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Abstract

:

Shrinkage cracks severely affect the safety of wood structures. Therefore, the moisture stress distribution of shrinkage cracks should be analyzed, and the interface crack depth of wood components predicted. In this paper, the equilibrium conditions, physical conditions, geometric conditions, and coordination equations of the disk humidity stress under a moisture content gradient Δw are deduced by referring to the elastic analytical solution model of temperature stress. Moreover, the humidity stress distribution equation is established, which is verified via the finite element method. The critical water content and shrinkage crack depth prediction models are further deduced based on the humidity stress distribution. The usability of the model is further verified using the test data of actual engineered wood components. The results demonstrate that the moisture stress is not determined by the initial moisture content Wi, equilibrium moisture content We, or member size but by moisture content gradient Δw. The shrinkage crack prediction model of wood components in cross-section can be applied to actual engineering prediction to provide a theoretical basis for the reinforcement measures and safety evaluation of wood structures.
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1. Introduction


Timber is a biopolymeric, hygroscopic, and anisotropic composite material. Shrinkage cracks are commonly observed in wood buildings, as shown in Figure 1. The crack depth in cross-section can significantly affect the durability of timber components. Generally, the generation and expansion of shrinkage cracks involve the following three steps, as illustrated in Figure 2: a moisture content gradient Δw caused by environmental change, humidity stress distribution caused by uneven dimensional changes in different directions, and shrinkage cracks.



Generally, the humidity stress distribution is critical for the further analysis of shrinkage cracks. So far, wood shrinkage experiments for testing the humidity stress distribution have garnered much attention. Kang [1] applied the ring slice method to study the relationship between the radial moisture content distribution and chordwise strain of a tree disc under high-frequency vacuum drying and concluded that cracking is mainly related to the radial distribution of moisture content. Svensson [2] measured the radial humidity stress distribution of Norway spruce under different moisture contents and concluded that the humidity stress inside the wooden component is highly correlated with the relative humidity history, and the change in humidity generates larger humidity stress inside the component. Jönsson [3,4,5], similar to Svensson, conducted a sample test and measured the humidity stress inside each sample via a nondestructive testing method and cut strip release method. The results demonstrated that a change in relative humidity leads to a change in the humidity stress on the outer surface of the wood from 0.66 MPa to 0.34 MPa, whereas the change in the internal humidity stress varies from −0.11 MPa to 0.85 MPa. Moreover, the maximum humidity tensile stress exceeds the transverse grain tensile strength of the wood. Gereke [6] studied the humidity stress in a cross-laminated timber (CLT) wood board via the cutting strip release method and finite element simulation and found that the material of the CLT intermediate layer has a significant effect on its internal humidity stress. Fragiacomo [7] studied the influence of different types of environments on the internal humidity stress of the components. The results demonstrated that the change in relative humidity in the natural environment can cause high-humidity stresses inside components, even exceeding the transverse grain tensile strength of wood, resulting in cracking. After studying the surface hardening and residual deformation of beech during drying, Morihiko [8] found the surface and inner layers of wood to be under tensile and compression deformation at the beginning of drying, respectively. Mohager [9] conducted long-term loading tests on glulam beams processed from pine under cyclic changes in external relative humidity (15–90%). Notably, the change in humidity has an influence on the deformation recovery after unloading. Cheng [10] studied the changes in internal moisture content, strain, and stress during wood curing. During the curing period, the wood was placed in the constant temperature and humidity test environment box, with the temperature and humidity setting of 65 °C and 70%, respectively. The results demonstrated that wood curing treatment reduces the difference between moisture content and internal stress in wood. Gao [11] studied the stress distribution through humidity cycling experiments on larch and sylvestris. Arends [12] studied the effect of asymmetric moisture distribution on the change in board stress. Moreover, the author designed experiments to derive the moisture diffusion coefficient and linear hygroscopic expansion coefficient of wood to analyze the stress induced by the exposure of one side of the oak board to moisture. Liu [13] studied the effect of relative humidity on the shrinkage stress in elm wood during drying. The results demonstrated that the shrinkage stress gradually increases during drying and tends to stabilize after peaking.



However, theoretical analyses of the humidity stress distribution in the cross-sections of timber components remain scarce. Wang [14] investigated the relationship between drying stress and cracks from a microscopic perspective and found that wood is prone to stress concentration during drying. When the drying stress exceeds the tensile strength of the wood, the wood will crack. Kawa [15] described the rheological properties of wood through a viscoelastic anisotropic stress–strain relationship and established a stress function with free shrinkage, actual shrinkage, and inelastic strain as parameters. Chen [16] applied the Luikov heat and mass transfer model to perform finite element analysis on the temperature and humidity stress of the horizontal grain caused by cyclic changes in ambient temperature and humidity in glulam straight and curved beams. The calculation revealed that the glulam beams are subject to additional stresses due to changes in ambient temperature and humidity, the maximum stress of temperature stress is 0.016 MPa, and the humidity stress can reach 2.6 MPa. Gereke [17] applied a three-dimensional material model considering elastic deformation, moisture-induced expansion, and mechanical adsorption creep to study the effect of material parameters on the numerical simulation results. They further analyzed the stress caused by changes in water content. Angst [18] numerically simulated the distribution and development of moisture-induced stress in the cross-section of glulam during the moisture absorption process and found that the local stress was significantly greater than the average stress. Gao [11] established a finite element model based on the wood humidity cycle test and deduced a formula for calculating the temperature and humidity stress of the wood, and the results of the two were in good agreement. Arends [19] utilized the diffusion equation and linear elasticity theory to analyze the stress distribution caused by a single-side exposure of an oak board to moisture.



More recently, researchers have started to pay attention to the contribution of wood shrinkage cracking. Zhao [20] dried a 30 mm thick birch tray at a constant temperature of 40 °C and 60 °C and gradually decreasing relative humidity. The author also studied its drying characteristics (drying curve and rate, drying curve and moisture content gradient of heartwood and sapwood, and water content and strain distribution along the radial direction) and drying cracking characteristics (generation period, location, morphology). The research demonstrated that the roundness and cross-sectional area of the tree disc are the main factors affecting the total crack length and the average crack width. Fan [21] conducted a tracking test of the air-drying process in larch and evaluated the changes in wood moisture content and shrinkage cracks with time. Ample statistics on the position, shape, and depth of shrinkage cracks in the components were generated, and a large amount of test data were accumulated. Based on the experimental data of Fan, Wang [22] obtained the variation law of the relative depth of lateral shrinkage cracks with water content. Angellier [23] conducted creep fracture tests on small specimens of double cantilever beams made of Douglas fir and white fir. Initial cracks with an initial length of 50 mm were set at the left end of each 700 mm long specimen, and they were placed in an environment where the temperature was 25 °C, whereas the relative humidity was periodically changed between 40% and 90%. The relationship between the crack length, moisture content of the specimen, and time during the test was established. The results demonstrated that the starting point of crack propagation occurred in the dehumidification stage. The white fir broke almost completely after three drying and wetting cycles, whereas the Douglas fir was not completely destroyed after more than four cycles. Chen [24] studied moisture transfer and the formation and propagation of cross-section shrinkage cracks in six cylindrical Anhui fir trees in a dry environment. Different specimens with cracks at the same position had almost the same crack growth rate, although the crack initiation time was different.



The aforementioned literature reveals that the humidity stress distribution and prediction of shrinkage crack are very complicated. Although the research results collected by some scholars are extensive, the following shortcomings persist. (1) Notably, most of the abovementioned studies treated the influencing factors of humidity stress. However, cross-sectional theoretical analytical models or even related approximate models are almost nonexistent. (2) Generally, the crack depth of wood components is roughly predicted by testing actual engineering components. However, a model for predicting crack depth according to environmental and material factors has yet to be established. (3) Some inaccurate shrinkage crack depth prediction models have not been verified using tests or actual engineering tracking data.



Considering the prediction of shrinkage cracks in cross-section and the above gaps, this article is structured as follows: In Section 2, an accurate humidity stress distribution analytical solution is derived in detail and verified via ABAQUS. Simultaneously, the prediction expressions of critical moisture content gradient and dry shrinkage crack depth are proposed in Section 3. The shrinkage crack depth prediction model is supported by practical wood component detection in Section 4. Finally, conclusions from this study are highlighted in Section 5.




2. Humidity Stress Distribution


An accurate humidity stress distribution expression analysis is a prerequisite for an efficient prediction model of shrinkage crack propagation in cross-section—specifically, an analytical solution.



2.1. Analytical Solution of Stress Distribution


Assuming that the water content drops uniformly by Δw, the cross-section shrinks uniformly from the dotted line to the solid line, as shown in Figure 3. The sector block with the included angle θ, outer side of the section δR(R) = RαRΔw, corresponding deformation value of the hoop during radial contraction (the difference between the dashed line and the solid line in the sector range) δ′T(R) = Rθ − (R − δR)θ = δRθ = RθαRΔw, and tangential contraction value δT(R) = RθαTΔw are considered.



The radial compressive stress in the surrounding material should be 0 (ρ = R). The smaller the ρ value is, the larger the compressive stress value (stress increment dσR > 0) and compressive deformation value. Moreover, radial compression deformation reduces the difference between the total radial deformation (shrinkage deformation and stress deformation) and the tangential shrinkage deformation, thus reducing the tangential tensile stress. When ρ < ρ0, the radial compressive stress increment dσR < 0, and the tangential tensile stress transforms into compressive stress. The compressive stress always acts in the radial direction, and its value gradually increases from 0 on the outside.



At the position ρ = ρ0, the circumferential shrinkage deformation is equal to the sum of the radial shrinkage deformation and the compression deformation. When ρ < ρ0, the sum of the radial shrinkage deformation and the compression deformation is greater than the tangential shrinkage deformation, and the tangential direction must have compression deformation to meet the deformation coordination condition.



Taking the microelement as an example (as shown in Figure 3c), the equilibrium differential equation and the deformation coordination equation should be established and the physical conditions (stress–strain relationship and dry shrinkage–moisture content relationship, both of which are linear relationships) applied. Notably, the radial shrinkage deformation at the ρ position can be expressed as δR(ρ) = ραRΔw (in the case of uniform water content distribution), but the compression deformation needs to be integrated from 0 to R. The tangential direction is uniform due to axial symmetry, regardless of whether the deformation is shrinkage or stretching. When αR = αT, the uniform shrinkage meets the deformation coordination condition, and no tangential tensile stress occurs. Because αT > αR, the tangential shrinkage deformation is greater than the uniform shrinkage deformation, and tensile deformation must be present to meet the deformation coordination condition.



2.1.1. Balance Condition


The radial force balance condition (pull is positive) is established according to the force analysis of the microelement body in Figure 3c, as given in Equation (1).


     d  σ R    d ρ   =    σ T  −  σ R   ρ    ,    σ T  = ρ   d  σ R    d ρ   +  σ R    



(1)








2.1.2. Constitutional Relationship


The force strain in the radial and circumferential directions in orthotropic materials is shown in Equation (2).


               ε R  =    σ R  −  ν  RT    σ T     E R    =    σ R     E R    −    ν  RT      E R      ρ   d  σ R    d ρ   +  σ R    ⇒  ε R  =   ( 1 −  ν  RT   )  σ R     E R    −    ν  RT      E R    ρ   d  σ R    d ρ                ε T  =    σ T  −  ν  TR    σ R     E T    =  ρ   E T      d  σ R    d ρ   +    σ R     E T    −    ν  TR    σ R     E T    ⇒  ε T  =  ρ   E T      d  σ R    d ρ   +    σ R  ( 1 −  ν  TR   )    E T         



(2)







The radial shrinkage deformation δR,sh(ρ) and the radial force deformation are expressed by Equations (3) and (4).


   δ   R , sh    ( ρ ) =  α R     ∫ o ρ   Δ w ( t ) d r    = ρ  α R  Δ w  t   



(3)






             δ   R , F    =    ∫ 0 ρ    ε R  ( r )    d r     ⇒  δ   R , F    =   ( 1 −  ν  RT   )    E R       ∫ 0 ρ    σ R  d r    −    ν  RT      E R       ∫ 0 ρ   r d  σ R         ⇒  δ   R , F    =   ( 1 −  ν  RT   )    E R       ∫ 0 ρ    σ R  d r    −    ν  RT      E R      ρ  σ R  −    ∫ 0 ρ    σ R  d r          ⇒  δ   R , F    =  1   E R       ∫ 0 ρ    σ R  d r    −    ν  RT   ρ  σ R     E R       



(4)







The tangential shrinkage deformation and the tangential force deformation are expressed by Equations (5) and (6).


   δ   T , sh    ( ρ ) = ρ d θ  α T  Δ w  t   



(5)






             δ   T , F    ( ρ ) = ρ d θ  ε T      ⇒  δ   T , F    = ρ d θ [  ρ   E T      d  σ R    d ρ   +    σ R  ( 1 −  ν  TR   )    E T    ]     ⇒  δ  T , F   = d θ [    ρ 2     E T      d  σ R    d ρ   +   ρ  σ R  ( 1 −  ν  TR   )    E T    ]    



(6)








2.1.3. Geometric Condition


The displacement coordination conditions are shown in Equation (7).


   δ T  = d θ  δ R  ;  δ   T , F    ( ρ ) +  δ   T , sh    ( ρ ) = d θ [  δ   R , F    ( ρ ) +  δ   R , sh    ( ρ ) ]  



(7)








2.1.4. Fundamental Equation


The displacement coordination condition is shown in Equation (8).


      ρ 2     E T      d  σ R    d ρ   +   ρ  σ R  ( 1 −  ν  TR   )    E T    + ρ  α T  Δ w  t  =  1   E R       ∫ 0 ρ    σ R  d r    −    ν  RT   ρ  σ R     E R    + ρ  α R  Δ w  t      ρ 2    d  σ R    d ρ   + ( 1 −  ν  TR   ) ρ  σ R  +  α E   ν  RT   ρ  σ R  −  α E     ∫ 0 ρ    σ R  d r    + ρ (  α T  −  α R  )  E T  Δ w  t  = 0   



(8)







ρ obtained from the above formula is expressed in Equation (9).


     ρ 2     d 2   σ R    d  ρ 2    + 2 ρ   d  σ R    d ρ   + ( 1 −  ν  TR   )  σ R  + ( 1 −  ν  TR   ) ρ   d  σ R    d ρ   +  α E   ν  RT    σ R      +  α E   ν  RT   ρ   d  σ R    d ρ   −  α E   σ R  + K = 0         



(9)







The above formula is then simplified as Equation (10).


   ρ 2     d 2   σ R    d  ρ 2    + 3 ρ   d  σ R    d ρ   +  σ R  ( 1 −  α E  ) + K = 0  



(10)







Among them, αE = ET/ER, K = ET(αT − αR)Δw(t).




2.1.5. Boundary Conditions


Boundary condition 1 is given in Equation (11).


     ∫ 0 R    σ T  d ρ    = 0 ,         ρ = R ,  σ R  = 0  



(11)







Boundary condition 2 is given in Equation (12).




σR(R) = 0



(12)






2.1.6. Solution


Let ρ = et, then t = lnρ:


     d  σ R    d ρ   =  1 ρ    d  σ R    d t     ,      d 2   σ R    d  ρ 2    =  1   ρ 2       d 2   σ R    d  t 2    −  1   ρ 2      d  σ R    d t     



(13)







The differential equation is transformed into Equation (14).


     d 2   σ R    d  t 2    + 2   d  σ R    d t   +  σ R  ( 1 −  α E  ) = − K  



(14)







The characteristic equation and solution are expressed in Equation (15).


       r 2  + 2 r + ( 1 −  α E  ) = 0      r 1  = − 1 +    α E         r 2  = − 1 −    α E         



(15)







The general solution of the homogeneous equation is given in Equation (16).


   σ R  =  C 1   e   r 1  t   +  C 2   e   r 2  t   =  C 1   ρ   r 1    +  C 2   ρ   r 2     



(16)







The special solutions are presented in Equation (17).


       σ R  =  C 3       C 3  ( 1 −  α E  ) = − K     ⇒  C 3  = −  K  ( 1 −  α E  )    



(17)







The general solution is expressed in Equations (18)–(20).


       σ R  =  C 1   ρ  − ( 1 −    α E    )   +  C 2   ρ  − ( 1 +    α E    )   −  K  ( 1 −  α E  )        σ T  = ρ   d  σ R    d ρ   +  σ R  ⇒  σ T  =  C 1     α E     ρ  − ( 1 −    α E    )   −  C 2     α E     ρ  − ( 1 +    α E    )   −  K  ( 1 −  α E  )        



(18)






     ∫ 0 R    σ T  d ρ    = 0 ⇒  C 2  = 0  



(19)






   σ R   R  = 0 ⇒  C 1   R  − ( 1 −    α E    )   −  K  ( 1 −  α E  )   = 0 ⇒  C 1  =   K  R  ( 1 −    α E    )     ( 1 −  α E  )    



(20)







The stress distribution in the disc under uniform moisture content is shown in Figure 3, and the stress distribution conforms to Equation (21).


       σ R  = −  K  1 −  α E      1 −   ( ρ / R )   (    α E    − 1 )          σ T  = −  K  1 −  α E      1 −    α E      ( ρ / R )   (    α E    − 1 )          



(21)







The position where the tangential stress is equal to zero ρ0 is calculated as Equation (22).


   ρ 0  / R = exp     0  . 5  ln  α E    ( 1 −    α E    )      



(22)









2.2. Numerical Simulation of Stress Distribution


ABAQUS 6.14, a finite element analysis software package, has a mature heat transfer function module. Because the heat transfer and humidity transfer of wood components are similar, the ABAQUS heat transfer module is used to analyze the humidity field of wood components. The key parameters and governing equations are presented in Table 1 and Table 2.



To verify the correctness of the above analytical solution of the humidity stress, this section compares and analyzes the above models using ABAQUS. The finite element calculation is converted using the existing temperature field of the finite element analysis software, and the mesh size is approximately 2.5 mm. The finite element modeling method and material parameters comprise the authors’ results. The main parameters and material parameters of the model are listed in Table 3 and Table 4, respectively.



The typical finite element results from the above modeling method and material parameters are listed in Figure 4 and Figure 5.



The humidity stress distribution from the finite element analysis is shown in Figure 5, where the finite element analysis and theoretical calculation are designated FEA and TC, respectively. The proposed theoretical calculations of humidity stress distribution were highly consistent with the finite element analysis. Notably, the humidity stress expressions proposed in this research are reasonable and accurate.



Both radial stress and tangential stress curves were smooth. The radial stress is always compressive, whereas the tangential stress changes from compressive stress to tensile stress at the center of the circle. Therefore, tangential stress always has a critical point of tensile and compressive stress.



Furthermore, moisture stress is independent of initial moisture content Wi, equilibrium moisture content We, and member size but is related to the moisture content gradient Δw. Notably, if the cylinder cross-sectional transfer coefficient is 0, the stress distribution of the cylinder cross-section is the same as that of the disk under the same Δw. The three-dimensional cylindrical humidity stress distribution can be replaced by the two-dimensional disk for further calculations.





3. Prediction of Dry Shrinkage Crack Depth


3.1. Basic Assumption


Basic assumption: the shrinkage deformation of the cracked part is assumed to be unconstrained, and the residual stress is ignored: it can be considered stress-free. The cracked part has no constraint in the deformation of the uncracked part, and the stress of the uncracked part is equivalent to the stress of a disk with a radius of ρc (=R − dc). When the difference in water content change does not exceed Δwcr again, the crack is closed, and the stress of the uncracked part returns to the initial state (stress-free state). In contrast, when the difference in water content change exceeds Δwcr again, it continues to expand, and the cumulative extended depth is equivalent to a one-time change in water cut.



To verify the validity of the above assumptions, the finite element simulation method is utilized. The verification involves (1) establishing a finite element model of presplit wood members; (2) setting a load condition for a specific moisture content change difference (greater than Δwcr); (3) extracting the stress distribution of wood members at any cracking position as cracking proceeds, especially the tangential stress at the critical position of the crack and the cracked position (cracking of the wood members will expand during calculation for the finite element model); and (4) comparing the critical position of the crack, the cracked position, and the tangential direction of the theoretical calculation model before cracking. Notably, if the tangential stress at the cracked position is much smaller than that at the critical position of the crack and the value obtained from the calculation results of the theoretical calculation model before cracking, and the critical position of the crack is close to that from the calculation results of the theoretical calculation model before cracking, the assumptions can be verified. The finite element model results were those obtained by the authors. The models are displayed in Table 5 and Figure 6.



The finite element calculation results of the above model are listed in Figure 7 and Table 6. Noticeably, the tangential stress at the cracked position is much smaller than that at the critical position of the crack and the values from the calculation results of the theoretical calculation model before cracking.




3.2. Critical Moisture Content Gradient Δwcr


When σT (ρ = R) = ft,T, the periphery of the wood member is cracked, and the critical moisture content gradient Δwcr can be obtained via Equations (23) and (24).


   σ T  ( ρ = R ) = −  K  1 +    α E      = −    E T  (  α T  −  α R  ) Δ  w  cr     1 +    α E       



(23)






  Δ  w  cr   = −   ( 1 +    α E    )  f   t , T       E T  (  α T  −  α R  )    



(24)







According to Equation (22), the position at which the tangential stress is equal to zero ρ0 is unaffected by Δw. At the position ρ0, the radial shrinkage deformation and the compression deformation are just equal to the circumferential shrinkage deformation. At r > ρ0, tensile strain in the tangential direction is required to satisfy the coordinated displacement relationship. At the position r < ρ0, the radial shrinkage deformation and the compression deformation exceed the circumferential shrinkage deformation, and circumferential compressive strain is required to meet the displacement coordination condition.




3.3. Dry Shrinkage Crack Depth


The stress distribution before and after cracking of the wood member based on the basic assumptions mentioned above is shown in Figure 8.



The hoop tensile stress at ρc is equal to fT, as shown in Equations (25)–(27).


  −    E T  (  α T  −  α R  ) Δ w   1 −  α E      1 −    α E      (  ρ c  / R )   (    α E    − 1 )     =  f T  = −    E T  (  α T  −  α R  ) Δ  w  cr     1 +    α E       



(25)






    Δ w   1 −    α E        1 −    α E      (  ρ c  / R )   (    α E    − 1 )     = Δ  w  cr    



(26)






  1 −    α E      (  ρ c  / R )   (    α E    − 1 )   =   Δ  w  cr   ( 1 −    α E    )   Δ w    



(27)







ρc/R and dc/R are, respectively, expressed by Equations (28) and (29).


   ρ c  / R = exp     ln    α E    − ln   1 − ( 1 −    α E    ) Δ  w  cr   / Δ w     1 −    α E         



(28)






   d c  / R = 1 − exp     ln    α E    − ln   1 − ( 1 −    α E    ) Δ  w  cr   / Δ w     1 −    α E         



(29)







The estimated calculated crack depth is shown in Figure 9.





4. Validation


4.1. Detection


The detected wood components were taken from old demolished residential houses located in Tianjin (117.2° E, 39.13° N) and Liuzhou (109.42° E, 24.33° N), China. These components were previously used as beams and columns, and their diameters ranged between 15 and 35 cm. These detected samples are from different environments, components, and tree species, mainly to verify the accuracy of crack depth prediction model (Equation (1)) through multiple parameters. The collectors recorded the relevant information of these wood components in detail, including the service life Yd, tree species, use environment, component type, and rain conditions. It should be noted that all detected wood components are untreated wood. The detected wood components are presented in Figure 10.



The detected parameters included the crack depth dc,i, quantity of shrinkage cracks n, circumference of wood components c, and distance from the crack to the pith Ri. The average relative crack depth dc/R is calculated from Equation (30). The basic parameters and detection results for the wood components are listed in Table 7.


     d c   R  =        d c     , 1      R 1    +    d c     , 2      R 2    + … +    d c     , n      R n       n   



(30)








4.2. Comparison


The calculation of the moisture content gradient Δw is based on the meteorological temperature (T), humidity (RH), and precipitation (pp) in the external environment where these components were used. Bulcke [25] and Ladislav [26] provided a calculation method for moisture content that considers precipitation factors. This calculation method takes into account the impact of the rain period and the drying period on the moisture content of wood, with a rough linear relationship. Tianjin and Liuzhou have a temperate monsoon climate and subtropical monsoon climate, respectively. Furthermore, taking the 2017 data as an example, the meteorological data of the two regions are shown in Figure 11.



The wood components from Tianjin were placed in outdoor environment; thus, determining the moisture content necessitates considering rainwater factors. The annual water content gradient of Tianjin from 1951 to 2018 is based on the calculation method provided by Bulcke [25] and Ladislav [26]. The average moisture content gradient is then considered as Δw. In contrast, the wood components from Liuzhou were used in an indoor environment, so the moisture content can be calculated from Equation (31) [27]. Additionally, this paper uses the abovementioned method to calculate the annual moisture content gradient in Liuzhou from 1951 to 2018, and the average moisture content gradient is considered as Δw.


  w = 0.01       − T ln ( 1 − R H )   0.13   ( 1 −  T  647.1   )   − 6.46            T  0.75     110      



(31)




where w represents moisture content; T and RH are the temperature and relative humidity, respectively.



The detection result of average relative crack depth dc/R-E was compared with the calculation result dc/R-T from Equation (29), and the comparison results are presented in Table 7 and Figure 12. The mechanical performance parameters of the wood materials considered were all sourced from the literature, books, and specifications [28,29,30,31,32,33]; in the absence of consistent data, the corresponding data of the approximate tree species were considered.



Figure 12 shows that the calculation results and the detection results are roughly similar, and most errors are within 30%. The errors are attributable to the following reasons: (1) The information is not completely accurate due to the age and variety of the detected wood components. Some detection components come from private demolished buildings, and these components have not been accurately recorded with sufficient information, only vague information. (2) The mechanical properties of wood materials are highly discrete. Some detection components only have one sample and approximate data are used in the calculation by references [28,29,30,31,32,33]. (3) The moisture content of the external environment involves an approximate calculation method, which cannot be completely accurate at present.



In general, the predicted shrinkage crack depth model is feasible. First, the calculation of the humidity stress of wood components was verified via the finite element method. Second, the crack depth was inferred from the humidity stress distribution. Finally, the rationality of the crack depth calculation model was verified using old wooden components.




4.3. Application of Prediction Model


Based on the above research results, the prediction model can be applied to practical wood engineering. Three steps are critical for application prediction model of practical wood engineering, as illustrated in Figure 13. Calculating the moisture content gradient Δw is the first step, and local meteorological data (temperature, humidity, and precipitation) needs to be collected before calculation. The second step is to calculate the critical moisture content gradient Δwcr, which requires obtaining the wood parameters before. The final step is to predict the depth of the crack based on the calculation results of the first two steps.





5. Conclusions


This study highlights several important issues that are relevant to understanding the humidity stress distribution and shrinkage crack depth prediction model of timber components. The analytical solution of humidity stress was verified using finite element analysis. The shrinkage crack depth prediction model was validated using practical engineering detection data. The following are the main conclusions drawn:




	(1)

	
The theoretical calculation of the humidity stress distribution proposed in this paper is in good agreement with the finite element results. Therefore, the expression of humidity stress is accurate and can provide a reliable basis for subsequent calculations.




	(2)

	
The tangential stress of the disc is manifested as compressive stress at the center of the circle while tensile stress at the circumference. There is a continuous change from the center of the circle to the circumference, and a critical tension–compression point r exists. In contrast, the radial stress is always compressive from r = 0 to r = 1.




	(3)

	
The moisture stress is not determined by the initial moisture content Wi, equilibrium moisture content We, or member size but by the difference in moisture content Δw.




	(4)

	
The distribution of humidity stress in the cross-section of a three-dimensional cylinder is consistent with that of a two-dimensional disk under the same conditions. Furthermore, the three-dimensional cylindrical humidity stress distribution can be simplified as a two-dimensional disk for further calculation.




	(5)

	
An approximate shrinkage crack depth prediction model based on reasonable humidity stress expressions was proposed. Although this has scope for engineering application development, several issues that must first be clarified in detail persist, including approximately similar maximum tensile stress and wood tensile strength and the fact that the crack tip stress and residual stress were ignored.




	(6)

	
The abovementioned shrinkage crack prediction model was verified via practical engineering testing. The test data are in good agreement with the theoretical calculation data of the model. The above model can be applied to actual engineering prediction to provide a theoretical basis for the reinforcement measures and the safety evaluation of wood structures.




	(7)

	
The proposed three-step application process provide a basis on the prediction of shrinkage crack in practical wood engineering for further research.
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Nomenclature




	Δw
	Moisture content gradient



	wmax
	Maximum moisture content



	wmin
	Minimum moisture content



	R, T, L
	Radial direction, tangential direction, longitudinal direction of wood



	ft
	Tensile strength in cross-section



	ft,R, ft,T, ft,L
	Radial/tangential/longitudinal tensile strength in cross-section



	fc
	Compressive strength in cross-section



	fc,R, fc,T, fc,L
	Radial/tangential/longitudinal compressive strength in cross-section



	αR, αT, αL
	Radial/tangential/longitudinal shrinkage and swelling coefficient



	R, L
	Radius/length of the disc



	δR,δT
	Radial/tangential deformation difference



	δR,sh, δT,sh
	Radial/tangential deformation difference caused by shrinkage



	δR,F, δT,F
	Radial/tangential deformation difference caused by force



	θ
	Any angle of the disc



	σR, σT
	Radial/tangential humidity stress



	ρ/R
	Relative distance from the center of the circle



	ρ0/R
	Critical relative distance



	ER, ET, EL
	Radial/tangential/longitudinal elastic modulus



	εR, εT
	Radial/tangential strain



	vRT, vRL, vTL
	Poisson’s ratio of different directions



	GRT, GRL, GTL
	Shear modulus of different directions



	dc
	Depth of the crack



	ρc/R
	Relative distance from the center of the circle after cracking



	Δwcr
	Critical moisture content gradient



	Yd
	The service life of wood components have been used for



	c
	Circumference of wood components



	n
	Number of cracks in wood components



	dc/R
	Relative crack depth of wood components in cross-section
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Figure 1. Shrinkage cracks of wood buildings. 
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Figure 2. Generation steps of shrinkage cracks. 
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Figure 3. Stress analysis of wood before cracking. 
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Figure 4. Results of finite element analysis. 
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Figure 5. Comparison of finite element analysis and theoretical analysis. 
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Figure 6. Finite element analysis model verified with basic assumptions. 
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Figure 7. Finite element analysis results verified with basic assumptions. 
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Figure 8. Stress distribution before and after cracking of wood components. 
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Figure 9. Relationship between dc/R and Δw/Δwcr. 
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Figure 10. Wood components from practical engineering. 
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Figure 11. Meteorological data of Tianjin and Liuzhou (2017 as an example). 
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Figure 12. Comparison results of dc/R-E and dc/R-T. 
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Figure 13. The application process of the formula to practical wood components [25,26]. 
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Table 1. Parameters analogy of unsteady heat and moisture transfer.






Table 1. Parameters analogy of unsteady heat and moisture transfer.





	
Heat Transfer

	
Humidity Transfer






	
Temperature

	
T(K)

	
Moisture content

	
W (%)




	
Initial temperature

	
Ti

	
Initial moisture content

	
Wi




	
Ambient temperature

	
Te

	
Equilibrium moisture content

	
We




	
Surface temperature of the object

	
Ts

	
Surface moisture content

	
Ws




	
Thermal conductivity

	
α (m2/s)

	
Water diffusion coefficient

	
D (m2/s)




	
Surface heat exchange coefficient

	
h (W/m2/K)

	
Surface humidity divergence coefficient

	
S (m/s)











 





Table 2. Analogy of two-dimensional Fick’s law governing equations for unsteady heat and moisture transfer.
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	Coordinates
	Heat Transfer
	Humidity Transfer





	Cartesian coordinates
	     ∂ T   ∂ t   = α      ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2    +    ∂ 2  T   ∂  z 2        
	     ∂ W   ∂ t   = D      ∂ 2  W   ∂  x 2    +    ∂ 2  W   ∂  y 2    +    ∂ 2  W   ∂  z 2        



	Cylindrical coordinates
	    1 α    ∂ T   ∂ t   =  1 r   ∂  ∂ r     r   ∂ T   ∂ r     +    ∂ 2  T   ∂  z 2      
	    1 D    ∂ W   ∂ t   =  1 r   ∂  ∂ r     r   ∂ W   ∂ r     +    ∂ 2  W   ∂  z 2      



	Spherical coordinates
	    1 α    ∂ T   ∂ θ   =  1   r 2     ∂  ∂ r      r 2    ∂ T   ∂ r     +  1   r 2    sin  2  φ        ∂ 2  T   ∂  φ 2        
	    1 D    ∂ W   ∂ θ   =  1   r 2     ∂  ∂ r      r 2    ∂ W   ∂ r     +  1   r 2    sin  2  φ        ∂ 2  W   ∂  φ 2        










 





Table 3. Parameters of finite element models.
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	Group
	Geometric

Shape
	Radius × Length

R × L (mm)
	Wi

(%)
	We

(%)
	Moisture Content

Distribution Form
	Restrictions





	a
	Disc
	100 × 0
	25
	15
	Uniform Δw = 10%
	Circle center



	b
	Disc
	100 × 0
	15
	5
	Uniform Δw = 10%
	Circle center



	c
	Disc
	100 × 0
	35
	25
	Uniform Δw = 10%
	Circle center



	d
	Disc
	50 × 0
	25
	15
	Uniform Δw = 10%
	Circle center



	e
	Disc
	150 × 0
	25
	15
	Uniform Δw = 10%
	Circle center



	f
	Disc
	100 × 0
	20
	15
	Uniform Δw = 5%
	Circle center



	g
	Disc
	100 × 0
	30
	15
	Uniform Δw = 15%
	Circle center



	h
	Cylinder
	100 × 300
	25
	15
	Uniform Δw = 10%
	Both ends of circle center



	i
	Cylinder
	100 × 1000
	25
	15
	Uniform Δw = 10%
	Both ends of circle center










 





Table 4. Parameters of material.






Table 4. Parameters of material.












	Directions
	Elastic Modulus

(MPa)
	Compressive Strength

(MPa)
	Tensile Strength

(MPa)
	Shrinkage/Swelling

Coefficient (%)





	R
	ER = 1048 (16.1%)
	fc,R = 3.07 (12.23%)
	ft,R = 3.07 (12.23%)
	αR = 0.139



	T
	ET = 594 (22.7%)
	fc,T = 2.67 (13.44%)
	ft,T = 2.67 (13.44%)
	αT = 0.255



	L
	EL = 12,888 (6.9%)
	fc,L = 36.25 (10.43%)
	ft,L = 36.25 (10.43%)
	αL = 0.019



	Directions
	Poisson ratio
	Shear modulus (MPa)
	
	



	RT
	vRT = 0.43
	GRT = 232
	
	



	RL
	vRL = 0.03
	GRT = 967
	
	



	TL
	vTL = 0.02
	GRT = 773
	
	










 





Table 5. Basic parameters of the validation models.
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	Model
	Geometric
	Radius R
	n
	Crack Distribution
	Preset Crack Depth
	Δw





	M1
	Disc
	R = 50 mm
	1
	-
	10% of the radius (5 mm)
	10%



	M2
	Disc
	R = 50 mm
	2
	Equiangular distribution, 180°
	10% of the radius (5 mm)
	10%



	M3
	Disc
	R = 50 mm
	3
	Equiangular distribution, 120°
	10% of the radius (5 mm)
	10%



	M4
	Disc
	R = 50 mm
	4
	Equiangular distribution, 90°
	10% of the radius (5 mm)
	10%










 





Table 6. Comparison of basic assumptions between the finite element model and the theoretical model.
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Model-

dc/R

	
σR,c

(MPa)

	
σR,c0-F

(MPa)

	
σR,c0-T

(MPa)

	
       σ  R  c 0     - F     σ  R  , c 0     - T       

	
Model-

dc/R

	
σR,c

(MPa)

	
σR,c0-F

(MPa)

	
σR,c0-T

(MPa)

	
       σ  R  , c 0     - F     σ  R  , c 0     - T       






	
M2-0.3

	
0.64

	
3.11

	
3.91

	
0.80

	
M4-0.3

	
0.27

	
3.26

	
3.91

	
0.83




	
M2-0.4

	
0.18

	
3.41

	
3.91

	
0.87

	
M4-0.4

	
1.01

	
3.23

	
3.91

	
0.83




	
M2-0.5

	
0.00

	
3.60

	
3.91

	
0.92

	
M4-0.5

	
1.05

	
3.06

	
3.91

	
0.78




	
M2-0.6

	
−0.05

	
3.63

	
3.91

	
0.93

	
M4-0.6

	
−0.03

	
3.01

	
3.91

	
0.77




	
M2-0.7

	
−0.07

	
3.20

	
3.91

	
0.82

	
M4-0.7

	
−0.05

	
2.99

	
3.91

	
0.76




	
Average of      σ  R  , c 0     - F     σ  R  , c 0     - T     : 0.83











 





Table 7. Necessary parameters and detected results of wood components.
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Region

	
No.

	
Name

	
Species

	
c (mm)

	
n

	
Rain Conditions

	
Yd (Year)

	
dc/R-E

	
Δwcr (%)

	
Δw (%)

	
dc/R-T

	
Ratio (E/T)






	
Tianjin

	
1

	
TJ-Yu-42

	
Elm

	
552

	
4

	
✓, light

	
42

	
0.37

	
6.36

	
9.56

	
0.31

	
1.19




	
2

	
TJ-Yu-60

	
Elm

	
540

	
5

	
✓, light

	
60

	
0.30

	
6.36

	
9.56

	
0.31

	
0.97




	
3

	
TJ-Yang-60

	
Poplar

	
622

	
3

	
✓, light

	
60

	
0.40

	
5.90

	
9.56

	
0.38

	
1.05




	
4

	
TJ-Liu-36

	
Willow

	
582

	
1

	
✓, light

	
36

	
0.24

	
7.30

	
9.56

	
0.23

	
1.06




	
5

	
TJ-Song-52

	
Pine

	
514

	
7

	
✓, light

	
52

	
0.25

	
7.18

	
9.56

	
0.24

	
1.03




	
6

	
TJ-Yu-52

	
Elm

	
647

	
4

	
✓, light

	
52

	
0.22

	
6.36

	
9.56

	
0.31

	
0.71




	
7

	
TJ-Yang-42

	
Poplar

	
583

	
2

	
✓, light

	
42

	
0.49

	
5.90

	
9.56

	
0.38

	
1.29




	
8

	
TJ-Yang-52

	
Poplar

	
563

	
4

	
✓, light

	
52

	
0.42

	
5.90

	
9.56

	
0.38

	
1.10




	
9

	
TJ-Liu-60

	
Willow

	
608

	
1

	
✓, light

	
60

	
0.16

	
7.30

	
9.56

	
0.23

	
0.70




	
10

	
TJ-Huai-36

	
Sophora

	
498

	
5

	
✓, light

	
36

	
0.22

	
7.20

	
9.56

	
0.20

	
1.12




	
11

	
TJ-Yu-36

	
Elm

	
547

	
2

	
✓, light

	
36

	
0.40

	
6.36

	
9.56

	
0.31

	
1.29




	
12

	
TJ-Huai-60

	
Sophora

	
616

	
10

	
✓, light

	
60

	
0.25

	
7.62

	
9.56

	
0.20

	
1.25




	
Liuzhou

	
13

	
LZ-Sha-70(a)

	
Spruce

	
962

	
4

	
x

	
70

	
0.44

	
6.10

	
9.13

	
0.37

	
1.19




	
14

	
LZ-Sha-70(b)

	
Spruce

	
694

	
3

	
x

	
70

	
0.48

	
6.10

	
9.13

	
0.37

	
1.29




	
15

	
LZ-Sha-60

	
Spruce

	
724

	
9

	
x

	
60

	
0.36

	
6.10

	
9.13

	
0.37

	
0.97




	
16

	
LZ-Sha-55

	
Spruce

	
953

	
6

	
x

	
55

	
0.35

	
6.10

	
9.13

	
0.37

	
0.95




	
17

	
LZ-Sha-50

	
Spruce

	
949

	
5

	
x

	
50

	
0.46

	
6.10

	
9.13

	
0.37

	
1.24




	
18

	
LZ-Sha-45

	
Spruce

	
942

	
7

	
x

	
45

	
0.34

	
6.10

	
9.13

	
0.37

	
0.92




	
19

	
LZ-Sha-40(a)

	
Spruce

	
725

	
6

	
x

	
40

	
0.37

	
6.10

	
9.13

	
0.37

	
1.00




	
20

	
LZ-Sha-40(b)

	
Spruce

	
956

	
7

	
x

	
40

	
0.31

	
6.10

	
9.13

	
0.37

	
0.84




	
21

	
LZ-Sha-30(a)

	
Spruce

	
704

	
5

	
x

	
30

	
0.39

	
6.10

	
9.13

	
0.37

	
1.05




	
22

	
LZ-Sha-30(b)

	
Spruce

	
650

	
5

	
x

	
30

	
0.39

	
6.10

	
9.13

	
0.37

	
1.05




	
23

	
LZ-Sha-30(c)

	
Spruce

	
659

	
5

	
x

	
30

	
0.33

	
6.10

	
9.13

	
0.37

	
0.89




	
24

	
LZ-Sha-30(d)

	
Spruce

	
661

	
4

	
x

	
30

	
0.36

	
6.10

	
9.13

	
0.37

	
0.97




	
25

	
LZ-Sha-30(e)

	
Spruce

	
629

	
5

	
x

	
30

	
0.44

	
6.10

	
9.13

	
0.37

	
1.19




	
26

	
LZ-Sha-25

	
Spruce

	
602

	
6

	
x

	
25

	
0.36

	
6.10

	
9.13

	
0.37

	
0.97




	
27

	
LZ-Sha-20

	
Spruce

	
617

	
6

	
x

	
20

	
0.39

	
6.10

	
9.13

	
0.37

	
1.05




	
28

	
LZ-Sha-15

	
Spruce

	
645

	
7

	
x

	
15

	
0.34

	
6.10

	
9.13

	
0.37

	
0.92




	
29

	
LZ-Sha-10

	
Spruce

	
617

	
5

	
x

	
10

	
0.45

	
6.10

	
9.13

	
0.37

	
1.22




	
Average ratio (E/T):1.051             Dispersion coefficient of Ratio (E/T): 15.10%








Note: If the relative crack depth dc/R is less than 0.05, it is ignored. The lowercase letters (a) to (e) represent different samples of detected components with the same tree species and the same service life.
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