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Abstract

:

Timber-concrete composite structures are innovative structural systems which have become the subject of extensive research and practical usage, primarily due to their attractive mechanical properties. This article deals with the experimental procedure and the analysis of the mechanical behavior of two different series of timber-concrete composite beams with the same span and geometry of cross-sections. In the first BF-series, the screws were used as a connecting system between the timber and concrete parts, whereas in the BN-series the combination of notches and screws, as a more complex system, was used for the same purpose. Both series were exposed to loading up to a failure by means of the standard four-point bending test. The mechanical behavior of the BF and BN-series beams was analyzed by a comparative analysis referring to: the correlation of the failure loading and the deflection, mechanisms of failure, the strain development across the height of mid-span’s and support’s cross-sections, the horizontal displacement in the timber-concrete interlayer at the support zones, the value of shear stresses and the calculated values of the effective bending stiffness of the beams. The differences in bearing capacity between both series of beams were negligible (about 5%), the effective bending stiffness of BF beams is lower for 32.86% compared to the BN-series and the average value of deflections in BF-series beams is twice as high than in the BN-series. The BN-series beams showed better mechanical behavior in aspects of development of shear stresses in support zones, exhibiting lower shear stress values with an average of 40%.
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1. Introduction


Timber-concrete composite (TCC) structures are innovative structural systems which have become the subject of research and practical usage in developed countries (Scandinavian countries, Australia, and the USA), primarily due to their attractive mechanical properties [1,2]. In recent years, this type of structural system with numerous varieties is present worldwide in structural engineering, mostly while reconstructing floor structures in old buildings protected by cultural heritage law, Figure 1, but also as an effective system in the design of large-span floor structures in new buildings and TC bridges. This is due to the fact that timber has relatively high tension strength, and through its coupling with concrete which has a high level of compression strength, optimal usage of the mechanical properties of these two materials is achieved. Structural elements created in this way are of a lower weight compared to classical concrete elements, thus leading to a reduced total weight of built facilities and consequently, better performance of buildings under seismic loads and reduced workload related to design and shaping of the foundation. Compared to classical timber elements, the increased stiffness, reduced deflections, improved soundproofing and reduced sensitivity to vibrations are advantages of the TCC composite action. Besides, a concrete slab positioned over timber beams such as in bridge structures (that are protected from the sun and other negative weather effects such as rain, snow, ice, etc.) and in floor structures (protected from fires) contributes to the durability of these structures and represents the additional advantage of TCC structures. Generally, TCC structural elements nowadays can be found in new residential buildings and offices, industrial and sports facilities, bridge structures as well as in reconstructing and refurbishment of old building especially when a minimum modification of the structural system is required, thus preserving their authenticity [3,4].



Previous Experimental Research


In recent years, a certain number of authors have achieved and presented the results of their research work related to the mechanical performance of TCC structures exposed to static loading up to a failure. Varying the key components of load bearing systems (timber, concrete, and connecting systems) in different experimental campaigns, their research significantly contributed to the estimation of the achieved degree of composite action by different coupling means in TCC, defining the load at the limit state, as well as the mechanism of failure depending on a number of parameters. In order to get comparable results and to enlarge the data base, experimental analyses were conducted in accordance with the standards for the mechanical properties of used constitutive materials, fasteners or defined connecting systems, as well as according to prescribed loading protocols. The common method for defining the value of the slip modulus of a chosen connecting system [5] is the so called push-out test which is also necessary for the estimation of stiffness of the joint created by the timber and concrete part of the coupled cross section. The research most relevant to this is the following:



Clouston [6] examined, using the four-point bending test, the composite system created by glued-laminated (GL) timber and concrete (10 m span) with a continual steel mesh inserted in three rows along the whole length of the system used as a connecting system.



Ceccotti [7,8] tested a composite system which consists of two GL beams (with cross-section dimensions b/h = 125/500 mm) and a concrete slab (with cross-section dimensions bp/dp = 100/1400 mm), with a span of 6 m. A fastener connecting system, made of reinforcement bars with a diameter of 18 mm, was installed into previously drilled holes positioned with a spacing of 150–450 mm along the joint of the timber and concrete. The holes were filled with epoxy resin. Prior to the static test, the beams were exposed to constant long-term outdoor loading for 5 years, during which their performance was monitored. The failure occurred under a load of 2 P = 500 kN. The measured deflection in the mid-span was 33.2 mm and the interlayer timber-concrete slip in the support zone was 2.47 mm. The brittle failure due to excessive tension strength of the timber part of the tested TCC structure was caused by a 2.44 times higher value of the load in comparison to the original design. The degree of the composite action was reported in the range of 87–93%. The results of the experiment were compared with results obtained by the “γ”-procedure [9], in which the slip modulus values of fasteners Ko4, Ko6 and Ko8 defined by push-out test were used in the calculation and good matching of results was achieved.



Gutkowski [10,11,12,13,14,15] tested TCC beams with notches in the timber and screws in order to increase the friction in the interlayer of the two materials. A common four-point bending test up to failure was carried out on a model with a span of 3.51 m. The degree of composite action was reported in the range of 54.9–77%; the failure was caused by bending in the timber and by low mechanical behavior of notches caused by the concrete segregation.



Lukaszewska [16,17,18], examined 5 beams, 4.8 m long and with the triple “T” cross-section formed by GL beams over which a prefabricated concrete slab was connected by SST + S type connectors positioned at different inter-distances. The connection was completed with steel anchors previously built in the concrete slab and specially shaped U profiles, whose upper part was built in the slab before its prefabrication, while the lower part was connected to the upper part of the timber beams by nails.



According to the results from the two series of beams designed in the described way, but with two different systems of coupling, the authors concluded that the beams with screws and steel anchors had degree of composite actions of 60%, while the specimens where timber beams were connected to pre-fabricated concrete slab by nails, it was only 30%. In order to increase the efficiency of coupling, the concluding suggestion was to combine screws and steel anchors together with notches in the timber part of the composite cross-section, so that the shear force in the timber-concrete interlayer could be reduced.



Yeoh [19,20], obtained significant results while analyzing the performance of 11 beams with spans of 8.0 m and 10.0 m, coupled by screws and notches of particular geometry in timber (5 beams) and single-sided tooth metal plate with perforated holes at the top (6 beams), using the common four-point bending test. Six beams were designed for the common dead load of 3.0 kN/m2 (according to regulations), and the remaining five beams were designed for an underestimated load of 1.0 kN/m2. The achieved degree of composite action was in the range of 87.60–99.23%. Failure of the well-designed specimen-beams occurred when the loading was 2.29–2.91 times higher than the calculated one, while in the second case, that value was 1.17–2.31. The authors verified the results of experiments by calculation analysis based on a number of follow-up studies on connecting systems and the “γ“-procedure.



Dias et al. [21], within the framework of COST FP1402 Action WG4: Hybrid Structures summarized European research and practices in the field of TCC. The state-of-the-art given in this report reflects parts of the research and the discussions among experts, covering all relevant issues: material and loads as input values, different types of connection and their properties, methods of testing, available codes and guidelines, methods of evaluation and phenomena occurring in the analysis of short and long-term loading, design examples and methods for the design. This document directly influenced and contributed to preparation of FprCEN/TS 19103-Structural design of TCC structures.



Shan et al. [22] showed short-term bending tests conducted on glue-laminated bamboo (glubam) and concrete composite (BCC) beams. Four types of connection details were designed and tested: continuous steel mesh, screw connector, notch connector and pre-tightening notched connector. Experimental variables included length and numbers of connectors. Four-point bending tests to failure were performed on nine full-scale 8.0 m long BCC beams. All BCC beams with different connections showed satisfactory performance under short-term loading conditions. The 200 mm long notch connection is recommended for composite beams for higher load carrying capacity and composite action. The semi-prefabricated composite beam using the pre-tightening notched connector shows similar bending capacity compared with the corresponding BCC cast in situ.



In Yiang et al. [23], six groups of push-out tests were performed to investigate the shear performance of notched connectors for timber-concrete composite beams, with consideration of the varying concrete types, the shear length of the timber, and whether the notch was reinforced. From the test results, the notched connectors that corresponded to the shear failure of concrete or timber had low shear capacity and poor ductility. Notched connectors that simultaneously failed at the concrete slab (via shear force), as well as at the lag screw reinforcement point during bending exhibited the greatest shear capacity. Screw fasteners in the notch were shown to improve the strength, ductility, and post-peak behavior of the notched connectors.



Hu et al. [24], discussed behavior of a timber–lightweight–concrete (TLC) composite beam connected with a ductile connector made of a stainless–steel bolt anchored with nuts at both ends. Experimental testing was implemented to investigate the TLC composite specimen push–out results and bending performance. The shear specimen push–out results show that shear–slip curves exhibit good ductility and that their failure can be attributed to bolt buckling accompanied by lightweight concrete cracking. The effects of different bolt diameters on the strengthening effect of the TLC composite beams were studied through bending tests on ten TLC composite beams and two contrast (pure timber) beams. The results demonstrate that the TLC composite beams and contrast timber beams break on the timber fiber at the lowest edge of the TLC composite beam, and the failure mode is attributed to bending failure, while the bolt connectors and lightweight concrete have no obvious breakage. Moreover, the ductile bolt connectors show good connection performance until the TLC composite beams fail. The ultimate bearing capacities of the TLC composite beams increase 2.03–3.5 times compared to those of the contrast beams, while the mid-span maximum deformation decrease nearly doubled.



Mirdad et al. [25], present an analytical approach for designing a TCC floor system based on certain connection models with an aim to predict connection properties from basic connection component properties such as embedment and withdrawal strength/stiffness of the connector, without tests. The analytical approach leads to the calculation of effective bending stiffness, forces in the connectors, and extreme stresses in concrete and timber of the TCC system, and can be used in design to evaluate allowable floor spans under specific design loads and criteria. It was observed that the screw spacing and timber thickness remain the most important parameters which significantly influence the TCC system behavior.



Moench and Kuhlmann [26], present experiments on the fatigue behavior of notched connections on push-out tests and TCC beams (length of 4 m). The results of static and cyclic test series on TCC beam specimens with notched connections showed that the fatigue verification for timber in shear, already implemented in EN 1995-2, A.3 [27], may also be applied with sufficient safety for the fatigue verification of notched connections in TCC bridges. TCC-bridges with notched connections subjected to traffic loads may be designed economically and safely.



Gutierrez et al. [28], present a new timber-concrete composite flooring system with a connection that does not require adhesives or special metal elements. Four-point bending tests were performed on TCC flooring samples with spans of 6.0, 7.2 and 8.4 m. The experimental results showed that the lowest value of ultimate load obtained was 4.3 times higher than the total service load estimated for a building for public use (9 kN/m2). The maximum deflection of the total load was between L/573 and L/709 for the loads corresponding to a building for public use (9 kN/m2) and between L/1069 and L/1340 in the case of a residential-type building (5 kN/m2).



Wen et al. [29], observed the vibration performance of TCC beams with crossed inclined coach screw connectors using dynamic tests. The influence of the screw diameters and slab dimensions on the dynamic performance of the composite beams was evaluated. The test results demonstrated that TCC beams show good dynamic performance when used as a floor component and meet the preliminary requirements of floor vibration comfort for fundamental frequency. The fundamental frequency and damping ratio of TCC beams decreases with increases in slab dimensions. The bending stiffness and natural frequency of TCC beams decrease smoothly when reducing the screw diameter from 16 to 12 mm.



Ecological contribution of TCC structures to sustainable building could be evaluated in several ways. Life Cycle Cost Analysis (LCCA) is a comprehensive method for evaluating the total economic cost of a structure over its entire lifespan. It involves considering not only the initial construction costs but also the costs associated with operation, maintenance, repair, and eventual replacement or disposal [30,31]. By conducting a thorough LCAA, decision-makers can make informed choices that consider both short-term and long-term economic implications, leading to more sustainable and cost-effective structures. Life cycle assessment and life cycle cost analysis of timber-concrete composite floor slabs have been presented by Balasbaneh et al. [32].





2. Experimental Analysis of Composite Timber-Concrete Beams


The necessity for this experimental study came from the fact that, on one hand, there is no balanced standard policy concerning timber quality and strength grading in the region, and on the other, that the regional building market is looking for fast and practical solutions that have to be reliable and proven. In order to provide a documented basis for TCC application in the region, the models for experimental study were designed at the Faculty of Civil Engineering and Architecture and tested at the Faculty of Mechanical Engineering, University of Nis, Serbia [33].



2.1. Materials and Models of TCC Beams for Experimental Study


Model specimens were designed as TCC simple beams with the total length of 2.60 m (clear static span 2.50 m), whose “T-type” cross-section was formed by coupling the GL beams (strength class GL24h-spruce) [34], and concrete slab (strength class C35/45), [35,36]. The cross-section dimensions of timber parts were 10/20 cm and of concrete 30/7 cm in both series.



The GL strength class was indirectly determined according to relevant EN standards for visual classification of coniferous timber and testing/determination of structural properties and density [37,38,39]. On the basis of the tested specimens (one sample for each property, 6 specimens) the three key parameters (density, bending strength and local modulus of elasticity) were determined. The average moisture of tested specimens was 13.71%, which was included in the result analysis. Testing results of key properties showed average density of 490 kg/m3 (characteristic 364 kg/m3, class C27), characteristic bending strength of 35.8 MPa (class C35) and characteristic bending modulus of elasticity parallel to the grains of 9.24 GPa (class C35). Additionally, 17 specimens with average moisture content of 10.03%, were tested by the tension test parallel to the grains [38]. Results showed that the characteristic tension strength was 24.97 MPa that led to class T24. Besides the fact that the strength class of the solid timber used is higher than C24, a conservative approach was applied due to the lack of possibilities to test the glued lines and finger joints. The glulam strength class of analyzed specimens was accepted as GL24h, according to EN 14080:2013 and EN 1912:2013 [39,40,41,42].



In order to choose the adequate concrete mixture, two mix designs were considered. The selected mixture contained wet aggregates in three fractions (0/4 = 40%, 4/8 = 25%, 8/16 = 5%), with fresh concrete density of 2325 kg/m3. The compression test with the corresponding test for determination of the modulus of elasticity was realized according to ISO 4012:2000 and ISO 6784:2000 on two samples with 3 specimens in each. The estimated strength class was C35/45 [43,44].



TCC model beams were designed in two ways, depending on the selected connection system between timber and concrete parts. Two series of model beams BF and BN (fasteners or notches with fasteners) consist of three specimens each.



The first series of beams (BF) was made in the traditional manner, using mechanical fastener-coach screws (inner/outer diameter 8/5.8 mm, total length l = 150 mm, S355) [45]. Coach screws are installed at the spacing of 15 cm along the whole length of the timber-concrete contact surface. Screws were driven into the timber part up to 100 mm deep, Figure 2, while the remaining 50 mm was in the concrete part of the cross-section.



The second series of beams (BN) was created by coupling of timber and concrete with a more complex connecting system that consisted of combination of parallelepiped notches and additional screws. Parallelepiped notches were cut at distance of 30 cm along the beam taking up the whole width, with dimensions depth/length/width= 35/150/100 mm. In the middle of each notch, coach screws with the outer diameter of 8 mm and length l = 180 mm were used, while in between notches, shorter coach screws d/l = 8/150 were applied. Using a connecting system made of two screws of different lengths screwed in the notches and on top of the timber beams, the screws were at a distance of 150 mm like in the BF-series, but participating in shear force resistance alternately-directly in timber/concrete interlayer or together with the notch filled with concrete, Figure 3.



The screws are screwed into previously drilled holes with 10% smaller diameter than the screw itself. The attempt to install screws without previously drilled holes led to screw failure due to high timber quality (GL24h) and low moisture content of the timber. The formwork for casting the concrete slab was positioned on a previously prepared elevated stable steel frame platform, Figure 4.



The formwork was made at the same time for all 12 beams, Figure 5. Before casting concrete into the formwork over timber beams, the screws were installed and notches were cut according to the previously described pattern. In order to prevent water transfer from concrete into timber, a transparent polish is applied over the upper parts of timber beams and the bottom and sides of the formwork. In this way, the adhesion between timber and concrete parts is reduced to a minimum, that is, the friction coefficient in the adherent surface of timber and concrete composite cross-section is reduced. The result of the reduced friction was that the biggest part of shear force in the adherent surface was being taken over by the connecting systems.



The concrete part of the cross-section was reinforced by a steel mesh (Q 131, MAR 500/560), positioned 20 mm from the bottom of the concrete flange using reinforcement spacers. During casting the concrete was vibrated so that notches were filled in a compact way, Figure 6. Particular care was taken to prevent concrete segregation because of per-vibrator usage and the fact that the concrete slab was only 7 cm thick.



The final geometry of the tested beams of BF and BN-series is given in Figure 6.




2.2. Testing Program and Setup of the Experimental Study


Testing of the bending performances of all six TCC beams of the BF and BN-series was carried out under a short-term monotonic loading up to failure, using laboratory measurement equipment described and presented below.



Load was applied by a hydraulic device, while load transfer on the TCC beam was done by means of 1.13 m steel rail. The distance between load points was 833 mm, which creates a symmetrically loaded beam in the thirds of span [38]. The fixed pin and roller support were done using 100 mm wide and 300 mm long steel plates and a steel roll with a diameter of 30 mm positioned in between. The beam was supported by steel contact plates with the same geometry and secured using vertical steel plate anchors necessary to provide the position of “T” cross-section beams and to avoid torsion. The load was applied within 300 ± 120 s until failure, with a constantly increasing rate of 1 mm/min.



The details about the test setup as well as about the position and description of instruments and measurement points used in experimental study of the TCC beams of BF-series are given on Figure 7 and Table 1, while for beams of BN-series on Figure 8 and Table 2.



Global deformations of the beam (displacements) were monitored by: LVDT-linear variable displacement transducers W50 for measuring deflections at mid-span and above the supports. LVDT was used for registration of horizontal displacement in the interlayer of timber and concrete. Measuring strain in the corresponding zones of concrete and timber parts of the cross-section mid-span, as well as in the support zone, was conducted using “Hottinger” strain gauges, having electrical resistance of 120 Ω with the various base lengths. Strain gauges were directly glued on the surface of concrete and timber using two-component glue X60.



The interesting details about test setup, measuring points and instruments during the experiments are illustrated through Figure 9, Figure 10 and Figure 11.





3. Results


3.1. The Load-Deflection Diagrams of BF and BN-Series Beams


In Figure 12, the load–mid-span deflection diagrams of all TCC beams are shown. In the case of BF-series, the first tested specimen BF-1, showed an obvious discontinuation at the beginning of the test, but later regularly continued up to the explicit failure. This result influenced the average value of the max load for BF-series, as well as the average deflection in middle span. The max load for BF-series was in the range of 68.19–90.33 kN, Figure 13, while deflections were in the range of 35.73–44.74 mm (i.e., L/70-L/55.87, expressed in relation to span L), Figure 14. Despite an observed irregularity in first specimen’s behavior, the exhibited load-deflection relation could be considered as approximately linear up to the failure point, which indicates linear-elastic behavior of TCC beams of BF-series.



In the case of BN-series, Figure 12, all tested specimens showed a very steady performance related to mechanical and deformity parameters. Max load for BN-series was in the range of 79.67–89.43 kN, Figure 13, while deflections were in the range of 18.36–20.42 mm (i.e., L/136-L/122.42, expressed in relation to span L), Figure 14. This series of TCC beams exhibited an almost perfectly linear load-deflection relation so the BN-series could be considered to have ideal linear-elastic behavior up to failure. The reasons for such a phenomenon lie in the choice of the connecting systems used in TCC coupling, the high value of achieved stiffness and the fact that beams of a short span were used in the experiment.



Comparison of loading intensity which caused failure (max load values Fmax) for both series, Figure 13, expressed over average values in Table 3, show that mean Fmax = 80.65 kN for BF specimens is only about 5% lower than for BN specimens where mean Fmax = 84.96 kN.



Comparison of max mid-span deflections for both series, Figure 13, expressed over average values in Table 3, shows that BF-series specimens achieve a deflection mean value of Umax = 39.78 mm, while BN-series achieve a mean of Umax = 19.43 mm, which indicates about twice the average deflection in series of TCC beams connected only with fasteners.




3.2. Stiffness of the BF and BN-Beams Series


In order to compare the exhibited stiffness of TCC beams of both series during testing, beam stiffness was calculated from the corresponding load-deflection curves for each specimen in the linear range between 0.1 Fmax and 0.4 F max [38]. According to the equation for the calculation of deflection in the middle of the simple beam loaded by two concentrated forces in the thirds of the span, the bending stiffness El can be calculated as:


  E I =   23   1296   ⋅    (   F 2  −  F 1   )  ⋅  L 3     (   w 2  −  w 1   )     



(1)




where: F1: loading which corresponds to 0.1 Fmax value, F2: loading which corresponds to 0.4 Fmax value, w1: deflection value measured for the 0.1 Fmax loading value, w2: deflection value measured for the 0.4 Fmax loading value. L: beam span.



The calculated values of bending stiffness for all test specimens (BF and BN-series) are presented in Figure 15 and summarized with other relevant data in Table 3.




3.3. Comparative Analysis of the TCC Beams Results for BF and BN-Series


In order to summarize the measured and calculated data necessary for explanation of mechanical behavior of tested TCC beams of both series, Table 3 was created. Data about failure force, deflection value in the middle of the span, bending stiffness for each specimen and mean values for specific series, are given, together with specific measurements necessary for discussion.



The lower bending capacity of specimen BF-1 was expected, due to the nature of timber and could be explained by non-uniform quality of glulam in the region.



Small differences of Fmax mean values between BF and BN series indicate similar bearing capacity of analyzed beam series, but the two times lower average deflection in series BN indicates expected lower bending stiffness for BF series (32.86%). The calculation of characteristic values in the presented comparative analysis is omitted because of the small number of specimens in the sample (series). Certainly, for a proper application of complex connecting system applied in BN-series, an extensive investigation is needed.



Bearing in mind the span of tested composite beams as well as the shear force occurring in the connection plane of the timber and concrete elements, the influence on the behavior of the connecting systems, and ultimately on the level of the achieved coupling effect, special attention was paid to the state of strain, stresses and displacements in support zones. Three strain gauges in the form of a “rosette” (at angles to the horizontal plane of 0°, 120° and −120°) were placed (Figure 7 and Figure 8) in order to measure corresponding strains in the specified directions.



Based on the strain values obtained in the specified directions, (α = 0°, 120° and −120°), it is possible to calculate the values of main strains, ε1 and ε2 in the observed points of the support sections, using the expression:


   ε  1 / 2   =    ε 0  +  ε  120   +  ε  − 120    3  ±  1 3       (  2  ε 0  −  ε  − 120   −  ε  120    )   2  + 3    (   ε  − 120   −  ε  120    )   2     



(2)







The angle, at which main strains occur, in respect to the horizontal line, is determined by the equation:


  t g 2  φ 0  =    ε  − 120   −  ε  120     2  ε 0  −  ε  120   −  ε  − 120      3   



(3)







Values of main stresses σ1, σ2 and shear stress, τ12 can be calculated using:


    σ 1  =    ε 1  − ν  ε 2    1 −  ν 2    E   ,    σ 2  =    ε 2  − ν  ε 1    1 −  ν 2    E   ,    τ  12   =    σ 1  +  σ 2   2  .   



(4)




where: E: is the value of the timber modulus of elasticity obtained experimentally, ν: is the Poisson’s coefficient (approximate value for spruce timber is 0.4).



By using Equations (2)–(4) and experimentally obtained values for strain in the support zone, relations indicating development of main strains and shear stress states in the function of incrementally increased load can be established.



Shear stress states in the support zones of simple beams are important because they are loaded with transversal intensity. This primarily defines the load bearing capacity of the timber part of the cross-section and then defines the shear force transfer through the connecting system. As important factors for mechanical analysis, the measurement and calculation of shear stress through the rosette of strain gauges (Table 1 and Table 2) at a fixed support are given through a comparative presentation of the shear stress-load increase relation at the support zones for each tested beam separately in Figure 16. The values of shear stress in the BN-series beams ranges from 10–20 N/mm2 and in the BF-series beams, from 15–35 N/mm2.



A comparison of experimentally obtained and calculated values of load-bearing capacity and stiffness according to the EC5 requirements was done in [33]. BF beams, when calculated with estimated slip modulus for screws given in EC5, showed a direct relationship with tested specimens, i.e., the bearing capacity is about 28% lower than obtained during the tests (due to the application of partial safety factors for materials γm = 1.25 and of the modification factor, kmod = 0.9 in calculation). This refers to the rather well-estimated values of the slip modulus for screws in the standard. For the serviceability limit state, the stiffness calculated for the service load with deflections limits of l/300 corresponds to the experimental one, while the max ultimate mid-span deflection is 4.65 times higher than prescribed ones, which indicates the “reserve” in bending stiffness of about 27%.



For BN beams it was not possible to make such a direct comparison according to estimated values, so, in order to get the input parameters for an analytical comparison, the connecting screws-notches system was experimentally tested according to EN 26891. The obtained values of the slip modulus were used in the calculation, together with estimated values for screws without notches according to EC5 and its verification procedure. Opposite to the BF series, calculated values for bearing capacity and stiffness expressed through the theoretical value of Fmax on the basis of EC5 equations were higher than obtained in the test. The overestimation of about 40% indicates that the EC5 procedure is not applicable for verification of the complex system with notches and screws even in approximate manner [33].





4. Discussion


4.1. Strain Distribution in BF and BN-Series Beams


The development and change of stress states during the load application were monitored by strain measuring according to the detailed description given in Figure 7 and Table 1, as well as in Figure 8 and Table 2. Strains were monitored up to final steps of maximum loading for both series.



The development of strains in the bottom and top sides of the mid-span cross-section is presented in Figure 17 for both series BF and BN. These diagrams show strain in pressure and in tension as negative and positive values. Acquired data through measuring points S1, S2, S3, S4 in the time interval of 1 s, make it possible to present strain distribution per height of the coupled cross-section for any level of loading.



BF-series: The distribution of strains across the height of the cross-section is expressed as elastic, i.e., the strain development is approximately linear. The strain values in adjacent fibers, bottom side of concrete and top side of a timber cross-section (measuring points S2 and S3) have almost the same absolute values which indicate the co-acting of the elements of a composite beam and the existence of the real effect of coupling achieved by built-in fasteners. Such a development of strains in the bottom and top sides of timber and concrete is present up to a level of 20–30% of Fmax, and after that, due to excessive tension strength in concrete (crack development) there is a failure of the measuring point S3. All three tested beams of the BF-series are characterized by such a development of strain in the bottom, tensioned concrete zone and it indicates a low level of crack initiation which begins with the development of micro-cracks in concrete. The fact is that beams have a stable performance up until the failure for which an additional 70–80% of load application is needed.



It could be said that the BF beams, in the first, elastic phase, with a lower loading level, act as rigidly coupled. After that, there is a phase characterized by an elastic coupling followed by the failure of screws due to the development of shear force in the interlayer. There is crack propagation in the tensioned concrete zone and increased strains in the bottom and top sides (measuring points S1, S2 and S4).



According to the achieved results and the presented diagrams of the load–strain relationship in the bottom and top sides of the timber and concrete parts of the coupled cross-section, it can be concluded that:




	
At the bottom side of the timber beam, there is a tension strain (the blue line), with values in the range of 2–4‰.



	
At the top side of the timber part, the pressure strain (the red line), is in the range of 2.7–3.2‰. The development of this dilatation in all three tested samples is approximately linear and steady.



	
At the bottom side of the concrete part (the green line) and the top side of the timber part, the measuring points S2 and S3 have an almost identical progress up to the level of 20–30% of Fmax. After that level of applied load, there is a very short tension strain development in bottom side of the concrete, up to the failure of the strain gauge. In continuation, diagrams separated regards to the stress, i.e., the pressure at the top side of timber (S2) and tension at the bottom side of concrete (S3). Thus, it can be concluded that after approximately 30% of Fmax, there is a horizontal displacement in the interlayer of timber and concrete, and creation of two neutral axes. The BF beams, are characterized by a high deflection in the middle of the span, Table 3, by propagation of micro-cracks which is clear proof of concrete failure in tension.



	
The pressure strain at the top side of concrete (the purple line) has a steady, almost linear development and its value is within the range of 1–2‰. It is lower than the value of the ultimate strain due to the pressure in concrete of 3.5‰ which means that there is no concrete plasticization in that zone.








BN-series: The development of strain in the bottom and top sides of timber-concrete parts of BN beams has an approximately linear form up to the failure. The measured strains at the top side of the timber (S2) and the bottom side of the concrete parts (S3) have approximately the same absolute values. This indicates the co-acting of elements and the existence of a high degree of coupling realized by applied connecting systems. The measured strain values are almost equal to zero and have a steady development during the load application up to the point of failure. These results lead to the conclusion that BN-series beams act as homogeneous sections and could be described as rigid coupling representatives.



The values of the corresponding measured strains and their development up to the failure point, both in timber and concrete, in all three test specimens, are almost the same.



On the basis of the acquired results, it could be concluded:




	
At the bottom side of the timber part there is a tension strain (the blue line) and its value for the BN-series ranges from 1.4–2.1‰;



	
At the top side of the timber part, the development of the pressure strain (the red line), is in the range of 0–0.5‰;



	
The strains at the bottom side of the concrete part (the green line) and the top side of timber part (the red line), have an almost identical development during the load application. The neutral axis of the TCC cross-section, during the higher levels of loading, is near the timber-concrete interlayer. Almost equal values of strains in adjacent bottom and top sides of timber and concrete parts indicate a high level of coupling, that is, a low level of slip in the timber-concrete interlayer,



	
The pressure strain at the top side of concrete (the purple line), up to the failure has a steady, linear development, and its value ranges from 0.6–0.7‰. It is far below the value of ultimate strain of the pressure in concrete of 3.5‰, which means that there is no brittle concrete failure.








The quality and quantity analysis of the strain development while applying load on the BN-series beams indicates a linear performance up to the failure. This proves a high level of stiffness of the beams, and, consequently, their low ductility, which, in some cases of extreme dynamic loading, could be a disadvantage. The changes in the strain values in the compressed concrete zone and tensioned timber zone are small, what indicates the stiffness of the fastening systems and homogeneity of the cross-section.




4.2. Failure Mechanisms of BF and BN-Series Beams


BF-series: Composite beams of the BF-series (BF-1, BF-2 and BF-3), showed nearly linear-elastic behavior which is obvious from the load-deflection diagram, Figure 12.



Failure mechanisms due to timber tension stress in the middle third of the span and at the bottom side of the concrete slab, followed by sound and sudden brittle failure, are dominant for BF-series. The failure of the connecting systems (screws), due to embedding strength of the timber and bending stress of the screw (failure mode II, [46]), is an additional element in completing the picture of failure mechanisms of the tested BF specimens. In the support zone, there was a 4–4.5 mm horizontal displacement in the timber-concrete interlayer which is a direct consequence of the fastener failure mode.



The failure of the beams always occurred in the zone of the timber defects (knots, the lamellas with inclined angle of grains, in regard to the longitudinal direction). It was observed that, after the initial crack, a horizontal splitting at the position of the neutral axes progressively advanced with an increase of loading up to the support. This, among other factors, is the consequence of the small span of the tested beams. At the same time, this indicates that load bearing capacity of the tested BF-series beams is completely consumed by reaching the limit values of the shear stress.



The failure of beam BF-1, which occurred in the support zone due to a horizontal shear in the middle of the timber height and outside the glued lines (10 mm long), is an explicit example of shear failure. Before the failure in the timber part, the cracks occurred in bottom side of the concrete part in the zone of load points, Figure 18. The development of the cracks is obvious, but with openings smaller than the permitted crack width (a < 0.3 mm). None of the tested beams showed signs of plasticization in the compressed zone of the concrete part of the cross-section. There was no failure in the concrete part of the cross-section during loading, and the first cracks were observed just before the timber failure i.e., prior to reaching the maximum deflection of the beam.



In Figure 19, the beam BF-2 is shown after the failure. The failure mechanisms imply failure was due to reached tension and shear strength limits in timber, with a pronounced splitting in the mid-span of the timber beam and cracking close to a neutral plane along the whole length of the beam. Also, there were indications of cracks in the bottom side of the concrete part. The beam BF-3, Figure 20, had a failure mechanism very similar to BF-2.



None of the tested beams showed any signs of plasticization in the compressed parts of the glue-laminated timber in mid-span, except certain plasticization in timber due to the compression strength perpendicular to the grain in the support zones of the coupled beams that occurred in late phases of loading.



BN-series: Composite beams of the BN-series (BN-1, BN-2 and BN-3), showed linear-elastic behavior up to failure with a high level of similarity between specimen behaviors, which can be seen from the load-deflection diagrams, Figure 12.



Despite the similar level of max applied load Fmax, the failure modes of BN beams were different.



In the tested BN-1 and BN-3 beams, the failure occurred due to the initial failure in the tensioned part of the laminated timber in the middle third of the beam span. It happened suddenly, followed by a loud and abrupt failure of timber, which is a sign of tension failure in timber. The initial failure occurred in the timber part in zones of defects (knots, the glued lamellas with grains inclined along longitudinal direction), Figure 21.



With increasing load and taking into consideration the beam span, further failure development occurs in the form of horizontal or inclined crack lines which go towards the supports, but do not reach them, Figure 22. Due to exceeded tension strength in mid-span of the beam there was pronounced development of cracks in the concrete slab strengthened by the concrete notches reinforced by screws. From that zone to the right and left, there is failure in the notch joint of timber and concrete which grows bigger as it approaches the support.



In the left support of the BN-3 specimen, there was a total destruction of the end notch and surrounding timber caused by shear and the horizontal displacement of 12 mm, Figure 23a,b. Compared to BF-series, beams of BN-series have a higher stiffness level. Failure due to excessive tension strength parallel to the grains occurs in the mid-span, but in the lower third of timber cross-section height. With increasing load, the neutral line goes upwards, stresses are transferred to the timber-concrete joint zone and horizontal displacement of the elements of the connecting system was observed. Simultaneous failure occurs due to excessive timber tension strength in the middle third of the span, timber shear strength in the support notches and concrete tension strength in the notch zone.



It is necessary to emphasize that the failure always occurred in timber and never in glued lines of lamellas. This indicates that the load bearing capacity of the tested BN-1 and BN-3 beams is achieved completely by reaching the shear stress in the support cross-sections.



BN-2 beam, with an approximately equal level of applied max loading and reached deflection, shows completely different behavior, i.e., shows behavior similar to the BF specimens. The failure occurred in the right support zone due to an excess of shear stresses and the cracks develop horizontally towards the left support. There is a noticeable symmetric horizontal displacement in the notch joints rising up to the failure point in the middle of the span.



Prior to the failure in the timber part of the beam, concrete cracks in the zone of load points were detected in the thirds of the beam span. The crack development was obvious, going up to the half of the height of the concrete slab, Figure 24. In the notch zone they have perpendicular direction in regard to longitudinal direction of the composite beam. None of the tested beams had any signs of plasticization in the compressed zone of the concrete part or in the compressed zone of the glued laminated timber, except in the support zone due to excessive compression strength perpendicular to the grains in timber (plasticization of 3–5 mm noticed in final steps of loading). No significant plasticization was noticed between the concrete notches and the timber notches due to specific local stresses because of the previously caused timber shear failure parallel to the grains.





5. Conclusions


On the basis of experimental results, observed mechanical behavior and failure modes of tested beams BF and BN-series, as well as their comparative analysis, the following could be concluded:




	
The average bearing capacity of two beam series, BF and BN, with the same spans and cross-section geometry, but with different coupling system, differs by a negligible 5%.



	
BN beams coupled with screws and notches show twice as low average deflection compared to BF beams where only screws were applied.



	
Recorded load-deflection curves for both beam series could be considered as linear-elastic, while behavior of BN-series could be taken as ideal. The calculated average effective bending stiffness of BF and BN-series differs 32.85%, in favor of BN beams.



	
Comparative analysis of measured load-bearing capacity and stiffness with design calculation according to EC5, indicates good coincidence for BF-series where only screws were applied, while for BN-series with screws and notches leads to overestimation of 40%.



	
“Rigid” coupling in BN-series was evaluated by analysis of strain development in beam mid-span cross-sections, where linear strain behavior (almost equal to zero with a steady development) in the timber-concrete interlayer was recorded. The BF-series beams, after about 30% of max loading, showed signs of “softening” of connecting system and horizontal displacement in the timber-concrete interlayer.



	
Failure mechanism of BF-series is dominantly achieved by tension strength of timber in middle third of span, while in BN-series simultaneous failure occurred due to tension and shear parallel to the grains. The average values of the horizontal interlayer displacements (U4h) measured in the support zones of the BN-series are about six times lower than the ones in the BF-series, which is the direct consequence of the connecting system used in each sample.








The presented research was conducted as a preliminary one, with the aim of a detailed inside view and comparison of the behavior of TCC beams with screws only or with the screws and notches, in order to estimate the possibilities of practical application in the design and rehabilitation of structures in the region, with locally graded timber.



The limitations of the presented research certainly lie in the small number of examined specimens, as well as in relatively short beam span (due to available funds, testing equipment and laboratory space) and therefore cannot be used for generalization of conclusions. It would be more suitable for the research itself if a third group of samples was included: specimens with only notches reinforced with screws, without application of screws at the mid-spacing between the notches. In that case, the research would have a more consistent character, would be comparable with the literature’s results and would have more data for comparative analysis between samples. In that case the verification by the EC5 gamma procedure would probably be more precise for the BN-series (the combination of the coupling with the screws and notches reinforced by screws).



However, the experience gained through these experiments was beneficial in regard to the significance of quality of built-in materials, as well as in regard to detailed analysis of failure modes and the contributions of particular components to composite action. The locally available timber showed high quality in laboratory tests on small specimens, but the structural size specimens showed inconsistency of visual classification. The screws in mid-spacing of notches additionally contributed to the rigidity of the connecting system and TCC beam stiffness, but their participation compared to screws only or notches only reinforced by screws was not evaluated.



Although the future directions of the research in the field of TCC structures could be numerous, the prospects for our future research are:




	
Variation of connecting systems with the aim of finding the optimal and suitable types with the adequate degree of composite action, which will be easy to make and reliable in solving of various structural problems, especially rehabilitation and strengthening of timber floor structures (widely present in the region);



	
Application of lightweight and “green” concrete (based on agricultural waste widely present in the region) for coupling with timber beams;



	
Experimental campaigns in laboratory and in situ conditions, with observed long-term load behavior,



	
Collection, processing and innovation of experimentally determined knowledge and experience, with calculation and numerical modeling procedures, with the intention of implementation into national standards.
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Figure 1. Strengthening of the existing timber floor structures of a building with cultural monument status, using the method of coupling with concrete [3]. 
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Figure 2. (a) Coupling system for BF-beams; (b) Coach screws positioned at spacing of 150 mm. 
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Figure 3. (a) System of coupling for BN-beams; (b) Screw + notch reinforced by a screw. 






Figure 3. (a) System of coupling for BN-beams; (b) Screw + notch reinforced by a screw.
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Figure 4. (a) Spacer for steel mesh; (b) Moisture protection of specimens; (c) Working platform with formwork for TCC beams of series BF and BN. 
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Figure 5. (a) Formwork of TCC beams before casting concrete; (b) Per-vibrator usage. 
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Figure 6. Geometric characteristics with positions of fasteners and notches of TCC beams BF and BN-series. 
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Figure 7. Model of TCC beams BF-series. Load disposition and measuring points. 
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Figure 8. Model of TCC beam BN-series. Load disposition and measuring points. 
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Figure 9. Test setup of composite beams BN-series. 
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Figure 10. (a) Position of rosettes and strain gauges in the zone of support; (b) Position of strain gauges in the middle beam zone in the top side of a timber and bottom side of concrete parts. 
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Figure 11. (a) Dilatometer in the support zone; (b) Dilatometer in the middle of the beam. 
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Figure 12. Load-deflection diagrams in mid-spans for all tested specimens (BF and BN-series). 
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Figure 13. Comparative presentation of max load values for all tested beams (BF and BN-series). 
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Figure 14. Comparative presentation of max deflection values for all tested beams (BF and BN-series). 
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Figure 15. Comparative presentation of bending stiffness (EI) for all tested beams (BF and BN-series). 
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Figure 16. Comparative presentation of F-τ relation of the tested beams. 
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Figure 17. Comparative presentation of measured strains of BF-1 and BN-1 beams. 
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Figure 18. Failure of BF-1 beam, cracks development in concrete and timber parts. 
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Figure 19. Failure of BF-2 beam, crack development in concrete and timber parts. 
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Figure 20. Failure of BF-3 beam, crack development in concrete and timber parts. 
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Figure 21. Failure of BN-1 beam, crack development in concrete and timber. 
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Figure 22. Failure of BN-3 beam, crack development in concrete and timber. 
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Figure 23. (a) Failure of the timber part of the support notch of BN-3 beam; (b) Crack development in concrete and timber in the middle third of the span. 
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Figure 24. Failure of BN-2 beam, crack development in concrete and timber. 
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Table 1. Marking and description of measuring points for BF-i beams.
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Beams BF-1, BF-2, BF-3




	
Measuring Point

	
Description of Measuring Point

	
Measured

Parameter






	
S1

	
timber bottom side (the middle of a beam span)

	
strain




	
S2

	
timber top side (the middle of a beam span)

	
strain




	
S3

	
concrete bottom side (the middle of a beam span)

	
strain




	
S4

	
concrete top side (the middle of a beam span)

	
strain




	
S0

	
left support

	
strain




	
S120

	
left support

	
strain




	
S−120

	
left support

	
strain




	
U1

	
deflection in the middle of a span

	
displacement




	
U2

	
vertical displacement of a left support

	
displacement




	
U3

	
vertical displacement of a right support

	
displacement




	
U4h

	
horizontal displacement in timber-concrete

interlayer-left support

	
displacement




	
U5h

	
horizontal displacement in timber-concrete

interlayer-right support

	
displacement




	
U5h-D3

	
the middle of the cross-sectional height

of the timber part (BF-2-base 100 mm)

	
strain




	
DIN

	
dynamometer

	
force











 





Table 2. Marking and description of measuring points for BN-i beams.






Table 2. Marking and description of measuring points for BN-i beams.





	
Beams BN-1, BN-2, BN-3




	
Measuring

Point

	
Description of Measuring Point

	
Measured

Parameter






	
S1

	
timber bottom side (the middle of a beam span)

	
strain




	
S2

	
timber top side (the middle of a beam span)

	
strain




	
S3

	
concrete bottom side (the middle of a beam span)

	
strain




	
S4

	
concrete top side (the middle of a beam span)

	
strain




	
S0

	
left support

	
strain




	
S120

	
left support

	
strain




	
S−120

	
left support

	
strain




	
U1

	
deflection in the middle of a span

	
displacement




	
U2

	
vertical displacement of a left support

	
displacement




	
U3

	
vertical displacement of a right support

	
displacement




	
U4h

	
horizontal displacement in timber-concrete

interlayer-left support

	
displacement




	
U5h

	
horizontal displacement in timber-concrete

interlayer-right support

	
displacement




	
U4h-D2

	
horizontal displacement in timber-concrete

interlayer-left support-(2. notch from the left of BN-3)

	
displacement




	
U5h-D3

	
the middle of the cross-sectional height of the timber part (BN-3-base 25 mm)

	
strain




	
DIN

	
dynamometer

	
force











 





Table 3. Summarized results (experiment and calculation) for TCC beams of BF and BN-series.






Table 3. Summarized results (experiment and calculation) for TCC beams of BF and BN-series.





	Test Specimen
	Fmax

[kN]
	U1max

[mm]
	U4h

[mm]
	U5h-D3

[mm]
	EI

[kN/m2]





	BF-1
	68.19
	35.93
	4.27
	0.01
	1049.52



	BF-2
	90.33
	44.74
	4.095
	0.05
	825.51



	BF-3
	83.43
	38.66
	4.095
	0.002
	713.46



	BN-1
	79.67
	20.42
	0.75
	0.018
	1294.47



	BN-2
	89.43
	18.36
	0.76
	0.020
	1215.94



	BN-3
	85.79
	19.52
	0.63
	0.023
	1344.68



	Mean values, BF-i
	80.65
	39.78
	4.15
	0.0207
	862.83



	Mean values, BN-i
	84.96
	19.43
	0.713
	0.0203
	1285.03
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