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Abstract: Stress laminated timber (SLT) deck is assembled using timber (lumber or glulam) components placed side by side and stressed together, which has the advantages of easy prefabrication and good cost performance. This work presented an experimental investigation of bending tests performed on SLT slabs. Several parameters, including pre-stress levels, distance of pre-stressing bars, and the existence of self-tapping screw (STS) reinforcement, were taken into consideration. To reinforce the compressive property of timber perpendicular to the grain, the STSs were placed under the anchor plate of the pre-stressed bars. The experimental results were analyzed and discussed in terms of failure modes, ultimate bearing capacity, ultimate strain, and bending stiffness. It was found that the SLT slab showed satisfactory composite action as well as residual bearing capacity. The pre-stress levels showed an obvious effect on the load bearing capacity and relatively slight effect on the bending stiffness.
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1  Introduction

Due to its low carbon characteristics, environmental friendliness and easy installation, timber structure has been widely used in residential and commercial buildings as well as bridges. In the field of timber bridges, the deck slabs generally apply either engineered wood products (EWP) [1] or timber-concrete composite elements [2,3].

Different from other sorts of EWPs such as glued laminated timber (glulam), cross laminated timber (CLT) and laminated veneer lumber (LVL), SLT is usually more applicable for not building structures but bridges. The concept of using transverse prestressed laminated timber in bridges originated in Canada in 1970s [4]. Sarisley et al. [5] investigated the pre-stress loss of SLT bridge deck and provided a prediction model in which the creep of wood was taking into account. Ritter et al. [6] presented an overview of some methods to evaluate the field performances of SLT bridges, and detailed discussions upon the equipment and procedures for some parameter assessment were undertaken. Davalos et al. [7] conducted an analytical-experimental study of bending stiffness of the SLT decks and primarily evaluated the effect of the butt joints. Subsequently based on the existing theoretical method, the experimental results were correlated and the design recommendations were proposed. Davalos et al. [8] investigated both longitudinal/transverse bending moduli and in-plane/out-of-plane shear moduli of SLT. It was found that the longitudinal modulus of SLT can be estimated from the mean modulus of the corresponding lumber components. Crocetti et al. [9] proposed an innovative anchorage system to reduce the loss of pre-stress in SLT slab by means of STS reinforcement. Testing results showed the compression resistance of wood perpendicular to grain was considerably improved due to the application of STSs, and the creep deformation of the associated SLT deck was also reduced. Massaro et al. [10] researched the friction between the lamellas of SLT system, and found that the kinetic friction coefficient can be assumed as 0.33. Moreover, many scholars researched the influences of loading positions and butt-joint [11–13] on the flexural behaviour of the SLT deck, in which the outcomes were helpful to avoid local damages and to provide the design reference. In addition, Fortino et al. [14] reported the results of the health monitoring of SLT bridges, including an uncoated and a thick painted bridges, and the moisture content and temperature in the wood were recorded and analysed.

To achieve either larger span or wider application, some investigations have been developed on the innovative types of SLT structures. Crews [15] proposed a cellular deck composed by two SLT slabs, one above and another below, which can realize a span of 25~30 m for bridge decks. Kermani et al. [16] carried out bending and vibration tests of SLT arch bridges with the span of 20 m. Freedman et al. [17,18] also tested the SLT arch bridges with the spans ranging from 12 m to 15 m, aiming to extend the application of SLT arch bridges and reach a practical application span of 56 m. Ekevad et al. [19] focused on the slip behaviour between the glulam beam components and found that the slip will lead to the redistribution of loads sustained, and then result into a bigger load on certain beams and less load on other beams. Fleming et al. [20] developed the SLT columns constructed by low-grade timber, in which the lamination efficiency factor reached to 0.84. As a comparison, the lamination efficiency factor of the timber columns connected by self-tapping screws was 0.53.

As elaborated above, it can be found that the SLT deck showed good application potential in both pedestrian and vehicular bridges. In addition, due to its easy assembly on-site and adhesive free characteristics compared with traditional EWP, the SLT decks also have the potential cost advantage [21]. Therefore, the flexural behavior of SLT as bridge decks was evaluated. And the effects of pre-stress levels, pre-stress distance, and STS reinforcement were discussed in this paper. Experimental results were descripted in terms of failure modes, ultimate strengths, and bending stiffness.

2  Experimental Programme

2.1 Details of Specimens

A total of fifteen SLT slab specimens in five groups were fabricated for bending tests as shown in Table 1. The dimensions of the specimens were designed in accordance to European standard EN 408 [22] and Chinese standard GB/T 50329 [23]. The dimension of the cross-section in width × depth was 280 mm × 80 mm, and the total length of the SLT panel was 1500 mm. As shown in Table 1, the pre-stress levels, distances between prestressed bars, and STS reinforcement were considered in the bending tests.
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The detailed information of specimens is shown in Figs. 1 to 3. The SLT slab consists of eight sawn timber components held together with pre-stressed steel bars. The thickness of each lumber was 35 mm, and the total width of the SLT slab was 280 mm. For the specimens in groups P300, P600 series, and P900, the uniform pre-stress of 0.3, 0.6, and 0.9 N/mm2 were applied, respectively. The pre-stress level denotes the average pressure of the outermost lumber caused by the pre-stressing. The distance between the pre-stressed bars in group P600-S300 was 300 mm, while that in other groups were 500 mm. As shown in Fig. 3, four STSs were adopted to reinforce the local compression perpendicular to lumber grain at the positions under the anchor plates. The centre distance between the STSs was 50 mm, and total length of the STS was 140 mm, which was the half of the slab width.
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Figure 1: Diagrams for P300, P600, and P900 specimens (dimensions in mm)
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Figure 2: Diagrams for P600-S300 specimens (dimensions in mm)
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Figure 3: Diagrams for P600-L140 specimens (dimensions in mm)

2.2 Materials

2.2.1 Timber

The timber species used was European Spruce having an average moisture content of 10.4% and average density of 555 kg/m3. The physical and mechanical properties of timber materials were tested primarily according to European standard EN 408 [22] and Chinese standard GB/T 1939 [24]. All of the average values are illustrated in Table 2.
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2.2.2 Steel

The anchor plates were made of Q235 steel with the yield strength of 235 N/mm2. The prestressing bar was screw-thread steel bars with the yield strength of 960 N/mm2 and diameter of 14 mm. The diameter of the hole in the anchor plate was 16 mm. The sizes of the steel anchor plate were 100 mm × 100 mm × 10 mm.

2.2.3 Self-Tapping Screws

The STS with the diameter of 7 mm and total length of 140 mm, designated as VGZ7140, was adopted as the local compression reinforcement. According to the manufacturer, the characteristic yield strength fy,k and withdrawal resistance strength fax,k of the STS is 1000 N/mm2 and 11.5 kN, respectively. The diameter of pre-drilled hole for STS was 4 mm.

2.3 Experimental Methods

2.3.1 Loading Diagram

All SLT slab specimens, with a net span of 1400 mm, were tested with the four-point bending tests in accordance with EN 408 [22] and GB/T 50329 [23], with the test setup as shown in Fig. 4. The loading rate of 3 mm/min was adopted for all specimens.
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Figure 4: Test setup (dimensions in mm)

2.3.2 Data Measurement

The displacements of the SLT slab at the mid-span and supports were both measured by linear voltage displacement transducers (LVDT), as shown in Fig. 4. The LVDT named as L1 was used to measure the mid-span deflection, while the LVDTs named as L2 and L3 were set to measure the displacement at both supports. The strains of the timber at the top and the bottom of the slab were measured by strain gauges, which were named as S1~S8, as shown in Fig. 5. Strain gauges S1~S4 were fixed to measure the timber strain at the top surface, while strain gauges S5~S8 were fixed to measure the timber strain at the bottom surface.
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Figure 5: Layout of strain gauges on SLT specimens (dimensions in mm)

3  Experimental Results

3.1 Failure Modes

The typical failure photographs of SLT specimens are displayed in Fig. 6. Different groups of specimens showed no evident difference in failure modes. All of the specimens featured tension failure at the bottom of the lumbers. Moreover, the tension failure firstly occurred in one timber component. Then the rest timber components still worked as a whole to bear the applied load, till to the failure of the whole SLT slabs (see Fig. 6). Due to the rupture of some lumber components and the comprehensive stress state at late loading stage, timber shear failure occurred near the supports. However, timber shear failure was just considered as secondary failure.
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Figure 6: Failure photographs of SLT slab specimens

3.2 Load-Deflection Curves

The load-deflection curves of the SLT slab specimens are depicted in Fig. 7. It can be seen from Fig. 7 that most specimens showed a linear elastic behaviour before the first failure of the SLT specimens occurred at the weakest timber component. After the first failure and usually a subsequent drop in load, the load increased to an even higher level. And this phenomenon may repeat one or more times, as shown in Fig. 7. It indicates that the specimen failed gradually in the last load stage and thus the specimens had a high residual strength. This was primarily due to the composite action providing by the pre-stress bars.
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Figure 7: Load-deflection curves of SLT specimens

Table 3 displays some values of the test results for the specimens. From Table 3, the primary findings are as following:

(i) The pre-stress level has an evident influence on the load carrying capacity of the SLT slab. Compared with specimens P300, the specimens P600 and P900 showed the improvement in ultimate load of 15.7% and 26.8%, respectively.

(ii) The distances between the pre-stressing bars also showed an effect on the load-carrying capacities of the SLT slabs. While the distance decreased from 500 to 300 mm, the average ultimate load of the SLT slabs improved by about 9.6%.

(iii) The self-tapping screw reinforcement has little effect on the short-term load bearing capacity and bending stiffness. However, it has been proved that it can reduce the loss of pre-stress in SLT slab and therefore obtained a better composite action during the whole service life [9].
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3.3 Load-Strain Curves

The load-strain curves were illustrated in Fig. 8. Since the load-strain curves were similar for the specimens inside each group, only one representative specimen was selected to present the load-strain curves for each group. It could be found from Fig. 8 that the outmost compressive strains have less difference than outmost tensile ones. And the tensile strains of outer components were generally larger than those of inner ones. In addition, both the maximum tensile strains and the maximum compressive ones exceeded 4000 με after the first failure occurred.
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Figure 8: Load-strain curves of SLT specimens

3.4 Bending Stiffness

According to Chinese standard GB/T 50329 [23], the bending stiffness can be calculated by Eq. (1), and the results were listed in Table 3. In the Eq. (1), the secant stiffness at the initial stage of the load-deflection curve was adopted.


EI=aΔF48Δw(3l02−4a2)
(1)

where, ΔF refers to an increment of load on the straight-line portion of the load deformation curve; Δw refers to the increment of deformation corresponding to ΔF; l0 is the net span of the SLT slab specimens; a denotes the distance from the loading point to the nearest support.

As shown in Table 3, the bending stiffness of the specimens in group P300 reached to 15.6 × 1010 N·mm2. Increasing the pre-stress level will lead to slight improvement in bending stiffness. The average bending stiffness of the specimens in group P600 and group P900 were 16.3 × 1010 N·mm2 and 16.4 × 1010 N·mm2, respectively, which increased by 4.5% and 5.1% compared with P300 specimens. The bending stiffness of the SLT slab shows no evident improvement while decreasing the distance of the pre-stressed bar and adopting the STS as reinforcement.

Davalos et al. [7] supposed that the bending stiffness of the SLT slab can be calculated by Eq. (2). Therefore the theoretical value of bending stiffness of the SLT was equal to 15.1 × 1010 N·mm2. As a conservative design proposal, the bending stiffness of the SLT slab could be determined as the bending stiffness of the ideal section.


(EI)eff=kEI
(2)

where, k is the reduction factor considering the butt joints, and can be determined by Eq. (3); EI is the bending stiffness of the slab section.


k={1withoutbuttjoints(N−1)Nwithonebuttjoint
(3)

3.5 Further Investigations

Further investigations will focus on the pre-stress loss in the SLT decks and the flexural performances of SLT-concrete composite slabs.

The pre-stress loss in SLT systems will be greatly influenced by the creep of the wood in compression perpendicular to grain. Zheng et al. [25] found that the creep of timber in compression perpendicular to grain was much larger than that parallel to grain. Taking the post-tensioned timber beam-column joints as an example [26], the creep of wood in compression perpendicular to grain showed non-negligible contribution on the long-term deformation of the joint. Therefore, the pre-stress loss behavior in SLT systems and the measures to reduce the creep effect, such as the STS reinforcement [9,27], will be investigated in the subsequent studies.

To improve the flexural performance of SLT decks and to provide a protection for wood from vehicles and outside environmental factors, concrete slabs could be applied as the top layer, thus forming the SLT-concrete composite bridges [28]. According to the existing investigations [29–31], the notched-screw connections, which were demonstrated to possess the high slip modulus and shear resistance, showed good feasibility. As introduced into SLT-composite systems, this sort of notched-screw connection should be investigated in detail, mainly including the notch dimension, notch distance, pre-stress level as well as slab depth.

4  Conclusions

The flexural behaviours of the stress laminated timber slabs were presented in this article. The effect of some parameters, such as pre-stress levels, the distances between the pre-stressed bar, and the self-tapping screw reinforcement, were evaluated. The failure modes, ultimate load bearing capacity, and the bending stiffness were discussed. Main conclusions could be drawn as following:

(1) The stress laminated timber slabs mainly showed the tension failure of the timber components. The constraint of the pre-stressed bar lead to superior composite action and as well as residual strength for the stress laminated timber slab.

(2) The pre-stress levels had more effect on the load bearing capacity than bending stiffness of the stress laminated timber slab. As the pre-stress increased from 0.3 to 0.6 N/mm2, the ultimate load increased by 15.7%, while the bending stiffness had no obvious improvement.

(3) The application of self-tapping screw reinforcement has no obvious effect on the short-term load bearing capacity and bending stiffness. However, it can reduce the loss of pre-stress in stress laminated timber slab and therefore obtained a better composite action.
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Table 1: Parameters of the SLT bridge decks

Designation ~ Cross-section in Length  Pre-stress  Distance between STS  No.
width X depth (mm)  (mm) (N/mm?) pre-stressed bars (mm)

P300 280 % 80 1500 0.3 500 Non 3

P600 280 % 80 1500 0.6 500 Non 3

P900 280 % 80 1500 0.9 500 Non 3

P600-S300 280 % 80 1500 0.6 300 Non 3

P600-L140 280 x 80 1500 0.6 500 Yes 3
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OEBPS/Images/table-3.png
Table 3: Summary of experimental results

Designation ~ No. Fo(kN)  wo(mm)  Faax KN)  Wpax (mm)  E7(10'° N'mm?)
P300 1 64.2 22.8 71.4 40.0 15.2
74.6 24.3 84.8 34.8 16.1
3 65.5 22.0 67.6 23.8 15.5
Ave.  68.1 23.0 74.6 32.9 15.6
P600 1 95.4 31.8 100.9 44.0 16.9
70.4 21.7 74.2 30.6 16.4
3 81.3 28.5 83.9 46.6 15.5
Ave. 824 27.3 86.3 40.4 16.3
P900 1 91.4 29.6 104.7 41.4 16.8
84.7 29.1 90.9 34.7 15.6
3 83.3 27.1 88.3 31.2 16.7
Ave.  86.5 28.6 94.6 35.7 16.4
P600-S300 1 70.7 28.6 86.6 40.0 13.3
103.4 33.7 103.4 33.7 17.2
3 83.2 25.3 83.2 25.3 17.0
Ave.  86.5 28.6 94.6 35.8 16.4
P600-L140 1 81.7 25.2 88.8 36.3 17.2
75.6 24.7 75.6 24.7 16.6
3 81.5 30.5 81.5 30.5 15.2
Ave.  79.6 26.8 82.0 30.5 16.3

Note: F,, was the testing load while the specimen first occurred the irreversible local damage; F,,.x Was the maximum testing load; wy and wy,.x are the
mid-span deflection of the specimens at Fjy and F,.x, respectively.
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Table 2: The physical and mechanical properties of the lumbers

Properties Value
Density (kg/m>) 555
Moisture content (%) 10.4
Local compression strength perpendicular to grain (N/mm?) 5.8
Compressive strength parallel to grain (N/mm?) 46.2
Modulus of elasticity parallel to grain (N/mm?) 12800
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