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Abstract: To promote the development of timber-concrete composite (TCC) structures, it is necessary to propose the assembly-type connections with high assembly efficiency and shear performances. This article presented the experimental results of the innovative steel-plate connections for TCC beams using prefabricated concrete slabs. The steel-plate connections consisted of the screws and the steel-plates. The steel-plates were partly embedded in the concrete slabs. The concrete slabs and the timber beams were connected by screws through the steel-plates. The parameters researched in this article included screw number, angle steel as the reinforcement for anchoring, and shallow notches on the timber surface to restrict the slip of the steel-plates. Experimental results were discussed in terms of failure modes, ultimate bearing capacities, and slip moduli. It was found that increasing the number of screws could lead to the obvious improvement on the ultimate bearing capacities and the slip moduli at the ultimate state; and the angle steel as the reinforcement showed the slight influence on the ultimate bearing capacities and the slip moduli. The application of the shallow notch can greatly improve the ultimate bearing capacities and the slip moduli. The calculation models for the ultimate bearing capacities and the slip moduli of the steel-plate connections with and without shallow notches were proposed, which showed good accuracy compared with the experimental results.
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1  Introduction

The timber-concrete composite (TCC) beam is composed of the upper concrete slab, the bottom timber beam, and shear connections at the interface. The TCC systems were increasingly used in the construction of bridges, residential, and commercial buildings [1,2]. The concrete slab and timber beam are connected together through shear connections. Therefore, the shear connections show the significant influences on the overall structural performances of the TCC beams.

The common shear connections used in TCC structures mainly include dowel-type, notch-screw, and glued-in metal plate connections. The dowel-type fasteners mainly include the dowels, the screws, the nails, and the bolts, and so on. The inclined screws also can be considered as the dowel-type connections [3], and the inclined screws [4] and cross inclined screws [5,6] showed obvious improvements compared with vertical screws in the ultimate bearing capacities and the slip moduli, thanks to the fully utilization of the withdrawal capacity of the screws under shear-tension loading [7]. Appavuravther et al. [8] summarized the various failure modes of the vertical and inclined screw connections, considering the bending yielding of the screw and the failure of the lightweight concrete. Dias [9] and Symons et al. [10] proposed the calculations for the slip moduli of the screw connections, considering the inclination of the screw, and the interfacial plywood. In addition, the notch-screw connections [11,12] and glued-in steel-plate connections [13,14] also possessed excellent shear performances. Available experimental investigations about full-scale TCC beams/floors demonstrated that the existing shear connections can provide sufficient composite efficiency for TCC structures, and showed the great potential application in multi-storey buildings.

Timber structures were characterized by the prefabricated building, high construction efficiency, and low pollution on the construction site. However, the application of wet concrete may decline the construction efficiency, increase the pollution on the site, and need more construction matters, such as supporting formwork, binding steel bars, and pouring concrete. Therefore, the use of prefabricated concrete slabs is greatly necessary to promote the development of the TCC structures. Lukaszewska et al. [15] proposed many concepts for the TCC structures with prefabricated concrete slabs based on traditional dowel-type, notch-screw, and glued-in steel plate connections, through post-grouting and post-application of the adhesive. Khorsandnia et al. [16] also proposed several types of shear connections, which can realize the deconstruction of TCC beams. Derikvand et al. [17] proposed an innovative deconstructable screw connection that the section of the screw in the concrete slab was covered by a thin protective layer made of heat-shrink tubing. It was demonstrated that the deconstructable connection possesses the similar shear behaviors compared with the permanent connections. In addition, Crocetti et al. [18], Zhang et al. [19], and Hu et al. [20] also provided the feasible assembly-type connecting methods for TCC structures based on the dowel-type connections. Tao et al. [21] investigated shear performances of the cross inclined screw connections using prefabricated slabs through the grouting method, and obtained the expected experimental results. Wei et al. [22] investigated the bending performances of the bamboo-concrete composite beams with prefabricated concrete slabs, which were connected by glued-in steel-plate connections, and the grouting method was also adopted to assemble the bamboo beam and the concrete slab, which obtained superior bending performances.

As summarized above, the post-grouting and post-application of the adhesive methods may complicate the construction of assembly process, and the construction efficiency need to be improved further. Accordingly, the dry-dry connection for prefabricated TCC beams may be an effective solution [17]. Therefore, this experimental programme investigated the dry-type steel-plate connections for TCC beams using prefabricated concrete slabs. On this basis, different configurations of the steel-plate connections were proposed aiming to improve the shear performances. What needs to be emphasized is that the application of shallow notch to restrict the slip of the steel-plate obviously improved the ultimate load-carrying capacity and slip moduli of the shear connections, which was the most recommended structural configuration of the steel-plate connections. In addition, this article proposed the calculation methods for ultimate bearing capacities and slip moduli of the steel-plate connections with and without shallow notches, and showed acceptable accuracies.

2  Experimental Programme

2.1 Material Properties

The glulam used in the experiments was made of the Douglas fir from North America. According the Chinese Standard GB/T 50329 [23], the average values for the modulus of elasticity and compressive strength of the timber parallel to grain were tested as 13000 MPa and 34.7 MPa, respectively. The density and moisture content of the timber were 510 kg/m3 and 10.8%, respectively. For the concrete slab, the compressive strength of the concrete was tested on the basis of the standard cubic specimens with the dimension of 150 mm. The average compressive strength was tested as 40.8 MPa at the age of 28 days under the natural curing condition.

Screws in two size, designated as M6L60 and M6L70, respectively, were adopted as the fasteners between steel-plates and glulam blocks, as shown in Fig. 1. The M6L60 means that the diameter and the length of the screw were 6 mm and 60 mm, respectively. The average yield moment and strength of the screw were tested as 7445 N·mm and 206.8 MPa, respectively, according to American standard ASTM F 1575 [24], while the corresponding bending stiffness was determined as 842 N·mm2. The axial withdrawal capacity of the screw was tested as 5.8 kN for the M6L70 screws.
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Figure 1: The screws adopted in the experiments

The steel-plate, with a thickness of 5 mm, were made of Q235 steel with the yield strength of 235 MPa. The detailed 2D dimensions of the steel-plates were presented in Fig. 2.

[image: images]

Figure 2: The diagrams of steel-plates (unit: mm)

2.2 Design of Shear Connections

Fig. 3 shows the geometry dimensions of a steel-plate specimen, taking the SP + 8S(R) as the example. The steel-plates were partly embedded in the concrete, and the steel-plates were connected with the timber block by screws, realizing the dry-dry assembly for the timber and the concrete. As shown in Fig. 3, a rebar mesh with the rebar spacing of 100 mm was placed in the concrete slab. The rebars in the transverse direction pass through the embedded part of the steel-plate.
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Figure 3: Dimensions of a SP + 8S(R) specimen (unit: mm)

Table 1 displays the experimental parameters of the steel-plate connections. The experimental parameters included the effect of the angle steel which was bolted to the embedded part of the steel-plate, the screw number at each steel-plate, and the timber shallow notch. The configurations of steel-plate connections were shown in Figs. 3, 4. The timber blocks with steel-plates were displayed in Fig. 5. The embedded part of the steel plate was bolted with angle steels to improve the anchorage performance (see Fig. 5a). For the SP + 8S(R) connection, the shear performances of the connection and structural behaviours in TCC beams were reported in previous investigations [25], which was demonstrated to possess sufficient shear strength and ductility. For group SP + 4S, as shown in Fig. 4b, the angle steel was not adopted aiming to simplify the fabrication process of the prefabricated concrete slabs. As illustrated in Figs. 4c and 5b, a shallow notch with the dimensions of 150 mm × 50 mm × 5 mm was formed on the surface of the timber block to restrict the rotation of the steel-plate.
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Figure 4: Configurations of the steel-plate connections

[image: images]

Figure 5: Photographs of the connecting region

2.3 Testing Methods

Three samples for each group were prepared. According to European Standard EN 26891 [26], the loading procedure was determined as shown in Fig. 6a, and idealized load-slip curve was shown in Fig. 6b. Combined with the loading procedure, the slip moduli of the shear connection at different loading levels can be calculated by Eqs. (1)–(3), in which the Fmax denotes the maximum load; Fest is the estimated failure load; Ks denotes the slip modulus at the serviceability limit state, while K0.6 and K0.8 denote the slip moduli at the ultimate state and near collapse state, respectively. The value of the Fest for SP + 8S(R) specimens was 150 kN, while that for other groups was 80 kN.

[image: images]

Figure 6: Loading procedure and the idealized load-slip curve [26]


Ks=0.4Fest43(s0.4−s0.1)
(1)


K0.6=0.6Fmaxs0.6−s24+43(s0.4−s0.1)
(2)


K0.8=0.8Fmaxs0.8−s24+43(s0.4−s0.1)
(3)

The push-out specimens were loaded by an actuator with the capacity of 300 kN. As shown in Fig. 7, the interfacial relative slip was measured by the linear voltage displacement transducers (LVDTs), and the relative slip displayed in this article was the average value recorded by P1∼P4 LVDTs.
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Figure 7: Loading and measuring methods

3  Experimental Results

3.1 Failure Modes

The typical failure modes of the developed connections were shown in Fig. 8. All of the specimens occurred slight interfacial relative slip between the timber block and the concrete slab at the initial loading stage, as shown in Figs. 8a–8b (Solid red line and broken white line refer to the original stage and later stage, respectively). While near the collapse state, the group SP + 8S(R) featured serious rotation of the steel-plate, as shown in Fig. 8c. As a comparison, the specimens in other groups showed no obvious rotation until failure, as shown in Figs. 8d–8e. The screws in different rows of group SP + 8S(R) occurred the plastic deformation with different degrees, leading to the serious rotation of steel-plates. As displayed in Fig. 8e, the specimen with shallow notches showed the embedment failure in the timber block near the collapse state, which is similar to the embedment splitting failure in dowel-type connections. Fig. 8f shows the deformation of the screws and surrounding timber of a failure specimen in group SP + N + 4S. The screws showed severe plastic bending, and the timer showed evident embedment failure. The ‘rope effect’ of the screws could be observed, which can provide a certain post-yielding bearing capacity for the shear connection.
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Figure 8: Typical failure modes of the connections

3.2 Strengths and Interfacial Slip

The load-slip curves of all specimens are displayed in Fig. 9. The ultimate bearing capacity Fu and the corresponding interfacial relative slip su are summarized in Table 2. The values of Fu denote the total ultimate bearing capacity of the two shear planes for each specimen. Group SP + 4S was selected as the reference group to evaluate the improvement ratios of other groups.
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Figure 9: The load-slip curves of steel-plate connections
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The number of screws showed the great influence on the ultimate bearing capacity of the shear connection. As the screw number was doubled, the ultimate bearing capacity was improved by about 53.4%, by comparing group SP + 4S(R) with group SP + 8S(R). The angle steel has the slight improvement on the ultimate bearing capacity of the shear connection. Group SP + 4S without angle steel showed 8.2% decline in the ultimate bearing capacity compared with group SP + 4S(R). Comparing with groups SP + 4S(R) and SP + 4S specimens, it could be concluded that the average ultimate bearing capacity of group SP + N + 4S specimens was improved by 14.1% and 24.3%, respectively. It was supposed that the improvement was resulted from the application of the shallow notches, even though the screw length for group SP + N + 4S specimens was relatively shorter.

The proposed innovative steel-plate connections featured the significant deformability and post-yield bearing capacity. The maximum slip exceeded 15 mm, which meets the requirement of the connection in deformation ability [26]. The interfacial relative slip corresponding to the peak values of the testing loads was 8.3 mm∼15.0 mm. In Figs. 9b–9c, the testing load occurred abrupt decline for several specimens, which was caused by the fracture of the individual screws. The screw fracture failure was almost not observed in group SP + N + 4S specimens as shown in Figs. 8f and 9d. This was because that the timber shallow notch effectively restricted the deformation of the screws.

3.3 Slip Moduli

Table 2 summarizes the slip moduli of the steel-plate connections. Fig. 10 shows the comparison among different groups. Ks, K0.6, and K0.8 were calculated according to the Eqs. (1)–(3), respectively. The slip moduli in Table 2 and Fig. 10 include the contribution of the two shear planes for each push-out specimen.
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Figure 10: Slip modulus comparisons between difference connections

It can be found group SP + 8S(R) specimens showed the relatively lower value for the initial slip modulus Ks, compared with group SP + 4S(R) and group SP + 4S specimens. The steel-plate rotation shown in Fig. 8c may cause this result. In addition, the estimated ultimate bearing capacity (80 kN) for groups SP + 4S(R), SP + 4S, and SP + N + 4S was obviously smaller than their actual ultimate bearing capacities. This factor may cause the overestimation of the initial slip modulus Ks, due to the effect of the friction between the timber and the steel-plate as well as the pre-tightening force generated while the screw was drilled into the timber. Accordingly, the values of K0.6 and K0.8 showed the better reference significance while analyzing the effect of the screw number. Groups SP + 4S(R) and SP + 4S specimens showed different values in Ks. This may be caused by the individual material differences. Comparing with group SP + 4S specimens, the application of shallow notches in group SP + N + 4S specimens improved the initial slip modulus Ks by 53.5%. Moreover, the values of K0.6 and K0.8 for the SP + N + 4S specimens were also improved effectively, thanks to the constraint of the shallow notch.

4  Design Suggestions

4.1 Shear Strength Model

It was considered that the bonding strength between the steel-plate and concrete was sufficient in the steel-plate connection. As shown in the Fig. 8, the typical failure of the steel-plate connections was the screw yielding and timber embedment failure. Thus, the ultimate strength of the screw connection in the timber was considered as the shear strength of the TCC connection in this article. According to the European yield method (EYM) [27,28], the shear resistance of the steel-timber connection with screws can be calculated by Eq. (4).


RM∗=4Myfhds+fax4
(4)

where, My is the yield moment of the screw, fh denotes the embedment strength of the timber, ds represents the diameter of the screw, fax denotes the withdrawal capacity of the screw, which was considered as the contribution of the rope effect of the screw.


fh=0.082(1−0.01ds)ρ
(5)

Yurrita et al. [27] found that the EYM calculations in EN 1995–1–1 [28] provide conservative results comparing to experimental data, and proposed the correction factor as shown in Eq. (6).


RM=1.55RM∗
(6)

For the connection with shallow notches, the embedment strength of the steel-plate in the timber block should be added into the resistance of the screwed connection of Eq. (6), as shown in Eq. (7).


RE=fh,ttdt
(7)

where, fh,t denotes the embedment strength of the timber considering the effect of steel-plate thickness, which can be evaluated by Eq. (8) due to the relative small thickness; t denotes the width of the shallow notch, dt denotes the thickness of the steel-plate.


fh,t=0.082ρdt−0.3
(8)

The comparisons between the testing results and theoretical ones are displayed in Table 3. It can be found the theoretical results based on the EYM calculations are basically consistent with the experimental results. The calculation models for the connection with shallow notches (Group SP + N + 4S) also showed acceptable accuracy by considering the contribution of embedding resistance of the shallow notch loaded by the steel-plate.
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4.2 Slip Modulus Model

The initial slip modulus of the steel-plate connection can be evaluated based on the theory of the beam on the elastic foundation, which was initially developed by Kuenzi [29], and were demonstrated the feasibility and accuracy in screwed connections by existing investigations [30]. For the screw in the steel-plate connection, the differential equation and boundary conditions can be defined by Eqs. (9) and (10), respectively.


EsIsd4ydx4+ky=(0≤x≤l)
(9)

where, k is the foundation modulus of the timber, which was determined as 1320 MPa according to the summary of the Symons et al. [10], by adopting the foundation modulus value of the timber with similar density, moisture content, and elasticity modulus; EsIs is the bending stiffness of the screw, which was determined as 842 N⋅mm2 according the bending tests; l is the penetration depth of the screw.

{ yx=0′=0yx=0′′′=−FEsIsyx=l′′=0yx=l′′′=0(10)

where, F is the load sustained by the single screw.

The general solutions of Eq. (9) is


y(x)=(A1cos⁡λx+B1sin⁡λx)eλx+(A2cos⁡λx+B2sin⁡λx)e−λx
(11)

where, Ai and Bi (i = 1, 2) are the undetermined coefficients; and


λ=k4EsIs4
(12)

Submitting Eq. (10) into Eq. (11), the relationship between the testing load and the interfacial slip can be obtained as shown in Eq. (13).


y(0)=4(conλl)2+e2λl+e−2λl+24conλlsin⁡λl+e2λl−e−2λl⋅F4EsIsλ3
(13)

Therefore, the slip modulus of the steel-plate connection connected by screws can be estimated by Eq. (14).


Ks=Fy(0)=4EIλ34conλlsin⁡λl+e2λl−e−2λl4(conλl)2+e2λl+e−2λl+2
(14)

For the steel-connection with shallow notches, the effects of the shallow notch on the slip modulus should be considered. Dias et al. [31] provided the design suggestion about the slip modulus of the notched connection depending on the notch width, and the slip modulus of 1000 N/mm per millimeter width was suggested for the notch depths between 20 mm and 30 mm. Similarly, Ben et al. [32] found the slip modulus of shallow notch (lower than 20 mm) were approximately 300 N/mm. Therefore, as the relatively shallow depth (5 mm) of the notch for the steel-plate, the 300 N/mm per millimeter width was adopted in this study. In addition, existing investigations [9,33] proposed the calculation models for the slip modulus of TCC shear connection based on the component method, and demonstrated the feasibility of the component method. Thus, the slip moduli of group SP + N + 4S specimens can be predicted by Eq. (15) considering the contribution of the screws and the shallow notches.


KS+N=0.3t+Ks
(15)

The comparisons between the testing results and analytical ones in the slip modulus are displayed in Table 3. It can be concluded that the predicted value of group SP + 8S(R) is slightly larger than the experimental one, which showed the acceptable accuracy. However, the analytical results of groups SP + 4S(R) and SP + 4S are obviously smaller than their experimental results. This is mainly because the experimental results in groups SP + 4S and SP + 4S(R) overestimated their actual slip moduli, due to that the estimated ultimate bearing capacities were greatly smaller than the maximum testing load. Thus, the initial slip modulus may be affected by the pre-tightening force caused by the screws and the friction between the timber and the steel-plate. This is also one of the reason that the slip moduli of groups SP + 4S(R) and SP + 4S specimens were larger than those of the SP + 8S(R) ones, at the precondition that the number of screws was halved. The values of K0.6 for groups SP + 8S(R), SP + 4S(R), and SP + 4S are consistent with the screw number, due to the ignorance of the effect of the interfacial friction and pre-tightening force caused by screws, demonstrating the feasibility of the prediction model in Eq. (14). For the connection with shallow notches, i.e., Group SP + N + 4S specimens, the analytical result predicted by Eq. (15) was also smaller than the testing results, which was also affected by the relatively small estimated ultimate bearing capacity. However, the K0.6 near the ultimate state was greatly smaller than the initial slip moduli Ks for group SP + N + 4S specimens. This phenomenon means that the shallow notch also lost the partial shear resistance near the ultimate state due to the appearance of the embedment failure of the timber. As a whole, the calculation models for the steel-plate connection with or without shallow notch show the acceptable prediction results compared with the experimental results.

5  Conclusions

This article presents the push-out experimental results of steel-plate connections for TCC beams. The main parameters included the screw number, the angle steel reinforcement, and the shallow notch for the steel-plate. The failure modes, shear strength, and slip moduli were discussed. Main conclusions can be summarised as following:

•   The number of screws showed the significant influence on the ultimate bearing capacity. For the steel-plate with two rows of screws, the shear connection occurred the rotation deformation of steel-plate, which led to the decline of the ultimate bearing capacity and initial slip modulus.

•   The application of the angle steel for improving the anchorage performance was unessential. The arrangement of rebar through the steel-plate was sufficient for ensuring the shear strength and slip modulus.

•   The timber shallow notch for the steel-plate showed significant improvements in ultimate bearing capacity and slip modulus. Compared with Group SP + 4S, Group SP + N + S with shallow notches, showed the improvement of 53.5% in the initial slip modulus and 24.3% in the ultimate bearing capacity.

•   The calculation models of ultimate bearing capacity and slip modulus for steel-plate connections with and without shallow notches showed acceptable accuracy.

Further investigations will focus on the long-term slip of this sort of shear connection. To provide the design guidance of the TCC beams considering the creep of component materials under the action of the long-term loads, the long-term slip and corresponding creep coefficient of the steel-plate connections should be researched further.
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Table 1: Grouping of steel-plate connections

Groups Screw type  Screw number per plate  Angle steel reinforcement ~ Shallow notch
SP + 8S(R) M6L70 16 Yes No
SP + 4S(R) M6L70 8 Yes No
SP + 48 M6L70 8 No No

SP+N +4S  M6L60 8 No Yes
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Table 3: Comparisons between experimental and analytical results

Groups F, (kN) KJ/Ky ¢ (KN/mm)

Experiments Analysis Error Experiments Analysis Error
SP + 8S(R) 174.1 205.8 18.2% 48.2/45.3 534 +3.5%/+17.8%
SP + 4S(R) 113.5 102.9 —9.3%  45.6/23.7 26.7 —1.4%/+12.6%
SP + 48 104.2 102.9 —1.2% 61.7/25.0 26.7 —56.7%/+6.8%
SP + N + 4S8 129.5 128.7 —0.6% 94.7/54.3 86.7 —8.4%/+59.7%
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(a) Loading diagram

(b) A push-out specimen under loading





OEBPS/Images/JRM_22343-fig-5.png
(a) Steel-plates combined with  (b) Timber block with side
angle steels shallow notches
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(a) Initial slip in SP+4S (b) Initial slip in SP+N+4S (c) Rotation of the steel-plate

(d) Large slip in SP+4S(R) (e) Large slip and timber (f) Deformation of screws in
embedment failure in SP+N+4S SP+N+4S
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Table 2: Summary of push-out specimens

Groups No. F, (kN) Imp. (%) S, (mm) K, Ko Ko g
SP + 8S(R) 1 162.6 534 10.0 40.2 36.0 29.1
174.0 14.9 66.2 55.6 43.6

3 185.6 15.0 38.2 443 34.9

Ave. 174.1 13.3 48.2 45.3 35.9

SP + 4S(R) 1 113.6 0 (Ref)) 15.0 30.6 14.9 12.1
107.1 9.0 45.1 25.3 15.6

3 119.8 8.6 61.0 30.9 18.7

Ave. 113.5 11.3 45.6 23.7 15.5

SP + 48 1 101.4 —8.2 9.2 86.3 25.6 17.2
105.2 10.0 40.3 20.8 14.9

3 106.1 9.9 584 28.5 15.6

Ave. 104.2 9.2 61.7 25.0 15.9

SP + N + 4S8 1 129.2 14.1 9.8 89.4 61.5 42.2
135.8 8.8 89.9 447 38.2

3 123.5 8.3 104.9 56.6 38.5

Ave. 129.5 8.9 94.7 54.3 39.6
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