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Abstract

:

The straight mortise and tenon joints (SMTJs) of Tusi Manor, situated in the Yunnan–Tibet region of China, tend to undergo decay. This study aims to investigate the mechanism performance degradation of SMTJs due to decay. Five full-scale SMTJs were constructed and incubated with wood-rot fungi for 0, 6, 12, 18, and 24 weeks. Cyclic loading tests were conducted to assess the damage mechanisms and extent of mechanical property degradation at these different stages of decay, supported by ABAQUS finite element simulation software. The results revealed a progressive increase in damage with prolonged decay time. Comparison between decayed and undecayed specimens showed a maximum load-bearing performance degradation rate of 5.17%, 11.83%, 17.34%, and 23.54% after 6, 12, 18, and 24 weeks of fungal incubation, respectively. The cumulative energy efficiency degradation rates were 8.38%, 9.51%, 23.13%, and 33.31%, respectively. SMTJs mechanical performance degradation is correlated with wood mechanical property degradation as a function of the S-family. Finite element simulations further indicated a reduction in tenon strength from the outer parts towards the inner parts of the structure.
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1. Introduction


Traditional Chinese architecture relies primarily on wooden structures for bearing weight, showcasing unique architectural forms and historical–cultural significance, making it an integral part of the world’s architectural heritage [1]. One distinctive feature of traditional Chinese wooden architecture, compared to other architectural styles worldwide, is the use of semi-rigid connection characteristics (mortise and tenon joints) to connect beams and columns at the nodes [2]. Tusi Manor is a type of historical and cultural architectural heritage in the Yunnan–Tibet region of China. The construction technique employed to complete this architectural masterpiece is known as “external soil and internal wood” [3,4], which includes a load-bearing wooden frame with rammed earth walls as enclosures [5,6,7]. The column-frame layer is supported primarily by mortise and tenon joints and multilayer wooden frame parts. The mortise and tenon system is characterized by straight mortise and tenon joint (SMTJ) connections. Unfortunately, Tusi Manor’s lengthy history post-construction and continual exposure to cyclical wet and dry environments have resulted in numerous signs of decay, cracking, and insect infestation. Fungal decay, in particular, is a prevalent issue in SMTJs, as shown in Figure 1. This type of decay occurs as a result of wood’s inherent susceptibility to microbial intrusion, leading to a reduction in strength and compromising the overall integrity of the structure’s internal framework [8,9].



Scholars have made noteworthy advancements in investigating the effects of decay on the mechanical properties of wood, particularly in terms of testing methods and unified standards. Certain methods involve subjecting small-scale wood specimens to decay tests using various types of fungi, revealing the various effects of decay on the wood’s mechanical properties [10,11,12,13]. Several scholars have processed wooden frames from ancient buildings into small-scale specimens for research; it has been found that the mechanical properties of naturally aged wood in ancient architecture are significantly affected by decay and cracking [14,15,16]. However, the decay mechanism of small-scale wood specimens differs significantly from that of larger specimens [17]. In addition, there are significant differences in the degree of mechanical performance degradation in different parts of large specimens of decaying ancient Tibetan buildings [18]. Furthermore, the degradation of the mechanical properties of small-scale wood specimens itself is not consistent with the mechanical performance degradation of wooden frames such as mortise and tenon joints. In engineering practice, there is a significant difference between the mechanical performance degradation of SMTJs and that of small-scale wood specimens’ mechanical properties [19]. Researchers have rarely considered this impact when conducting decay tests on wooden frames of ancient buildings.



Today’s scholars have shifted their focus towards utilizing physical methods to simulate damage to mortise and tenon joints, such as drilling holes in the tenon [20], modifying the mortise and tenon gap [21,22,23], using different types of wood [24], introducing grooves at the mortise [25], and adjusting tenon height [26] to investigate the influence of various damage factors on the mechanical performance degradation of mortise and tenon joints. However, it is important to acknowledge that these treatment measures may still differ significantly from the actual damage experienced by mortise and tenon joints in practical engineering applications.



Researchers have also simulated natural decay environments to conduct physical experiments on wood specimens. Researchers simulated extreme weather conditions using a dry heat cycling environment, where both reinforced and unreinforced specimens experienced a consistent and substantial decline in mechanical properties after a designated treatment period [27]. Other researchers simulated the degradation of mechanical properties in complex wooden structures affected by decay using an artificial environment designed to replicate the natural deterioration process [28].



In complex structures like SMTJs, individual components exert varying effects on the overall degradation of mechanical performance following decay. Researchers have investigated changes in the mechanical properties of cross-laminated timber connection assemblies in the presence of brown rot fungi, observing that their load-carrying capacity and energy-dissipation properties significantly decreased after 40 weeks of decay [29]. Several researchers have obtained decaying wooden frames from ancient buildings to test their precise mechanical properties and develop failure models, gaining valuable insights into the underlying mechanisms governing mechanical property degradation in decayed wood structures [30,31]. Currently, SMTJ mechanical performance degradation is mainly understood based on data from small-scale specimens; few studies have used full-scale models. Moreover, there is a lack of research on the relationship between the mechanical performance degradation of decayed STMJs and the mechanical properties degradation of small-scale wood specimens, and the influence of decay treatment on mechanical performance has not yet been quantified.



The present study focused on Pinus kesiya var. langbianensis, a type of wood commonly found in Tusi Manor, and to this day, it is still widely used in residential buildings in the Yunnan region. Five SMTJ specimens were constructed using this material as experimental samples, with size parameters derived from the actual components of Tusi Manor. The joints were artificially decayed via fungal incubation in six-week decay cycles over a total experimental duration of 24 weeks. The mechanical properties of these SMTJs before and after decay were examined using cyclic loading tests, and the physical and mechanical properties of the wood itself were observed. A finite element model was developed with decay depth as a target variable and then applied to simulate changes in the internal mechanical properties of SMTJs under real-world conditions. This study aims to elucidate the mechanical performance degradation of SMTs, providing a reference for the reinforcement and maintenance of Tusi Manor and other historical wooden structures.




2. Materials and Methods


2.1. SMTJs Specimen Fabrication


The column section of the SMTJs was circular, with a diameter of 200 mm and a length of 1400 mm. The beam’s dimensions were 1400 mm × 60 mm × 160 mm, as illustrated in Figure 2. All the raw materials for the specimens were from the same growing batch of wood, and the beams and columns were both made of tree trunks at a height of about 1.5 m from the ground. The columns were made of logs, and the beams were made of sapwood from the logs. The total number of SMTJ specimens was 5, control group specimens were designated as SJ-1, while specimens decayed for 6, 12, 18, and 24 weeks were labeled SJ-2, SJ-3, SJ-4, and SJ-5, respectively.




2.2. Material Property Experiments


The oven-drying method was used to test the moisture content of Pinus kesiya var. langbianensis. The specimen size was 20 mm × 20 mm × 20 mm. The oven temperature was set to 103 ± 2 °C. The testing procedure followed the requirements specified in the international standard (ISO 13061-1:2014) [32]. The measured moisture content was 13.3%. The testing method for determining the air-dry density of Pinus kesiya var. langbianensis followed the international standard (ISO 13061-2:2014) [33]. The average air-dry density of Pinus kesiya var. langbianensis was measured to be 0.452 ± 0.09 g/cm3.



To study the changes in the mechanical properties of Pinus kesiya var. langbianensis wood before and after decay, according to the specifications for sampling radial tensile, radial compressive elastic modulus, and radial shear test specimens in national standard (GB/T 1927.2-2021) [34], 60 wood grain compressive elastic modulus test specimens, 60 cross-grain radial compressive elastic modulus test specimens, 60 cross-grain chord compressive elastic modulus test specimens, 60 longitudinal shear elastic modulus specimens, 60 radial shear elastic modulus specimens, and 60 tangential shear elastic modulus specimens were taken from the logs of Pinus kesiya var. langbianensis. The compression elastic modulus and Poisson’s ratio tests for wood were performed using the full cross-section compression test method. The test methods for longitudinal compressive elastic modulus, as well as compressive elastic modulus and Poisson’s ratio in the cross-grain direction, mainly referred to the provisions in the national standard (GB/T 1927.12-2021) [35]. Poisson’s ratio was tested by bonding strain gauges to the surface of the specimen, with strain gauges bonded in the vertical direction to measure compressive strain, and strain gauges bonded in the horizontal direction to measure expansion strain, as shown in Figure 3a.



The processing and testing methods of the test specimens for the shear modulus of the elasticity refer to the U.S. specification ASTM D5379/D5379-M12 [36], as well as the improvement in Iosipescu’s shear test method by scholars. The shear modulus of the elasticity test specimen is V-shaped, with dimensions of 20 mm × 20 mm × 40 mm. This improvement method allows the shear specimens to receive shear force in all the main stress directions, which can better test the shear performance of wood [18,37,38]. The strain gauges are pasted at the central shear area in the horizontal direction, vertical direction, and 45° direction from the horizontal direction. The loading method is consistent with the loading method of the transverse compressive modulus of elasticity, as shown in Figure 3b.



Once the samples underwent the specified decay cycles, they were removed from the high-humidity environment and transferred into a constant temperature and humidity chamber. Upon reaching equilibrium, with the moisture content stabilized at approximately 12%, the mechanical properties of the samples were tested using an electronic universal mechanical testing machine controlled by a microcomputer (Electronic universal testing machine, manufacturer: Shenzhen Sansi Testing Equipment Co., Ltd. (Shenzhen, China), model: CMT-5504), as shown in Figure 3.




2.3. Decayed Method


According to the national standard (GB/T 13942.1-2009) “Durability of Wood Part 1: Laboratory Test Methods for Natural Corrosion Resistance” [39], the selection of fungal species in wood rot fungi is required. The experimental strain of brown rot fungus was selected as CFCC86617, sourced from the China Forestry Microbial Collection Center, which is a common decaying fungus in the ancient wooden structures in northwest Yunnan [40]. In the experiment, Pinus kesiya var. langbianensis was used as a substrate for brown rot fungi. The SMTJ specimens were too large to place in glassware as containers for decay testing, as prescribed in the specifications. Consequently, polyethylene plastic bags and closed wooden boxes were employed as cultivation spaces for fungal decay, as outlined in a previous study [41]. To ensure optimal fungal activity, each polyethylene plastic bag was equipped with an outlet vent for adequate oxygen supply. The bags were also regularly humidified using spray bottles, as depicted in Figure 4.



After the decay treatment was completed, the mechanical properties of small-sized specimens were tested. The test results are presented in Table 1, where the subscripts L, R, and T denote the longitudinal, transverse, and tangential directions of the wood, respectively. fc represents longitudinal compressive strength, fr represents transverse compressive strength, E represents the compressive modulus of elasticity, G represents the shear modulus of elasticity, and μ represents Poisson’s ratio. The coefficient of variation (COV) indicates the level of dispersion in the test data. As the decay period increases, the randomness in the location and extent of decay intensifies, leading to greater dispersion of the test results.




2.4. Loading Device and Method


To mitigate the P-Δ effect on the SMTJs during testing, a column was installed in the test device horizontally. An actuator was used to apply horizontal cyclic loads to the cantilevered end of the beam, with a spherical hinge support connecting the loading point of the actuator to the beam, as illustrated in Figure 5. The loading point was positioned 500 mm away from the upper edge of the column. A wire displacement meter with a measuring range of 250 mm was set at the loading point (WC-1). To prevent lateral displacement or instability of the joint specimen during loading, the base of the column was fixed on a cast iron base, and a hydraulic jack was used to apply an axial load of approximately 20 kN to the column head side. Steel rings and lower steel plates were utilized to secure the middle part of the column. The actuator was designated as a positive load when applied toward the right end and as a negative load when applied toward the left end. The load and horizontal displacement at the loading point were determined using sensors connected to the actuator. A displacement gauge (WC-2) with a range of 200 mm was positioned 100 mm below the upper end of the column to verify the accuracy of (WC-1) data.



The cyclic load test was conducted according to the pseudo static loading scheme for the “Column end test”, recorded in Part 4 of JGJ/T 101-2015 “Code for Seismic Testing of Buildings” [42]. A displacement-controlled graded loading approach was employed. To ensure controlled loading before the yield section, the loading process was divided into several stages. The first three stages involved one cycle of loading with a 5 mm amplitude. Following the completion of the third stage, the displacement for each subsequent stage was increased by 10 mm; each stage included three cycles of loading. The loading process was terminated when the loading displacement exceeded 105 mm or the joint was severely damaged. A schematic diagram of the loading system is given in Figure 6.





3. Experimental Results and Discussion


3.1. Failure Mode


During the initial loading stage, the tenons and mortises of all the specimens became tightly clamped together. At the beginning of the second loading stage (10 mm displacement), a subtle sound indicating wood compression was audible, though there were no visual signs of tenon damage observed. As the loading displacement increased, the compression between the tenons and mortises intensified, amplifying the sound. Tenon deformation became increasingly evident throughout the unloading process.



In the control group SJ-1, when the negative loading displacement reached 85 mm, the outer surface of the tensile part of the tenon suddenly fractured (Figure 7a). When the displacement reached 105 mm, a loud cracking sound was audible from the tenon, which exhibited significant deformation and pulling out by approximately 20 mm. Concurrently, the maximum loading displacement of the actuator was reached, and the loading was terminated.



During the loading sequence for specimen SJ-2, once the displacement exceeded 60 mm, a shear fracture of the wood caused smaller wooden shards to emerge from the outer surface of the compressed part of the tenon. Upon reaching a load of 95 mm, cracks appeared, as shown in Figure 7b. When the loading displacement was 105 mm, significant sliding was observed at the joint, and the tenon at the mortise was pulled out by 25 mm.



Similar to specimen SJ-2, specimen SJ-3 exhibited a slight shear fracture on both the upper and lower surfaces of the tenon when the loading displacement exceeded 60 mm (Figure 7c). Notably, when the loading displacement reached 75 mm, there was a loud fracturing sound, and cracks were observable in the tenon. At the end of the loading stage, the deformation and sliding of the tenon increased, and the tenon was pulled out by 30 mm.



Specimen SJ-4 exhibited early deformation during the initial loading stage. When the loading displacement reached 40 mm, a clear sound of wood fracture from the joint was audible. As the loading continued to a displacement of 55 mm, there was a sudden and louder fracturing sound from the tenon, accompanied by readily visible cracks in the tensile part of the tenon (Figure 7d). At the end of the loading process, the tenon pulled out by approximately 30 mm.



During the loading stage for specimen SJ-5, when the displacement reached 25 mm, the tenon deformed significantly, leading to sudden and extensive sliding, resulting in a significant reduction in the applied load. When further loaded to a displacement of 55 mm, significant cracks occurred at the tension end of the tenon, accompanied by a shear fracture of the sawdust on the outer side of the tenon (Figure 7e). At the end of the loading process, the specimen exhibited excessive deformation, with the tenon experiencing significant sliding and the tenon pulling out by as much as 30 mm.



The amount of tenon removal at the maximum loading displacement increased as the decay period increased. The loading displacement decreased as the node underwent significant deformation and when there was significant fracturing of the tenon. This is because as the decay cycle progressed, the mechanical strength of the wood decreased, leading to an early occurrence of the yield deformation process in the SMTJs.



The specimens were extracted for further examination after loading to assess the failure morphologies on both the tenon side and front. Corresponding visuals are provided in Figure 7f and Figure 8. The findings revealed a gradual increase in the transverse compression deformation of the tenon as the decay time progressed, while the plastic deformation increased significantly. These observations remained consistent even under the same loading displacement.



To visually observe the color changes inside the mortise tenons with different degrees of decay, after testing the tenons, the parts near the main force-bearing areas of the tenons were cut from the outside to the inside, with the cut surface parallel to the grain direction of the wood. The cut line was along the midline in the thickness direction of the mortise tenon, as shown in Figure 9. Notably, areas affected by decay exhibited a darker coloration, with decay intensity positively correlating with decay cycle duration. Furthermore, the decay appears to spread more uniformly throughout the internal structure, with the size of the decayed area displaying a direct relationship with the length of the decay cycle. The coloration within the decayed areas varied; generally, the outer end face had a darker shade, and color distribution within the decayed region became less uniform with prolonged decay cycle duration.




3.2. Hysteresis Curve and Skeleton Curve


The bending moment (M) and its corresponding rotation of the joint (θ) are determined as follows:


M = PH,



(1)






θ = Δ/H,



(2)




where P represents the load applied by the actuator, H denotes the distance between the upper surface of the column and the loading point, and Δ signifies the horizontal displacement of the loading point. Hysteresis curves and skeleton curves of the decayed SMTJs are provided in Figure 10.



All the hysteresis curves of the joints are reverse S-shaped with a noticeable pinch phenomenon. This indicates that SMTJs experienced slipping under low-cycle repeated loads. Furthermore, as the loading displacement and decay period increased, the slip phenomenon became more pronounced. Initially, the positive and negative bending moment values of the hysteresis curves are symmetrical corresponding to the early stage of experimental loading. This symmetry deteriorates relative to the later stages of loading, with the negative bending moment surpassing the positive loading bending moment. This can be attributed to the increased deformation of the SMTJs during the loading process, leading to slip phenomena. There was slightly more slippage during forward loading compared to negative loading, resulting in a decrease in the bending moment value during forward loading.



The hysteresis curve envelope initially presents a full shape for specimens SJ-1, SJ-2, SJ-3, SJ-4, and SJ-5, which grows less pronounced corresponding to the later stages of loading. This decrease indicates that the energy-dissipation performance of the joint deteriorated as the decay period and loading angle increased. Apart from a sudden significant slip of SJ-5 at a turning angle of around 0.05 rad, which led to a certain degree of decrease in the bending moment value, joints with longer decay cycles were more prone to deformation during loading. This caused an increase in clearance between the mortise and tenon in the later stages of loading, reducing frictional energy consumption in the joint.



Figure 10f illustrates the forward loading section of the SMTJs, where there are two distinct stages: the elastic stress stage and the plastic development stage. The elastic stress stage encompasses the initial loading stage and progresses until the slope of the skeleton curve in the forward loading section significantly declines. During this stage, the mortise and tenon gradually compressed, while the bending moment rapidly increased with the rotation angle. As loading continued, the joint began to exhibit plastic failure, resulting in a gradual increase in bending moment values and a decrease in the slope of the skeleton curve. The skeleton curves of the five cycles show where SJ-1 and SJ-2 remained in the elastic stage until reaching a loading angle of approximately 0.05 rad, while SJ-3 reached this stage at 0.035 rad, SJ-4 at 0.03 rad, and SJ-5 at 0.02 rad. This indicates that as the decay cycle increased, the degree of joint decay intensified, the elastic stress stage diminished, the plastic development stage extended, and the plastic performance of the nodes became more prominent.



Based on the technical code for the maintenance and strengthening of ancient timber buildings [43], the inter-story displacement angle of wood-structure buildings is limited to 1/30. In the case of Tusi Manor, the deformation of the internal wooden frame has primarily resulted from SMTJ deformation. Thus, it can be inferred that a rotational performance limit of 1/30 applies to SMTJs. As indicated in Figure 10f, when the turning angle of all nodes exceeds 0.20 rad (approximately 1/7), the bending moment value of the joint continues to increase. This suggests that SMTJs are highly durable, with favorable rotational performance even in the presence of decay. Furthermore, these results imply that the service life of Tusi Manor will be able to continue for some time.




3.3. Strength and Stiffness Degradation


Each low-cycle repeated loading process comprised three cycles of loading. Starting from the third loading stage, the peak load and hysteresis loop area of the first cycle exceeded those of the second and third cycles. This suggests that the SMTJs experienced plastic deformation during the first cycle, resulting in gaps between mortises and tenons during subsequent cycles. Consequently, there was a decrease in both the peak load and the hysteresis loop area. Phenomena wherein a horizontal load acting on a joint gradually decreases with increasing loading cycles are commonly referred to as “strength degradation”. The formula for calculating the strength degradation factor is as follows:


λi = Pi,3/Pi,1



(3)




where the strength degradation factor for the i-th loading stage is denoted as λi. Pi,1 represents the peak load of the first cycle in the i-th loading stage, and Pi,3 represents the peak load of the third cycle in the same loading stage. By utilizing Equation (3) and referring to Figure 11, it is possible to calculate the variation pattern of the strength degradation factor for each node.



Phenomena whereby stiffness gradually decreases as the number of loading cycles and displacement increases are known as “stiffness degradation”. In the presence of horizontal repeated loads, stiffness can be represented by the secant stiffness obtained from hysteresis curves at different loading displacements. This secant stiffness can be calculated as follows:


    K   i   =       M   i           θ   i        



(4)




where Ki is the secant stiffness under the i-th level loading displacement, Mi is the peak bending moment under the i-th level loading displacement, and θi is the joint rotation angle corresponding to Mi. The rotational stiffness of each joint calculated through Equation (4) is depicted in Figure 12.



As shown in Figure 11, there was a gradual increase in the strength degradation factor of all joints as loading displacement increased; this trend intensified as the decay duration increased. Initially, during the early loading stages, the strength degradation among joints was relatively uniform. However, at a loading angle of approximately 0.20 rad, the strength degradation factors of specimens SJ-1 and SJ-2 both stabilized around 0.9, while specimens SJ-4 and SJ-5 had already dropped below 0.88. This disparity can be attributed to the larger decay period causing significant internal damage within the tenon. Consequently, the joint experienced substantial deformation during the third loading stage, leading to a reduction in the bending moment value.



As depicted in Figure 12, the stiffness reduction in all joints exhibits a consistent trend; SMTJs stiffness gradually decreased as the loading displacement increased. Initially, the stiffness declined rapidly until the loading angle exceeded 0.05 rad, after which point the decrease became slower and eventually stabilized. With an increase in decay depth, the initial stiffness of the joint significantly decreased. Furthermore, the disparity between the initial stiffness of the joint and the stiffness at the end of the loading process also increased as the decay depth increased.



Among the specimens, SJ-1 demonstrates the largest discrepancy in initial stiffness when compared to the other four groups. This indicated that the occurrence of surface decay exerted the most substantial impact on the initial stiffness of the joint. However, the deepening of decay after this initial decay had a relatively minor influence on stiffness. After the loading angle surpassed 0.10 rad, the stiffness of SJ-2 approached or even exceeded that of SJ-1. This can be attributed to the relatively low decay depth of SJ-2. When the loading angle was larger, the external decay area of SJ-2 was compressed and compacted, while the internal non-decayed area still possessed favorable mechanical properties. As a result, it generated a larger bending moment during loading.




3.4. Degradation of Bearing Capacity and Energy Consumption Capacity


The hysteresis curve represents the energy-dissipation (Ed) capacity of the joint. The area enclosed by the hysteresis curve indicates the amount of energy consumed during loading and unloading cycles. In this experiment, the area of the hysteresis curve decreased as the degree of decay in the specimens intensified. By comparing the area surrounded by the hysteresis curves of different specimens, as shown in Figure 13, it becomes clear that compared to specimen SJ-1 (with no decay), the area of specimen SJ-2 decreased by 8.38%, SJ-3 decreased by 9.51%, SJ-4 decreased by 21.33%, and SJ-5 decreased by 33.31%.



Both forward and negative loading bending moments were considered in evaluating the load-bearing performance of the SMTJs. From the five decay cycles of the skeleton curve, it can be inferred that the negative loading moment is greater than the positive loading moment. Therefore, the absolute value of negative bending moments can be used to represent the maximum load-bearing performance of the joint.



Figure 14 shows how the ultimate bearing capacities of the specimens decreased as the decay cycles increased. For example, the 6-week-decayed SMTJs exhibited a decrease in the ultimate bearing capacity of approximately 5.17%, while after 12 weeks, this decrease was 11.83%, and it was 17.34% after 18 weeks and 23.54% after 24 weeks. In summary, the energy-dissipation capacity decreased and the load-bearing performance of the SMTJs was significantly affected as the extent of decay deepened. The decrease in the ultimate bearing capacity also became more pronounced with longer decay cycles.



The primary behavior of SMTJs under horizontal compression entails transverse compression in the tenon with longitudinal compression in the mortise [44]. Wood has a much higher compressive strength along the grain compared to across the grain. According to the data given in Table 1, this relationship remains consistent even with increasing decay. Decay exerts a minimal influence on the compressive performance along the grain. As a result, there exists a correlation between the decline in compressive properties across the transverse grain and the deterioration of mechanical properties in SMTJs. This correlation enabled us to assess the impact of degraded wood characteristics on the mechanical behavior of the joint specimens.



Given the degradation characteristics of mechanical properties in SMTJs, we utilized the sigmoid function, which is commonly employed in machine learning [45], to model the relationship between material property degradation and transverse compressive performance degradation. Employing Origin 2021 data analysis software, the least squares method was applied for numerical fitting to determine the functional relationship between transverse compressive strength and SMTJs mechanical properties, as depicted in Figure 15.



The fitting formula for the relationship between the attenuation of mechanical performance in SMTJs and the attenuation of transverse compressive performance is as follows:


y = 1.872/(1 + exp(−0.97 x (x − 3.96))), R2 = 0.9972



(5)







The expression for the degradation coefficient of the ultimate load-bearing performance is as follows:


y = 1.122/(1 + exp(−5.59 x (x − 0.646))), R2 = 0.9745



(6)







The expression of the energy consumption performance degradation coefficient.



Both formulas have determination coefficients greater than 0.95, indicating a strong fitting effect. In practical engineering applications, the degradation of wood transverse compressive strength is relatively straightforward to measure. By analyzing the decrease in wood transverse compressive strength, it is possible to predict the degradation relationship between the ultimate bearing capacity and cumulative energy consumption performance of SMTJs.





4. Finite Element Analysis


4.1. Model Establishment


In these simulations, wood beams and columns were modeled using the three-dimensional solid element C3D8R. The wood was simplified as an orthotropic material, allowing for consideration of its perpendicular properties in the radial, rotational, and transverse directions.



Determining the specific depth and area of decay is challenging due to the nature of fungal activity and its nonlinear development. As shown in Figure 9, the decay cycle gradually increased when the tenon decayed. To address this, the external decay layer was set to various depth gradients ranging from 0 mm to 30 mm (complete decay), with 5 mm intervals in the simulation. The material parameters corresponding to each depth gradient were analyzed, and the decay depth design group closest to the experimental value was selected for comparison. To ensure calculation accuracy and minimize computation time, in the primary contact areas between the tenon and mortise, a 5 mm side length hexahedron was used to divide the external decay layer beam and internal grid, while the remaining parts were divided into 20 mm side length hexahedrons, as depicted in Figure 16.



The compression behavior along the grain of the wooden beam is described here using an ideal elastic–plastic model. The transverse compression is characterized as a double broken line constitutive model. It is important to note that the joint’s tensile elastic modulus is equivalent to the compressive elastic modulus. The resulting constitutive model is shown in Figure 17.



The constitutive relationship for the elastic stage was defined using engineering constants. After the elastic stage, the Hill’s potential function (ABAQUS/CAE2021) was applied to define the initial yield ratio in the orthotropic directions of wood. Under this yield criterion, there are six anisotropic yield stress ratios (R11, R22, R33, R12, R13, and R23) necessary for defining yield stress ratios in different directions. These stress ratios can be obtained through Equation (7):


    R   11   =       σ  ¯    11       σ   0     ,   R   22   =       σ  ¯    22       σ   0     ,   R   33   =       σ  ¯    33       σ   0     ,   R   12   =       σ  ¯    12       τ   0     ,   R   13   =       σ  ¯    13       τ   0     ,   R   23   =       σ  ¯    23       τ   0      



(7)




where     σ   0     is the self-defined reference yield stress, σij (i = 1,2,3; j = 1,2,3) is the initial yield strength in all directions, τ = σ0/   3   , and σ0 = σ11.



The mechanical parameters for the non-decayed internal layer were set based on the values provided in Table 1 under the non-decayed column. For the outer decayed layer, corresponding values were set according to the respective decay cycles. In all SMTJ simulations, the mortise and tenon were considered under “general contact”, implying direct contact without any gap. A normal interaction was defined as hard contact, indicating a rigid connection. For a tangential interaction, a penalty function approach was used. Additionally, the sliding friction coefficient between the mortise and tenon was specified as 0.3. Binding constraints were employed to connect the external decayed layer with the internal non-decayed layer. The fixing and loading methods for the SMTJs were all kept in accordance with the experimental settings.




4.2. Comparison between Finite Element Simulation Results and Experimental Results


4.2.1. Numerical Analysis


As depicted in Figure 18, an increase in loading displacement led to plastic compression failure at the tenon, accompanied by a gradual widening of the gap between the tenon and the upper and lower surfaces. Towards the end of the loading process, a minor protrusion appeared near the compressed region of the tenon, while a noticeable depression was observed within the compressed area. These findings support the experimental deformation results, thereby validating the accuracy of the proposed model.



In the finite element simulations, a decay depth gradient was applied with 5 mm intervals for each decay cycle. The decay depth group that most closely matched the experimental values was selected for subsequent analysis. Specimens SJ-2 and SJ-3 exhibit the closest decay depth at 5 mm, whereas specimens SJ-4 and SJ-5 had the closest decay depth of 10 mm. The SMTJs exhibited a decay depth range of 0–5 mm within 12 weeks, which extended to 5–10 mm between 12 and 24 weeks. Notably, a significant portion of the node remained unaffected by decay, contributing to its retained load-bearing capacity. A comparison between the finite element simulation results and the experimental findings is illustrated in Figure 19.



Upon comparing the finite element skeleton curves of the SMTJs, we found that the bending moment values simulated by the finite element method slightly exceeded the corresponding experimental values when rotation angles were kept constant. This discrepancy can be attributed to the presence of initial defects (e.g., knots) in the experimental wood, whereas finite element analysis assumed an ideal homogeneous wood without such imperfections. Furthermore, as the decay period extended, the disparity between the finite element simulated skeleton curve and the experimental skeleton curve gradually increased. This escalation can be attributed to an amplification of material property variations at different decay depths within the tenon having diminished the uniformity of the decay.



From the loading process until the plastic enhancement stage, significant differences were noted between the finite element simulation and experimental values. During experimentation, the joint experienced greater sliding in the forward loading stage compared to the reverse loading, with the sliding magnitude increasing as the loading angle increased. Consequently, there was a pronounced reduction in the node’s bending moment. Table 2 presents an error analysis of values obtained from both finite element simulations and experiments. Notably, the initial stiffness error range is the smallest. This can be attributed to the wood exhibiting elastic behavior during the initial loading phase; the constitutive model employed in the finite element analysis fits well with this elastic stage.




4.2.2. Stress Analysis


Figure 20 shows a stress cloud map of the tenon after rotating it to 0.20 rad, with the non-decayed specimen SJ-1 and the specimen with a 10 mm decay depth (SJ-5) as examples. The compressive stress on the upper and lower end faces of the tenon joint resulted in a maximum compressive stress of 51.29 MPa for specimen SJ-1. For specimen SJ-5, the value was 41.12 MPa. This value does not exceed the compressive strength (0 weeks: 65.1 MPa; 24 weeks: 51.2 MPa) of the wood along the grain, suggesting that the nodes were not damaged along the grain direction. The stress cloud map in the S33 direction reveals maximum compressive stresses of 9.75 MPa and 9.10 MPa for specimens SJ-1 and SJ-5, respectively. These values are close to the compressive strength of the wood’s transverse grain (0 weeks: 6.07 MPa; 24 weeks: 5.09 MPa), implying that transverse compression deformation would occur at the tenon. However, simulating fracture phenomena in specimens SJ-1 and SJ-5 was difficult in ABAQUS/CAE2021 due to the lack of a constitutive model that accurately represents wood fracture. The maximum tensile stress occurred near the compression area of the tenon and mortise, as the deformation of units in the compression area generated tension in the nearby units, causing an uplift near the compression area of the tenon.






5. Conclusions


Low-cycle repeated loading tests and foundation material property tests were conducted in this study on SMTJs with different decay cycles, followed by finite element numerical simulation analysis based on the experimental results. The following conclusions were drawn:




	(1)

	
Under cyclic loading, SMTJs are prone to fracturing when subjected to tension. With increased decay cycles, the failure mode of the tenon remains relatively consistent, though plastic deformation induced by the tenon becomes more pronounced, leading to more severe occurrences of sliding and tenon pulling out. Moreover, the depth of tenon decay is directly proportional to the duration of fungal incubation.




	(2)

	
Compared to specimens without fungal decay treatment, specimens treated with fungal decay for 6–24 weeks exhibit degraded mechanical properties. Their transverse compressive strength decreased by 5.33%, 12.33%, 20.88%, and 28.67% after 6, 12, 18, and 24 weeks, respectively, while their ultimate bearing capacity decreased by 5.17%, 11.83%, 17.34%, and 23.54%. Their cumulative energy consumption performance also degraded by 8.38%, 9.51%, 23.13%, and 33.31%, respectively. Notably, there exists a positive correlation between the degradation of mechanical performance in SMTJs and the degradation of transverse compressive strength. The degradation trend observed in SMTJ’s mechanical properties resulting from fungal decay adheres to the characteristics of the sigmoid function. Consequently, a sigmoid function can be established to describe the degradation of transverse compressive strength relative to the extent of mechanical properties degradation.




	(3)

	
Utilizing the decay depth gradient can enhance accuracy in fitting internal decay in SMTJs. Combining experimental and finite element simulation results revealed that during short decay cycles, decay in the tenon progressively extends from outer to inner regions. Specifically, fungal decay lasting 6–12 weeks results in an approximately 5 mm depth of tenon damage, while cycles extending 18–24 weeks increase this depth to approximately 10 mm. Among the decay-related phenomena observed, severe degradation of the tenon’s outer surface significantly impacts the joint’s initial stiffness, rendering the structure susceptible to deformation following wood decay.




	(4)

	
Even after 24 weeks of fungal decay, a considerable portion within the tenons of the SMTJs remain unaffected. This resistance contributes to the joint’s favorable rotational performance and allows it to retain a portion of its load-bearing capacity and energy consumption efficiency. In practical engineering scenarios, such as when a limited period of decay is observed in structures such as the Tusi Manor in the Yunnan–Tibet Region, it is feasible to maintain a certain level of safety by implementing preventive measures to halt decay progression.
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Figure 1. Decay phenomenon of SMTJ in Tusi Manor. 
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Figure 2. Straight mortise and tenon joints. 
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Figure 3. Wood property test process. (a) Testing process for compressive modulus of elasticity and Poisson’s ratio; (b) shear modulus testing process. 
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Figure 4. Wood rot fungus culture specimen. 
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Figure 5. Loading device and measurement point. 
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Figure 6. Loading system. 
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Figure 7. Failure modes of SMTJs. (a) The failure modes of SJ-1; (b) the failure modes of SJ-2; (c) the failure modes of SJ-3; (d) the failure modes of SJ-4; (e) the failure modes of SJ-5; (f) the failure modes of tenon side. 






Figure 7. Failure modes of SMTJs. (a) The failure modes of SJ-1; (b) the failure modes of SJ-2; (c) the failure modes of SJ-3; (d) the failure modes of SJ-4; (e) the failure modes of SJ-5; (f) the failure modes of tenon side.



[image: Forests 15 00667 g007]







[image: Forests 15 00667 g008] 





Figure 8. Tenon deformation. (a) The deformation of SJ-1; (b) the deformation of SJ-2; (c) the deformation of SJ-3; (d) the deformation of SJ-4; (e) the deformation of SJ-5. 
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Figure 9. Internal color change in tenons. 






Figure 9. Internal color change in tenons.



[image: Forests 15 00667 g009]







[image: Forests 15 00667 g010] 





Figure 10. (a) M-θ hysteresis curves of specimens cultured for 0 weeks. (b) M-θ hysteresis curves of specimens cultured for 6 weeks. (c) M-θ hysteresis curves of specimens cultured for 12 weeks. (d) M-θ hysteresis curves of specimens cultured for 18 weeks. (e) M-θ hysteresis curves of specimens cultured for 24 weeks. (f) M-θ skeleton curves of specimens. 
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Figure 11. Strength degradation. 
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Figure 12. Stiffness degradation. 
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Figure 13. Hysteresis curve envelope area. 






Figure 13. Hysteresis curve envelope area.



[image: Forests 15 00667 g013]







[image: Forests 15 00667 g014] 





Figure 14. Degradation of ultimate bearing performance. 
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Figure 15. Relationship between seismic performance of joint and degradation of mechanical properties. (a) The degradation relationship of ultimate load-bearing performance; (b) the degradation relationship of cumulative energy consumption performance. 
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Figure 16. Finite element model. 
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Figure 17. Wood constitutive model. (a) The longitudinal compressive constitutive law; (b) the transverse compressive constitutive model. 
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Figure 18. Comparison of finite element and experimental deformation. 
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Figure 19. (a) Non-decayed specimen. (b) Outer layer decay depth: 5 mm. (c) Outer layer decay depth: 5 mm. (d) Outer layer decay depth: 10 mm. (e) Outer layer decay depth: 10 mm. (f) Finite element skeleton curve diagram. 
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Figure 20. Stress nephogram of tenon. (a) Stress nephogram of tenon of specimen SJ-1 (S11: grain direction); (b) stress nephogram of tenon of specimen SJ-1 (S33: radial direction); (c) stress nephogram of tenon of specimen SJ-5 (S11: grain direction); (d) stress nephogram of tenon of specimen SJ-5 (S33: radial direction). 
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Table 1. Decayed Pinus kesiya var. langbianensis physical and mechanical properties.
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Time (Week)

	
Mechanical Property (MPa)

	
Poisson’s Ratio




	

	
fc

	
fr

	
EL

	
ER

	
ET

	
GLR

	
GLT

	
GRT

	
μLR

	
μLT

	
μRT






	
0

(COV)

	
65.1

(7.9)

	
6.07

(3.3)

	
9156

(6.4

	
693

(7.8)

	
534

(9.2)

	
312

(7.7)

	
271

(6.9)

	
10.4

(9.2)

	
0.63

(11.8)

	
0.39

(11.2)

	
0.42

(13.2)




	
6

(COV)

	
62.5

(10.4)

	
5.78

(8.7)

	
8744

(7.2)

	
679

9.1)

	
498

(10.5)

	
310

(9.8)

	
268

(14.2)

	
9.8

(10.6)

	
0.64

(15.2)

	
0.41

(16.7)

	
0.42

(17.1)




	
12

(COV)

	
59.8

(11.2)

	
5.52

(11.2)

	
8208

(9.6)

	
656

(8.9)

	
451

(10.9)

	
307

(11.3)

	
258

(16.7)

	
9.1

(14.4)

	
0.64

(15.4)

	
0.41

(15.9)

	
0.43

(21.3)




	
18

(COV)

	
55.1

(10.9)

	
5.21

(11.7)

	
7864

(9.6)

	
640

(11.3)

	
444

(16.3)

	
298

(14.6)

	
237

(15.6)

	
8.2

(16.4)

	
0.65

(22.3)

	
0.42

(17.4)

	
0.44

(19.6)




	
24

(COV)

	
51.2

(18.3)

	
5.09

(12.5)

	
7770

(10.8)

	
615

(13.3)

	
441

(17.9)

	
277

(19.8)

	
221

(15.6)

	
7.4

(18.4)

	
0.65

(23.3)

	
0.43

(18.3)

	
0.44

(20.4)











 





Table 2. Comparison of main parameters.
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Error Analysis

	
Culture Time (Week)




	
Ultimate Moment (kN·m)

	
Initial Stiffness (kN·m·rad−1)




	

	
0

	
6

	
12

	
18

	
24

	
0

	
6

	
12

	
18

	
24






	
TEST

	
−8.71

	
−8.26

	
−7.68

	
−7.20

	
−6.66

	
326.8

	
243.7

	
213.9

	
197.1

	
182.9




	
FEM

	
−9.26

	
−8.89

	
−8.21

	
−7.85

	
−7.26

	
336.9

	
248.8

	
226

	
211.7

	
193.5




	
Error value (%)

	
6.31

	
7.62

	
6.90

	
9.02

	
9.01

	
3.1

	
2.1

	
5.6

	
7.4

	
5.8
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