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Abstract

In search for a solution of a sustainable construction with less impact on environment while maintaining
a sufficient structural performance, CLT-concrete composite slabs/beams have been increasingly
proposed for medium-to-large span structures. Different types of mechanical shear connectors have been
studied in the literature for these composite elements. Among them, the notch type is the most preferable
due to the high shear resistance contributed by the concrete. However, steel screw or bolt is needed in
the connector to limit the uplift between the timber and the concrete. In this paper, a novel type of
notched connectors with a particular shape that is able to limit the uplift without the need for steel bolts
is proposed. The main objective of this paper is to determine the local and global behaviours of this new
shear connector by experimental investigations. Two series of experimental tests were ordered by
Thierry Soquet, an architect of Architecture Plurielle and an inventor of innovative construction systems
directed by Horizon Bois. A series of three symmetrical push-out tests were performed on large-scale
specimens in order to determine the shear resistance, the stiffness, the deformation capacity and the
failure mode of the connector. The test results have shown high shear resistance and large stiffness of
the connectors. However, the ductility of the connectors is still limited, as the failure mode was governed
by the shear failure of the transverse layer of the CLT. In addition, the global behaviour of the CLT-
concrete slab was assessed by a series of two full-scaled flexural tests on the slab specimens under a
positive bending moment. It was shown in the test results that the design of the composite slab was not
limited by the flexural bearing capacity as a high value of the maximum bending moment was obtained
in the tests, but governed by the deflection of the composite slab. The delay in the tests caused by the
Covid crisis has moreover set in evidence the importance of the shrinkage of concrete in the total
deflection.
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1. Introduction

The high amount of carbon dioxide released to atmosphere creates serious drawbacks for concrete and
steel structures. This brings back the interests of using the timber in the construction on account of
environmental sustainability along with a sufficient structural performance. Timber—concrete composite
members have been increasingly studied for medium-to-large span structures (e.g. (Deam et al., 2008),
(Lukaszewska et al., 2008), (Jiang and Crocetti, 2019)). The global behaviour of these composite
structures depends largely on the connection between the two materials. An efficient connection must
ensure the transfer of shear forces between the concrete and the timber with limited slips and uplifts.
Different types of mechanical shear connectors of the timber-concrete composite elements have been



studied in the literature. A detailed review of these connectors is given by (Yeoh et al., 2011). Among
them, the notch type is the most preferable in terms of high shear resistance. However, steel screws or
bolts are needed in the connector to limit the uplift between the timber and the concrete, which requires
tools and skills and slows down the construction process. Thierry Soquet, an architect of the Architecture
Plurielle agency and a designer of the Horizons Bois building in Rennes, in collaboration with INSA
Rennes developed a novel notched connector for a CLT-concrete composite slab with a particular form
that is able to limit the uplift between the concrete and the CLT panels without the need for screws or
bolts.

This paper presents the experimental study on the effectiveness of the proposed notched connector used
in CLT-concrete composite floors by a series of three symmetrical push-out tests and two large-scale
four-point bending tests.

2. Push-out tests

For the characterisation of a shear connection between composite members, the standard push-out test
is commonly used. In this paper, symmetrical large-scale push-out tests were conducted to study the
behaviour of the novel notched connection of the CLT-concrete composite slab.

2.1. Test setup

The test setup was made to conform to the push-out test given in Annex B of Eurocode 4 part 1-1 (2004)
and EN 26891 (1991), with an adaptation to fit with the configuration of the CLT-concrete composite
slab. Illustrated in Figure 1, the test setup consisted of a force jack with a capacity of 1500 kN, a loading
HEB-300 steel piece, a specimen of the CLT-concrete connection and a supporting steel table. In the
test setup, the specimen was placed vertically on the supporting table. The force jack applied a uniform
vertical load on the top surface of the CLT block of the specimen via the HEB-300 profile while the
supporting steel table provided a reaction to the reinforced concrete panels. The width of the profile
(300 mm) almost covered the width of the CLT panel (330 mm) and spanned over to the concrete notches
so that the loading could be as uniform as possible. In order to avoid a dangerous collapse of the
specimen, four steel angles placed around the four faces of the specimen were fixed on top of the
supporting steel plate by 150-mm welds in the centre of the angle. These angles were however not in
contact with the specimen.

Force jack

Loading steel

piece
Specimen —
Steel angle Supporting
table

Figure 1. Pushout test: Description of test configuration.



2.2. Test specimen

Three specimens (namely B1, B2 and B3) were fabricated. Each specimen was composed of two CLT
panels glued to each other and placed between two reinforced concrete panels (Figure 2a). Each RC
panel was connected to the CLT panel by two notched connectors. The notch connector (Figure 2b) was
obtained by cutting a notch from the CLT panel. A U-shape rebar cage was put in it (Figure 2c). In the
fabrication process, the concrete was casted on each CLT panel separately using the same concrete on
the same day. The concrete was casted directly on the CLT panel during the fabrication of the specimen
without laying plastic films nor applying any paint. After the concrete was cured, the two pieces were
glued to each other at the free surface of the CLT panels (Figure 2a) using polyurethane glue. This
process avoids the inconvenience of casting concrete at a different time for each concrete panel.

The dimensions of the specimens are given in Figure 3. Specimen B1 has a width of b = 500 mm
whereas specimens B2 and B3 have a width of b = 400 mm. Reinforcement mesh ST15 was also placed
inside the concrete panel.

| Reinforced
concrete panel

| Notched
connector 150
(b). Notched connector.
— CLT block
)
L U-shape
rebar cage

[ Glued surface V9O\‘
after concrete
curing 6
(c). U-shape rebar cage.

(a). Specimen.

Figure 2. Pushout test: Description of test specimen (dimensions in mm).
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Figure 3. Pushout test: Dimension of the specimen (dimensions in mm).

2.3. Material properties

According to Annex B of Eurocode 4 part 1-1 (2004), for a preparation of the specimen in the standard
push-out test, the compressive strength of the concrete at the time of testing should be 70%+10% of the
specified strength of the concrete. In order to achieve this objective, the concrete at young age was used.
Based on the expressions in Eurocode 2 part 1-1 (1992) for determining the concrete strength in relation
to the age of concrete, the concrete compressive strength at the age between 7 and 14 days reaches a
value between 68% and 85% of the strength at 28 days.



The concrete panel had a concrete strength class of C35/40 formulated according to the norm EN 206-
1, having the class of environment XF1. 2 series of three cylinder specimens with a dimension of
11x22cm were tested on the day of each push-out test using standard compressive tests for compressive
strength and using Brazilian tests for tensile strength. The results are reported in Table 1. f,; and f 1
are tensile strength of each specimen and their mean value, respectively. f, and f_,, are compressive
strength of each specimen and their mean value, respectively.

Table 1. Pushout tests: Concrete strength.

Test Age (days) fer [MPa] fetm [MPa] fc [MPa] fem [MPa]
3.16 33.82

Bl 6 3.50 3.20 34.46 34.51
2.94 35.25
2.80 29.31

B2 3 2.35 2.56 28.70 29.12
2.53 29.36
3.72 39.73

B3 7 3.21 3.39 38.95 39.51
3.23 39.84

The CLT panel was made of massive wooden boards with a minimum class of C18 and a mean density
of 420 kg/m® specified in the technical specification of the product (TOT m X, 2020). The steel rebars
have a steel grade of BST 500 S.

2.4. Instrumentation and test procedure

The compressive load, applied to the CLT panel by the force jack, was transferred to the concrete panels
through concrete notches. This force was then balanced by the reaction forces provided by the supporting
table.

In order to measure relative displacements between the CLT and concrete panels (slips and uplifts), the
measurement using Digital Image Correlation method was adopted. In this method, a series of photos
were captured during the course of the test at each increment of loading by two high resolution cameras
(one at the front and the other at the back surface of the specimen). These photos were then used to
employ tracking and image registration measurements of changes in the images over time. The precision
determined for this test was currently + 0.1 mm. Points were marked on the concrete and the CLT panels
(see Figure 4); the change of the positions of these points was tracked and measured in order to compute
the slips and uplifts.

Marked
point

Region of
interest

Figure 4. Pushout test: Zones for Digital Image Correlation method.



The load was applied according to the test procedure described in Annex B of Eurocode 4 part 1-1
(2004). With a loading rate of 1 mm/min, 25 loading/unloading cycles between 40 % and 5 % of the
expected failure load were initially applied to the specimen in order to remove the friction between the
concrete and CLT surfaces. The load was then monotonically increased up to failure with a loading rate

of 1 mm/min. The expected failure load was (under)estimated at 400 kN for the test B1 while it was
updated to 650 kN for tests B2 and B3.

2.5. Results

Figure 5 shows the evolution of the force in function of the elongation of the force jack for the three
tests. The maximum loads obtained for tests B1, B2 and B3 are 840 kN, 685 kN and 690 kN,
respectively. In all the three tests, the failure mode was governed by a brittle shear rupture of one of the
weak layers of the CLT panel, as shown in Figure 6.
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Figure 5. Pushout test: Force-elongation curve of the force jack.

(a). Specimen B1. (b). Specimen B2. (c). Specimen B3.

Figure 6. Pushout test: Shear rupture of one of weak layers of the CLT panel.

Figure 7 illustrates the evolution of the mean slips and the mean uplifts in function of the force per
connector per meter width. The maximum value obtained from the three tests ranges between 0.8 mm
and 1.6 mm for the slip and between 0.7 mm and 1 mm for the uplift. The maximum load attained per
connector per meter width (Fy,4,) is 419 kN, 421 and 461 kN for test B1, B2 and B3, respectively. The



mean value () and the standard deviation (O) of the maximum load for the three tests are 434 kN and
24 kN. The corresponding mean slips to the maximum force (8, ) are 0.79 mm, 1.02 mm and 0.9
mm, respectively. The corresponding mean uplifts to the maximum force (ug,_ ) are 0.57 mm, 0.67
mm and 0.59 mm, respectively.
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Figure 7. Pushout test: (a). Force per connector versus slips. (b). Force per connector versus uplifts.

While the strength of the connector is defined by the maximum load applied at failure (F;,,y), the
stiffness is quantified by slip modulus at different load levels. Based on the model proposed by (Ceccotti,
1995), the stiffness at service limit state (Ks,,) is determined by a secant slope of a straight line that
connects the beginning of the load-slip curve to a point at 40 percent of the failure load. The stiffness at
ultimate limit state (Kj,) is computed as equal to nger. The computation of these stiffness is reported

in Table 2.

Table 2. Shear strength and slip moduli values for one connector per one meter width.

Test | P DN |6 Vg, Kser [KN/m/m] K, [KN/m/m]
U p [mm] | [mm] U p U p
B1 | 419 0.79 | 0.57 | 1.81x108 1.20x108
B2 | 421 | 434 | 24| 1.02 | 0.67 | 1.38x10° | 1.49x10° | 0.28x10° | 0.92x10° | 1.00x10° | 0.18x10°
B3 | 461 0.90 | 0.59 | 1.29x108 0.87x108

3. Flexural tests

Four-point bending tests were applied to two large-scale specimens of the CLT-composite slab with the
new notched connectors in order to validate the functioning of the connectors in real configuration, and
measure the global structural response.

3.1. Specimen and test setup

Two slab specimen were fabricated. Each specimen had a dimension of 3200x6710x245mm and was
composed of a CLT panel with a thickness of 165 mm connected to a reinforced concrete panel with a
thickness of 85 mm by a series of 13 notched connectors (Figure 8).

The test setup consisted of a slab specimen, two supports, a force jack with a capacity of 1500 kN and
a loading system to apply a four-point loading configuration (Figure 9a). In this test setup, the specimen
was simply supported. It was placed on two support systems, and the load was applied vertically from
the force jack onto the specimen through the loading system. The support 1 (conceptualized for
supporting walls) was a linear support that gave supporting contacts to the entire width of the specimen
(Figure 9b). At this support, the horizontal displacement of the CLT panel was restrained by the profile
UPN 300. In test F1, the support condition was applied to fit with an actual condition, in which two
point supports (conceptualized for supporting columns) placed at corners below the specimen were used



for the support 2 (Figure 9c). PTFE layers were used in order to minimize the friction between the
support and the CLT panel. Due to a premature shear failure of the specimen at the point supports in test
F1, alinear support (Figure 9d) was adopted for the support 2 in test F2. The span between the supports
and the loading positions are given in Figure 10.

Concrete

Reinforcement
mesh ST15

500 ] 500 | 500 | 500 | 625 625 [ 500 500|500 |500

Figure 8. Flexural test: Description and dimensions of test specimen (dimensions in mm).
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Figure 9. Flexural test: Description of test configuration.

3.2. Material properties

The same concrete class for concrete panels and the same wood class for the CLT panels as in pushout
tests were used. Three cylinder specimens with a dimension of 11x22cm were tested on the day of each
flexural test for concrete strength and reported in Table 3.

Table 3. Flexural tests: Concrete strength.

Test Age (days) fc [MPa] fem [MPa]

56.45
F1 120 56.33 56.60
57.01
56.61
F2 147 53.25 55.35
56.18

3.3. Instrumentation and loading procedure

The force generated by the hydraulic force jack was measured by an integrated double force sensors (+
500 kN and * 1500 kN). The slips between the CLT and the concrete panels were determined by 8
LVDT sensors (4 at each side along the specimen) noted by CG1 to CG8 with a capacity of + 2.5 mm.
Four LVDT sensors with a capacity of 25 mm (CD1 to CD4) were positioned below the specimen close



to the support to measure the settlement of supports for a displacement correction when computing the
deflection. The positions of the sensors are given in Figure 10.
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Figure 10. Flexural test: Positions of sensors LVDT (dimensions in mm).

Apart from the analogue sensors, three high resolution photo cameras were also installed for an analysis
using digital image correlation technology (DIC). The deflection of the specimen was determined by
recording the evolution of points on steel board fixed below the CLT at mid width (noted by C1 to C5).
The slips (G1 and G2) and the uplifts (D1 and D2) were obtained from points on the recording areas.
The measuring positions of the areas for the DIC are presented Figure 11.
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Figure 11. Areas for the DIC (dimensions in mm).

Regarding the loading procedure, 25 initial loading/unloading cycles between 40 % and 5 % of the
estimated failure load was applied to the specimen in order to remove the friction with a loading rate of
1 mm/min. The failure load is estimated at 403 kN. One more cycle at the estimated ultimate limit state
was then performed before it was monotonically increased up to failure with a loading rate of 1 mm/min.

3.4. Influence of shrinkage effects on the deflection

The first flexural test (F1) was performed four months after the concrete casting of the specimen. This
delay was due to the first period of lockdown imposed by the French government during the Covid-19
crisis. During storage, many concrete cracks (see Figure 12) were observed on the concrete panel of the
specimen, which brought to light the suspicion of non-negligible effects of concrete shrinkage on the
deflection. However, it was not possible to quantify the deflection caused by this effect.

It was decided later to measure the evolution of the deflection of the specimen F2 during around three
months. The specimen was placed on the supports of the flexural test configuration with only the self-
weight of the specimen applied on it. Laser sensor was installed at the mid-span below the specimen in
order to measure the deflection over time. The specimen F2 was casted with an initial positive deflection
at the mid-span of 19 mm. Figure 13 shows the evolution of the mid-span deflection over time. The
deflection contributed by the shrinkage for 100 days can be vastly computed at 16 mm, being the
difference between the deflections at the time of 100 days and of 0 day. This value is not negligible and
calls for further investigation through a dedicated experimental campaign.
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Figure 12. Specimen F1: Cracks due to shrinkage effects (dimensions in mm).
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Figure 13. Specimen F2: Evolution of mid-span deflection over time.
3.5. Results of flexural tests

Figure 14 illustrates the envelop curves of the elongation evolution of the force jack and of the mid-span
deflection in function of the force for both tests. The maximum force obtained for test F1 is 590 kN,
corresponding to a maximum mid-span deflection of 71.40 mm. The failure mode of Test F1 was
governed by a shear rupture of the concrete panel close to the point supports (Figure 15a). On the other
hand, in the second test, the loading was stopped at 725 kN for security reasons when many wood layers
were ruptured (Figure 15b). This was to avoid a brittle collapse of the system, as the failure seemed to
be governed by the rupture of the CLT layers in tension. In addition, a large mid-span deflection of the
specimen of 93 mm was already obtained (Figure 14b).
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Figure 14. Flexural tests: Evolution of the elongation of the force jack and the mid-span deflection.
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Figure 16 represents the evolution of the slips in function of the force for both tests. The maximum slips
obtained for tests F1 and F2 are 2.38 mm and 0.66 mm, respectively. The large values of the slips
measured by sensors CG4 and CGS5 in test F1 were relative displacements caused by shear cracks near
the point supports (Figure 15a). Due to the errors in the interpretation of the DIC of G1, G2, D1 and D2
for test F1, the results are not presented here. The evolution of the uplifts by D1 and D2 for test F2 is
described in Figure 17. The maximum mean uplift obtained for test F2 is 0.43 mm. It can be concluded
from these results that in both tests the global response of the specimens were almost linear until the
failure of the specimens.

(a). Test F1 (b). Test F2.

Figure 15. Flexural tests: Failure of the specimen.
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Figure 16. Flexural tests: Evolution of slips in function of force.
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Figure 17. Flexural tests: Evolution of uplifts in function of force for test F2.

3.6. Verification of deflection of the specimen

A simplified calculation method or “gamma method” provided in Annex B of Eurocode 5 — part 1-1, is
usually adopted for the design of timber-concrete composite floors. (Jiang and Crocetti, 2019) proposed
a modification of the gamma method to apply to CLT-concrete composite floor with 5-layer CLT panel.
It is interesting to verify the accuracy of this method to predict the flexural stiffness of the present CLT-
concrete composite floor with the novel notched connectors. The flexural stiffness at SLS and ULS are
computed with the modified gamma method using the mean value of K, and K;, provided in Table 2.
As illustrated in Figure 18, the gamma method predicts well the flexural stiffness of the present CLT-
concrete composite floor with the new notched connectors. Load levels corresponding to a load
combination for SLS and for ULS as indicated in Eurocode 2 (1992) are also given in the figure. In fact,



the wood-concrete connection is very stiff compared to the effect of rolling shear within the CLT panel.
It can also be seen that a small difference is obtained for the flexural stiffness when using K., and K;,.
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Figure 18. Flexural tests: comparison of force-deflection responses.

It is clear that the resistance of the composite floor is sufficient for the ultimate limit state design.
However, with the influence of the shrinkage effects, it is needed for a service limit state verification.

4. Conclusion

This paper presents an experimental investigation on the behaviour of the CLT-concrete composite floor
with novel notched connectors. Three symmetrical push-out tests and two full-scale four-point flexural
tests were carried out in order to validate the effectiveness of the proposed notched connector in the
CLT-concrete composite floor. The failure mode of all the specimens in the push-out tests was governed
by the shear rupture of the weak layer of the CLT panel. The push-out test results showed high values
of the shear strength and of the stiffness although low ductility was obtained. The results of the flexural
tests showed the efficiency of the notched connector, as the failure mode of the specimen in test F2 was
governed by the rupture of the tensile layers of the CLT, and the maximum slips and uplifts were smaller
than the ultimate values obtained in the pushout tests. The modified gamma method (Jiang and Crocetti,
2019) provided a good agreement of the flexural stiffness with the experimental result. In addition, a
small difference of the flexural stiffness is obtained when using the value of the stiffness K., and that
of K;, in the gamma method. At last, while a high bending resistance of the composite floor was
obtained, the evolution of the deflection caused by the shrinkage effects requires further investigations
as the deflection verification at service limit state is critical.
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