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Abstract

:

The seismic performance of a light wood frame structure is determined by sheathing-to-framing joints. In order to encourage the use of more sustainable materials in structures, the spruce-pine-fir (SPF) panel and the bamboo scrimber (BS) panel were considered as sheathing materials. Monotonic and cyclic tests were conducted on the joints with different parameters to obtain their mechanical properties. Moreover, the design value of the bearing capacity of sheathing-to-framing joints was calculated and compared in accordance with Chinese code (GB50005) and European code (Eurocode 5). Based on the test results and the design codes, the reliability index of the design value of the bearing capacity of joints was calculated using the first-order reliability method (FORM). Results demonstrate that the joints have high bearing capacity and stiffness at initial loading stage when the loading direction is perpendicular to the framing grain. BS panels make better use of the bending strength of fasteners than SPF panels. The screwed joints have lower strength and stiffness degradation than nailed joints, but the nailed joints show better ductile and dissipation than screwed joints. In addition, the reliability indexes of design bearing capacity calculated by the Chinese code of joints under monotonic load are conservative, but those of joints under cyclic load are unconservative. Therefore, in order to ensure the safety and economy of design, a modification factor for the GB50005 design method of joints is proposed to meet the target reliability index.
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1. Introduction


With the development of the forestry industry, wood and bamboo as renewable and environmentally friendly materials are widely used in construction [1,2,3]. Light wood frame structures are frequently used around the world due to their relatively good seismic and ductile behavior [4,5]. Shear walls and horizontal diaphragms in these structures, which are typically composed of framing, sheathing panels, and fasteners, are considered to resist lateral loads during winds and earthquakes [6]. Extensive experimental programs and numerical research studies have been conducted to study the lateral performance of shear walls and horizontal diaphragms [7,8]. The dominant failure mode of the shear wall and horizontal diaphragm with different details was the failure of sheathing-to-framing joints [9,10]. In particular, studies related to specimens with oriented strand board (OSB) panels suggested that weak links between the framing and the sheathing panel result in lower utilization of the material’s strength [11,12]. Accordingly, the sheathing-to-framing joints have a significant influence on the load-carrying capacity and overall structural performance of light wood frame structures [13,14]. Moreover, the finite element analysis model of shear walls and horizontal diaphragms has been established according to the load–displacement relationships of sheathing-to-framing joints obtained from tests [15,16,17]. It is therefore essential to investigate the mechanical properties of sheathing-to-framing joints under monotonic and cyclic loading tests.



Investigations on sheathing-to-framing joints have mainly focused on joints with traditional sheathing materials, such as OSB, plywood boards, and gypsum fiber boards [11,12,18,19]. Robert Jockwer et al. investigated the load-carrying capacity of connections with metal dowel-type fasteners [20]. The results of which showed that different design modes and reliability requirements should be considered for different failure modes. In order to improve the mechanical properties of sheathing-to-framing joints, investigations have considered the use of high-strength materials for joints sheathing panels [21,22,23]. Wei Zheng et al. investigated the behavior of screwed sheathing-to-framing joints with plybamboo [24]. The aforementioned research showed that high-strength sheathing material can significantly improve the behavior of sheathing-to-framing joints. Bamboo scrimber (BS) is an innovative bamboo fiber-based material that has significant application potential for outdoor flooring and building materials [25]. Moreover, spruce-pine-fir (SPF) has been used by humanity for thousands of years because this natural fiber material has a high ratio of strength to weight, low production cost, and ease of manufacturing [26]. However, BS and SPF panels have been used less in light wood frame structures.



Therefore, in order to encourage the use of more sustainable materials in light wood frame structures and promote the development of related industries, the mechanical properties of sheathing-to-framing joints with SPF and BS panels are investigated under monotonic and cyclic loads. A total of 104 specimens are tested (80 monotonic, 24 cyclic). Different specimen configurations are considered, taking into account the possibility of variable loading directions (loading direction perpendicular to framing grain or loading direction parallel to framing grain), variable sheathing materials (10 mm SPF panel, 10 mm BS panel), and variable fastener types (smooth nails, screw). The ultimate bearing capacity, stiffness, strength and stiffness degradation, and equivalent viscous damping of sheathing-to-framing joints are obtained and discussed. Furthermore, the design value of bearing capacity of the joints is calculated and compared in accordance with Chinese code (GB50005-2017) [27] and European code (Eurocode 5) [28]. In order to examine the reliability index of different design methods, the reliability analysis is carried out by the first-order second-moment reliability method. Based on test and reliability analysis results, the application and design suggestions of the joints with different characteristics in light wood frame structures are discussed. This study offers theoretical and experimental supports for the application of PSB panels and SPF panels in light wood frame structures.




2. Materials and Methods


2.1. Material Specifications and Specimen Design


Chinese IIIc spruce-pine-fir (SPF) 38 × 89 mm lumbers were used as framing members. Bamboo scrimber (BS) panels and spruce-pine-fir (SPF) panels, in thicknesses 10 mm, with a planar dimension of 100 × 300 mm, were used as sheathing panels. The average measured density of SPF was 420 kg/m3 and of BS was 1100 kg/m3. The equilibrium moisture content of SPF ranged between 11% and 13%, and the equilibrium moisture content of BS ranged between 6% and 8% [27,29]. The moisture contents of SPF and BS in this study were 12% and 6%, respectively. As the codes do not specify the embedment strength of BS panels, the embedment strength of BS panels was 90.89 N/mm2, which were obtained from tests according to ISO 10984 [30]. Smooth nails and screws, 2.5 mm in effective diameter, 50 mm in length, were used as sheathing-to-framing fasteners. The materials of smooth nails and screws were low carbon steel and medium carbon steel, respectively. The bending yield strength of nails, measured according to ASTM F1575-03 [31], was 836.91 N/mm2 and of screws was 1857.17 N/mm2. The tests of sheathing-to-framing joints were manufactured with a total number of 104 tests (Table 1). The details of the sheathing-to-framing joints are shown in Figure 1. There was a predrilled hole in every joint at location on the fastener. The diameter of predrilled holes was 2.5 mm.




2.2. Experimental Testing Procedure


The steel jigs used for sheathing-to-framing joints are shown in Figure 2. Monotonic lateral tests of joints were performed under deformation control with a loading rate of 2.54 mm/min for nail joints in accordance with the ASTM D1761 [32]. In cyclic test, the loading history was in accordance with the ISO 16670 [33]. The amplitude of the cycles was defined as a function of the ultimate displacement, obtained in the corresponding monotonic test. In order to ensure sufficient vertical displacement in cyclic tests, a rigid pad with the same size as the framing member was set at the bottom of the perpendicular joints.




2.3. Mechanical Performance Parameters


Several parameters were obtained and calculated from the tests. The ultimate bearing capacity Pmax and the corresponding displacement ΔPmax were obtained from tests. The strength degradation ratio (ηf) was calculated according to Equation (1) [33]


   η f  =    P i    3     P i    1     



(1)




where Pi3 is the load value related to 3rd cycle and Pi1 is the load related to the 1st cycle at the same slip amplitude.



According to the load–displacement curve, the initial stiffness, Ki, was calculated according to Equation (2) [33]


   K i  =   0.3  P  max      Δ  0.4  P  max       −    Δ  0.1  P  max        



(2)







The effective stiffness was calculated for each cycle according to the Equation (3) [34]


   K   e , i    =    P i    +  −  P i    -     Δ i    +  −  Δ i    −     



(3)




where Pi+ is the load corresponding to the maximum positive displacement (Δi+) in cycle i, and Pi− is the load corresponding to the maximum negative displacement (Δi−) in cycle i.



The equivalent viscous damping (υeq) was calculated according to Equation (4) [13,33]


   υ  eq   =    E   d , i      2 π  (  0.5  P i    +   Δ i    +  + 0.5  P i    -   Δ i    −   )     



(4)




where Ed,i is the dissipated energy in cycle i.




2.4. Design Methods for Joints


The design method of sheathing-to-framing joints of Chinese and European design codes are based on Johansen yield theory. The failure modes of joints are specified consistently in both design codes. The failure mode and stress distribution of joints in design codes are shown in Figure 3. However, there are some differences in the formulae used to calculate the design bearing capacity in the two codes. In Eurocode 5, the load-bearing capacity of joints with metal dowel-type fasteners considers the contributions of the yield strength, the embedment strength, and the withdrawal strength of the fastener. Moreover, the design formulae in Eurocode 5 considers that the plasticity of fastener is fully played. However, the contributions of the withdrawal strength of fastener are not considered in GB50005, and the plastic incomplete development of fastener are considered in GB50005.



According to GB50005 [27], the characteristic load-bearing capacity of the test joints is calculated as


   F c  = min  {       R e   R t     γ I     t s  d  f   es         (   R e   R t  < 1.0  )    A        R e   R t     γ I     t s  d  f   es         (   R e   R t  = 1.0  )    B       1   γ II   ( 1  +  R e  )    [     R e  + 2  R e    2   [   1 +   R t  +  R t    2   ]  +  R e    3   R t    2    −  R e   (  1 +  R t   )   ]   t s  d  f  es      C         R e   R t     γ III   ( 1  + 2  R e  )    [    2 ( 1 +  R e  ) +   1.647 ( 1 + 2  R e  )  k e   d 2   f  yk     3  R e   R t    2   f  es    t s    2      − 1  ]   t s  d  f  es      D         R e     γ III   ( 2  +  R e  )    [      2 ( 1 +  R e  )    R e    +   1.647 ( 1 + 2  R e  )  k e   d 2   f  yk     3  R e   f  es    t s    2      − 1  ]   t s  d  f  es      E       d   γ IV   t s        1.647  R e   k e   f  yk     3 ( 1 +  R e  )  f  es        t s  d  f  es      F      



(5)




where, Re is the ratio of embedding strengths (Re = fem/fes), Rt is the ratio between the embedding thickness of the members (Rt = tm/ts), ts is the thickness of the sheathing panel, fes is the characteristic embedding strength in sheathing material, tm is the framing penetration depth, fem is the characteristic embedding strength in framing material, d is the effective diameter of the fasteners, fyk is the characteristic fastener yield strength, and γi is the resistance partial factor.



According to GB50005 [27], the characteristic embedding strength for spruce-pine-fir timber with predrilled holes is calculated as


   f  em   = 115  G  1.84    



(6)




where G (=0.42) is the full-dry specific density of the spruce-pine-fir timber in GB50005.



According to Eurocode 5 [28], the characteristic load-bearing capacity of the test joints is calculated as


   F c  = min  {     f  em    t m   d e    A      f  es    t s   d e    B         f  es    t s   d e    1 +  R e     [     R e  + 2  R e    2   [   1 +   R t  +  R t    2   ]  +  R e    3   R t    2    −  R e   (  1 +  R t   )   ]  +    F   ax , Rk     4     C      1.05    f  es    t m   d e    2 + 2  R e     [    2  R e    2  ( 1 +  R e  ) +   4  R e  ( 1 + 2  R e  )  M   y , Rk       f  es    t m    2   d e      −  R e   ]  +    F   ax , Rk     4     D      1.05    f  es    t s   d e    2 +  R e     [    2  R e  ( 1 +  R e  ) +   4  R e  ( 2 +  R e  )  M   y , Rk       f  es    t s    2   d e      −  R e   ]  +    F   ax , Rk     4     E      1.15     2  R e    1 +  R e         M   y , Rk     f  es    d e    +    F   ax , Rk     4     F      



(7)




where, Re is the ratio of embedding strengths (Re = fem/fes), Rt is the ratio between the embedding thickness of the members (Rt = tm/ts), ts is the thickness of the sheathing panel, fes is the characteristic embedding strength in sheathing material, tm is the framing penetration depth, fem is the characteristic embedding strength in framing material, d is the effective diameter of the fasteners, My,Rk is the characteristic fastener yield moment, and Fax,Rk is the characteristic axial withdrawal capacity of the fasteners.



According to Eurocode 5 [28], the characteristic embedding strength for spruce-pine-fir timber with predrilled holes is calculated as


   f  em   = 0.082  (  1 − 0.01  d e   )   ρ k   



(8)




where ρk (=420 kg/m3) is the density of the timber.



The design strength is calculated as according to Eurocode 5 [28]


   f d  =    f k     γ M     



(9)




where fk is the characteristic strength and γM (=1.3) is the partial factor.



According to Eurocode 5 [28], the characteristic withdrawal capacity of the common nails is calculated as


   F   ax , Rnk    =  {     f   ax , k    d  t  pen        f   ax , k    d t +  f   head , k     d h    2       



(10)






   f   ax , n    = 20 ×   10   − 6    ρ k    2   



(11)






   f   head , n    = 70 ×   10   − 6    ρ k    2   



(12)




where fax,n is the characteristic pointside withdrawal strength, fhead,n is the characteristic head pull-through strength, d is the nail diameter, tpen is the pointside penetration length or the length of the threaded part in the pointside member, t is the panel thickness, and dh is the nail head diameter.



According to Eurocode 5 [28], the characteristic withdrawal capacity for the screws is calculated as


   F   ax , Rsk    =  f   ax , k     d e   l  ef    k d   



(13)






   f   ax , k    = 0.52  d e     − 0.5    l  ef      − 0.1    ρ k     0.8    



(14)






   k d  = m i n  {       d e   8      1      



(15)




where fax,k is the characteristic withdrawal strength perpendicular to the grain, de is the effective screw diameter, and lef is the penetration length of the threaded part.



The design strength is calculated according to Eurocode 5 [28] as


   F c      , d    =    F   c , k       γ M     



(16)




where Fc,k is the characteristic strength and γM (= 1.3) is the partial factor.




2.5. Reliability Analysis for Joints


The reliability analysis carried out in this study used modified first-order second-moment reliability method (JC method) [35]. To determine the reliability index, the failure of the joint is defined by the limit-state function as follows


  Z = R − S =  R f  −    K   Q 3       γ G  +  γ Q  ρ    (  d + q ρ  )  = 0  



(17)




where R is the ultimate bearing capacity of joints, ρ equals Qk/Dk, g is equal to D/Dk, and q is the equivalent of Q/Qk. Dk and Qk are the nominal dead load and nominal live loads, respectively. γG = 1.2 and γQ = 1.4 are the partial factors for dead loads and live loads, respectively.



The mean and coefficient of variation of R can be obtained by Equations (18) and (19).


   μ R  =  K   Q 3     K A   K P   F c   



(18)






   V R    2  =  V   K   Q 3        2  +  V   K A      2  +  V   K P      2  +  V   F c      2   



(19)




where μR is the ultimate bearing capacity of joints, KP, KA, KQ3, are adjusting factors for the equation precision, the geometric characters, and the duration of load effect on wood; V denotes the coefficient of variation.



The statistical parameters of the adjusting factor are shown in Table 2. According to the survey of the timber structure in GB50005 [27], the live to dead load ratio (ρ) was specified as 0, 0.2, 0.3, 0.5, 1, 1.5, and 2.0, respectively.



The reliability index of joints can be expressed as follows


  β =    g X  (  x *  ) +   ∑  i = 1  n     ∂  g X  (  x *  )   ∂  X i    (  μ   X i    −  x i    *  )           ∑  i = 1  n    [    ∂  g X  (  x *  )   ∂  X i     ]     2   σ 2      X i         



(20)




where x* is the checking point.



In the absence of large set of experimental data, a lognormal distribution for ultimate bearing capacity of the joints was assumed [35,36]. The relationship between the reliability index and the live to dead load ratio were obtained.





3. Results


3.1. Failure Mode


The failure modes of test joints are shown in Figure 4. The failure modes of joints with the SPF panel under monotonic and cyclic loads were the same, both being SPF panel tears. The failure of the BS-screw joints was caused by brittle failure of the screw. The failure mode of the BS-nail joints under a monotonic load was the yielding and withdrawal of the nail. However, the failure mode of the BS-nail joints under cyclic loads was the fatigue break of nails.




3.2. Load–Displacement Relationships


The load–displacement relationship curves of joints under monotonic and cyclic loads are shown in Figure 5. As shown in Figure 5, the hysteretic curves obtained from cyclic tests are below the load–displacement curve obtained from monotonic tests. The hysteretic curves of joints in the push and pull directions show significant differences. This is due to the anisotropy properties of wood material, and the angle between the loading direction and the wood grain having a great influence on the material properties of wood. Due to the gradual enlargement of the fastener hole in the framing material when the joints are subjected to cyclic loading, the hysteretic curves of the joints have a horizontal section at the beginning of the loading. Moreover, the hysteresis curve of joints presents an obvious ‘Z’ shape, which indicates that the cyclic performance of the joint is influenced by the slip [5,37].




3.3. Mechanical Performance


3.3.1. Ultimate Bearing Capacity


According to the Table 3, in monotonic tests, the ultimate bearing capacities of the SPF-nail, SPF-screw, and BS-nail perpendicular joints are slightly higher than those of the parallel joints by approximately 15%. The ultimate bearing capacity of the BS-screw perpendicular joints is 26% higher than that of parallel joints. In cyclic tests, the perpendicular joints with an SPF panel and the parallel joints with a BS panel show significant differences in push and pull direction loading. Conversely, the ultimate bearing capacity of the perpendicular joints with BS panels and parallel joints with SPF panels is relatively similar in push and pull loading. For perpendicular joints, the ultimate bearing capacity of the joints with BS panels is higher than the ultimate load capacity of the joints with SPF panels. The BS-screw joint has the highest ultimate bearing capacity in both push and pull loading. This shows that the use of BS panels and screws can make good use of their respective mechanical properties when the load is perpendicular to the grain direction of the framing material. For parallel joints, at the beginning of loading, the wood fibers split slightly in the loading direction, which results in a lag in the load-bearing capacity of the joint in the same cycle. Therefore, the load-bearing capacity of the joints with BS panels in the push direction is higher than that in the pull direction. However, for parallel joints with SPF panels, the load-bearing capacity of joints in the push direction was lower than that in the pull direction. This is due to the fact that the SPF panels reach the ultimate state of the joints in the pull direction, which results in an increased contribution from the tearing of the SPF panels in addition to the bending capacity of the fasteners. Additionally, it can be seen that the displacement corresponding to the ultimate bearing capacity of the PSB-nail joint is the largest, and the use of screws can reduce the displacement corresponding to the ultimate bearing capacity of the joint with BS panel.




3.3.2. Envelope Curves and Strength Degradation


According to the envelope curves of joints as shown in Figure 6, it can be seen that the envelope curves of nailed joints are nonlinear and those of screwed joints are linear. Moreover, there are distinct differences in the envelope curves between the push loading and pull loading. For perpendicular joints, the envelope curves have a near horizontal section at the beginning of the push loading. For the parallel joints, the type of sheathing panel determines whether the initial horizontal section of the curve appears to be loaded in the push or pull direction. The strength degradation ratio of joints is shown in Figure 6. It can be seen that the strength degradation ratio of the screwed joints is small, basically in the range from 0.8 to 1. In contrast, the strength degradation of nailed joints gradually increases with the number of cycles, in the range from 0.2 to 1. According to EN 12512 [38], the joints should be considered failed when the ratio is less than 0.8. Therefore, although the load–displacement curve of the BS-nail joints under monotonic load exhibits good ductility, the ductile properties of the BS-nail joints under cyclic loads should be reconsidered due to the strength degradation.




3.3.3. Initial Stiffness and Stiffness Degradation


The initial stiffness of joints is shown in Figure 7. It can be seen that the initial stiffness of the joints under the pull and push loading has a significant difference, with the exception of the perpendicular screwed joints with a BS panel. This is due to the fact that wood is an anisotropic material, the wood fibers near the fastener are deformed and the fastener hole expands when subjected to cyclic loading, as shown in Figure 4b,d. The initial stiffness of the joints depends on the ultimate bearing capacity and the failure displacement of the joints, as shown in Equation (2). Due to the ultimate bearing capacity and the failure displacement of CSN joints being low, the calculation area of the initial stiffness of the CSN joints is chosen from the horizontal section of the envelope curve. Therefore, the initial stiffness of CSN joints is very low. For perpendicular joints, the initial stiffness of nailed joints is higher than that of screwed joints. Conversely, for parallel joints, the initial stiffness of screwed joints is higher than that of nailed joints.



The effective stiffness of the joints is shown in Figure 8. It can be seen that the effective stiffness for the joints with a BS panel in the elastic loading phase is higher than that of the joints with an SPF panel. The effective stiffness degradation of the joints can be observed according to Figure 8. During the elastic loading phase, the effective stiffness of all joints decreases as the number of cycles increases. After the sixth cycle the effective stiffness of the screwed joints tends to increase, while the effective stiffness of the nailed joints continues to decrease. The nailed joints have the decreasing trend in effective stiffness and are subjected to less cyclic loading until failure. In contrast, the effective stiffness of the screwed joints tends to remain stable as the number of cycles increases and is able to withstand a higher number of cyclic loading. The effective stiffness of the joints with a BS panel is most affected by cyclic loading. It can be seen that the effective stiffness of the BS-nail joints is higher during the elastic loading phase, but the advantage of the effective stiffness of the BS-screw joints is more pronounced as the number of cycles increases. Joints with an SPF panel have less initial stiffness and weaker effective stiffness degradation, but can withstand more cycles than BS-nail joints.




3.3.4. Equivalent Viscous Damping


The equivalent viscous damping is an important parameter to measure the seismic performance of a joint. The damping ratio, υeq = 0.05, represents the amount of viscous damping in a system relative to critical damping and is the most commonly used measure of viscous damping [4]. According to Figure 9, it can be seen that the equivalent viscous damping of the perpendicular nailed joints is lower at the beginning of the loading than that of the parallel nailed joints. The equivalent viscous damping of the nailed joints with a BS panel increases with the number of cycles, conversely, the equivalent viscous damping of the other joints decreases as the number of cycles increases. In the later stages of cyclic loading, the equivalent viscous damping of perpendicular joints is smaller than that of parallel joints.





3.4. Compared with Design Codes


The design values for the load-bearing capacity of joints, calculated according to the Chinese and European codes, are shown in Table 4. It can be seen that the design values of the load-bearing capacity calculated in accordance with the Chinese code are on the conservative side compared to the European design code. The design value of bearing capacity calculated in accordance with the Chinese design code is approximately 15% to 29% of the ultimate bearing capacity under monotonic loading, while the design value of bearing capacity calculated in accordance with the European design code is 34% to 64% of the ultimate bearing capacity under monotonic loading. This is due to the fact that the design values are calculated in accordance with the Chinese code without taking into account the cord effect and the withdrawal strength provided by the fastener. Compared to the ultimate bearing capacity of the joints with a BS panel under cyclic loading, the design values calculated by the Chinese code are 24–37% of the ultimate bearing capacity obtained from the test, and the design values calculated by the European code are 52–64% of the ultimate bearing capacity obtained from the test. For the joints with an SPF panel, the design value predicted by the Chinese design code is approximately 45% of the ultimate bearing capacity obtained from the test, and the design value predicted by the European code is in general agreement with the ultimate bearing capacity obtained from the test. This indicates that the Chinese design code underestimates the bearing capacity of the joints with a BS panel. This may lead to material wastage and excessive setting of screws in the design process, which could cause further brittle damage. In addition, the failure mode predicted by the Eurocode 5 is closer to the actual damage pattern of the joints in the tests. This is one of the reasons that the design values predicted by the Eurocode are similar to the ultimate bearing capacity obtained from the tests.




3.5. Reliability Results


The reliability index of the design value calculated by different methods are reported in Table 5 and Table 6. The results of the reliability analysis indicate that the reliability index increase nonlinearly with the increase of live to dead load ratio. The target reliability index specified in the Chinese code of members in light wood frame structures for an ultimate limit state is 3.2 and 3.7 (ductile failure and brittle failure, respectively). Based on the comparison of the reliability index of design bearing capacity determined by GB50005 with the target reliability index, the design method in GB50005 for sheathing-to-framing joints under monotonic loads is found to be over-conservative. However, the design method in GB50005 for sheathing-to-framing joints under cyclic loads is found to be unconservative. The reliability index of the design values calculated by GB50005 is approximately 1.54–3.78 higher than the that calculated by Eurocode 5. Existing studies clearly show that the reliability index of joints is within the range of β = 1.5 to β = 2.0 [12,39] thanks to the high redundancy of the light wood frame structures. The reliability index of design bearing capacity determined by Eurocode 5 achieved β > 1.5 under certain conditions. For joints under cyclic loads, the reliability index of design bearing capacity for joints with a BS panel determined by GB50005 is higher than 1.5.





4. Discussion


4.1. Application Suggestions


The hysteretic curves of test joints show significant differences under push and pull loading. This phenomenon was also noticed in existing studies [21]. This may be attributed to the inconsistent force state on the fastener in joints under push and pull loading. The loading direction determined the deformation behavior of the fastener hole. As the compression capacity of the wood fiber is much higher than the shear capacity between the wood fibers, the deformation of the fastener hole in the parallel joints is greater than the deformation of the fastener hole in the perpendicular joints [40]. Similarly, the ultimate bearing capacity of perpendicular joints is higher than that of parallel joints, also because the framing material provides more compressive capacity under the same deformation conditions. Moreover, due to the low shear capacity of wood fibers, the wood fibers in the framing material of parallel joints are splintered and squeezed to the sides, which results in the low stiffness of parallel joints at the initial loading stage. The slope of the load–displacement curve becomes larger when the fastener is bent gradually after the wood fibers are squeezed denser. It is therefore proposed to add to the specification that important joints in light wood frame structures should be made in the wood fiber direction of the framing material perpendicular to the direction of the load.



In general, for wood and bamboo, the density of the material determines the properties of the material [19,20,22]. The material properties of the BS panels are much higher than those of SPF panels, which makes full use of the bending strength of the fasteners in the BS joints. Thus, the bearing capacity and stiffness of BS joints are higher than those of SPF joints. Compared with BS joints, SPF joints have high strength-to-weight ratio despite having a low bearing capacity. It is therefore recommended to use a material such as BS with better material properties in the main load-bearing joints of light wood frame structures. To reduce self-weight and further reduce seismic effects, the SPF panel can be applied in unimportant positions in the structure. However, due to the many factors influencing the material properties of timber, the strength of timber has a high degree of dispersion. The cyclic test results also show that the ultimate bearing capacity of the joints with an SPF panel has a high coefficient of variation. Therefore, the joints with an SPF panel should not be used in seismic components.



The yield strength of screws is higher than that of nails, as can be seen from the bending test of the fasteners. The ultimate bearing capacity of screwed joints is higher than that of nailed joints, not only because of the high bending strength of screws but also because of the high withdrawal strength of screws. Screwed joints have less stiffness in the initial loading stage because the threads of screws cut the wood fibers rather than screws bending. Even though the experimental results show good performance in terms of the strength and stiffness of a screwed joint, the ductility properties of this joint are very poor. However, the strength degradation and stiffness degradation of screwed joints are significantly lower than those of nailed joints. The load–displacement relationship of the nailed joints is nonlinear; in contrast, the load–displacement relationship of the screwed joints is linear. The nailed joints exhibit good ductility and damping due to the material of the nail having a pronounced yield step during flexure. It can be seen that nailed joints with appropriate sheathing panels used in conjunction have good energy dissipation. Using screws in sheathing-to-framing joints with a high-strength sheathing panel can take full advantage of the high withdrawal capacity of the screws and substantially enhance the ultimate bearing capacity of the joints [23,24]. It is therefore recommended to use a mixture of nails and screws in light wood frame structures for the balance between ductility and resistance requirements.




4.2. Design Suggestions


The materials used in the tests are all made in China, they are more in agreement with the Chinese statistical model of the survey. Therefore, the reliability index of joints investigated in this paper should meet the requirements of GB50005. The existing Chinese standard underestimates the design bearing capacity of joints under monotonic load in most cases. Moreover, the existing Chinese standard overestimates the design bearing capacity of joints under cyclic loads, which can increase the failure risk. Therefore, in order to meet reliability requirements based on safety and economy for design, the modification factors of resistance ηR considered varied parameters are applied to the joint design equation. In GB50005, the moisture content correction factor is considered when the moisture content of the components is higher than 15%, so the effect of moisture content is not considered in this study. Throughout this study, all modification factors are consistently determined at the target reliability index of β = 3.2 and β = 3.7 (ductile failure and brittle failure, respectively).



Therefore, the failure function can be rewritten as


  Z =  R   η R  f   −    K   Q 3       γ G  +  γ Q  ρ    (  d + q ρ  )  = 0  



(21)







Table 7 shows the modification factors which are needed to meet the target reliability index.



According to the reliability results, it becomes clear that the modification factor is positively correlated with the live to dead load ratio. Moreover, the modification factor of the parallel joints is negatively correlated with the modification factor of the perpendicular joints. Therefore, the modification factor considered live to dead load ratio ηρ, is taken into account in the design formula for perpendicular joints. Based on the employment of ηρ, another modification factor ηld should be taken into account to ensure reliability level, which considers load direction. The modification factor of resistance can be expressed as


   η R  =  η  ld    η ρ   



(22)




where ηld is the modification factor considered loading direction, and ηρ is the modification factor considered live to dead load ratio.



An equation, as shown in Equation (23), representing the relationship between ρ and ηρ was established.


   η ρ  =  {    ln ( m + n ρ )    0 ≤ ρ ≤ 0.3      a  ρ k     ρ > 0.3       



(23)







Due to the lower embedding capacity of an SPF panel, the fastener strength cannot be fully taken advantage of. Thus, ηρ for an SPF joint is not distinguished according to fastener types. Due to the resistance capacity of BS joints being mostly governed by the bending performance of fasteners, ηρ for BS joints is distinguished between the nail and screw. Different values of ηρ corresponding to different situations are recommended and summarized as in Equations (23)–(26). The value of ηlp is reported in Table 8.



For SPF joints under monotonic loads


   η ρ  =  {    ln ( 2.87 + 3.08 ρ )   0 ≤ ρ ≤ 0.3     1.57  ρ  0.15      ρ > 0.3       



(24)







For BS-nail joints under monotonic loads


   η ρ  =  {    ln ( 2.67 + 1.34 ρ )    0 ≤ ρ ≤ 0.3      1.33  ρ  0.15      ρ > 0.3       



(25)







For BS-screw joints under monotonic loads


   η ρ  =  {    2 ln ( 2.67 + 1.34 ρ )    0 ≤ ρ ≤ 0.3      2.66  ρ  0.15      ρ > 0.3       



(26)







For BS joints under cyclic loads


   η ρ  =  {    ln ( 1.89 + 0.67 ρ )    0 ≤ ρ ≤ 0.3      0.87  ρ  0.15      ρ > 0.3       



(27)







The modification factors of the resistance of joints were calculated according to Formulas (24)–(27). Then, the calculated results were compared with the reliability analysis results, both of which are shown in Figure 10. The calculated results are in good agreement with the analysis results, according to Figure 10. Consequently, the modification factors presented in this paper represent a high calculation accuracy for sheathing-to-framing joints with variable conditions, indicating that the proposed modification factors can be successfully employed as a design rule for predicting the bearing capacity of sheathing-to-framing joints with an SPF panel and a BS panel, respectively.





5. Conclusions


In this paper, monotonic and cyclic loading tests were carried out on sheathing-to-framing joints in order to expand the application of SPF panels and BS panels in light wood frame structures. The effects of loading direction, type of sheathing panel, and type of fastener on the mechanical properties of sheathing-to-framing joints were investigated. The results of the study provide basic data to enhance the engineering application of SPF panels and BS panels. The following conclusions were drawn:



The angle between the loading direction and the timber grain has a large influence on the load-bearing capacity and stiffness of the joints at the initial loading stage. Joints with an SPF panel do not make full use of the bending strength of the fasteners, but joints with a BS panel make full use of the bending strength of the fasteners. Nailed joints show higher strength and stiffness degradation under cyclic loads than screwed joints. However, the ductility and energy dissipation capacity of nailed joints are better than those of screwed joints.



Based on the test and reliability analysis results, it is suggested that the joints with a BS panel can be applied in light wood frame structures as mainly bearing elements. However, it is practicable that the joints with an SPF sheathing panel can be applied in light wood frame structures as unimportant elements. When the component in a light wood frame structure is designed as a mainly seismic component, the sheathing panel should not use an SPF panel.



The reliability investigations on a wide variety of joints show that the consideration of modification factors is indispensable to ensure the reliability index of joints. According to different failure modes, the modification factors for design bearing capacity of joints determined by Chinese code (GB50005) were proposed. The modification factor was derived in relation to the design equation for a frame-to-sheathing connection, which allows the reliability index of joints to achieve the target reliability index of β = 3.2 and β = 3.7.
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Figure 1. Dimensions and manufacturing details of the test specimens: (a) Perpendicular joints; (b) Parallel joints. (Unit: mm). 
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Figure 2. Experimental setups of the joints: (a) Perpendicular joints; (b) Parallel joints. 
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Figure 3. Failure modes for sheathing-to-framing joints in design codes. 
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Figure 4. Failure modes of the joints: (a) Brittle failure of SPF sheathing panel, (b) Brittle failure of screw, (c) Bending of nail, (d) Fatigue break of nail. 
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Figure 5. Load–displacement curves of the test specimens: (a) CSN, (b) CSS, (c) CBN, (d) CBS, (e) PSN, (f) PSS, (g) PBN, (h) PSS. 
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Figure 6. Envelope curves and strength degradation of the test specimens: (a) CSN, (b) CSS, (c) CBN, (d) CBS, (e) PSN, (f) PSS, (g) PBN, (h) PSS. 
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Figure 7. Initial stiffness of the test specimens. 
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Figure 8. Effective stiffness of the test specimens: (a) Perpendicular joints; (b) Parallel joints. 
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Figure 9. Equivalent viscous damping of the test specimens: (a) Perpendicular joints; (b) Parallel joints. 
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Figure 10. Fitting curves of modification factor of resistance for joints: (a) Joints with SPF panel; (b) Joints with BS panel under monotonic load; (c) Joints with BS panel under cyclic load. 
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Table 1. Parameters of the test specimens.
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Grouping

	
Loading

Direction

	
Sheathing Panel

Type

	
Fastener

Type

	
Number of Tests




	
Monotonic

	
Cyclic






	
CSN

	
Perpendicular

	
SPF panel

	
Nail

	
10

	
3




	
CSS

	
Screw

	
10

	
3




	
CBN

	
BS panel

	
Nail

	
10

	
3




	
CBS

	
Screw

	
10

	
3




	
PSN

	
Parallel

	
SPF panel

	
Nail

	
10

	
3




	
PSS

	
Screw

	
10

	
3




	
PBN

	
BS panel

	
Nail

	
10

	
3




	
PSS

	
Screw

	
10

	
3








Notes: The first letter of the grouping represents the loading direction: C for loading direction perpendicular to framing grain, P for loading direction parallel to framing grain. The second letter of the grouping represents the sheathing panel type: S for SPF panel, B for BS panel. The third letter of the grouping represents the fastener type: N for nail, S for screw.
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Table 2. Statistics of parameters.
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	Type of Forces
	Dead Load g
	Floor Live Load of the Residence q
	Load Duration Effect KQ3
	Geometrical Characteristic Uncertainty KA
	Calculation Model Error KP





	Mean value μ
	1.06
	0.644
	0.72
	0.94
	1



	Coefficient of variation V
	0.07
	0.233
	0.12
	0.08
	0.05
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Table 3. Ultimate bearing capacity of joints.
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Group

	
Ultimate Bearing Capacity (N)




	
Monotonic Test

	
Cyclic Test




	
Pull

	
Push




	

	
μ

	
V

	
μ

	
V

	
μ

	
V






	
CSN

	
738.90

	
0.19

	
531.77

	
0.17

	
−132.44

	
0.15




	
CSS

	
997.97

	
0.13

	
833.52

	
0.19

	
−508.41

	
0.26




	
CBN

	
1287.78

	
0.24

	
893.27

	
0.08

	
−651.92

	
0.16




	
CBS

	
2286.04

	
0.15

	
1768.98

	
0.11

	
−1191.10

	
0.09




	
PSN

	
641.48

	
0.20

	
563.70

	
0.26

	
−450.47

	
0.27




	
PSS

	
854.22

	
0.15

	
689.42

	
0.17

	
−517.79

	
0.24




	
PBN

	
1134.71

	
0.23

	
847.83

	
0.08

	
−1439.66

	
0.29




	
PSS

	
1802.22

	
0.19

	
1078.12

	
0.20

	
−1435.34

	
0.14
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Table 4. Comparison of calculated and experimental results of joints.
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Joint Type

	
Calculated Results

	
Tests Results




	
Design Value (N)

	
Failure Mode

	
Ultimate Bearing Capacity

	
Failure Mode




	
GB50005

	
Eurocode 5

	
GB50005

	
Eurocode 5

	
Perpendicular Loading

	
Parallel Loading






	
SPF-nail

	
151.54

	
434.05

	
E

	
F

	
738.90

	
641.48

	
E




	
SPF-screw

	
293.37

	
644.56

	
E

	
E

	
997.97

	
854.22

	
E




	
BS-nail

	
289.82

	
496.16

	
E

	
F

	
1287.78

	
1134.71

	
F




	
BS-screw

	
355.39

	
775.51

	
C

	
F

	
2286.04

	
1802.22

	
F
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Table 5. Reliability index of the design values calculated by GB50005.
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Under Monotonic Load




	
CSN

	
PSN

	
CSS

	
PSS

	
CBN

	
PBN

	
CBS

	
PSS




	
ρ = 0

	
3.91

	
3.23

	
4.51

	
3.19

	
3.17

	
2.94

	
6.79

	
4.50




	
ρ = 0.2

	
4.70

	
3.98

	
5.00

	
3.63

	
3.45

	
3.22

	
7.22

	
4.84




	
ρ = 0.3

	
4.84

	
4.11

	
5.20

	
3.80

	
3.55

	
3.33

	
7.39

	
4.98




	
ρ = 0.5

	
5.06

	
4.32

	
5.52

	
4.08

	
3.73

	
3.51

	
7.67

	
5.20




	
ρ = 1

	
5.43

	
4.68

	
6.07

	
4.55

	
4.03

	
3.83

	
8.14

	
5.57




	
ρ = 1.5

	
5.67

	
4.90

	
6.41

	
4.84

	
4.21

	
4.02

	
8.44

	
5.81




	
ρ = 2

	
5.83

	
5.05

	
6.64

	
5.05

	
4.34

	
4.15

	
8.64

	
5.97




	

	
Under Cyclic Loads




	
CSN

	
PSN

	
CSS

	
PSS

	
CBN

	
PBN

	
CBS

	
PSS




	
ρ = 0

	
0.03

	
0.97

	
0.86

	
0.97

	
1.88

	
1.80

	
2.65

	
1.52




	
ρ = 0.2

	
0.23

	
1.24

	
1.05

	
1.24

	
2.17

	
1.98

	
2.89

	
1.71




	
ρ = 0.3

	
0.27

	
1.35

	
1.13

	
1.35

	
2.29

	
2.05

	
2.99

	
1.78




	
ρ = 0.5

	
0.37

	
1.53

	
1.26

	
1.53

	
2.48

	
2.17

	
3.14

	
1.91




	
ρ = 1

	
0.42

	
1.83

	
1.47

	
1.83

	
2.81

	
2.37

	
3.41

	
2.11




	
ρ = 1.5

	
0.48

	
2.01

	
1.60

	
2.01

	
3.01

	
2.49

	
3.58

	
2.24




	
ρ = 2

	
0.52

	
2.14

	
1.69

	
2.14

	
3.15

	
2.58

	
3.69

	
2.33
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Table 6. Reliability index of the design values calculated by Eurocode 5.
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Under Monotonic Load




	
CSN

	
PSN

	
CSS

	
PSS

	
CBN

	
PBN

	
CBS

	
PSS




	
ρ = 0

	
0.58

	
0.06

	
0.39

	
−0.38

	
1.64

	
1.33

	
3.25

	
1.70




	
ρ = 0.2

	
0.92

	
0.38

	
0.89

	
0.05

	
1.91

	
1.62

	
3.68

	
2.04




	
ρ = 0.3

	
1.05

	
0.51

	
1.09

	
0.23

	
2.02

	
1.73

	
3.85

	
2.17




	
ρ = 0.5

	
1.28

	
0.72

	
1.41

	
0.50

	
2.19

	
1.91

	
4.13

	
2.39




	
ρ = 1

	
1.65

	
1.08

	
1.95

	
0.98

	
2.49

	
2.22

	
4.60

	
2.77




	
ρ = 1.5

	
1.88

	
1.30

	
2.29

	
1.27

	
2.68

	
2.42

	
4.90

	
3.00




	
ρ = 2

	
2.05

	
1.46

	
2.53

	
1.48

	
2.80

	
2.55

	
5.10

	
3.16




	

	
Under Cyclic Loads




	
CSN

	
PSN

	
CSS

	
PSS

	
CBN

	
PBN

	
CBS

	
PSS




	
ρ = 0

	
−0.82

	
−0.59

	
−0.75

	
−1.28

	
0.20

	
0.79

	
0.66

	
−0.03




	
ρ = 0.2

	
−0.73

	
−0.35

	
−0.56

	
−1.01

	
0.50

	
0.97

	
0.90

	
0.16




	
ρ = 0.3

	
−0.70

	
−0.26

	
−0.48

	
−0.90

	
0.62

	
1.04

	
1.00

	
0.23




	
ρ = 0.5

	
−0.64

	
−0.10

	
−0.36

	
−0.72

	
0.81

	
1.15

	
1.15

	
0.35




	
ρ = 1

	
−0.55

	
0.17

	
−0.14

	
−0.43

	
1.13

	
1.35

	
1.42

	
0.56




	
ρ = 1.5

	
−0.49

	
0.33

	
−0.01

	
−0.24

	
1.34

	
1.48

	
1.59

	
0.69




	
ρ = 2

	
−0.44

	
0.45

	
0.08

	
−0.11

	
1.48

	
1.56

	
1.70

	
0.78
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Table 7. Modification factor values of joints.
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Monotonic Test

	
Cyclic Test




	
CSN

	
PSN

	
CSS

	
PSS

	
CBN

	
PBN

	
CBS

	
PBS

	
CBN

	
PBN

	
CBS

	
PBS






	
ρ = 0

	
1.05

	
0.86

	
1.16

	
0.88

	
0.98

	
0.88

	
1.97

	
1.24

	
0.64

	
0.47

	
0.65

	
0.32




	
ρ = 0.2

	
1.31

	
1.08

	
1.27

	
0.97

	
1.08

	
1.00

	
2.16

	
1.36

	
0.71

	
0.52

	
0.72

	
0.36




	
ρ = 0.3

	
1.36

	
1.12

	
1.32

	
1.01

	
1.12

	
1.04

	
2.25

	
1.42

	
0.74

	
0.54

	
0.75

	
0.37




	
ρ = 0.5

	
1.45

	
1.19

	
1.41

	
1.08

	
1.19

	
1.10

	
2.39

	
1.51

	
0.78

	
0.57

	
0.79

	
0.40




	
ρ = 1

	
1.61

	
1.32

	
1.56

	
1.20

	
1.33

	
1.22

	
2.65

	
1.67

	
0.87

	
0.63

	
0.88

	
0.44




	
ρ = 1.5

	
1.72

	
1.41

	
1.67

	
1.28

	
1.42

	
1.31

	
2.83

	
1.79

	
0.93

	
0.68

	
0.94

	
0.47




	
ρ = 2

	
1.8

	
1.48

	
1.75

	
1.34

	
1.48

	
1.37

	
2.96

	
1.87

	
0.97

	
0.71

	
0.99

	
0.49
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Table 8. Value of modification factor ηlp.






Table 8. Value of modification factor ηlp.












	
	SPF-Nail
	SPF-Screw
	BS-Nail
	Bs-Screw





	Monotonic load
	0.77
	0.77
	0.9
	0.63



	Cyclic load
	-
	-
	0.73
	0.5
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file18.png
Load (N)

2000

1500 -

1st envelope curve

2nd envelope curve
- 3rd envelope curve
1000 | _
500 - _— —
_ - ; \
04
=500 -
~1000 - \J7’
_1500 T '|/J | — — T T 1 T |_| T
-20 -15 -10 5 0 5 10 15 20

Displacement (mm)

(8)

1.6

114
112
11.0
1038
l0.6
10.4
10.2
10.0

Strength degradation

Load (N)

2000 5 1st envelope curve 116
1500 - 2nd envelope curve 11.4
- 3rd envelope curve 110

10004 _
' 11.0

500 - / _
) _ 1’ / 1 0.8
| /f 106
-500 ' 104
~1000 - 102
1cl)((Jl M— |1 1 Y

-20 -15 -10 -5 0 5 10 15 20

Displacement (mm)

(h)

Strength degradation





media/file21.jpg
Effective stiffness (N/mm)

o eree
0216810121316 18202221
Cydlic No.

(a)

0
IR EEE LR EE]

Cydlic No.
(b)





media/file13.png
Load (N)

Load (N)

1000
800
600

400 - /

| /
200 ,
0 AA%Z/
200 -
~400 -

— Cyclic test

—— Monotonic test A

~N\

N
.

-600 —+—/——m—r——r——————T1—1—1— 11—
-12-10 8 6 4 -2 0 2 4 6 8 10 12
Displacement (mm)
(a)
2500 +— . . .
— Cyclic test

2000

—— Monotonic test

1500

10004 A~
5004 /g; /i

R
~500- %é;::?§’::7 |

~10001

1500

=\

-20 -15-10 -5 0 5 10 15 20
Displacement (mm)

(c)

1000 I —
sool Cyclic test // )
{|— Monotonic test /

600 /

4001 ///%ZZ
2001 /9/
200: //Q%;

|7
-600+—m————r——r————7—7—T 111
-12-10-8 6 4 -2 0 2 4 6 8 10 12

Load (N)

\

Displacement (mm)
(b)
2500 — ; ; :
2000l Cyclic test /
. Monotonic /
1500 }

1000- L

T

500

Load (N)

5004
10004
1500 4

20 -15 -10 5 0 5 10 15 20
Displacement (mm)

(d)





media/file26.png
3.0 -
2.5-
2.0-
& 1.5-
1.0 -

0.5 -

0.0

|~ -~ - Target CSN - - - - Target PSN

- = = -~ Target CSS - - - - Target PSS
= Calculated CSN and CSS
e (alculated PSN and PSS

I
——j ——————
————— P
-7 ==
~xr- " .= T == ®
P e [ ]
-, - __—'.
- -
W e~
Z @
”
[

0.0 0.2 040608 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Yo,

(a)

5.0 -
4.5]
4.0
3.5
3.0
2.5
2.0
1.54
1.0-
0.5

0.0

1 = = — Target CBN - - - Target PBN
- - - Target CBS- - - Target PBS
B Calculated CBN ® Calculated PBN
A Calculated CBS ¥ Calculated PBS
o A---TT 4
- - A— - -
—k -
AT
&~ R
A .
I A _-———-:.':::::=
v - B -@9-- " L4
E°- | 3- -$

0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Yo,

(b)

R

2.0
1.8 -
1.6 -
1.4 -
1.2 -
1.0 -
0.8
0.6 1
0.4 -
0.2 -

- - - - Target CBN - - - - Target CBS
- - - - Target PBN - - - - Target PBS
= (Calculated CBN and CBS
e (Calculated PBN 4 C(Calculated PBS
-am==" m-ccE
r” = -: . -e---"" ®--""7 *
. e~ o
: _AA- AT 7T A-mT T ol “

0 I I I I I I I I I I I 1
00020406081012141.61.82.022

e,

(c)





media/file12.jpg
ty.¥EEEd

AL

§8s 5888

tby.¥8886

S

(| i«*‘

L]

ERL vy
=2 pi=cn
M i l |
=/
" W

“ ; | §-
//f )

Do)
® ®

epcnim





media/file3.jpg
Load

Bolts
4
AW Sheathing
panel
Steel
jigs Fastener

Framing

(a)





media/file22.png
Effective stiffness (N/mm)

500 - 500 -
0% “-CSN 450 " PN
001 . ©CSS Eg0f © PSS
. S 4 PBN
350 #CBN Zg3s0{ b
0 % TS gs004
25() J .‘ £ 2501
I a Bo00] *
200__ v \"A ¥- O>) | ‘
150 =, ‘ i _ 5 150 1 A
l\ Y V-y- ¥V v | A-AA-A
] ‘ ™ x R v HQ_)‘ 100 - R 2 2 27 4h & B 4
100 A : v x.‘_\\-\. . vy ¥V s 50 { v X X 1 A
] \ o0 i o
50_. . ':‘*:::"0"" °° 0-*-;;1:';;' sisge ""l..."
0 o5 —— 2 4 6 8 10 12 14 16 18 20 22 24
0 2 4 6 8 10 12 14 16 18 20 22 24 0 6 8 10 6 18 20
Cyclic No. Cyclic No.
(a) (b)





media/file19.jpg
,.Ill'l i

N 55 BN (%O per 55 peN pBd
Group





media/file7.jpg
JLoad JLoad (Load (Load JLoad JLoad





media/file10.png
(c) (d)





media/file5.png
Load

.

N e

Bolts m N
V777

Sheathing
panel

Fastener

Framing

W/////////// /////////////// ///////////////////%

\///////

L






media/file14.png
1000

3004 [ Cydlic test
{|—— Monotonic test |
600 //////
=400 - ﬂﬁ/ v .
. /4
S 200 /, /
5 7/ |
0d / ..................................... e L
—200 %‘ /%/ '
_400 e
-0
-12-10-8 6 4 2 0 2 4 6 8 10 12
Displacement (mm)
1000 : : : : :
3004 | Cyclic test
1{|—— Monotonic test |
600 //////
—_ 400- A/ﬂ/gk_ ___________
Z . 4/// '
° 200 /) 1
Q _
— O_ ............................................................. — _// \
-200 - 1//-
400 Z?ﬁ
-600 +——1—"-1r—"+7F+—"7—"+"T—""1T"—""T"—"1T""T"—1"—1
-12-10 -8 -6 4 -2 0 2 4 6 8 10 12
Displacement (mm)
(e)
2000 : : :
17— Cyclic test
1500__ — Monotonic test
1000 S
z; 500 / ATJ///j
9 f}/N\EfL
Lo
1000 \/ /W
00} VW <
-20 -15 -10 5 O 5 10 15 20
Displacement (mm)
2000 ; ; :
1~ Cyclic test
1500 1 Monotonic test
1000 S,
£ 500 / %
g _ Efi
§ 0 Q%
-500 %ii//:%Z;:;f¥
-1000 w
-1500

2 -15 -10 55 0 5 10 15 20

Displacement (mm)

(8)

Load (N)

Load (N)

Load (N)

200 - /.

1000 —
300 |7/ Cyclic test 1
{ |/ Monotonic test 7(
600 A ‘
400 / / \

0 LI T

2004 /

400 - //

600 e
12-10-8 6 4 20 2 4 6 8 10 12

Displacement (mm)

200 - /.

1000 : : : : :

300 4 [T Cyclic test A
{ |/ Monotonic test 7(

600 v |

400 - //i_ \

0 o
22001 /

4004

600
12108 6 4 20 2 4 6 8 10 12

Displacement (mm)

(f)

— Cyclic test //]
” Monotonic test

-500
—1000

500 v
20 -15 -10 -5 0 5 10 15 20
Displacement (mm)

2000

— Cyclic test //|

Monotonic test

15004

1000

500

0

-500

-1000

-1500 +— . : . : . : :
-20 -15 -10 -5 O 5 10 15 20

Displacement (mm)

(h)





media/file11.jpg
1000- 1000
Cydictent s Celictent
L | —— Monotonic test] Monotonic test|
600- o
0. | g o
. | ER)
0. b - o
. .
- .
600 -
R I N A AT R R A I A A
Displacement (mam) Displacement (mn)
@ ®)
250 250
Cydicten Cydictont
ao O -
1500 150
2 1w = mw 1
7 W S
5 3 7%
s 0 (i
1000 1000. [}
1500
105 0 5 10 15 20 20-15-10 5 0 5 10 15 20

Displacement (mm) Displecsies (e

(©) (d)





media/file6.png
Load

\////

////.






media/file15.jpg
Load (N)

Load (N)

Load (N)

10007 — 1t envelope curve I T OSSR, 16
o8 o b o] oeene M
o] epecune 125 o] —wtemaora g
*' s 103 2 ) 03
0. s 23 los B
o L1/ ei? e
- f w ok
- . oz
=R PR T RREET
Dnplenen o) Dnptemen o)
) ®
01— 1 cnveopecurve 1m0 cedopecse 16
| e il (7 il i e
A I il
o L g
o e g B
s 5 os
o o & < Tl ok
o] Sl i o
1000. o2 " 1o loz.
oo 1500, loo
R RN R
Diphecmens )
(©
10007 —— 1ot enwelope curve ¥ 100 16
o o W, ) e
s L i
s wi s w w3
P os £ § / s §
o . uaé = Mé‘
- ol o £
w| A 2” o2
@ w o oo
R R RRE R R EYERRET T
opinen s SRR
(e) [}





nav.xhtml


  forests-12-00995


  
    		
      forests-12-00995
    


  




  





media/file2.png
Sheathing

Fastener

Framing

Sheathing

Fastener

Framing

300

(a)

450
150

150

(b)

300

(@)
17 | F =
&89

10

100 LlOO LlOO
1300 99
Front view Side view
Lo
o -] D~
O - —
< LO
o | DN
S -
q9)
-]
U 5
50%50 89 L10
100 99

Front view

Side view






media/file20.png
500 -

400_' e Push
‘g 350+
£ 300
pd ]
— 250 -
W ]
fﬁ) 200 -
= 150-

1004
50 -

Group





media/file23.jpg
» " oy M . PSN
5 02 1 ecoss Foxsl . . PBS
£ o coon O +pss
3 020 A v cBs T020{e., 4 v PBN
£ H 3 .o
1 Sois{®
H Zow],n
g 2005
000
RN TN 072G 6 81012 1416182022
ClyciaNo. Clycle No.

(a) (b)





media/file24.png
PSN

PBS

PSS

PBN
|

A

10 12 14 16 18 20 22 24

Y::::

CSN
~CS5
B
CBS

/ . b, 4 ;
A &R EN X 7
' '.--.--.--I---.__-‘ L .5 ‘_' .";x__‘

| &
0

S,
- !
v

0.00

10 12 14 16 18 20 22 24

Clycle No.

(a)

LI é I I I I I I I

6

.4.

0.30 -
0.25 4
0.20
0.154

T
- LO
-

- -

Surdurep snoosia juareamby

0.00

2 4 6 8

0

2

Clycle No.

(b)





media/file1.jpg
Sheathing : i
Fastener = -
2 &
Framing 2 >
L0100 10, & 9 g0
\ 300 {7
Front view Side view
@
| I
Sheathing . 1 '
Fastener 3 .
. g8 g 5|+
s & 1
Framing i g
5050, e
100} e
Front view Side view

(b)





media/file16.jpg
Load (N)

20007 —— 15t envelope curve. 16 20007 —— 15t envelope curve 16
N Wi R o -
o nsinn : o spid
ik sope 12§ o o 12
= w0l 2 0
083 3 08
o 21
oo os
o e b2
P e e

Displacement (mim)

®

Displacement (min)

(h)

Strengih degradation.





media/file25.jpg
T CON - T B
TN Taga 1S
ot CON O

Clabtot CNand G5

@ (b) ©





media/file9.jpg
(d)

(c)





media/file0.png





media/file17.png
Load (N)

Load (N)

Load (N)

1000'_ 1st envelope curve ] 1.6
800 - 2nd envelope curve 114
600 3rd envelope curve 110
400- o _//gff’ 11.0
200- ' los

0- __J// lo6
i ‘/'/— |

—200 - 10.4

—400 - 410.2

_600 - ! I v 1 ! I 1 I v 1 v 1 1 1 v 1 v 1 v - 000

-12-10-8 6 4 2 0 2 4 6 8 10 12
Displacement (mm)
(a)

2000 1st envelope curve ] 1.6

1500 4 2nd envelope curve {1.4
- 3rd envelope curve 112
1000 - _
' - ~ 41.0

500 - ) "'<EEEE::::: .
: 410.8

0 1
_ i j 410.6

_ \_' ] 1

~1000- lo2

~s00l W U - oo

-20 -15-10 -5 0 5 10 15 20
Displacement (mm)
(c)

1000'_ 1st envelope curve i 1.6
800 - 2nd envelope curve -1.4
6004 3rd envelope curve (15
s0f ¢ 7~ Lo

- ] ‘ ] 3
2001 4 0.8
0 - | -0.6

l ] I

—200 - /,/ -0.4

~4004 A 0.2

600 , SN 1 T )

-12-10-8 6 4 2 0 2 4 6 8 10 12
Displacement (mm)

(e)

Strength degradation Strength degradation

Strength degradation

Load (N)

Load (N)

[.oad (N)

1000 -
800 -
6004
400
200

0.

~200-

400

4

/!

1st envelope curve
2nd envelope curve

3rd envelope curve

/

/

—-600

-12-10-8 -6 4 2 0 2 4 6 8 10

2000
1500-
1000-
500-

0-
500

—1000 -

Displacement (mm)

(b)

1st envelope curve
2nd envelope curve

3rd envelope curve

Y

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

12

-1500

20 -15 -10 -5 O 5 10

1000
800 -
600-
400 -
200 -

0.

2001

~400 4

600

/

Displacement (mm)
(d)

1st envelope curve
2nd envelope curve

3rd envelope curve

/|

20

-12-10-8 6 42 0 2 4 6 8 10

Displacement (mm)

(f)

12

11.0

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

0.0

Strength degradation Strength degradation

Strength degradation





media/file4.jpg
Load

Bolts

Sheathing
panel

Fastener
Steel

jigs

Framing

. Bolts






media/file8.png
A A A A A A A AN

lLoad

\
\

L

}47

oad






