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Abstract

:

Timber architectures have arisen as sustainable solutions for high-rise and long-span buildings, assisting in implementing a circular economy. The creep strain dissipation of laminated veneer lumber (LVL) was investigated in this work to understand the inherent creep behaviors of LVL derived from natural wood. The results demonstrated a significant loading regime dependency of the creep behaviors of LVL. Coupled creep strain dissipation that transits/is parallel to the wood–adhesive interface was proven in the creep deformation of flat-wise and edge-wise bent LVL. In contrast, the creep strain dissipated considerably along the wood–adhesive interface when the LVL was subjected to axial compression creep. Further investigation into the morphologies of LVL after creep revealed that direct contact between the loading plane and wood–adhesive interface could be a plausible trigger for the accelerated deformation and the resultant plastic deformation of the LVL after creep. We believe that this work provides essential insights into the creep strain dissipation of LVL. It is thus beneficial for improving creep resistance and assisting in the long-term safe application of LVL-based engineered wood products in timber architectures.
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1. Introduction


The rise of wood/bamboo-based materials is has the goal of implementing a circular economy due to their advantages of high carbon-sequestration capacity and low environmental footprint [1,2,3,4]. Particularly, timber architectures have been seen as green and promising solutions for high-rise and long-span buildings in civil construction [5,6], drawing widespread attention. Engineered wood products represented by laminated veneer lumber (LVL), cross-laminated timber (CLT), and glulam underscore a typical property profile that includes a high strength-to-weight ratio and fabrication efficiency [7]. LVL, as one commonly applied engineered wood product in timber architectures, exhibits optimized bending and axial compression strength due to its unique parallel arrangement of wood veneers [8]. However, the viscoelasticity of LVL derived from natural wood leads to additional time-dependent deformation, i.e., creep, bringing about potential safety issues in timber architectures. Thus, this calls for more attention when applying LVL in timber architectures [9,10].



The creep properties of LVL represent an important indicator for evaluating its suitability as a load-bearing element of timber architectures [11]. Previous studies have demonstrated that creep in LVL is a non-linear and long-term process by describing macroscale creep behaviors, including the complex deformation of wood veneer and the wood–adhesive interface that affects the transferring of stress and strain [12]. Three viscoelastic stages (i.e., instantaneous creep, viscoelastic creep, and rapid deformation stages) have been determined to further precisely understand the creep process of LVL. Furthermore, multiple numerical models for fitting the corresponding stages have also been proposed [13,14], and they reveal a significant difference in the creep rates of the above three stages. The lowest creep rate was confirmed to be observed in the viscoelastic creep stage of LVL, whereas severe deformation can occur in the rapid deformation stage, resulting in the premature and unexpected fracture of LVL [13]. The applied creep stress exhibits a positive relationship with the creep deflection of LVL at relatively low creep stress levels (30%–50% of the ultimate strength), and elevating creep stress levels cause obvious hysteresis of instantaneous creep in LVL, transforming it into viscoelastic creep [15]. Creep failure of LVL normally occurs when the applied stress exceeds 60% of the ultimate strength, resulting in the buckling of LVL, and thus, endangering the long-term safety of timber architectures [16].



Beyond the applied creep stress, the wood species and the mat formation also have effects on the creep behaviors of LVL, which sheds light on the potential to improve the creep resistance of LVL by using wood with high mechanical properties and applying new mat formation [16,17]. Additionally, the creep deformation of LVL can also be limited by using a polymer shield that protects LVL from moisture and ultraviolet invasion [11]. Despite the advances mentioned above, the existing literature provides limited illustration of the creep strain dissipation of LVL, and mainly focuses on describing creep behaviors on the macroscopic scale. Understanding strain dissipation when LVL is subjected to creep is critical for further understanding the origin of the corresponding creep deformation, which can also pave the way to developing efficient methodologies to improve the creep resistance of LVL.



Digital image correlation (DIC) analysis enables the visual evaluation of strain by integrating the displacement of a single pixel, and it has exhibited successful applications in revealing stress/strain distribution during the deformation of wood/bamboo-based composites [18,19,20,21]. The relevant literature has demonstrated stress/strain concentrations during the shearing and bending of wood/bamboo-based composites. Beyond that, DIC analysis has also been applied in the investigation of the creep stress/strain evolution of LVL. The loading regime dependency in creep strain evolution has been well illustrated [22]. Also, the acceleration of the creep strain concentration of LVL induced by moisture has been proven, and can be attributed to the weakened structural rigidity between cell wall macromolecules and the resultant reduced mechanical properties of wood cell walls. Creep failure in LVL has also been proven to take place on the surface and sub-surface of LVL by DIC analysis, due to the local damage caused by the creep strain concentration [23]. However, the creep strain dissipation of LVL as time advances still needs further attention, despite the mentioned advances. Furthermore, exploration into the origin of creep failure is also important for fundamentally understanding the creep process of LVL, which can be helpful for improving the corresponding creep resistance.



Here, the creep behaviors of LVL subjected to different loading regimes (i.e., flat-wise bending, edge-wise bending, and axial compression) were analyzed under different creep stress levels (30%, 40%, and 50% of the ultimate strength). The macroscopic creep deformation of LVL was also assessed using DIC analysis to monitor creep strain elongation and dissipation during creep in real time. Furthermore, the morphologies of LVL before and after creep were observed by means of ultra-depth-of-field microscopy, and the causes of permanent creep deformation of LVL were thus explored. We believe that this work provides a theoretical basis for investigations into the creep failure mechanism of LVL, and is also beneficial for developing effective modification methods to enhance the creep resistance of LVL.




2. Materials and Methods


2.1. Materials


Defect-free poplar veneers (Populus sp.) with dimensions of 1200 × 600 × 1.5 mm3 and an initial moisture content of 12.5% were purchased from JinHu HongDa Wood Industry Co., Ltd. (Anqing, China). The moisture content of poplar veneers was adjusted to 6.5% and aside from that, the veneers went through no further procedures before use. Phenol-formaldehyde (PF) adhesive was purchased from Taier Adhesive (Guangzhou, China) Co., Ltd., and the apparent viscosity of the PF adhesive was 552.3 mPa·s−1, as measured at 25 °C and relative humidity (RH) of 55%. The solid content of the synthesized PF adhesive was 54.7%, as measured according to the Chinese National Standard for Adhesives [24].




2.2. Fabrication of LVL


Nine-layered LVL with a PF adhesive spread rate of 150 g·m−2 was fabricated through a 10 min hot-press procedure. The pressure and temperature for the hot-press procedure were 1.5 MPa and 150 °C, respectively. After the hot-press procedure, the prepared LVL was kept at constant temperature and RH (25 °C and 55%) for 48 h to minimize the inner stress induced by the curing of the PF adhesive. LVL samples with dimensions of 40 cm (length, l) × 5 cm (width, w) × 11.5 mm (thickness, t) were cut after that, and all samples were kept at 25 °C and 55% (RH) before further testing. The thickness and density of LVL samples were 11.5 mm and 0.61 ± 0.05 g·m−2.




2.3. Characterization


2.3.1. Static Mechanical Properties of LVL


The ultimate strength of LVL subjected to different loading regimes (as shown in Figure 1) were determined at a constant temperature and RH (25 °C and 55%) to provide the basic data for following creep, according to a standing standard [25]. In this work, a universal mechanical testing machine (Instron 5960, Boston, MA, USA) with a uniform loading speed of 2 mm·s−1 was applied to record the stress/strain curves of LVL, and the stress corresponding to the highest point in the curves was recorded. An auto-recording system applied to the universal mechanical testing machine can reveal the real-time changes in loading (F), and record the maximum loading (Fmax). The stress (δ) and deformation (ε) of LVL can also be obtained in real time by inputting the dimensions of specimens. The relationships between F and δ are listed in Equations (1) and (2), which correspond to bending and compression, respectively. In Equations (1) and (2), l, w, and t refer to the length, width, and thickness of specimens, respectively. By using Fmax, the ultimate strength can be calculated using Equations (1) and (2). The presented ultimate strength and stress/strain curve for each loading regime in this work was averaged from six replicates to minimize any undesired errors.


  δ =   3 × F × l   2 × w ×   t   2      



(1)






  δ =   F   w × t    



(2)








2.3.2. Creep Behaviors of LVL


The creep procedures of LVL exhibit a time scale of up to decades, and thus, assessing the long-term creep behavior of LVL by means of the conventional creep test is extremely time-consuming and impractical. Accelerated testing using the stepped iso-stress method (SSM) as in this work provides a time-efficient methodology for long-term creep characterization and the evaluation of the creep strain dissipation [26]. Previous studies have demonstrated the feasibility of SSM in the prediction of long-term creep behaviors [27]. Here, we focused on the creep strain dissipation of LVL facing different loading regimes. Therefore, SSM was used to achieve efficient characterization. The most commonly applied test time in SSM is 2–5 h. According to this, we chose 120 min as the testing time.



The 120 min creep behaviors of LVL were determined using the same universal mechanical testing machine as in the former analysis. The specimens for bending creep (flat-wise and edge-wise bending) exhibited uniform dimensions of 40 cm (l) × 5 cm (w) × 11.5 mm (t). The applied span-distance was 25 cm. For compression creep, the dimensions of specimens were 12 cm (l) × 5 cm (w) × 11.5 mm (t). We chose 30%, 50%, and 70% of the ultimate strength as the creep stress levels for each loading regime, respectively. Based on the auto-recorded loading, we can obtain the creep stress levels corresponding to 30%, 40%, and 50% of the ultimate strength using Equations (1) and (2). The creep compliance of LVL that represents the temporal change in strain under unit stress can be obtained by Equation (3) [13], where J(t) refers to the creep compliance (MPa−1), εt represents the strain at time t, and σ0 is the applied creep stress (MPa). The creep behaviors of LVL were further evaluated based on the creep coefficient (φ), as defined in Equation (4), where εinst corresponds to the instantaneous strain [28].


  J ( t ) =     ε   t       σ   0      



(3)






  φ =     ε   t   −   ε   i n s t       ε   i n s t      



(4)








2.3.3. Creep Strain Dissipation and the Resultant Plastic Deformation of LVL


Digital image correlation (DIC) analysis was exploited to reveal the strain cartographies in the X-Y plane (as indicated in Figure 1(a1–c1)) of LVL at 50% of the ultimate strength. The relative strain of LVL can be obtained by evaluating the movement of randomly distributed pixels. Here, we monitored the strain dissipation of flat-wise and edge-wise bent LVL in the region pinpointed by the blue frames in Figure 1(a2,b2), and the corresponding dimensions of the area of interest (AOI) were 25 cm × 11.5 mm and 25 cm × 5 cm, respectively. For the axial compression creep of LVL, the dimensions of AOI were 12 cm × 11.5 mm, located on the edge side of the specimen. The pixels were randomly distributed through painting on the relevant AOIs, and the average distance between adjacent pixels was 0.3 ± 0.1 mm. A Vic-2D measurement system (Correlated Solutions, Irmo, SC, USA) and the associated commercial software package (VIC-2D HR system) were utilized in this work. Based on this, the creep strain in the X-X (vertical to the loading plane) and Y-Y (parallel to the loading plane) directions can be decoupled from the obtained strain cartographies. The camera resolution for the DIC analysis was 2448 × 2048, suggesting a strain resolution of ~20 micro-strains. Snapshots with a resolution of ~20 μm were captured every 120 s using two charge-coupled device cameras. Two Lowel Pro LED lights were utilized to illuminate the speckle patterns and thus enhance the contrast. Ultra-depth-of-field microscopy (VHX-7000N, Keyence, Shanghai, China) was utilized to evaluate the morphologies of LVL after 120 min creep at 50% of the ultimate strength.






3. Results and Discussion


3.1. Comparison between the Fitting Accuracy of Creep Numerical Models


Numerical models have been widely applied for understanding the viscoelastic behaviors of wood and wood-based products [29]. The Findley power law model (as described in Equation (3)) is an empirical mathematical model that provides satisfying fitting results regarding the creep behaviors of polymer composites [30]. As presented in Equation (5), δ(t) refers to the creep deflection at time t, and δ0 stands for stress-dependent instantaneous creep deflection. m and β in Equation (5) represent the stress-independent material constant and the stress-dependent coefficient, respectively [31]. The Findley power law model pays more attention to the elastic and viscoelastic stages of viscoelastic materials, while it neglects the viscous deformation of materials, leading to lower fitting accuracy [32]. Figure 2a presents the fitting results of the flat-wise bending creep curves of LVL at 50% of the ultimate strength, yielding a fitting accuracy (R2) of 0.952 corresponding to the Findley power law model. For comparison, the Burgers model (as shown in Equation (6)) was exploited to fit the same creep curve, suggesting an elevated R2 of 0.986 (Figure 2b). The Burgers model comprises a Maxwell spring/dashpot and Kelvin spring/dashpot, as shown in Figure 2d. As displayed in Equation (6), σ0 represents the creep stress, and t denotes the creep time. Em and ηm correspond to the modulus and viscosity of the Maxwell spring and dashpot, respectively. Ek and ηk refer to the modulus and viscosity of the Kelvin spring and dashpot, respectively [33].


  δ   t   =   δ   0   + β ×   t   m    



(5)






  ε   t   =     σ   0       E   m     +     σ   0       E   k     ×   1 −   e   −       E   k       η   k       × t     +     σ   0       η   m     × t  



(6)






  ε   t   =     σ   0       E   m     +     σ   0       E   k     ×   1 −   e   −       E   k       η   k       × t     +     σ   0       η   m     ×   t   m    



(7)







In order to further improve the creep fitting accuracy of the viscosity stage of LVL, we transformed the linear term (t) in the Burgers model into a power one (tm), as displayed in Equation (7). The coefficient m exhibits no physical significance, and it was only used to transform the viscous phase from a linear function to a nonlinear one, which is more consistent with the whole process of the creep deformation of wood [34]. As displayed in Figure 2c, creep curve fitting achieves higher accuracy compared with the former analysis, with R2 up to 0.995. Therefore, the modified Burgers model was selected to fit the creep curves in this study.




3.2. Creep Behaviors of LVL Subjected to Various Loading Regimes


As shown in Figure 3a, the average bending strength of LVL was 120.7 ± 5.2 MPa, which is much higher than that of bulk poplar (54.5 ± 4.7 MPa), demonstrating the suitability of LVL as an engineered wood product for timber architectures. In this work, 30%, 40%, and 50% of the ultimate strength were selected as the flat-wise bending creep stress levels. As shown in Figure 3b, the creep of LVL was a long-term process, and the creep deformation gradually increased with time. Under 50% of the ultimate strength, the creep deflection of LVL can reach 11.6 mm, indicating obvious deformation. The modified Burgers model was used to fit the creep behavior of LVL under different loads, and the fitting curve was highly correlated with the experimental curves (R2 up to 0.999). The investigation into the deformation rate of LVL revealed that the creep deformation rate slowly decreases with time, after rapid deformation in the early stage (0–5 min), demonstrating a nonlinear process of creep deformation in LVL [28,35]. Figure 3b also indicates the non-linear amplification of the creep deflection as creep stress elevates. It was worth noting that the creep deflection of the viscoelastic stage of LVL is significantly higher when subjected to 50% of the ultimate strength, compared with that subjected to 30% and 40% of the ultimate strength. Meanwhile, the hysteresis of transient deformation into viscoelastic deformation when LVL was subjected to flat-wise bending can be observed in Figure 3b, and it was closely related to the creep stress levels. As displayed in Figure 3c,d, the creep compliance and creep coefficient of flat-wise bent LVL were consistent with the creep deflection as time advanced, i.e., they were positively correlated with the elevated creep stress levels. The creep compliances of the flat-wise bent LVL at 40% and 50% of the ultimate strength stabilized at ~2.2 MPa−1, also suggesting significant deformation of the LVL.



Figure 4 shows the stress/strain curves of LVL under edge-wise bending and the corresponding creep curves under 30%, 40%, and 50% of the ultimate strength. The modified Burgers model demonstrated suitability for numerically fitting the edge-wise bending creep curves of LVL (R2 ≥ 0.995). It is also shown in Figure 4b that the creep deflection–time curve of LVL facing edge-wise bending is non-linear, and the amplification of creep deflection was particularly obvious under different stress levels. The LVL creep deflection was 5.2 mm when subjected to 50% of the ultimate strength, which was almost twice higher than that at 30% of the ultimate strength. As displayed in Figure 4b, the hysteresis of transient deformation into viscoelastic deformation was obvious for all chosen creep stress levels, suggesting the substantial plastic deformation of LVL subjected to edge-wise bending creep [36,37,38]. The brittle fracturing of PF adhesive can be a major trigger for the plastic deformation of LVL due to the direct contact at the wood–adhesive interface and loading plane in the edge-wise bending of LVL [39]. The creep compliance of edge-wise bent LVL at 50% of the ultimate strength was ~0.3 MPa−1, which was lower than that corresponding to flat-wise bending creep by an order of magnitude. This suggests a discrepancy in the mechanical robustness of LVL subjected to flat/edge-wise bending creep. The penetration of rigid PF adhesive resulted in the elevated mechanical performance of the wood–adhesive interface, guaranteeing less deformation of LVL in direct contact with the loading plane as in edge-wise bending.



It is shown in Figure 5 that the axial compression creep behaviors of poplar LVL are different from the bending creep, as represented by the low the creep deflection of LVL (0.82 mm). This could be related to the high mechanical strength of the paraxial and spiral arrangement of microfibrils in the wood cell wall [40,41]. The modified Burgers model still had a high fitting accuracy for the compressive creep experimental data of LVL (R2 ≥ 0.996), as shown in Figure 5b. The instantaneous creep deformation was dominant in the axial compression creep of LVL at lower stress levels (30% and 40% of the ultimate strength), and the prolongation of time had no obvious effect on the compressive creep deflection of LVL. When LVL was in the viscoelastic stage, its creep deflection curve was almost parallel to the X-axis. The creep compliance of axial compressed LVL at 50% of the ultimate strength was ~0.025 MPa−1, benefiting from the excellent axial rigidity of the wood cell wall (Figure 5c). The creep coefficient of LVL (as shown in Figure 5d) confirmed the minor creep deflection at lower stress levels. However, 50% of the ultimate strength led to an increasing creep coefficient, suggesting the continuous deformation of LVL.



Based on the description of the creep behaviors, through the modified Burgers model, we can further calculate the modules of the Maxwell and Kelvin springs, as listed in Table 1. This table reveals the higher modules of Maxwell and Kelvin springs when LVL is subjected to axial compression creep, which can be attributed to the evident rigidity of the cell wall that benefits from the paraxially arranged cellulose microfibrils.




3.3. Creep Strain Dissipation of LVL


In order to reveal the creep strain dissipation of LVL and further understand the creep behavior of LVL under different loading regimes, a uniform creep stress level of 50% of the ultimate strength was selected, and DIC was used to monitor the real-time stress/strain evolution of LVL during the creep process. As displayed in Figure 6, creep strain accumulation of the flat-wise bent LVL was generated on the bottom surface of the LVL as time advanced, and the highest relative strain was observed at a time of 120 min. By decoupling the strain that dissipated along the X-X and Y-Y directions, the creep strain dissipation pathway of the flat-wise bent LVL was demonstrated to be coupled with being parallel and vertical to the loading plane. As indicated in Figure 6, the creep strain dissipation along the Y-Y plane transited the wood–adhesive interface and further extended to the bottom surface of the LVL. Compared with this, the creep strain in the X-X plane dissipated parallel to the wood–adhesive interface, and then, accumulated on the surface or sub-surface of the LVL. The highest creep strain observed in the X-X plane was 3.5 × 10−3, which is close to the strain in the Y-Y plane (4.0 × 10−3), further confirming the coupled creep strain dissipation of LVL subjected to flat-wise bending creep.



During edge-wise bending creep in LVL, the loading plane directly contacted the wood–adhesive interface, and the strain dissipation was mainly parallel to the Y-Y plane, as shown in Figure 7. The creep strain was observed to be confined in the top half region of the LVL, and the highest strain in the Y-Y plane was 4.0 × 10−3. The creep strain accumulation along the X-X plane was less than that in the Y-Y plane, indicating the highest strain of 2.8 × 10−3. The strain exhibits same direction as the loading, while the contraction/expansion of materials leads to the minor dissipation of strain in other directions [22,42]. This work confirmed the coupled creep strain dissipation of LVL subjected to edge-wise bending creep, and the comparison of the creep strain dissipation also indicated that the dominant dissipation pathway of the edge-wise bent LVL was in the Y-Y direction, i.e., parallel to the loading plane.



Figure 8 shows the creep strain dissipation of LVL under 50% of the ultimate strength when subjected to axial compression creep. Compared with the bending creep (i.e., flat-wise and edge-wise), the axial compression creep of LVL exhibited a completely different stress/strain distribution. Creep strain accumulation along the X-X plane can be observed in the top half region of the LVL as the time exceeds 40 min. The highest creep strain was observed to be 2.7 × 10−3 in the X-X plane, indicating the obvious expansion of the LVL. Despite this, creep strain dissipation was demonstrated to be more obvious in Y-Y plane (i.e., being parallel to the wood–adhesive interface), indicating the dominance of Y-Y plane in creep strain dissipation. The strain concentration can be observed to be situated in the bottom half of the LVL.



The aforementioned analysis demonstrated coupled creep strain dissipation along the X-X and Y-Y planes as the LVL subjected to creep. It thus underscores the significance of creep responses of the wood–adhesive interface to the macroscopic creep behaviors of LVL. As an important link in LVL, the wood–adhesive interface is responsible for strain dissipation [43]. The rigid adhesive possesses fast and substantial plastic deformation when subjected to creep compared with wood cell walls, leading to different creep responses of the wood–adhesive interface. Therefore, the macroscopic creep deformation of LVL exhibits direct correlations with the corresponding properties of the wood–adhesive interface. The observed creep strain dissipation of LVL sheds light on future methodologies to improve the creep resistance of LVL by improving the interfacial interlock and the local creep resistance of the wood–adhesive interface. Through interfacial engineering, such as plasma and surficial sanding [19,44], the interfacial interlock of the wood–adhesive interface can be improved, which can be helpful for the penetration of adhesive into the wood cell walls, and thus, enhance the local creep resistance of the wood–adhesive interface.




3.4. Plastic Creep Deformation of LVL


Beyond the investigation into the creep strain evolution of LVL under different loading regimes, the morphology of the LVL before and after creep under 50% of the ultimate strength was also observed through ultra-depth-of-field microscopy to provide supplementary insights into the creep behaviors of LVL. As displayed in Figure 9a,d, despite the large deflection during the creep test, the plastic deformation of the LVL was minor after 120 min flat-wise bending creep, which can be attributed to the recovery of the wood. In contrast, the plastic deformation of the LVL after 120 min edge-wise bending creep was obvious (Figure 9b,e), and the location of deformation corresponds to the strain concentration site, as revealed before. Considering the inconspicuous difference in the stress relaxation and creep resistances of wood cell walls in the tangential and radial directions [9,45,46,47], one plausible trigger for the obvious plastic deformation of the LVL after edge-wise bending creep can be speculated to be the failure of the wood–adhesive interface. The viscoelastic wood cell walls and brittle PF adhesive exhibit substantial differences in their creep responses, and the PF adhesive is more sensitive to creep stress. Thus, creep-provoked fracture at the wood–adhesive interface can occur when it is in direct contact with the loading plane. For assessing the axial compression creep of the LVL, wrinkled and cracked wood fibers can also be observed (Figure 9c,f). This is also associated with the creep strain concentration in the Y-Y plane of the LVL, as mentioned before. Here, we found two possible causes for the creep failure of the LVL, i.e., the failure of the wood–adhesive interface and the deformation of wood fibers, and both of them can be attributed to the creep strain dissipation that coupled along the X-X and Y-Y planes of the LVL.





4. Conclusions


The creep behaviors and corresponding strain dissipation of LVL subjected to flat-wise bending, edge-wise bending, and axial compression creep were investigated in this paper to advance our understanding of the creep deformation of LVL facing multiple applications in timber architectures. The major outcomes are as follows.




	(1)

	
The results demonstrated obvious loading regime dependency of the creep behaviors of LVL, along with nonlinearity in all observed creep deformations of LVL, as the creep stress levels were elevated from 30% to 50% of the ultimate strength.




	(2)

	
The flat-wise and edge-wise bent LVL displayed coupled dissipation of creep strain that concentrates on the surface and sub-surface of the LVL, suggesting that the creep strain dissipates along and transits the wood–adhesive interface as the LVL is subjected to flexure. In contrast, the creep dissipation was majorly uniform in the axial compression creep of the LVL along with the wood–adhesive interface.




	(3)

	
The plastic deformation of the flat-wise bent LVL was minor, benefiting from the wood recovery. Significant plastic deformation can be observed after edge-wise bending and axial compression creep due to the direct contact between the loading plane and the wood–adhesive interface. Due to the substantial differences in the creep responses of the wood cell wall and adhesive, premature failure of the wood–adhesive interface can trigger accelerated creep deformation and resultant plastic deformation after creep. Meanwhile, cracked and wrinkled fibers could be another reason for the plastic deformation after creep at 50% of the ultimate strength.









We believe this work provides insights into the creep deformation of LVL and underscores the significant role of the wood–adhesive interface in the creep behaviors of LVL. It is thus beneficial for advancing the creep resistance and long-term safety of LVL-based engineered wood products by introducing interfacial engineering, i.e., plasma treatment and surficial sanding.
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Figure 1. Three loading regimes, i.e., flat-wise bending (a1), edge-wise bending (b1), and axial compression (c1), that apply to the characterization of the creep behaviors of LVL are indicated in an X-Y-Z coordinate system. The loading direction is also pinpointed using green arrows. The spatial positions of the wood–adhesive interface and loading plane are indicated. Corresponding photos of creep tests are presented in (a2–c2), respectively, yielding a span-distance of 25 cm and the area of interest for strain analysis. 
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Figure 2. Fitting accuracy of creep curves of LVL using Findley power law model (a), Burgers model (b), and modified Burgers model (c). (d) Viscoelastic model of Burgers model. 
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Figure 3. The stress−strain (a), creep deflection−time (b), creep compliance−time (c), and creep coefficient−time (d) curves of the flat-wise bent LVL. The data presented in (a) were averaged from six replicates. 
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Figure 4. The stress−strain (a), creep deflection−time (b), creep compliance−time (c) and creep coefficient−time (d) curves of the edge-wise bent LVL. The data presented in (a) were averaged from six replicates. 
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Figure 5. The stress−strain (a), creep deflection−time (b), creep compliance−time (c), and creep coefficient−time (d) curves of the axial compressed LVL. The data presented in (a) were averaged from six replicates. 
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Figure 6. Creep strain dissipation along the X−X and Y−Y planes as LVL was subjected to flat-wise bending creep. 
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Figure 7. Creep strain dissipation along the X−X and Y−Y planes as LVL was subjected to edge-wise bending creep. 
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Figure 8. Creep strain dissipation along the X−X and Y−Y planes as LVL was subjected to axial compression creep. 
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Figure 9. The morphologies of LVL before and after 120 min creep. (a,d) Minor compression after flat-wise bending creep. (b,e) Obvious plastic compression after edge-wise bending creep. (c,f) Wrinkled fibers after axial compression creep. 
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Table 1. The calculated Em, Ek, and m corresponding to the creep behaviors of LVL subjected to different loading regimes.
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Loading Regimes

	
Creep Stress Levels

	
Creep Constants




	
Em (MPa)

	
Ek (MPa)

	
m






	
Flat-wise bending

	
30% of the ultimate strength

	
6.85

	
669.92

	
0.54




	
40% of the ultimate strength

	
6.35

	
82.17

	
0.46




	
50% of the ultimate strength

	
6.97

	
114.34

	
0.47




	
Edge-wise bending

	
30% of the ultimate strength

	
10.46

	
41.85

	
0.44




	
40% of the ultimate strength

	
11.21

	
37.73

	
0.46




	
50% of the ultimate strength

	
10.27

	
37.21

	
0.45




	
Axial compression

	
30% of the ultimate strength

	
28.44

	
682.5

	
0.44




	
40% of the ultimate strength

	
25.28

	
910.0

	
0.24




	
50% of the ultimate strength

	
28.80

	
758.3

	
0.38
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