test setup were
performed. The testing machine was a universal compression and ten
sion testing machine with a capacity of 450 kN. The specimens consisted
of a middle concrete part, two timber side parts and the micro-notches

Fig. 1. Micro-notches in a BST element tested at ETH in the course of local shear tests.
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arranged in a protruding way in the two composite joints (Fig. 2). In a
first test series (named PO1), the test setup featured rigid lateral re
straints made of steel profiles connected with steel rods (Fig. 2a). The
influence of the restraint inflicted by these mounting support was
measured with load cells. In a second test series (named PO2), the rigid
lateral restraints were substituted by elastic bands simulating a more
realistic transverse compressive stress onto the composite joint (Fig. 2b).
The measurement setup and dimensions of the specimens are also
given in Fig. 2. The top pressure plate implies a compressive load F onto
the middle concrete element. The applied load F and the vertical path of
the top pressure plate uS are measured. On the front side and back side of
the specimen, LVDTs (linear variable differential transformers) each are
installed on the specimen and, using an auxiliary measurement device,
measure the relative slip ui and vi between timber and concrete in the
area of the composite joint. The width of the specimens was 200 mm in
series PO1 and 160 mm in series PO2. In series PO1, a total of 6 speci
mens with 2 different configurations (micro-notch geometries) were
tested. In series PO2, a total of 30 specimens with 12 different config
urations (6 different micro-notch geometries, 3 different wood species, 3
different treatments of the timber surface, 2 different treatments of the
concrete, and 2 different load-to-grain angles) were tested. The main test
parameter was the notch geometry (see Fig. 3) with different notch
depths (tMN = 4, 6, and 10 mm) and notch front angles α: − 2.5◦ , − 5◦ ,
− 7.5◦ , and − 10◦ (notch front inclined inwards the notch = undercut
notch). However, because only a dove-tail tool was available to mill the
notches at that time, the opening angle of the notch was constant,
meaning that the notch front angle α was always linked to the notch
bottom angle β. The notch front angle was therefore not an independent
parameter, but also linked to the notch length lMN . The different con
figurations, their geometries, and all relevant parameters are listed in
Table 2.
From the results of these local shear test series, the micro-notch
configuration with the best connection properties regarding the
connection stiffness, the shear resistance, and the ductility was chosen
for further investigations on a larger scale.

Fig. 3. Geometry parameters of the micro-notches by the example of a vertical
cut notch front (top) and a slightly undercut notch front (bottom): notch length
lMN , notch depth tMN , notch front angle α, and notch bottom angle β.

timber, and the uniformly distributed loads common in office and resi
dential buildings result in a first failure in the timber section at midspan. The aim of the bending tests, however, was to test the behaviour
of the micro-notches in the composite joint. Therefore, the geometry of
the specimens and the load situation were designed in a way that the
first failure occurred in the composite joint. Hence, a 4-point bending
test setup in accordance with EN 408 [39] was chosen (Fig. 4). The two
applied cylinder loads Fcyl induce two areas between the supports and
the load application points with constant shear forces. The micronotches were arranged on the whole surface of these shear areas.
Fig. 4 also shows the measurement points: the cylinder loads left Fcyl,L
and right Fcyl,R , the global deflection at mid-span wM and directly under
the load application points wL and wR , the relative displacements be
tween timber and concrete (slip) at decisive points in vertical direction vi
and in horizontal direction ui . The force was applied in a forcecontrolled manner with the loading procedure according to EN 26891
[48] until failure.
A total of 7 specimens was tested in the series, 6 specimens with
Brettstapel timber elements and one specimen with a CLT (cross-lami
nated timber) specimen. In this paper, the application of micro-notches
on Brettstapel elements is presented. The specimen with CLT had

2.3. Bending tests
On a practice-relevant scale, the novel connection system was tested
in a structural beam to assess the load-bearing behaviour in an authentic
static system and loading situation. The pre-dimensioning of the beams
showed that the dimensions, i.e. the cross-sections of concrete and

Fig. 2. Test setups for push-out tests.
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Fig. 4. Test setup and measurement points of 4-Point bending tests with Brettstapel elements.

different dimensions and was of inferior timber quality and is thus not
treated in this paper. The results of the tests with CLT and more detailed
results can be found in Müller et al. [49,35]. The test parameters were:

concreting. The average MOE of the 6 Brettstapel elements was 10583 N/
mm2. The strength class C24 is valid for all used timber elements.
The determined material properties of concrete are given in Table 1
for the local shear tests PO1 and PO2, and the 4-point bending test
series.
The corresponding strength classes are in all cases higher than the
ordered concrete strength class C25/30. The higher strength and stiff
ness properties of the concrete in the specimens are taken into account in
the following. The addition of shrinkage reducer as stated in Chapter 2.1
neither showed an optically visible effect on the formation of the micronotches nor a significant effect on the load-bearing behaviour of the
specimens. Both the specimens produced and tested with (bending tests)
and without (shear tests PO1 and PO2) shrinkage reducer showed a good
quality of the concrete micro-notches in the composite joint and a
similar failure behaviour during the tests.

• the inclination of the notch front α: specimens H0 with α = 0◦ had a
vertical notch front and specimens H5 with α = -5◦ a slightly un
dercut notch front (inclined inwards the notch, see Fig. 3). The
micro-notches were milled with more precise tools, thus the opening
angle was variable and the notch length of all specimens was set to
30 mm, regardless of the notch front angle.
• the treatment of the timber surface before concreting: all specimens
were wetted with water, except for specimen H0-3 oW
• the use of additional screws: specimen H0-S was equipped with
screws as additional connectors to the micro-notch connection sys
tem. The screws were of type VB-48-7.5 X 100 [50], arranged in two
rows along the span in 45◦ inclined, crosswise arranged pairs with
spacing 500 mm in the shear areas between support and load
application points and as vertical singular screws with spacing 550
mm in the area at mid-span.
• the residual load-bearing behaviour of the system after failure of the
micro-notches in the composite joint: test H0-1 residual

3.2. Local behaviour of micro-notches in TCC
3.2.1. Failure procedure and modes
The observed failure modes during the tests were concrete spalling,
shear failure of both the timber and the concrete notches, and
compression buckling of the timber notches (only observed in series
PO1). The fracture patterns inside the joints were in most specimens a
combination of shear failure in the timber and shear failure in the
concrete (see Fig. 5).

Fig. 4 shows the dimensions of the 6 specimens with Brettstapel ele
ments. The timber elements were tested in the same test setup to
determine the MOE of the material. The timber surface was then wetted
with water before the concrete was casted. A reinforcing mesh of type
K335 was placed in the center of the concrete height (total longitudinal
reinforcement As,l = 201 mm2). The concrete mixture was the same as
for the concrete in the local shear tests, but a shrinkage reducer additive
(MasterLife SRA 895) was added. The specimens were concreted out
doors and after 2 weeks stripped from the formwork and transported
indoors. The material tests were conducted at a concrete age of 31 days
and the main tests on the specimens at a concrete age of 31 to 121 days,
depending on the specimen.

3.2.2. Influence of the test setup in local shear tests
The influence of the test setup (PO1 with rigid steel profiles and PO2
with elastic bands as lateral restraints) is apparent in the load-slip curves
in Fig. 6. The slopes of the curves and the reached shear forces per
composite joint Fjoint are comparable in both test series. However, both
Table 1
Measured material properties of concrete used for push-out and bending test
series.

3. Results and discussion
3.1. Material tests

Density fresh concrete

In the local shear tests, the timber material properties were deter
mined in detail for series PO2. The average density of the timber was
458 kg/m3, the average moisture content at delivery was 12.3% and the
average local MOE was 11812 N/mm2. The timber for series PO1 was
from the same producer and assumed to be of similar quality. In the
global bending tests, the timber material properties were also deter
mined in detail. The moisture content was at delivery 13.0%, before
casting the concrete 12.6% and after stripping of the formwork 16.5%.
This high moisture content after stripping of the formwork is likely due
to the high amount of water used to wet the timber surface before

ρc,fresh

Flow spread
Air void content
Density hardened
concrete
Compressive strength

fc,cube

Tensile strength

fctm

MOE

Ecm

Strength class

4

ρc,hard

Push-out
1

Push-out
2

Bending

[kg/
m3]
[cm]
[%]

2443

2442

2452

35.5
0.8

33.3
1.1

38
1.0

[kg/
m3]
[N/
mm2]
[N/
mm2]
[N/
mm2]

2398

2424

2464

39.3

51.8

44.4

-

-

3.0

-

37597

34992

C30/37

C40/50

C30/37
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• Shear resistance at two decisive points: the maximum shear resis
tance fv,max as the shear strength reached at maximum load Fmax and
the yield shear resistance fv,y as the shear strength reached at the load
Fy , where the micro-notches start yielding. This load Fy was deter
mined according to SIA265 [36]. Fig. 7 shows both the yielding and
maximum shear resistance level.
• Ductility in a qualitative manner as the displacement achieved until
failure. In Fig. 7, the achieved displacement was 1.25 mm for the 47.5 notch-geometry with 29.9 mm long notches.
Table 2 shows the test results for the maximum load Fmax and the
connection properties obtained (slip modulus K, shear resistance fv,y and
fv,max ) for every configuration tested in the push-out test series 1 (PO1)
and 2 (PO2).
Fig. 8 shows the comparison of all tested configurations regarding
their joint stiffness k and maximum shear strength fv,max . The mean value
for each configuration is shown with a marker and the error bars depict
the range of values obtained in the configurations with 3 specimens. The
required shear strength fv,req was calculated for a single-span beam with
span 10 m, the cross-sections thickness for concrete h1 = 150 mm and for
timber h2 = 210 mm, superimposed load of 2 kN/m2, and live load of 5
kN/m2 on design level. All configurations above fv,req fulfil the ultimate
limit state requirements on the connection system. The higher the joint
stiffness k, the higher is the efficiency of the connection. For these rea
sons and low scattering of the test results, PO2 4-7.5 (a micro-notch
geometry with 4 mm notch depth and a notch front angle of -7.5◦ )
was chosen as the optimum of the tested geometries. This micro-notch
geometry also showed higher deformation capacity, thus more ductile
load-slip behaviour, compared to the configuration PO2 4-2.5 with very
similar connection stiffness and shear resistance values.
The evaluation of the different configurations [35] showed that not

Fig. 5. Concrete shear and timber shear failure in the composite joint of the
shear tests with micro-notches (timber side element left and concrete middle
element right).

vertical slip u and horizontal slip v show a significant higher deformation
capacity in test series PO1. In addition, the test setup in PO1 led to a
compression buckling failure of the timber notches, which was not
observed in test series PO2. Hence, the rigid steel profiles as lateral re
straints cause an alleged ductility of the connection, which, however,
does not exist without the lateral restraints. The maximum lateral forces
induced by the rigid steel profiles in PO1 was many times higher (f.e. 27
kN for specimen PO1 4-10 1) than the maximum lateral forces induced
by the elastic bands (f.e. 0.28 kN for specimen PO2 4-10 1). In conclu
sion, the type of lateral restraint clearly influences the deformation ca
pacity of the connection system tested in a symmetrical push-out test
setup.
3.2.3. Determination of connection properties and optimum configuration
In the following, only the results of series PO2 are considered. The
load-slip curves of all configurations were evaluated and their respective
connection properties were determined:
• Connection stiffness expressed by the slip modulus K determined
according to SIA 265 [36] and the subsequent joint stiffness k
determined with the distance between the individual notches s,
which equals the length of the micro-notches lMN :
k=

K
K
=
s lMN

(1)
Fig. 7. Load-slip curve of test PO2 4–7.5 1 with the yielding shear resistance
and maximum shear resistance.

Fig. 6. Load–deflection behaviour depending on the test-setup.
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Table 2
Specimen configurations and summary of results of push-out series I & II. Every row corresponds to one test configuration. Parameters altered in relation to the
reference configuration are bold. Shear resistance values are given for per area covered with micro-notches, slip moduli K for a single micro-notch with width 1 m.
Timber

Timber
treatmenta

name
PO1 410
PO1 45

Notch
depth
[mm]

Notch
length
[mm]

Front
angle
[◦ ]

tMN

lMN

α

Notches
per joint

No. of
specimens

Max.
load
[kN]

Yield shear
resistance [N/
mm2]

Max. shear
resistance [N/
mm2]

Slip modulus
[kN/mm/m]

Fmax

fv,y

fv,max

K

C24

w

4

45

− 10

6

3

63

0.69

0.91

253

C24

w

4

22.3

− 5

12

3

93

0.88

1.41

264

Total specimens push-out series I
PO2 410
PO2 47.5
PO2 45
PO2 42.5
PO2 67.5
PO2
107.5
PO2
oW
PO2 hP
PO2 Bu
PO2 Es
PO2
nvb
PO2
qFc

6

C24

w

4

45

− 10

6

3

67

0.72

1.21

693

C24

w

4

29.9

− 7.5

9

3

64

0.74

1.16

656

C24

w

4

22.3

− 5

12

3

83

1.20

1.51

432

C24

w

4

17.9

− 2.5

15

3

63

1.01

1.14

391

C24

w

6

44.8

− 7.5

6

3

72

0.95

1.34

554

C24

w

10

74.6

− 7.5

4

3

102

1.42

1.85

631

C24

-

4

29.9

− 7.5

9

3

73

0.95

1.33

473

C24
beech
ash
C24

hP
w
w
w

4
4
4
4

29.9
29.9
29.9
29.9

−
−
−
−

7.5
7.5
7.5
7.5

9
9
9
9

3
1
1
1

38
99
57
10

0.58
1.77
0.96
0.17

0.70
1.77
1.02
0.17

403
181
137
12

C24

w

4

40.9

− 5.5

7

3

18

0.20

0.33

168

Total specimens push-out series II
a
b
c

30

w = water, - = no water, hP = hydrophobic primer [51].
Concrete not vibrated.
Load direction perpendicular to grain.

Fig. 8. Comparison of different configurations tested in push-out test series PO2 regarding connection stiffness and shear resistance.

the angle of the notch front α has an influence on the connection
properties, but rather the depth tMN and length lMN of the micro-notches.
As can be drawn from Fig. 8, a larger notch depth (specimens PO2 6-7.5
and PO2 10-7.5) leads to a lower joint stiffness compared to the tests
with 4 mm depth. Further, increasing the notch length lMN (see also
Table 2), leads to a smaller joint stiffness. The influence of the notch
front angle α on the joint stiffness is not evident.

3.2.4. Comparison with conventional notches
Fig. 9 shows the connection efficiency using the term ηC ∗ and the
γ-factor versus the joint stiffness k in a logarithmic scale. The connection
efficiency ηC ∗ is defined by the effective bending stiffness of the com
posite beam at three different states: no composite action EIγ=0 , full
composite action EIγ=1 , and the effective composite action of the
particular connection system EIeff (k):

6
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Fig. 9. Comparison of the joint stiffness k of the push-out test series II (PO2) with a conventional notch with slip modulus K = 1000 kN/mm/m.

ηC ∗ (k) =

EI eff (k) − EI γ=0
EI γ=1 − EI γ=0

micro-notches in the composite joint (see Fig. 10). All 6 specimens
(depicted as tests H0-1 to H5-S) showed a very high connection effi
ciency of approx. ηC ∗ = 85% (according to Eq. 2), which corresponds to
a γ-factor of 0.65 as defined in Eurocode 5 [25]. The test "H0-1 residual"
shows the behaviour of a specimen with already failed composite joint
(specimen H0-1 tested again after failure of the micro-notches in one
side). As a reference, the load–deflection curves obtained with the
γ-method using full composite action (γ = 1), no composite action (γ =
0), and no composite action with entirely cracked concrete (γ = 0,
cracked) are also plotted. The deformations of the latter are in a similar
range as deformations of a timber-only element.

(2)

Fig. 9 shows that the γ-value determined with the reference axis in
timber according to Eurocode 5, Annex B [25] does not correlate with
ηC ∗ and is therefore no direct indicator for connection efficiency. This
issue is described and discussed in detail in [35]. The stiffness and
subsequent connection efficiency values determined for the different
configurations in the push-out test series are compared to the values for
conventional notches (with a slip modulus of K = 1000 kN/mm/m) in
two arrangements: with large distance smax = 1000 mm and small dis
tance smin = 250 mm between the notches. All the configurations, except
for PO2 nv, show a comparable or higher joint stiffness than the con
ventional notches. In general, the connection efficiency of TCC with
notches is at a very high level and the increase of joint stiffness does not
contribute linearly to an increase of composite action.

3.3.3. Influence of different parameters
The curves in Fig. 11 indicate that the inclination of the notch front
(H0 specimens have notch front angle α = 0◦ and H5 specimens α = − 5◦ )
does not have an influence on the structural load-bearing behaviour of
the TCC slabs: Some specimens such as H0-1 or H5-1 show a slight
decrease of stiffness beginning at around 50 kN, others such as H0-2 or
H5-2 feature a constant stiffness up to just before ultimate failure. The
notch front angle does not have an influence on this behaviour. The
ommission of wetting the timber surface with water before concreting
(specimen H0-3 oW) also shows neither a negative nor a positive effect
on the load-bearing behaviour: the stiffness (slope) and shear resistance
(failure load) are comparable to the specimens with water treatment.
Additional screws (specimens H0-S) also did not have an effect on slope
nor ultimate failure load. The specimen with additional screws resulted
in the highest deflection value before the brittle failure. However, the
difference to the other specimens is ≈ 4 mm. Because only one specimen
with this configuration was tested, the data is not sufficient to link the
presence of screws to more a ductile behaviour. It can be concluded,
however, that the additional screws do not enhance the connection

3.3. Global behaviour of micro-notches in TCC
3.3.1. Failure procedure and modes
The failure procedure during the tests were a shear failure of the
micro-notches (Fig. 10a) followed shortly after by bending tension
failure of the timber slab at mid-span (Fig. 10b). The fracture patterns
inside the joints were a combination of shear failure in the timber and
shear failure in the concrete (Fig. 10c).
3.3.2. Load–deflection behaviour
The load–deflection curves of the 6 specimens are shown in Fig. 11.
All primary tests show a distinct linear elastic phase, followed by a
reduction in stiffness at around 50-60 kN, and the eventual ultimate
failure in a brittle manner at around 70-80 kN. The ultimate failure was
due to bending tension in timber at mid-span shortly after failure of the

Fig. 10. Failure modes observed during 4-point bending tests and after separating timber and concrete.
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Fig. 11. Load–deflection curves of TCC slabs in 4-point bending test.

stiffness nor the shear resistance. No uplift of the concrete slab was
observed until reaching the failure load of the micro-notches in any of
the specimens.

is almost not subjected to shear loads), yet still visible. Further, the slope
of both models is steeper than the experimental data and thus the
connection stiffness overestimated by both models. The two values
determined for the shear resistance either underestimate (in the case of
the yielding shear strength) or overestimate (in the case of the maximum
shear strength) the failure loads measured in the bending tests.
Due to these discrepancies between the local and global load-bearing
behavior, the connection properties found in the local shear tests were
adapted in two steps: first, the slip modulus K was decreased from 656
kN/mm/m to 110 kN/mm/m. Although this is significant decrease in
numbers, the slope of the load–deflection curve and the connection ef
ficiency is only marginally lower. Second, the shear resistance of the
micro-notches was set to fv = 0.87 N/mm2. This is a mean value of the
back-calculated shear strengths from the failure loads of the six bending
tests. Fig. 12b shows the load–deflection curves obtained with the
adapted connection properties. The models now accurately describe the
experimental data.

4. Comparison of local and global load-bearing behaviour
4.1. Adaption of connection properties
The load-bearing behaviour of the bending tests was modelled with
the γ-method and the strut-and-tie model, using the connection prop
erties obtained in the push-out tests. Fig. 12a shows the comparison of
these models with the experimental data. Both the loads at yielding fv,y
and maximum fv,max shear resistance of the micro-notches are marked.
The slip modulus used for the models was K = 656 kN/mm/m, as
resulted from the local push-out tests with notch geometry 4–7.5. The
connection properties of this geometry were chosen for the model
because of its corresponding notch length of approx. 30 mm. The models
show in general a good correlation with the experimental data. The
strut-and-tie model is more on the conservative side regarding the
deflection. This is plausible, since the strut-and-tie model considers the
real arrangement of the micro-notches over two thirds of the span,
whereas the γ-method assumes a continuous arrangement over the
whole span. The influence is small (the span third without micro-notches

4.2. Discussion
The discrepancies in the load-bearing behaviour in local shear tests
and global bending tests were described above. The connection stiffness
(slip modulus K) used in the models was determined from the notch

Fig. 12. Comparison of models with experimental data and adaption of connection properties.
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geometry 4–7.5. The notch geometry used in the bending tests was, in
contrast, 4–0 and 4–5. However, the local shear tests showed that the
notch depth and notch length (4 mm and 30 mm respectively in both
setups) have a larger influence on the connection stiffness than the notch
front angle [35]. The bending tests confirmed that the notch front angle
does not have an influence. Of greater importance is probably the dif
ference in test setups: symmetrical push-out tests were designed for
local, ductile connectors such as screws. It is questionable if this test
setup is in the same way applicable for continuous, very stiff connectors
such as micro-notches. It is also questionable if local shear tests can
represent the load-bearing behaviour of connection systems in structural
beams. The bending moment, the subsequent curvature and clamping
effect, the size and thus stiffness of the components, the direction of
casting the concrete, and other factors are not the same as in structural
beams. Because the load-bearing behaviour of the connection in a
practice-relevant situation (i.e. in a structural beam subjected to
bending) is decisive, the results of the 4-point bending test series are
considered to show the realistic connection behaviour. The discrepancy
in shear resistance can be explained by the choice of shear resistance
level in the local shear tests. The shear resistance found in the bending
tests was in between the yielding shear strength fv,y and the maximum
shear strength fv,max . Since the local load-slip behaviour was non-linear
for most specimens, the assessment of valuable parameters depends
strongly on the determination method. The shear resistance value backcalculated from the bending tests failure load is more realistic.

6. Conclusions and outlook
Micro-notches are a valid alternative for conventional notches, metal
plates, or adhesives for TCC slab. The results of the extensive experi
mental program and the complementary models show a very high
stiffness, a high shear resistance, and some ductility (depending on the
notch geometry) in local shear tests and a very high stiffness, a high
shear resistance, but no ductility in global bending tests.
The lateral restraints installed in a symmetric push-out test setup
have a significant influence on the load-slip behaviour measured. Rigid
lateral restraints result in large displacements and thus an apparent
ductility. This influence can be prevented by using elastic bands as
lateral restraints.
Both the γ-method and the strut-and-tie model can be used to design
TCC slabs with micro-notches, accurately estimating the load-bearing
behaviour at both service and ultimate limit state. Local shear tests
such as the symmetric push-out test setup for very stiff connectors might
not be the best way to determine connection properties of novel con
nections. The adaption of the obtained values onto the structural scale in
global bending test setup showed a discrepancy with the experimental
data. Bending tests are needed to assess the connection behaviour
correctly.
The micro-notch connection system for TCC has been launched on
the Swiss market under the name of Sidler SHARK®. Until end of 2020,
three residential buildings with the micro-notch technology have been
realised. An extensive long-term test series was started beginning of
2020 and will bring new findings regarding the load-bearing behaviour
of TCC slabs with micro-notches subjected to time, moisture change, as
well as shrinkage and creep in the three components timber, concrete,
and the connection.

5. Design guidelines
The design of TCC slabs with the novel connection system micronotches can be executed analogously to TCC slabs with conventional
connection systems. The same procedure applies regarding the ULS
(ultimate limit state), SLS (serviceability limit state including deflection
and vibration), fire safety, and sound insulation issues. In the following,
the connection properties particular to micro-notches are listed:
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• The mean connection properties are for the slip modulus: K = 110
kN/mm/m per micro-notch and for the shear strength: fv,k = 0.87 N/
mm2.
• The distance s between the connectors depends on the arrangement
of micro-notches: In case of continuous arrangement over a large
area of the span, the distance s equals the length of the micronotches: s = lMN = 30 mm. In this case, the composite action can
also be assumed rigid. In case of strip-wise arrangement (f.e. in strips
of 8 micro-notches each as currently produced at Sidler Holz AG), the
strips are to be considered as local connectors and their distance to
each other define s.
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The concept of micro-notches was investigated and developed on
softwood of strength class C24 and normal-strength concrete with
maximum grain size Dmax = 16 mm. The findings of the investigations do
not yet allow a statement regarding the wetting of the timber surface
before casting the concrete. In the short-term tests described in this
paper, no influence on local or global load-bearing behaviour was
observed. However, only the results from an installed long-term test
series [35] will give more insight. First results after 6 months of mea
surements show that even under very high load levels of 70% of the
estimated short-term failure load Fmax,est and in a moist environment
corresponding to service class II, no failure nor uplift was observed. A
first assumption is that the high adhesion between timber and concrete
withstands the inelastic strains generated by shrinkage and swelling.
The concept of micro-notches is also applicable to TCC two-span
beams, which could be shown in experimental series and analytical in
vestigations [35].
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[51] Kostić S, Meier S, Cabane E, Burgert I. Enhancing the performance of beech-timber
concrete hybrids by a wood surface pre-treatment using sol-gel chemistry. Heliyon
2018;4(9). https://doi.org/10.1016/j.heliyon.2018.e00762.

[7] Blass HJ, Ehlbeck J, Van Der Linden M, Schlager M. Trag- und
Verformungsverhalten von Holz-Beton-Verbundkonstruktionen. Tech. Rep., KIT,
Karlsruhe, 1995.
[8] Blass HJ, Schlager M. Connections for timber-concrete-composite structures. Tech.
Rep., International Association for Bridge and Structural Engineering, 1997.
[9] Ceccotti A. Timber Engineering STEP2: Composite Structures. Centrum Hout,
Almere: STEP/ Eurofortech; 1995.
[10] Dias AMPG, Martins ARD, Simões LMC, Providência PM, Andrade AAM. Statistical
analysis of timber-concrete connections - Mechanical properties. Comput Struct
2015;155:67–84. https://doi.org/10.1016/j.compstruc.2015.02.036.
[11] Dias AMPG, Lopes SMR, Van de Kuilen JWG, Cruz HMP. Load-Carrying Capacity of
Timber — Concrete Joints with Dowel-Type Fasteners. J Struct Eng 2007;133(5):
720–7. https://doi.org/10.1061/(ASCE)0733-9445(2007)133:5(720).
[12] Dias AMPG, Jorge LFC. The effect of ductile connectors on the behaviour of timberconcrete composite beams. Eng Struct 2011;33(11):3033–42. https://doi.org/
10.1016/j.engstruct.2011.05.014.
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of a notched connection in timber-concrete composite floors. In: WCTE 2016 World Conference on Timber Engineering, Vienna University of Technology, 2016,
p. 1–9.
[16] Boccadoro L, Steiger R, Zweidler S, Frangi A. Analysis of shear transfer and gap
opening in timber-concrete composite members with notched connections. Mater
Struct/Materiaux et Construct 2017;50(5):1–15. https://doi.org/10.1617/s11527017-1098-3.
[17] Brunner M, Romer M, Schnüriger M. Timber-concrete-composite with an adhesive
connector (wet on wet process). Mater Struct 2007;40(1):119–26. https://doi.org/
10.1617/s11527-006-9154-4.
[18] Eisenhut L, Seim W, Kühlborn S. Adhesive-bonded timber-concrete composites Experimental and numerical investigation of hygrothermal effects. Eng Struct
2016;125:167–78. https://doi.org/10.1016/j.engstruct.2016.05.056.
[19] Clouston P, Bathon LA, Schreyer A. Shear and Bending Performance of a Novel
Wood - Concrete Composite System. J Struct Eng 2005;131(September):1404–12.
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