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ABSTRACT

In cross-laminated timber (CLT) buildings, acoustic behaviour presents a major concern due to low frequency noise transmission. To reduce the disturbing sound transmission over the flanking parts, special elastic layers with fine celled structure are being used between the CLT wall and CLT slab together with insulated angle bracket connections. However, the seismic response of the developed isolated connection and the influence of insulation bedding on the seismic response of CLT structures have not yet been studied.
In the paper, shear tests on small specimens of CLT panels placed on polyurethane elastomer insulation bedding and fastened to CLT floor with innovative insulated steel angle bracket are presented. Altogether 5 monotonic and 10 cyclic shear tests were performed. Specimens with four types of bedding material varying in stiffness and compression load were tested and compared with tests on specimens of panels and floors connected with uninsulated steel bracket without any bedding. The experiments have shown that insulation bedding does not have much influence on the load-bearing capacity and the ductility of the system; however insulation bedding changes the stiffness characteristics of the system which may be important when designing the structures.
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1. INTRODUCTION 

In recent years several high-rise and complex apartment buildings have been built entirely by timber load-bearing elements, which was mainly achieved due to the development of cross laminated timber (CLT) structures (Abrahamsen and AS, 2017; Fragiacomo et al., 2011; Pei and van de Lindt, 2011; Reynolds et al., 2015). These structures have several advantages, such as: sustainability, energy efficiency, fast erection etc. However, other issues such as insufficient sound insulation, unpleasant vibration under serviceability loads and the behaviour of some types of connections under severe seismic loads still need to be addressed.
One of the possibilities to reduce disturbing sound transmission over the flanking parts, which is more and more commonly used in CLT structures, is to use special elastic acoustic layers between the CLT wall and floor panels (Figure 1a). Depending on the design of the floor assembly, elastic layers can be placed underneath the wall or both underneath and on top of the walls. The selection of a suitable elastic layer depends on its resistance to static loads and on its dynamic parameters to provide a good acoustical performance. Conventional connectors between CLT panels penetrate the elastic layer, create sound bridges and consequently reduce the acoustical performance. For this reason, special angle brackets have been developed by the Getzner and Pitzl companies where the rigid parts are elastically separated from each other (Figure 1b). These connectors are designed especially to withstand the horizontal loads, however, they are resistant also to tension, which is achieved by inclined partially threaded screws inserted in the horizontal part of the angle bracket. The strength and stiffness of this innovative angle bracket in shear and tensile direction have therefore been increased via partially threaded screws used to connect the horizontal flange of the angle brackets to the floor panel and via special thick metal plate over the angle bracket. These types of connections should ensure high mechanical performance during earthquake which causes loads in shear and axial direction.
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Figure 1. a. Elastic layers on CLT floor panels (Getzner, 2018) and b. Angle bracket concept GePi Pro (Pitzl and Getzner, 2018).

The objective of our research was to evaluate the mechanical properties, such as stiffness, strength and ductility, of insulated angle brackets designed to sustain both shear and tensile loads. In recent years, several studies have been conducted to better understand the mechanical behaviour of hold-downs and angle brackets by means of experimental and numerical tests in both monotonic and cyclic conditions (Benedetti et al., 2016; Casagrande et al., 2016; Giuseppe et al., 2018; Tomasi and Smith, 2015) and under combined shear and tensile loads (Liu and Lam, 2018). Regular angle brackets perform better under shear than under tensile loads (Flatscher et al., 2015; Gavrić et al., 2015). On the other hand, the hold-downs prove to have high stiffness and strength in tensile direction and very low stiffness and strength under shear actions (Benedetti et al., 2016). In the paper, the shear resistance of insulated angle brackets is investigated, while the tensile performance will be investigated in future studies. 
The main aim of the paper is to show the resistance of the whole connection system composed of insulated angle bracket, elastic layer and surrounding timber. In order to investigate the behaviour of such connections developed for noise reduction, an experimental campaign including monotonic and cyclic shear tests on small specimens of CLT wall and floor panels connected via developed steel angle bracket was conducted. The behaviour of the steel angle brackets was tested and furthermore the influence of four type of insulation bedding materials varying in stiffness and their load capacity was studied. 


2. EXPERIMENTS

2.1 Specimens and material characterization

Specimens were designed considering limitations of the testing equipment. They were constructed from three-layer CLT panels with thickness 100 mm representing structural wall and five-layer CLT panels with thickness 140 mm representing structural floor (Figure 2). CLT panels were connected via 100x100x3 mm steel angle bracket (with length 240 mm) and fastened according to recommendations of the system provider. For mounting to floor, 10 partially threaded screws 8x160 mm were used; 4 were installed vertically in the central part of the steel plate and next to them 3 were installed on each side at an angle 45° (as presented in 
Figure 1b). For fastening to the wall panel, 8 partially threaded screws 8x80 mm were used. The specimens varied in the grain orientation of the CLT wall panel; in some specimens the grain orientation of the outer layer was horizontal (i.e. parallel to floor panel), while for other the orientation was vertical (i.e. perpendicular to floor panel).
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[bookmark: _Ref536790284]Figure 2. Test specimen - CLT wall and floor panel connected with angle bracket without insulation bedding.


Between the wall and the floor panel, different bedding material of thickness 12.5 mm was laid. Two mixed cellular polyurethane sheets (sylomer®) and two closed cellular polyurethane sheets (sylodyn®) were used. Some characteristics of the bedding materials, provided by the manufacturer in their datasheets, are summarized in table 1.

Table 1. Insulation bedding material characteristics.

	Material characteristics
	SR 1200
	SR 55
	NF
	NB

	Static load limit* [MPa]
	1.2
	0.055
	1.5
	0.075

	Approx. deflection at static load limit*
	10 %
	7 %
	11 %
	7 %

	Operating load range* [MPa]
	1.8
	0.076
	2.0
	0.12

	Approx. deflection at operating load range*
	20 %
	20 %
	16 %
	15 %

	Load peaks* (short term, infrequent loads) [MPa]
	6.0
	2.0
	8.0
	2.0

	Approx. deflection at load peaks*
	35 %
	75 %
	50 %
	70 %

	Compression hardness [MPa]
	1.08
	0.061
	
	

	* depending on the form factor; values apply to form factor 3
	
	
	
	



2.2 Testing program, setup and protocol 

Altogether 5 monotonic and 10 cyclic shear tests were conducted according to ISO 16670 (ISO, 2003) standard (Table 2). The tests were conducted in laboratory for structures at Slovenian National Building and Civil Engineering Institute (ZAG Ljubljana). In the test setup, the floor panel was completely fixed, while the out-of-plane displacement of the wall panel was prevented by a steel constraint (Figure 3a). The shear loading was induced with a servo-hydraulic actuator of capacity 160 kN fixed to the wall panel 15 cm above the floor panel. Teflon layer was inserted between the steel constraint and the wall panel to eliminate friction. Relative displacements between the wall and the floor panel were measured with four linear variable displacement transformers (LVDTs), positioned at ends of the wall on both sides.
For both monotonic and cyclic tests the loading was induced by controlling the increase of lateral displacement; the rate of displacement was 0.2 mm/s. Cyclic loading was defined according to ISO 16670 (ISO, 2003). The amplitudes of the cyclic loading were determined based on the results of monotonic tests depending on the ultimate displacement du; i.e. the displacement, at which the lateral resistance decreased to 80% of maximum capacity Fmax. The induced lateral displacement time history is presented in Figure 3b. 

[bookmark: _Ref536693957]Table 2. Testing program.

	Test
	Loading
	Insulation type
	CLT Orientation

	Neiz/M
	Monotonic
	/
	vertical

	NF/M
	Monotonic
	NF
	vertical

	NB/M
	Monotonic
	NB
	vertical

	SR55/M
	Monotonic
	SR55
	vertical

	SR1200/M
	Monotonic
	SR1200
	vertical

	Neiz/Cs-1v
	ISO
	/
	vertical

	Neiz/Cs-1h
	ISO
	/
	horizontal

	SR1200/Cs-1h
	ISO
	SR1200
	horizontal

	SR1200/Cs-1v
	ISO
	SR1200
	vertical

	SR55/Cs-1h
	ISO
	SR55
	horizontal

	SR55/Cs-1v
	ISO
	SR55
	vertical

	NF/Cs-1v
	ISO
	NF
	vertical

	Nf/Cs-1h
	ISO
	NF
	horizontal

	NB/Cs-1h
	ISO
	NB
	horizontal

	NB/Cs-1v
	ISO
	NB
	vertical
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Figure 3. a. Test setup and b. Displacement time history.


3. ANALYSIS OF THE RESULTS

Seismic performance of the connections was evaluated by analyzing the force - displacement curves obtained in tests in correspondence to observed damage/failure mechanisms. Primarily, load-bearing and displacement capacities were determined, while more in-depth information of the behaviour of the connection and the influence of insulation bedding was obtained through analysis of the hysteresis curves obtained in cyclic tests. 

3.1 Damage and failure mechanism

Both in monotonic and cyclic tests, the specimens exhibited ductile failure mechanism. Typical failure of specimens is presented in Figure 4a-d. 
The results differed depending on the type of specimen. In case of specimens without insulation, embedding of screws (i.e. damage of wood around the screws due to crushing) was followed by withdrawal from the wall panel (Figure 4a), while for specimens with insulation, a combination of withdrawal and shear failure of screws occurred. For both tests only minor withdrawal and uplift of the angle bracket from the floor panel were found. For specimens with insulation, embedding and withdrawal of the screws were in most cases more evident in the wall panel (Figure 4b), while in some cases withdrawal from floor panels was more evident (Figure 4c). Shear failure of the screws in wall panel occurred in a few cases (Figure 4d). No major correlation between the type of insulation and the prevailing failure mechanism was found, except that withdrawal of screws from floor panel occurred usually with stiffer insulation (NF and SR1200). Large plastic deformations of angle brackets and of screws were obtained in all tests (Figure 4a-d).

	[image: ]
a. Embedding and withdrawal of screws from the wall panel (uninsulated specimen)
	[image: ]
b. Embedding and withdrawal of screws from the wall panel (insulated specimen)
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c. Embedding and withdrawal of screws from the floor and wall panel (insulated specimen)
	[image: ]
d. Embedding, withdrawal and shear failure of screws in the wall panel (insulated specimen)
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Figure 4. Failure of different types of specimens and loading. 


3.2 Load-bearing and displacement capacity

In Figure 5, force - displacement curves obtained in monotonic and cyclic tests for three types of specimens are presented; for specimen with no insulation (labelled “Neiz”) and for the stiff and soft bedding insulations, “SR1200” and “SR55”, respectively. 
For hysteresis curves of all specimens, pinching effect is evident. Pinching can be explained by the damage mechanism; with increasing of load and repeating of cycles, the screws damage the surrounding wood and create gaps. When the load is reversed, the screws move through the gaps and wood offers very small resistance.
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[bookmark: _Ref536787083]Figure 5. Lateral load displacement curves for three types of specimens; with no insulation (Neiz), with stiff bedding (SR1200) and with soft bedding (SR55) obtained in monotonic and cyclic tests.

As shown in Figure 5, there was no major difference in load capacity between specimens with different insulation bedding. Average maximum force obtained in cyclic tests for both directions of loading for all specimens was 75.7 kN, while for monotonic tests the average maximum force was 71.3 kN. It should be noted that the capacity of specimen NB/Ms was significantly lower than of other specimens; however the results of NB cyclic tests did not stand out (Figure 5). In all cases except in one case of cyclic loading the load resistance was higher in the negative direction (first direction of loading). While for most of the tests the difference of maximum resistance for the two directions of loading was under 5%, it was more than 20% in test Neiz/Cs-1h and more than 10% in test NB/Cs-1h. The maximum load-bearing capacity for both directions of loading (Fmax), corresponding displacements (dFmax) and ultimate displacements corresponding to 80% post-peak load-bearing capacity (du) for all tests are presented in Figure 6.
As shown in Figure 6, the ultimate displacement du was similar for all types of bedding; in cyclic tests, du was approximately 45 mm in both directions of loading. In monotonic tests, du was significantly larger (ranging from 49.3 to 95.7 mm with average value of 73.1 mm). 
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Figure 6. Performance of specimens (maximum resistance, corresponding displacement and ultimate displacement).
3.3 Idealisation

To compare the behaviour in terms of ductility µ (i.e. ratio of ultimate du to yield displacement dy, see Figure 7), the force - displacement diagrams were idealized to bi-linear curves according to Yasumura and Kawai (1998).

 [image: ]

[bookmark: _Ref536738863]Figure 7. Determination of bi-linear curve according to Yasumura and Kawai (1998).

In Figure 8, a comparison of idealized shear capacity Fid and ductility µ is presented. Average values from cyclic tests are compared to the results of monotonic tests. 
Firstly, it was observed that the difference in shear resistance for different types of specimens was relatively small. The difference in ductility was larger, especially for monotonic tests – in general the uninsulated specimens exhibited larger ductility than insulated specimens although this did not apply to all cases (SR1200/Ms). The reason for this is the higher stiffness of the uninsulated specimens (as it is shown further in the paper), and consequently smaller yield displacements.
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[bookmark: _Ref536745373]Figure 8. Idealized resistance Fid and ductility µ according to Yasumura and Kawai for monotonic tests and average value of both loading directions for cyclic tests with the same insulation type.

3.4 Stiffness comparison

While the insulation did not affect the load-bearing capacity, it reduced the stiffness, especially in the initial stages of loading (Figure 9). The initial stiffness (at 1 mm) of insulated specimens reached in average only 30% of stiffness of uninsulated specimens at cyclic tests (29% at monotonic tests). In case of insulation bedding a considerable reduction of the effective stiffness Keff (i.e. the stiffness of the idealized bi-linear curve according to Yasumura and Kawai) was also obtained (Figure 10). For cyclic tests, the Keff of insulated specimens ranged from 73% up to 87% Keff of uninsulated specimens, while for monotonic from 69% to 88%.
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Figure 9. A comparison of first cycle hysteresis curves (left) and a comparison of monotonic curves (right) for different insulation specimens (outer CLT wall laminae vertical). 
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[bookmark: _Ref3967690]Figure 10. Comparison of effective stiffness of the bi-linear curve calculated according to Yasumura and Kawai for monotonic tests and average value of both loading directions for cyclic tests with the same insulation type. 

3.5 Energy dissipation and equivalent viscous damping

Energy dissipation and damping were evaluated from force - displacement hysteresis curves. Each cycle of loading, i.e. each loop, was analysed. The energy, dissipated at each loading cycle EDIS, was calculated as the area within one complete hysteresis loop (Figure 11a). In order to evaluate the relative amount of dissipation, EDIS was compared to input energy EINP, which is defined as the work of the actuator, needed to deform the connection up to a maximum amplitude displacement and presents the area under the positive and negative parts of the hysteresis loop (Figure 11a). Another parameter, which is more commonly used in the literature to evaluate dissipation, is equivalent viscous damping coefficient ξ (Chopra, 1995). It was defined according to Equation 1, where EDIS and EINP* were defined as in Figure 11b. In Figure 12 and Figure 13 a comparison of EDIS/EINP and of ξ is presented for uninsulated and insulated specimens with vertical orientation of CLT wall panel for first and for third cycles of loading.

												(1)
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[bookmark: _Ref536651740]Figure 11. Dissipated energy EDIS and input energy EINP in one loading cycle (left) and dissipated and input energy EINP* for determining the equivalent damping coefficient ξ (right). 

[image: ] [image: ]

[bookmark: _Ref536687797]Figure 12. Ratio EDIS/EINP for tests with vertical outer CLT wall panel lamina obtained for the first cycles of loading (left) and for the third cycles of loading (right).
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[bookmark: _Ref536687802]Figure 13. Equivalent damping coefficient ξ up to ultimate displacement for tests with vertical outer CLT wall panel lamina obtained for the first cycles of loading (left) and for the third cycles of loading (right).

Figures 12 and 13 show that uninsulated specimens exhibited larger energy dissipation and viscous damping than insulated specimens. The difference was the largest in the initial cycles of loading and was decreasing with increasing of the amplitude displacement. At the displacement corresponding to maximum resistance (approx. at 30 mm) there was almost no difference between the insulated and uninsulated specimens. Values for ξ ranged for the first cycle between 0.11 and 0.23 for uninsulated and between 0.05 and 0.24 for insulated specimens. Values for EDIS/EINP ranged for the first cycle between 0.54 and 0.99 for uninsulated and between 0.30 and 0.99 for the insulated system. 


4. CONCLUSIONS

An experimental campaign including monotonic and cyclic shear tests of innovative insulated CLT steel angle bracket connections was conducted to study the seismic behaviour of the connections and furthermore to determine the influence of the insulation bedding between CLT panels.
From the study, the following conclusions can be made:
· The innovative connection enables ductile shear response. In all cases, the failure occurred due to the large deformations of screws in the wall panels. The inclined screws for the connection of the angle brackets and the floor panels were not critical and no brittle failures of brackets or other connection components were observed during the tests.
· The comparison of response of the connection system with and without the insulation bedding proved that none of the tested insulation bedding significantly influences the load-bearing and displacement capacity of the system. Average shear resistance of the system without bedding obtained for cyclic tests was 79.6 kN, while it ranged from 71.1 to 80.7 kN for systems with insulation. Average ultimate displacements obtained in cyclic tests equaled approximately 45 mm for all types of insulation.
· While the insulation bedding does not have much influence on the load-bearing capacity and the ductility of the system, it significantly changes the stiffness characteristics. The insulation bedding reduced the effective stiffness in average by 21% for cyclic tests, whereas the initial stiffness (evaluated at 1 mm) in average by 71%.
· The difference in stiffness is the largest at small displacements. For this reason, the differences in rigidity need to be considered when designing the structure for the serviceability limit states.
· Relative energy dissipation and equivalent viscous damping are in general lower in the case of insulated systems than in the case of uninsulated systems. The difference however decreases with increasing displacements. Therefore no major differences are expected in the case of severe seismic loading.
In this paper, the behaviour of insulated connection between CLT panels under pure shear loading was investigated. In the next stage of the research, the behaviour of the connection in the vertical direction (uplift) and under a combination of vertical and shear loads will be tested. This will enable a more comprehensive understanding of the behaviour of the connection during seismic loads.
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Welcome

On behalf of the Anti-Seismic Systems International Society (ASSISi) and the Russian
Assodiation for earthquake engineering and protection from natural and manmade

hazards (RAEE) we warmly invite you to join us in St. Petersburg, Russia, on 1-6 July 2019 for

the 16th World Conference on Seismic Isolation, Energy Dissipation and Active Vibration
Control of Structures.

We believe this conference presents a unique opportunity for sharing the
latest international earthquake engineering knowledge and we encourage you to start
planning your contributions and attendance at the conference.

Please note the key dates for abstractand paper submission. As the conference date
draws closer the website wil be updated with details of the keynote
speakers, programme and other conference activities.

At the same dates in the parallel session the Xill Russian National Conference on
Earthquake Engineering and Seismic Zoning will be held

We look forward to welcoming you allin St. Petersburg!

Important Dates

Abstract Submission Deadline - 01 december 2018
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