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Abstract

:

This paper introduces a method to create a moment-resisting edge connection between two cross-laminated timber (CLT) panels. With this connection, two-way spanning cross-laminated timber slabs can be realised, where the span exceeds the manufacturing and transport-related width of the individual CLT panels. Until now, mostly on-site gluing solutions have been suggested for such connections. In this study, a solution using a timber–concrete–composite (TCC) system is proposed. For this, self-tapping screws are inserted along the edge face of the CLT component, enabling the formation of a lap splice between two adjacent CLT elements. This lap splice is reinforced by additional rebars and filled with concrete. This means that only familiar, easy-to-handle materials are used on-site, and there is no need for adhesives, which can be difficult to apply. To evaluate the load-bearing capacity of the connection, it was subjected to a pure bending load in four-point bending tests, where load-bearing capacities of up to 70% of the characteristic load-bearing capacity of the solid CLT elements were achieved. An analytical approach for a simplified engineering calculation model is introduced to determine the load acting upon the screws. Based on the experimental results, it is shown that the analytical approach is able to adequately represent the load-bearing capacity of the connection. The analytically determined forces on the screws may then be used to carry out further verifications on this connection method.
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1. Introduction


1.1. General


For several years, numerous projects have demonstrated the successful use of timber in the construction of multi-storey buildings. Currently, two main timber construction methods are used for designing such structures. One approach involves the use of wall slab systems, while the other is a combination of columns and slabs with joists. However, there is one primary construction method for multi-storey buildings—predominantly associated with concrete structures—that has not yet been commonly adopted in timber construction: the point-supported flat slab. Designers favour this method due to its possibilities for flexible floor plans and reduced ceiling heights. However, there are several critical issues that need to be considered before applying this method in timber construction.



A major challenge in this construction method is the biaxial loading of the slab. The development of CLT has provided a product for timber construction that is basically suitable for biaxial loading due to its glued, crosswise-arranged lamellas. Another issue relates to the concentrated loads in the area of the columns. In recent years, intensive research has been carried out on this topic. This led to several different solutions, including the use of inclined screws as rolling shear reinforcement [1,2], the use of a system connector [3,4,5], or the possibility of using hardwood inserts in this area [6,7].



For spans from 5.0 to 7.0 m, which are common in concrete construction, the transport and manufacturing-related width (width: 2.5–3.5 m, length: ≤22 m) of the individual CLT elements are exceeded. Therefore, the individual elements must be connected at the construction site. To ensure the biaxial load-bearing behaviour of the slab, a bending-resistant edge connection must be constructed. This paper focuses on the development of such an edge connection. However, the use of CLT edge connections is not limited to the construction of point-supported flat slabs. It may also enhance the system stiffness of other CLT slabs, whether supported on all four sides or in the area of openings.



In the literature, various methods can be found for the construction of such edge connections, capable of transferring both shear forces and bending moments. Many of these methods involve the use of splice plates made of wood-based panels arranged on both sides of the CLT. These plates are fastened either by inclined self-tapping screws [8] or by screw-press gluing [9]. A similar approach can be found in [10], especially for the secondary direction of CLT elements. In addition to the screw-press gluing, here, finger-joint-like profiles are milled in the CLT and the laminated veneer lumber (LVL) splice plates are made of beech wood. However, apart from screw-press gluing, further methods using adhesives are presented in the literature. For instance, the connection method presented in [11,12] using glued-in perforated steel plates may also be adapted to the CLT edge connection. In the method presented in [13], a special two-component polyurethane adhesive is used for a butt bonding of the narrow faces of the CLT.



While the methods based on adhesives are often described as rigid connections, it is shown in [14] that a completely rigid edge connection is not absolutely necessary, even for an application in point-supported flat slabs. Therefore, in [14,15], different approaches were investigated in terms of their rotational stiffness without relying on on-site gluing. For this, a series of tests were conducted comparing various concepts against glued-in perforated plates and a butt joint bonding using a conventional two-component epoxy adhesive. In one of these variants, splice plates made of steel in combination with inclined self-tapping screws were investigated. One concept involved a planar scarf joint, reinforced with fully threaded screws. Also, the option of pre-stressing the entire slab was examined and the prototype of a new system connector based on micro-serrated steel plates was tested. However, for use in point-supported flat slabs, only the system connector with micro-serrated steel plates achieved a sufficient rotational stiffness.



In [16], a method is proposed where screws are arranged horizontally and coupled by a screw connector. Another approach for the edge connection, beyond those primarily based on adhesives, is presented in [4,17]. This concept involves a dovetail joint filled with a synthetic reaction resin. Another approach using a dovetail joint is presented by [18]. However, this edge connection is intended for use in TCC slabs [19]. In [20], an edge connection for two-way spanning TCC slabs with CLT is shown. Here, reinforcing bars are glued into the narrow faces of the CLT and poured with concrete. This approach of glued-in rebars was then applied by [15] to create an edge connection between two CLT elements. Forces are transferred via a lap splice of this reinforcement between two adjacent CLT elements. Our prior work in [14] confirmed the capability of this connection type for point-supported flat slabs and, therefore, laid the foundation for the edge connection presented in this paper.




1.2. Description of Connection


In contrast to the approach presented in [14,15,20], where glued-in reinforcement bars were used, here fully threaded self-tapping screws are inserted into both narrow faces of the CLT panels intended for the connection. This eliminates the need to bond in the fasteners. These screws extend beyond the CLT surface, creating a lap splice between the two adjacent panels. Afterwards, this splice is reinforced with additional reinforcing bars on the construction site and then the gap between the CLT panels is poured with concrete. The main advantage and novelty of this construction method, compared to the majority of other known moment-resisting edge connections, is the elimination of any gluing, whether in the factory or on the construction site, and its combination with concrete, a well-known construction material.



This type of joint is, in principle, suitable for enabling a two-way spanning CLT slab (see Figure 1). The transfer of forces resulting from loads perpendicular to the presented edge connection is based on the tensile load on the fasteners, combined with a contact joint between the CLT and the concrete in the compressed section. It is worth noting that any fasteners located within this compressed section of the joint may also contribute to the force transmission. Forces in the tension zone are transferred by the lap splice of the screws within the concrete. Bending moments parallel to the connection are carried by an adequate reinforcement of the concrete. Additional panel loads, such as shear forces or torsional moments, are transmitted through shear loads on the fasteners. Although the edge connection is potentially capable of carrying loads in different directions, the investigations presented in this paper focus on the primary load-bearing direction. Therefore, in this study, the loading of the connection by a pure bending moment perpendicular to the joint (  m x  ) is investigated.



Since it is possible to insert the fasteners into the narrow faces of the CLT elements at the factory, the work on the construction site is limited to reinforcing the connection with stirrups and longitudinal reinforcement made of conventional reinforcement steel before pouring the concrete. During these construction phases, the slab has to be supported. Depending on the design of the bottom view (see Figure 2), formwork may be necessary. In principle, with this system, a timber soffit is also realisable. It is possible to cut out the concrete section from the CLT or use an external wooden board on the bottom side. Moreover, this edge connection may also be adaptable for the construction of a two-way spanning TCC slab. The connection is, in principle, also applicable to recent developments involving CLT, such as the diagonal laminated timber (DLT) presented by [21,22]. This is especially relevant since this product is well-suited for use in point-supported flat slabs [23].





2. Materials and Methods


2.1. Experimental Investigations


2.1.1. Materials


For the production of the test specimens, CLT elements with a European Technical Assessment (ETA) [24] were used. According to the manufacturer, the total layup may be assigned to the strength class C24, whereby all outer lamellas have a strength class of T14 (C24) and 10% of class T10 (C16) can also be used for the inner lamellas. All the elements used had a width b of 800 mm, although with different lengths. For the tests, elements with different thicknesses and layups were used (Table 1). The arrangement of layers within the CLT elements was selected to achieve a balanced ratio of bending stiffness    ( E I )   ef , x    and    ( E I )   ef , y    (see Figure 1). This criterion was found to be advantageous for a possible application in a two-way spanning slab, such as point-supported flat slabs with similar distances to the supporting members. For the plates of the L5s series (  h = 160   mm), the stiffness ratio is quantified as     ( E I )   ef , x   /   ( E I )   ef , y   = 1 : 0.68  , while for the L9s series (  h = 280   mm), this ratio is calculated as     ( E I )   ef , x   /   ( E I )   ef , y   = 1 : 1.08  . The C5s and C9s series exhibit an inverse ratio.



The used self-tapping screws comply with the ETA [25]. For the tests, fully threaded screws with carbon steel and nominal diameters   d = 9   mm (VGS-9, nominal length   l = 520   mm) and   d = 13   mm (VGS-13,   l = 1000   mm) were used. In order to ensure a precise application, pilot holes (depth approximately 130 mm) with diameters smaller than the core diameter of the screws were pre-drilled.



The concrete used conformed to the strength class C 25/30-XC1 according to Eurocode 2 [26]. The nominal maximum aggregate size (  d g  , according to [26]), was selected with a diameter of 16 mm.



Furthermore, a water-tight barrier was installed at the contact area of the concrete and the CLT elements within the test specimens, in accordance with the recommendations given in [27,28]. This barrier is intended to prevent moisture interaction between the two components. Its installation aims to prevent the abstraction of water from the concrete, which could lead to a reduction of the compressive strength, as well as water absorption that might reduce the compressive strength and stiffness in the contact area to the CLT as a result (cf. [29]). Toward this aim, a one-sided self-adhesive tape with a polyethylene (PE) film is applied to the CLT narrow faces.




2.1.2. Test Specimens


A total of 12 test specimens were tested in 4 series with 3 tests each. The test specimens for each series are illustrated in Figure 3. In these series, several parameters were varied, including the number and diameter of the screws, the height and layup of the CLT elements, as well as the width of the concrete. This selection was made to verify practical distances between the screws and validate the analytical approach on a wide range of parameters. The length of the lap splice was selected as a function of the screw diameter to prevent failure of the concrete following the regulations given in [26]. The fasteners, except for the 160-C5s-VGS-9 series, are only arranged in the tension area of the cross-section resulting from the test setup (see Figure 4). The screws are inserted at a spacing e of 100 mm to 200 mm, depending on the series. The distance between the screws in the lap splice is set to three times the nominal diameter d for all specimens. The concrete is reinforced with 8 mm diameter stirrups. A longitudinal reinforcement with a diameter of 10 mm is arranged in the corners of these stirrups. The concrete cover   c nom   is taken as the minimum value according to Eurocode 2 [26], resulting from exposure class 1 (XC1). XC1 is assumed to be the equivalent of service class 1 according to Eurocode 5 [30]. The distance of the screws to the edge (  a 4  ) results from the concrete cover   c nom   and the nominal diameters of the reinforcements, including assembly clearance.




2.1.3. Test Methods


Four-point bending tests were carried out on the test specimens in accordance with the specifications given in [31,32,33]. The load was applied with a 630 kN hydraulic actuator. The load protocol was based on EN 26891 [34]. The estimated maximum load (  F est  ) as well as the loading rates (  v n  ) are given in Table 2. The maximum load (  F est  ) was estimated based on analytical assumptions. An adjustment of this load, as provided in [34], for a deviation of more than 20% compared to the maximum load achieved (  F max  ), has not been made. The tests were stopped when a clear decrease in load occurred (≥  0.2 ·  F max   ).



During the tests, the total load on the specimens (F), the global displacement (  w global  ), and the local displacement (  w local  ) were measured at a frequency of 5 Hz. The deformations (  w global   and   w local  ) were recorded on both sides of the plates using displacement transducers (LVDTs). In addition, the area of the connection was recorded by an optical measurement system on both sides of the specimens for 2D digital image correlation (DIC). The images from these cameras were recorded at a frequency of 2 Hz for post-processing by the DIC software Alpha (version 2022.0.41) [35]. For the test specimens with a height of 160 mm (series 160-L5s-VGS-9 and 160-C5s-VGS-9), the measurement of the local deflection (  w local  ) was also carried out using the optical measurement system (frequency 5 Hz). The entire test setup, including the measuring devices, is illustrated in Figure 4.
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Figure 4. Four-point bending tests–test setup and equipment. 






Figure 4. Four-point bending tests–test setup and equipment.
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Based on the measured load (F), the corresponding bending load (M) on the connection is calculated according to Equation (1) and the stiffness values,   K global   and   K local   in [N/mm], are determined through linear regression analysis in the load-deformation graph, utilising the measured deflections (  w global   and   w local  ). This analysis is conducted within the linear elastic range, between 10% and 40% of the estimated maximum load (  F est  ), on the initial loading path. Using these stiffness values, the effective global bending stiffness    ( E I )   ef , y , global    for the entire test specimens as well as the effective local bending stiffness    ( E I )   ef , y , local    may be calculated following Equations (2) and (3).


  M =   F 2   ·  l 2   



(1)






    ( E I )   ef , y , global   =    3 ·  l 2  ·  l 2  − 4 ·  l  2  3   48   ·  K global   



(2)






    ( E I )   ef , y , local   =     l 2  ·  l  1  2   16   ·  K local   



(3)







In addition to the four-point bending tests, tensile strength tests on the used screw types were conducted. These tests were performed according to [36,37,38]. The cube compressive strength of the concrete was also determined according to [39,40] to validate the quality.





2.2. Analytical Approach


The analytical approach is focused on the evaluation of the forces acting on the fasteners when they are subjected to tensile loads due to a pure bending moment. For this, an equilibrium of forces is formed at the interface between the concrete and the cross-section of the CLT. The analytical approach does not consider rows of fasteners that are in the compression zone of the connection (as in series 160-L5s-VGS-9). In addition, the approach does not take into account the influence of the screw withdrawal stiffness. As a consequence, this approach’s scope should be limited to the evaluation of forces related to the load-bearing capacity. The design problem for a general case is illustrated in Figure 5 for a pure bending load (M).



First, the resulting compressive force   F c   must be determined. This results from summing up the resulting compressive stresses   σ (  z ¯  )   over the entire compressed height x and the width b of the considered cross-section.


   F c  =  ∫   z ¯  = 0    z ¯  = x   σ  (  z ¯  )  · b    d  z ¯   



(4)




The distance of the resulting compressive force   F c   from the compressed edge a may be described for the general case via


  a = x −   1  F c     ∫   z ¯  = 0    z ¯  = x   σ  (  z ¯  )  · b ·  z ¯     d  z ¯   



(5)




In addition to the height of the compression zone x, the force in the connection   F t   has to be determined. These two values may be calculated by following the two equilibrium conditions:


  ∑ N = 0    and    ∑ M = 0  



(6)




Since only the pure bending of the cross-section is considered, the equilibrium for the normal forces N results in:


  ∑ N = 0 :      F t  =  F c   



(7)




and the moment equilibrium around the centre of gravity for the gross section is


  ∑  M  ( C G )   = 0 :     M =  F t  ·   z t  ^  +  F c  ·   z c  ^   



(8)




If the moment equilibrium is formed around the centre of gravity of the fasteners in tension, it follows from (8) to:


      ∑  M  ( 1 )   = 0 :    M    =  F c  · z         =  F c  ·  ( d − a )       



(9)







The height of the compression zone x is, therefore, obtained by solving the quadratic Equation (9). Using the compression zone height, the resultant compressive force   F c   may be determined according to Equation (4). The load on the fastener   F t   can be directly determined using Equation (7). For an engineering approach, it is reasonable to assume a constant compressive stress   σ (  z ¯  )   that is equal to the compressive strength   f c  . However, for CLT, this results from the orientation of the layers.



When considering the layer structure of the CLT, the following three principles have to be taken into account in this approach:




	1.

	
Within a single layer, constant compressive stress is considered.




	2.

	
The top layer in the compression zone must always be taken into account.




	3.

	
Layers exposed to compression perpendicular to the grain, situated between two layers subjected to compression parallel to the grain, should not be taken into account.









For three common cases (Figure 6, Figure 7 and Figure 8), the compression zone height x is obtained by solving Equation (9). Furthermore, the size of the resulting compressive force   F c   may be determined based on this height.



	1.

	
If the height of the compression zone is smaller than the thickness of the first layer   x ≤  t 1   :
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Figure 6. Compressed section   x ≤  t 1   . 






Figure 6. Compressed section   x ≤  t 1   .
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      x = d −    d 2  −    2 · M   b ·  f  c , 1               F c  = x ·  f  c , 1   · b      



(10)








	2.

	
If the first layer is exposed to compression perpendicular to the grain and the compressed section is higher than the thickness of the first layer   x >  t 1   :
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Figure 7. Compressed section   x >  t 1    and 1st layer transversal. 






Figure 7. Compressed section   x >  t 1    and 1st layer transversal.
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      x = d −     d −  t 1   2  +    f  c , 1    f  c , 2       t 1    2  d −  t 1   −    2  M   b  f  c , 2               F c  =   f  c , 1     t 1  +  f  c , 2     ( x −  t 1  )   · b      



(11)








	3.

	
If the first layer is exposed to compression parallel to the grain and the compressed section is higher than the thickness of the first layer   x >  t 1   , then the second layer, which would be exposed to compression perpendicular to the grain, should not be taken into account:
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Figure 8. Compressed section   x >  t 1    and 2nd layer transversal. 






Figure 8. Compressed section   x >  t 1    and 2nd layer transversal.
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      x = d −     d −  t 1   2  + 2   t 1    t 2  −    2  M   b  f  c , 1               F c  =  x −  t 2   )   ·  f  c , 1   · b      



(12)











Once the axial load of the screws   F t   has been determined from the resulting compressive force   F c   with Equation (7), various possible forms of failure of the connection can be verified according to established design approaches. For example, these include:




	
Withdrawal strength of the screws in the CLT panel;



	
Tensile failure of the screws;



	
Failure of the anchorage within the concrete;



	
Failure of the lap splice within the concrete.








This study focuses on determining the tensile forces acting on the screws. For verification procedures, it is recommended to refer to the regulations of Eurocode 5 [30] in combination with the ETAs for the screws. To verify the screws within the concrete, references are given in [41]. In addition to verifying the connection, it is crucial to verify the materials themselves according to established regulations [26,30].





3. Results and Discussion of the Experimental Characterization


3.1. Experimental Results


3.1.1. Bending Tests—Deformations and Load-Carrying Capacity


The main results of the four-point bending tests, as illustrated in Figure 9, are summarised in Table 3. In addition to the load-carrying capacity of the individual test specimens, the results of the stiffness evaluation at the initial load paths    ( E I )   ef , y , global    and    ( E I )   ef , y , local   , in accordance with Equations (2) and (3), are also given. A comparison between the local and global effective bending stiffness reveals that this connection cannot be classified as a rigid connection. As already mentioned, in one of our previous papers [14], we demonstrated that a fully rigid edge connection is not required for point-supported flat slabs. It is shown that the influence on the vibration behaviour of the slab is negligible above a certain stiffness of the connection. However, the tests presented in the paper at hand were not designed to investigate the stiffness of the connection but to validate the design approach for the load-bearing capacity. Consequently, except for the series 160-C5s-VGS-9, a second row of fasteners in the compressed section was not included in the test series. Therefore, the stiffness of the connection will not be discussed further in this paper.



In Figure 10, the load-deformation curves of the tests are shown. The curves follow a linear trend up to a load level of approximately 60 to 70% of the maximum load (  F max  ). It is noticeable that there is a clear increase in stiffness within the unloading and reloading paths. A clear decrease in load is observed only once the maximum load is reached, and this is characterised by an increase in deformations. The load plateaus in some test curves in the range of approximately   0.5 ·  F est    are due to the test procedure. Here, the displacement transducers were removed from the test specimen to prevent damage while maintaining a constant load. As previously shown in Table 3, the load-deformation curves also show a small scatter within each test series regarding the stiffnesses as well as the maximum loads achieved. In all tests, failure occurred due to a tensile failure of the screws. Further information is presented in the following Section 3.1.2.




3.1.2. Four-Point Bending Tests—Observations and Failure Modes


The optical measurements conducted during the experiments offer valuable further information. In this way, the strains in the area of the joint between the concrete and the CLT panels can be observed in more detail within post-processing. In Figure 11, an example of the evaluation based on test 280-L9s-VGS-13-V-2 is given. By plotting the strains perpendicular to the joint across the measured area, the regions that are subjected to compression or elongation can be identified. In addition, the strain across the joint itself is shown in the diagrams. For this, virtual displacement transducers are placed across the joint at a distance of 0.5 mm (   l 0  = 20   mm, see Figure 11). Subsequently, the strains are analysed over the entire height of the cross-section.



By evaluating the strains on the surface in the area of the joint, the high elongation in the tension zone of the cross-section becomes obvious. As a consequence, the failure is announced by a noticeable opening of the joint. However, in this particular test, there was no distinct reduction in stiffness before the test specimens failed. In the compression zone of the cross-section, it can be seen that large strains only occur concentrated at the direct interface between CLT and concrete on the timber side. This behaviour of timber—where end-grain contacts under compression result in strain concentrations at the contact interface—has been reported in previous studies, such as [29,42]. This is accompanied by a decrease in stiffness in this region, which should be considered in investigations regarding the rotational stiffness of such connections. Strain concentrations outside the interface only occur in gaps between two transversal lamellas, as edge-glued layers were not used in these tests.



In Figure 12, the evaluation of the strains is summarised for all recorded joints (four each test) and all series at the maximum load   F max  . These diagrams align with the principles of the analytical approach described in Section 2.2. It is shown that there is always compressive strain in the top lamellas. Even when this layer is oriented parallel to the joint and the strain profile is no longer linear over the cross-section, distinct strains are observed when the maximum load is reached. This is in contrast to series 280-L9s-VGS-13, where only small strains occur in the transverse layer between two relatively stiffer longitudinal layer.



In all tests, the screws finally failed in tension, accompanied by an abrupt decrease in load. Although this type of failure is considered brittle, reference should be made to the strain diagrams at the maximum load level. These diagrams reveal that the failure of this connection type is announced by an opening of the joint. This opening primarily results from the semi-rigid connection of the fasteners in the CLT panel. An upcoming failure is announced by a crack in the tension zone of the connection. In Figure 13, some pictures of the failed specimens are shown. In addition to the tensile failure of the screws in some tests, some spalling of the concrete on the contact surface in the area of the screws also occurred.



An exception is test 280-L9s-VGS-13-V-1. Here, the screws ultimately also failed in tension, but the concrete had already been previously damaged. The high anchorage stresses between the fasteners and the concrete caused the concrete to crush in this area. As a result, parts of the concrete cover were chipped off in some areas. It is assumed that, as a result, some of the screws were no longer able to transfer stresses around their entire circumference to the concrete. This may result in an eccentric transmission of the tensile force into the fastener, leading to an increase in the maximum tensile stresses in the inner diameter of the screws and, therefore, premature failure (approximately −8.5%).



No damage was observed on the CLT in any of the series, except for a slight withdrawal of the screws.
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Figure 13. Pictures of failed specimens. 






Figure 13. Pictures of failed specimens.
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The opening of the joint between concrete and CLT may also be observed by considering the rotations of these two components. Therefore, the diagrams in Figure 14 show the rotations of the CLT cross-sections (continuous lines) as well as the rotations of the concrete cross-sections (dashed lines) in the area of the joint. The difference in the rotations of these two cross-sections represents the opening of the joint. It is evident in these diagrams that the rotations increase significantly before reaching the maximum load. In addition, it is shown for the concrete block that there is no significant rotation between the two end cross-sections, as well as a change in stiffness during the tests.




3.1.3. Compressive Strength—Concrete


In Table 4, the results of the cube compressive strength tests are summarised. With a mean cube compressive strength of    f  c , cube , mean   = 41.8   MPa, the ordered concrete strength class C 25/30 is confirmed.




3.1.4. Tension Tests—Screws


The results of the tensile tests of the screws are summarised in Table 5. Apart from the mean maximum tensile strength (  F  tens , mean   ), additional values derived from a statistical evaluation are given. These values are used in Section 3.3.2 to validate the analytical approach. These additional values, including the 25th and 75th percentile values, are calculated from the test data, assuming normally distributed results. Additionally, the characteristic value for the tensile strength (  F  tens , k   ) is determined according to [43], assuming that the measured values follow a normal distribution.





3.2. Analytical Results


Firstly, the analytical approach is evaluated with a focus on the moment that corresponds to the maximum load achieved in the tests. In addition to the geometry of the connection (see Figure 3) and the maximum bending moment obtained in the tests (see Table 3), the compressive strength of the CLT must be applied. According to the European Technical Assessment of the CLT [24], the lamellas are classified as strength class C24 in accordance with EN 338 [44]. For this strength class, the characteristic compressive strength values are    f  c , 0 , k   = 21   MPa parallel to the grain direction and    f  c , 90 , k   = 2.5   MPa perpendicular to the grain. A system effect, as given in [30], for example, may be applied for the compressive strength parallel to the grain. On the other hand, several publications point out a loss of strength in end-grain contact joints subjected to compression (e.g., in [29] for CLT). In the presented evaluation of the analytical approach, both of these effects are not considered.



To compare the test results with the analytical model, the mean values for the compressive strength of the CLT are used in addition to the characteristic values from [44]. Since experimental investigations on the compressive strength of the specific CLT used were not conducted, these values were calculated using the 5% quantiles given in [44], along with the distributions and COVs given in [45], as shown in Table 6. In addition to the mean value, the 25th and 75th percentiles are also calculated. The values of the considered compressive strengths are given in Table 6.



Using these assumptions and Equations (7)–(12) as presented in Section 2.2, one can calculate the tensile force in the screws. In the analytical approach, the compression stress applied for the maximum bending load varies at different depths within the cross-section. The results of the analytical evaluation are summarised in Table 7.



For series 160-L5s-VGS-9, the applied stress is limited to the upper, longitudinal layer of the CLT. However, in series 160-C5s-VGS-9 and 280-C9s-VGS-13, the applied stress extends from the first transverse layer to the second longitudinal layers. In series 280-L9s-VGS-13, the applied compressive stress may even reach the third layer. Due to the analytical approach, the second layer, which is a transverse layer, is not considered (see Figure 8). For this series, a higher compressive strength (e.g.,   f  c , 0.75   ) may result in the constant compressive stress being applied only in the first layer (see Figure 6). That is the reason for a wider load range of the screws compared to the other series.



Already in advance, the height of the compression zone applied according to the analytical approach can be qualitatively compared with the measurements shown in Figure 12. The assumed heights correspond well with the measured compressed cross-section. However, a more detailed comparison of the analytical and experimental results is presented in the following Section 3.3.



 





Table 7. Results for the tension force in the fasteners   F t   according to the analytical model under maximum load (  M  m a x   ).






Table 7. Results for the tension force in the fasteners   F t   according to the analytical model under maximum load (  M  m a x   ).





	
Series

	
Specimen

	
Mmax

	
Ft(fc,mean)

	
Ft(fc,0.25)

	
Ft(fc,0.75)

	
Ft(fc,k)




	
[kNm]

	
[kN]

	
[kN]

	
[kN]

	
[kN]






	
160-L5s-VGS-9

	
V-1

	
20.8

	
189.5 (1)

	
190.6 (1)

	
188.6 (1)

	
192.4 (1)




	
V-2

	
20.8

	
189.4 (1)

	
190.4 (1)

	
188.5 (1)

	
192.3 (1)




	
V-3

	
20.5

	
186.7 (1)

	
187.8 (1)

	
185.9 (1)

	
189.6 (1)




	
Mean:

	
20.7

	
188.5

	
189.6

	
187.7

	
191.4




	
COV (%):

	
0.8

	
0.8

	
0.8

	
0.8

	
0.8




	
160-C5s-VGS-9

	
V-1

	
19.7

	
211.1 (2)

	
212.6 (2)

	
209.8 (2)

	
215.4 (2)




	
V-2

	
18.7

	
199.4 (2)

	
200.7 (2)

	
198.2 (2)

	
203.2 (2)




	
V-3

	
17.7

	
187.4 (2)

	
188.6 (2)

	
186.4 (2)

	
190.8 (2)




	
Mean:

	
18.7

	
199.3

	
200.6

	
198.1

	
203.1




	
COV:

	
5.3

	
5.9

	
6.0

	
5.9

	
6.1




	
280-L9s-VGS-13

	
V-1

	
95.4

	
428.2 (1)

	
436.2 (3)

	
425.9 (1)

	
459.7 (3)




	
V-2

	
104

	
469.2 (3)

	
487.2 (3)

	
466.0 (1)

	
512.6 (3)




	
V-3

	
104.8

	
473.5 (3)

	
491.7 (3)

	
469.5 (1)

	
517.3 (3)




	
Mean:

	
101.4

	
457.0

	
471.7

	
453.8

	
496.5




	
COV:

	
5.1

	
5.5

	
6.5

	
5.3

	
6.4




	
280-C9s-VGS-13

	
V-1

	
56.5

	
269.1 (2)

	
270.1 (2)

	
268.2 (2)

	
271.9 (2)




	
V-2

	
56.4

	
268.9 (2)

	
270.0 (2)

	
268.1 (2)

	
271.8 (2)




	
V-3

	
57.8

	
275.8 (2)

	
276.9 (2)

	
274.9 (2)

	
278.8 (2)




	
Mean:

	
56.9

	
271.3

	
272.3

	
270.4

	
274.2




	
COV:

	
1.4

	
1.4

	
1.5

	
1.4

	
1.5








(1)   F t   calculated acc. Equation (1)—Compression only in the first layer of the CLT. (2)   F t   calculated acc. Equation (2)—Compression in the first and second layers of the CLT. (3)   F t   calculated acc. Equation (3)—Compression in the first and third layers of the CLT.














3.3. Comparison of Analytical Results with the Experimental Results


3.3.1. Depth of Compressed Zone


The optical measurement can be used to find the point in the joint where the transition from tensile to compressive strain occurs. The result of this evaluation for the entire test duration is shown in Figure 15. In this diagram, the measurements are compared to the results of the analytical approach. For this purpose, the assumed height of the constant compressive stress zone (x), as well as the position of the resulting compressive force (a), are calculated and plotted. For the evaluation of the analytical approach, the range of compressive strengths, as given in Table 6 (  f  c , 0.25    to   f  c , 0.75    and   f  c , k   ), is also taken into account.



When comparing the analytical results with the optical measurement, it is evident that the assumed height of the constant compressive stress is in the compressed area of the cross-section. An exception is Series 280-L9s-VGS-13, where some measured joints are assumed to have compressive stresses in the analytical approach, even in a region where tensile strains have been measured. However, these exceedances only affect individual joints in single tests and are significantly dependent on the applied compressive strength. As already mentioned in Section 3.1.2, the joint will begin to open just before the maximum load is reached. This opening is caused by the failure of the screws. Since the screws start to yield before the steel fails in tension, there is a constriction of the compressed zone. This is reflected in the increase in some of the curves, as shown in Figure 15, just before reaching the maximum load.
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Figure 15. Transition between cross-section in tension and compression (DIC-data) compared to the results of the analytical model (assumed compressed zone x and location of the resulting compressive force a). 
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3.3.2. Force in the Screws at Failure


In Section 3.2, the total force on the fasteners in tension is calculated. To determine the force per screw, the total force is divided by the number of fasteners used, assuming that the force is uniformly distributed among the screws. As previously stated in Section 3.1.2, all tests ultimately failed due to a steel tensile failure of the screws. Consequently, we can compare the force obtained from the analytical model with the experimentally determined tensile strength,   F tens   (as seen in Figure 16).



Another method for comparing the experimental results with the analytical model is shown in Figure 17. Here, a required inner lever arm is calculated for each test based on the maximum moment   M max   and the tensile strength of the screws   F tens  , represented as    z req  =  M max  /  (  F tens  · n )   , where n is the number of screws in the lower row of fasteners, assuming equal loading on all screws. The diagram considers the tensile test values at the 25th and 75th percentiles. This required inner lever arm is then compared with the result for the inner lever arm z according to the analytical model given in Section 2.2 for the maximum mean value of the series   M  max , mean   .
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Figure 16. Comparing the experimentally determined tensile strengths to the results of the analytical model. 
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In general, both diagrams lead to the same conclusions. The experimental results for tests of series 160-L5s-VGS-9 and 280-C9s-VGS-13 are accurately represented by the analytical approach. The tensile force in the screws, as determined analytically, deviates by less than 1.2 kN from the tensile tests when comparing mean values. For the series 160-L5s-VGS-9, there is a maximum deviation between the tensile strength of the screw (tensile tests acc. Table 5, Ftens,mean = 37.6 kN | Standard deviation S = 0.5 kN) and the analytically determined tensile force for the maximum load using fc,mean acc. to Table 6 of 0.32 kN (test specimen V-1). The results for the series 280-C9s-VGS-13 are quite similar. Here, test specimen V-3 reveals the maximum deviation of 1.18 kN comparing the analytical solution (using fc,mean acc. to Table 6) and the tensile strength of the screws (Ftens,mean = 67.8 kN|S = 2.6 kN). As previously shown in Table 7, the effect of the applied compressive strength on the screw force is negligible for both series. When comparing the two applied quantile values of the compression strength (  f  c , 0.25    and   f  c , 0.75    acc. to Table 6), the impact on the load of the individual screw only varies by approximately 0.5 kN, following the analytical approach. In detail, varying the compressive strengths results in a variation of the force in the screw of −0.18 kN (  f  c , 0.75   )|+0.21 kN (  f  c , 0.25   ) for series 160-L5s-VGS-9 and −0.23 kN (  f  c , 0.75   )|+0.27 kN (  f  c , 0.25   ) for series 280-C9s-VGS-13. Thus, the assumed position of the resulting compressive force is also accurately represented (see Figure 17). The assumption that compressive stress is applied in the first layer, even if it is a transverse layer, can, therefore, be seen as confirmed. However, a more conservative approach may be to neglect compressive stresses in the transverse layers in principle. This is due to shrinkage and gaps between the sides of two adjacent lamellas (see Figure 11), so that compressive stress equal to the compressive strength perpendicular to the grain cannot always be guaranteed.



For the 160-C5s-VGS-9 series, the analytical approach overestimates the screw’s tensile strength by approximately 8% on average for the three tests. This overestimation is due to the arrangement of a second row of fasteners in the upper section of this series. The strain evaluation in the joint between CLT and concrete indicates that in this series, the transition from the tensioned to the compressed cross-section occurs at the level of the upper row of fasteners (see Figure 12). Depending on the test and measured joint, compressive or tensile strains occurred at the level of these fasteners. Therefore, a more precise statement on the effect of the upper row of fasteners cannot be made based on this series. However, it should be noted that the analytical approach, which disregards the upper row of fasteners, is on the safe side. To provide a more accurate representation of the load-bearing capacity, further investigations are underway to extend the analytical approach in this regard [46].



In contrast, the 280-L9s-VGS-13 series shows an average underestimation of the force in the fasteners under tension over the three tests. However, it should be noted that in one of these tests (V-1), concrete spalling occurred even before the screws failed in tension (see Figure 13). When comparing the results of the other two tests with the analytical results, a good agreement is observed. In these two tests, the analytically calculated force in the fastener at the maximum load differs from the experimentally determined tensile strength of the individual screw by a maximum of 1%. The mean tensile strength was determined at 67.8 kN (S = 2.6 kN). For the two test specimens, there is a deviation of only 0.75 kN (V-2) and 0.12 kN (V-3) if the mean compressive strength (fc,mean acc. to Table 6) is used in the analytical approach. As mentioned in Section 3.2, the applied compressive strength has a more significant influence on the analytically calculated force in the fasteners in this series of tests. This is because a lower assumed compressive strength in the analytical approach also assumes compressive stress in the third layer (see Figure 8). Applying this to a single screw, a difference of about 3.2 kN is obtained by comparing the analytical results for the two quantiles of compressive strength (+2.6 kN using   f  c , 0.25    and −0.6 kN using   f  c , 0.75    according to Table 6). Referring to the plot in Figure 17 and considering the results for the average values of the analytically calculated lever arm z compared to the required lever arm   z req  , based on the tensile tests of the screws, it is noted that there is a deviation of 4.2 mm (V-2) and 2.6 mm (V-3). However, it has to be taken into account that the standard deviation of the tensile strength of the screws (S = 2.6 kN) already has an influence of more than ±8 mm on the result of   z req   in this series.






4. Summary


This publication introduces a new approach for a bending-resistant connection of two CLT elements using a timber–concrete–composite edge connection in order to form two-way spanning CLT slabs. This connection is particularly needed when the slab’s span exceeds the width of the individual CLT elements due to manufacturing or transportation reasons. To achieve this connection, self-tapping screws are installed in the narrow faces of the CLT elements. These screws are used to form a lap splice between two adjacent CLT panels. Concrete is then poured into the gap, where the additionally reinforced lap splice is formed. In this way, two CLT panels can be joined together, regardless of their lay-up and depth, resulting in a biaxially spanning CLT slab. An advantage of this approach is that it eliminates the need for gluing and can accommodate installation tolerances.



The effectiveness of this connection was demonstrated through four-point bending tests conducted in this study, which focused on a pure moment load perpendicular to the edge connection. To complement the experimental investigations, an analytical approach is proposed. This approach allows the determination of the load in the fasteners due to a pure bending moment in the ultimate limit state. This analytical approach provides a good representation of the experimentally determined load-carrying capacities. The tests show that this edge connection can achieve high load-bearing capacities. It is experimentally demonstrated that this connection can transfer bending moments of up to 70% of the characteristic bending resistance of the solid CLT element (acc. to [24]) (up to 130 kNm/m within series 280-L9s-VGS-13). These values, however, do not represent the upper limit of the connection, as the bending resistance can be easily adapted to specific structural requirements by adjusting the screw spacing or diameter.



This type of connection is currently under further investigation [46]. More tests are planned in order to statistically analyse the analytical approach more precisely. This will be supported by numerical models validated in these experiments. For ductility reasons, the replacement of self-tapping screws with rods with wood screw thread is being investigated. Future research will also extend the analytical approach by considering a second row of fasteners in the upper part of the cross-section, to provide a better representation of the load-bearing behaviour of the connection. Apart from the pure bending behaviour presented here, further investigations on the shear force behaviour must be carried out. These investigations will also serve as the foundation for studying the biaxial load-bearing behaviour of the edge connection. Investigations are also planned, with a focus on the biaxial load-bearing behaviour, including experimental and numerical studies on point-supported and continuously supported slabs. In addition to the load-bearing capacity, serviceability issues, particularly for point-supported flat slabs, need to be considered. Here, the stiffness of the connection is of major interest for the vibration behaviour of a slab. Furthermore, ongoing research is addressing questions about the long-term behaviour of this type of connection. Another point that should be considered, apart from the structural issues, relates to the question of sustainability. The edge connection introduces a non-detachable connection between concrete and CLT, which has a negative impact on the dismantling of the structure and its carbon footprint. Therefore, the authors are also working on alternatives to create the edge connection in addition to the presented solution. Here, the system connector mentioned in [14,15] represents a very promising, detachable, and dry approach.
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Figure 1. Concept of the connection and forces. 
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Figure 2. Possible construction methods for the connection. 
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Figure 3. Design drawings of the investigated connections—4 series with 3 tests each. 
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Figure 5. Assumed stress distribution in the analytical approach for a general case under a pure bending load. 
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Figure 9. Test setup: four-point bending tests with the 2D DIC-System. 
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Figure 10. Load-displacement curves of the tested series in the four-point bending tests. 
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Figure 11. DIC and strain results along the joint for a specific test (280-L9s-VGS-13-V-2) at different load stages. 
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Figure 12. Strains along the joint at maximum load   F max  . 
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Figure 14. Moment-rotation diagrams of the tested series, evaluated from the DIC measurement. 
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Figure 17. Comparison of the required inner lever arm z determined via the tensile strength of the screws to the analytical model. 
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Table 1. CLT for the experimental investigations.
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	Series
	CLT Depth
	Layer
	Layup [mm]
	Orientation 1st Layer 1





	L5s
	160 mm
	5
	20 | 40 | 40 | 40 | 20
	L



	C5s
	160 mm
	5
	20 | 40 | 40 | 40 | 20
	C



	L9s
	280 mm
	9
	20 | 40 | 20 | 40 | 40 | 40 | 20 | 40 | 20
	L



	C9s
	280 mm
	9
	20 | 40 | 20 | 40 | 40 | 40 | 20 | 40 | 20
	C







1 Designation layer: The letter defines the orientation in relation to the spanning direction in the four-point-bending test. The letter L describes longitudinally oriented layers, while layers oriented transversally are marked with C. Also, see the drawings of the test specimens in Figure 3.













 





Table 2. Loading rates (vn) and estimated load bearing capacity (Fest) for four-point bending tests.






Table 2. Loading rates (vn) and estimated load bearing capacity (Fest) for four-point bending tests.





	Series
	vn
	Fest





	160-L5s-VGS-9
	10 mm/min
	50 kN



	160-C5s-VGS-9
	10 mm/min
	30 kN



	280-L9s-VGS-13
	15 mm/min
	125 kN



	280-C9s-VGS-13
	15 mm/min
	70 kN










 





Table 3. Test results: four-point bending tests.






Table 3. Test results: four-point bending tests.





	
Series

	
Specimen

	
Kglobal (R2)

	
Klocal (R2)

	
Fmax

	
(EI)ef,y,global

	
(EI)ef,y,local

	
Mmax




	
[kN/mm] [−]

	
[kN/mm] [−]

	
[kN]

	
[MN·m2]

	
[MN·m2]

	
[kNm]






	
160-L5s-VGS-9

	
V-1

	
1.62 (1.00)

	
8.73 (1.00)

	
46.3

	
0.57

	
0.28

	
20.8




	
V-2

	
1.51 (1.00)

	
8.12 (1.00)

	
46.3

	
0.53

	
0.26

	
20.8




	
V-3

	
1.72 (1.00)

	
9.14 (1.00)

	
45.6

	
0.60

	
0.29

	
20.5




	
Mean:

	
0.56

	
0.27

	
20.7




	
COV (%):

	
6.5

	
6.0

	
0.8




	
160-C5s-VGS-9

	
V-1

	
1.44 (1.00)

	
8.90 (1.00)

	
43.8

	
0.50

	
0.28

	
19.7




	
V-2

	
1.36 (1.00)

	
8.23 (1.00)

	
41.6

	
0.48

	
0.26

	
18.7




	
V-3

	
1.44 (1.00)

	
8.57 (1.00)

	
39.2

	
0.50

	
0.27

	
17.7




	
Mean:

	
0.49

	
0.27

	
18.7




	
COV (%):

	
3.3

	
3.9

	
5.5




	
280-L9s-VGS-13

	
V-1

	
2.15 (1.00)

	
13.96 (1.00)

	
113.6

	
4.88

	
2.87

	
95.4




	
V-2

	
2.27 (1.00)

	
14.79 (1.00)

	
123.9

	
5.16

	
3.04

	
104.1




	
V-3

	
2.24 (1.00)

	
15.11 (1.00)

	
124.7

	
5.10

	
3.11

	
104.8




	
Mean:

	
5.05

	
3.01

	
101.4




	
COV (%):

	
2.9

	
4.0

	
5.1




	
280-C9s-VGS-13

	
V-1

	
1.59 (1.00)

	
9.57 (1.00)

	
67.2

	
3.62

	
1.97

	
56.5




	
V-2

	
1.62 (1.00)

	
9.57 (1.00)

	
67.2

	
3.67

	
1.97

	
56.4




	
V-3

	
1.55 (1.00)

	
8.85 (1.00)

	
68.8

	
3.51

	
1.82

	
57.8




	
Mean:

	
3.60

	
1.92

	
56.9




	
COV (%):

	
2.3

	
4.4

	
1.4











 





Table 4. Results of compressive strength tests on concrete.
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ID

	
Fmax

	
fc,cube

	

	

	

	

	

	

	

	

	




	
[kN]

	
[MPa]

	

	

	

	

	

	

	

	

	






	
1

	
930.0

	
41.5

	

	

	

	

	

	

	

	

	




	
2

	
927.7

	
41.7

	

	

	

	

	

	

	

	

	




	
3

	
940.9

	
42.1

	

	

	

	

	

	

	

	

	




	
Mean:

	
932.8

	
41.8

	

	

	

	

	

	

	

	

	




	
COV [%]:

	
0.8

	
0.7

	

	

	

	

	

	

	

	

	











 





Table 5. Results tension tests    F  t e n s    .






Table 5. Results tension tests    F  t e n s    .





	
Series:

	
VGS

	
VGS

	

	

	

	

	

	

	

	

	




	
d = 9 mm

	
d = 13 mm

	

	

	

	

	

	

	

	

	






	
No. of tests [−]

	
10

	
10

	

	

	

	

	

	

	

	

	




	
Minimum [kN]

	
36.8

	
64.0

	

	

	

	

	

	

	

	

	




	
Maximum [kN]

	
38.2

	
70.3

	

	

	

	

	

	

	

	

	




	
  F  tens , mean    (kN)

	
37.6

	
67.8

	

	

	

	

	

	

	

	

	




	
COV [%]

	
1.2

	
3.9

	

	

	

	

	

	

	

	

	




	
  F  tens , 0.25    [kN] (1)

	
37.1

	
64.2

	

	

	

	

	

	

	

	

	




	
  F  tens , 0.75    [kN] (1)

	
37.9

	
69.6

	

	

	

	

	

	

	

	

	




	
  F  tens , k    [kN] (2)

	
33.7

	
60.7

	

	

	

	

	

	

	

	

	








(1) Quantile values (25 and 75%) are calculated assuming a normal distribution of the test results. (2) Characteristic values are calculated acc [43].













 





Table 6. Compressive strength values and distribution characteristics used in the study.






Table 6. Compressive strength values and distribution characteristics used in the study.





	
Parameter:

	
Compression Parallel

	
Compression Perpendicular




	
to Grain: fc,0

	
to Grain: fc,90






	
Distribution type:

	
Lognormal

	
Normal




	
COV:

	
20%

	
25%




	
Charact. Value fc,k

	
21.0 MPa

	
2.5 MPa




	
Mean Value fc,mean

	
29.2 MPa

	
2.9 MPa




	
25%-quantile fc,0.25

	
25.5 MPa

	
2.7 MPa




	
75%-quantile fc,0.75

	
33.4 MPa

	
3.1 MPa
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