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Abstract

:

Wind tunnel tests of scaled model trees provide an effective approach for understanding fluctuating wind loading and wind-induced response of trees. For decurrent trees, vague multimodal dynamic characteristics and ineffective estimation of leaf mass are two of the main obstacles to developing aeroelastic models. In this study, multimodal dynamic characteristics of the decurrent tree are identified by field measurements and finite element models (FEM). It was found that the number of branches swaying in phase determines the magnitude of effective mass fraction of branch modes. The frequencies of branch modes with larger effective mass fraction were considered as a reference for an aeroelastic model. In addition, an approach to estimate leaf mass without destruction was developed by comparing trunk frequency between field measurements and FEM. Based on these characteristics of the prototype, the scaled, aeroelastic model was constructed and assessed. It was found that the mismatch of leaf stiffness between the model and the prototype leads to mismatch of leaf streamlining and damping between them. The Vogel exponent associated with leaf streamlining provides a possible way to ensure consistency of leaf stiffness between the model and prototype.
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1. Introduction


Understanding wind loads and damage to trees in forests is important for many reasons, most recently with respect to identifying the intensity of tornadoes [1,2]. The turbulent nature of the fluctuating wind indicates that wind-induced response and wind loading of trees are not steady but rapidly fluctuate [3]. Compared with obvious challenges in field measurements, wind tunnel tests of scaled, aeroelastic model trees is a more effective approach for studying the fluctuating load and response on trees in forests [4]. However, vague multimodal dynamic characteristics and ineffective estimation of leaf mass are two of the main obstacles to developing aeroelastic models. This is mainly because multiple branches determine that multimodal dynamics associated with branches play a key role in the dynamic process, and the aerodynamics of trees are mainly determined by leaves. Therefore, we explored multimodal dynamic characteristics of a decurrent tree, leaf mass estimation, and complete crown characteristics and model assessment of the Hao’ model [5] in this study.



According to the form of the crown, trees can be divided into two categories: decurrent and excurrent trees. A typical decurrent tree is shown in Figure 1a, which is characterized by a shorter trunk and a crown supported by radial branches. In the extreme cases, the decurrent trees can have only spreading branches with nearly no central trunk. The excurrent trees, on the other hand, have a central trunk (Figure 1b), as well as lateral branches. Structurally, the central trunk of an excurrent tree looks like a “pillar”, on top of which the lateral branches, or the “cantilevers”, are fixed.



Branched trees have a complex organization of modes with high modal density and spatial localization [6,7], where high modal density occurs when most of the natural frequencies associated with the branches are in a narrow frequency range. Spatial localization is defined as the combinations of spatial coordinates of branches and the trunk at their natural frequencies. This means that some branch modes have either a localized resonance or a global resonance [8]. Localized resonance will not generally break the trunk or anchorage system, while global resonance affects the global dynamic response of trees. So far, most studies regarding the multimodal behaviour of trees have focused on the effect of high modal density and distinct branch deformation on the wind energy dissipation in trees. For example, multiple mass damping [9,10], multiple resonance damping [11], and branch damping [7] have been studied. For excurrent trees, aeroelastic models usually neglect the contribution derived from branches [12]. However, this is not the case for decurrent trees because of crown deformation determined by branches. A lack of studies regarding the contribution of branch modes to dynamic response makes it difficult to model the dynamic characteristics of the aeroelastic model of a decurrent tree. Therefore, in this paper, the first objective is to quantify the contribution of branch modes in the dynamic processes and determine which branch modes contribute the most.



It should be noted that it is not practical to track each branch by setting sensors on each one in field measurements. In contrast, the finite element method provides an effective approach to characterize the modes generated from branches moving in a complex manner [10,13,14]. Using the FEM, leaf clusters can be considered as a lumped mass attached to branches [15,16], or included in the mass of the primary branch by increasing its density proportionately [14,17,18,19,20], or simply neglected [6,21]. The leaf mass in such models is usually vaguely defined and estimated empirically. Although this may have a limited effect on tree dynamics that depend on the form and morphology of tree and branches [10], accurate estimation of leaf mass is important for scaled, aeroelastic model trees. One of the most effective methods is to directly measure leaf mass. However, this method cannot be widely applied because it is a destructive test. Therefore, the second objective is to develop an approach to estimate leaf mass by the FEM.



Meanwhile, aerodynamic characteristics are an important index to evaluate the level of similarity between the model and prototype. For example, Manickathan et al. [22] used drag coefficients to assess the aerodynamic shape of rigid models of excurrent trees. Stacey et al. [12] also used drag coefficients to assess the aerodynamic shape of aeroelastic models of excurrent trees. These studies indicated that the drag coefficient is an effective parameter to evaluate the aerodynamic shape of a model tree. For real trees, mean drag coefficients have been observed to decrease with increased wind speed because of crown streamlining [23,24,25,26,27]. Vogel [28] quantified crown streamlining by the Vogel exponent, which is defined as the exponent ( ν ) to which the wind speed must be raised to be directly proportional to the drag divided by the square of wind speed (  D /  U 2  ∝  U ν   ). It provides a feasible parameter to quantify the gap of crown streamlining between aeroelastic models and prototypes.




2. Materials and Methods


2.1. Test Site and Prototype Tree


There are several low-rise buildings in the west and south, while the east and north of the test site is surrounded by flat ground with sparse vegetation in the test site. Because the prevailing wind direction is from the north, the terrain to which the prototype tree is exposed is close to flat. The prototype tree is a decurrent tree with a spreading form and no central trunk, as shown in Figure 2a. It is a typically open-grown urban tree (Cinnamomum camphora), which has been pruned. This type of tree is broad-leaved and located widely in the south of China.




2.2. Tree Component Classification and Geometry Measurements


The components of the prototype are ordered according to growth sequence. The main trunk is designated order 0, branches arising directly from the main trunk are designated order 1, and branches arising laterally from the latter are order 2, and so on. Those pertaining to orders 0, 1 and 2 were measured. The process of measurement is described as follows. The trunk profile, including diameters and height, was measured by rulers. The crown profile was measured by camera, and calculated by the proportion relationship between the crown and the trunk. The dimensions of order 1 branches, including diameters, length and directions, were measured. The directions are divided into the vertical angle and horizontal angle. For curved branches, the vertical angle was measured between the secant of proximal and distal end of branches and the horizontal plane, while the horizontal angle was measured anticlockwise from the branch secant to the north direction. Leaf dimensions were also measured.




2.3. Dynamic Measurements


The modal parameters of the prototype were identified by the method of Single Input Single Output (SISO) [29], which measures response at one fixed point of the trunk while lightly hitting different points along the trunk height with a force hammer. It is worth noting that the SISO method was not used to mimic real wind load of the tree, but to identify modal frequencies related to the trunk; based on that modal frequency is the inherent dynamic characteristics of structures, which depends on the mass and stiffness of the structures, and not on the load.



The acceleration response (output signal) of the fixed point at the trunk height of 0.5 m was monitored by a piezoelectric accelerometer (model DH105, Jiangsu Donghua Testing Technology Co., Ltd., Jiangsu, China), and the forces (input signal) at knocking points every 20 cm along the trunk height were monitored by the force sensor (model 3A102) of the force hammer (model LC02, Jiangsu Donghua Testing Technology Co., Ltd.). The sensitivity and measuring range of the accelerometer are 100 mV/(ms−2) and 0–50 m/s2, respectively. The sensitivity and measuring range of the force hammer are 2.22 mV/N and 0–5000 N, respectively. Figure 2b illustrates locations of the accelerometer and knocking points. The acceleration and force were measured synchronously at two orthogonal directions at a sampling frequency of 512 Hz by the acquisition system (model UT3300, Wuhan Yutek Electronic Technology Co., Ltd., Wuhan, China). Figure 2c,d illustrates the typical signals of input and output. The calculation process was finished by the uTekMa modal analysis software of Wuhan Yutek Electronic Technology Co., Ltd.




2.4. Finite Element Model (FEM)


The ANSYS finite element software package (ANSYS, Inc., Canonsburg, PA, USA) was employed to calculate branch modes. Because the transverse dimensions of the trunk and the branches are far less than their longitudinal dimensions, they were modelled by three-dimensional beam elements based on Timoshenko’s beam theory [30]. The density and modulus of elasticity (MOE) of the trunk and the branches are 510 kg/m3 and 9 × 109 Pa/m2, respectively [31], in which the coefficient of variation (COV) of MOE is 22% [32]. Because these are dry wood values, they need to be transferred into green wood values. Based on the Wood Handbook [32], the relationship of density and MOE between green wood and dry wood (12% moisture content) was established, as shown in Figure 3. Therefore, the density and MOE of green wood are 468 kg/m3 and 7.2 × 109 Pa/m2, respectively.




2.5. Leaf Mass Estimation


Because the trunk frequency depends on the stiffness and mass of trunk and crown, the leaf mass can be estimated by comparison between the fundamental trunk frequency derived from SISO and that of the FEM, in which leaf mass can be adjusted to match the fundamental trunk frequency.




2.6. Identification of Branch Modes


Effective mass fraction was used to identify which branch modes contribute the most to the overall dynamic response. The frequencies corresponding to these branch modes are defined as crown frequencies. The calculation process is described as follows.



The generalized mass matrix,   m ^  , is


   m ^  =  Φ T  M Φ  



(1)




where  Φ  is the eigenvector matrix, and  M  is the mass matrix.



The influence vector,   r ¯  , represents the specified arbitrary displacements with initiating the free vibration of a system [33]. Defining the coefficient vector,   L ¯  , as


   L ¯  =  Φ T  M  r ¯   



(2)




the modal participation factor,    Γ i   , for mode i is


   Γ i  =     L ¯  i      m ^   i i      



(3)







Then, the modal participating mass,    Υ i   , for mode i is obtained as


   Υ i  =   m ^   i i    Γ i 2   



(4)







The effective mass fraction,    Ψ i   , for mode i is obtained as


   Ψ i  =     m ^   i i    Γ i 2      ∑   a = 1  N    m ^   a a    Γ a 2     



(5)




where N is total number of modes.





3. Results


3.1. Prototype Characteristics


3.1.1. Geometry and Morphology


The geometric dimensions (including total height, trunk height, diameter at breast height (DBH), crown height and diameter) are illustrated in Table 1. The trunk has a height of 3 m and varying diameters along its height, ranging from 0.153 m to 0.185 m.



Ten main branches support the crown, and the branch numbers are shown in Table 2. Nos. 1–2 branches support the vertical crown, Nos. 3–8 branches support the lateral crown, and Nos. 9–10 branches integrate the crown. The Nos. 1–10 branches are pinpointed by the proximal diameters of branches connected to the main trunk, branch length, vertical angles and horizontal angles, as shown in Table 2.



The typical leaf cluster of the prototype is made up of five leaves, and each leaf consists of a lamina and a petiole. From qualitative observations of multiple leaf clusters, the averaged shape of the lamina resembles an ellipse, with long and short diameters of 4.4 cm and 9.1 cm, respectively, and the length of the petiole is 1.8 cm.




3.1.2. Leaf Mass Estimation


Based on leaf mass influence on trunk frequency, identifying trunk frequency is a prerequisite for leaf mass estimation. Figure 4a,b illustrates the frequency response functions (FRF) of the prototype in the north–south and east–west directions, and the mode shapes corresponding to the first three peaks of the FRFs are further identified, as shown in Figure 4c,d. Because the mode shapes present typical shape characteristics of a cantilever, the first three frequencies and damping are associated with the trunk. The first frequencies of the trunk in the orthogonal directions are 5.18 Hz and 5.25 Hz, while the corresponding damping for both is 5.38%, which verifies the symmetry of the prototype.



The FEMs of Nos. 1–10 branches were simplified according to branch dimensions, as shown in Table 2. Based on the geometric dimensions of the prototype (Table 1 and Table 2) and material properties, the FEM of the prototype was established. The leaf clusters were modelled as lumped masses attached uniformly to the branches of order 2 and 3 according to the visual observation. Figure 5 illustrates the relationship between fundamental trunk frequency and total leaf mass. The fundamental trunk frequencies decrease with increasing leaf mass. The uncertainty of the estimated leaf mass is based on the fact that the minimum change in leaf mass no longer affects the fundamental trunk frequency. When leaf mass is 15.41 kg, the fundamental trunk frequency of the FEM is consistent with that derived from SISO. Therefore, the estimated total leaf mass is 15.41 kg.



It is necessary to evaluate the effect of variations of MOE and mass on the effective mass fraction. According to Equation (1) to Equation (5), the effective mass fraction is determined by relative distributions of stiffness and mass of the system. To keep the same frequency, the total mass of the tree (including leaf, branches and trunk) varies linearly with MOE based on the frequency formula (  f =   k / m    ,   k ∝ MOE  , where k is the stiffness and m is the mass). This indicates that the relative distributions of stiffness and mass keep constant. Based on that, the variations of MOE and mass have little effect on the effective mass fraction. On the other hand, each specific MOE requires a matched mass to keep the frequency constant. Therefore, the FEM of the prototype with the specific MOE (7.2 × 109 Pa/m2) and the matched leaf mass (15.41 kg) can reflect the contributions of branch modes to the overall dynamic response.




3.1.3. Multimodal Dynamic Characteristics


The FEM of the prototype with correct leaf mass was used to identify the modes of the branches and the trunk. A total of 208 vibrational modes were calculated, where a branch mode is defined as the motion when a single or multiple branches sway independently without the trunk swaying (or with the trunk swaying slightly), while a trunk mode is defined as when the trunk sways significantly. Figure 6a illustrates the frequencies of the first twenty-four vibrational modes in orthogonal directions. The first twenty-two vibrational modes are associated with branches, while the 23rd and 24th vibrational modes are associated with the trunk. This indicates that the branch modes are characterized by a high modal density. To further identify these dense branch modes, Figure 6b presents the effective mass fraction of each mode. It can be seen that the vibrational modes with large effective mass fraction are the 1st, 2nd, 3rd, 4th, 23rd and 24th modes, which account for 13%, 14%, 9%, 10%, 17% and 18%, respectively. The cumulative effective mass fraction of the remaining branch modes accounts for less than 1%. This indicates that the contribution to dynamic response of the first four branch modes is far larger than that of other branch modes. Through checking the mode shape of each branch mode, it is found that branch modes with a small effective mass fraction have localized vibration of a few branches, while branch modes with a larger effective mass fraction are collaborative vibration of multiple branches. This indicates that the number of branches swaying in phase determines the magnitude of effective mass fraction of the branch mode.



The mode shape of branch mode one and two at 1.48 Hz are for all when all branches sway in phase (Figure 6c), while the mode shape of branch modes three and four at 1.83 Hz are when multiple branches sway in phase with a few branches swaying out of phase (Figure 6d). The mode shape of trunk modes 23 and 24 at 5.18 Hz are for when the trunk sways out of phase with the crown (Figure 6e). The cumulative effective mass fraction of the aforementioned six modes is 81%, which indicates that it is sufficient to reflect the dynamic response of the prototype for the aeroelastic model of the decurrent tree to match crown and trunk frequencies (i.e., 1.49–1.83 Hz, 5.18 Hz) of the prototype. The parameters of dynamic characteristics of the prototype are summarized in Table 3. Because the damping of the prototype at the crown frequencies is not identified, the damping of broad-leaved trees at fundamental frequencies is provided as a reference [34].





3.2. Characteristics of the Aeroelastic Model Tree


3.2.1. Scaled Models of Trees


Scaled models of trees are approximately divided into four types based on similarity level between the model and prototype. The first type is extremely simplified models that neglect the detailed crown morphology. Such trees are often modelled by aluminum rods, metal rings, and open-cell polyester foam [35,36,37,38,39,40]. The second type of model scales the crown morphology to some extent, but is relatively rigid compared to the prototypes. This type of models is made of, for example, brushes, metal screens, cotton balls, wooden pegs, plastic stripes or match sticks [41,42,43,44,45,46,47,48,49]. More recently, 3-D printed models have been built by matching specific LAD [50], or the aerodynamic similarity of the momentum absorption [4]. The third type is dwarf potted trees and branches resembling trees [51,52,53,54,55,56,57,58,59,60,61]. The fourth type is scaled, aeroelastic models that meet similarity criteria, in which Finnigan and Mulhearn’s wheat models [62] and Stacey’s excurrent tree models [12] are the representatives. The similarity level of geometry, crown morphology and dynamics between models and prototypes directly determines applicability of scale model testing results in full scale. By neglecting crown morphology, the first type is used to study aerodynamics related to forests more than for single trees. The relative rigidity of the second type may miss the effects due to tree dynamics [50], such as crown streamlining. The mismatches of the third type in the dimensions of the trunk, branches and leaves make it challenging to transfer from the measured results in wind tunnel tests to full-scale dimensions for high wind speed ranges [45]. Neglecting the ears and leaves of wheats in Finnigan and Mulhearn’s models could cause the mismatch on aerodynamics and flexural rigidity. Stacey’s models are somewhat simplified, neglect crown streamlining and have incorrect mass and bending stiffness distributions compared with full-scale prototypes. The mismatch in the mass causes a mismatch in the Froude number, which makes it challenging to apply wind tunnel results in full scale. Based on that, scaled, aeroelastic models of trees that satisfy the similarity criteria for wind tunnel tests could effectively overcome the existing deficiencies and improve the applicability of tree models.




3.2.2. Model Designs


The structural design of the aeroelastic model of the decurrent tree (including trunk and branches) described by Hao et al. [5] is briefly reviewed in this section.



Based on the requirements of the similarity parameters (including length, drag coefficients, mass, bending stiffness and the size of wind tunnel), a 1:6 geometrically scaled model of the tree is selected for wind tunnel tests. The trunk model is designed as the combination of a central spine and cladding modules. A high-strength aluminum rod (  ρ = 2700    kg  /  m 3   ,   E = 6.91 ×   10   10      Pa  /  m 2   ) of a circular cross section serves as the “spine” of the trunk model. Based on the diameters at 15 trunk heights and elastic modulus of the trunk, the aluminum spine was machined according to the bending stiffness scale. The aerodynamic shape of the trunk was completed by 15 cladding segments affixed to the spine. In order to prevent the additional stiffness from the cladding segments, gaps of 0.8 mm are imposed between two adjacent cladding segments. By altering the wall thickness of the cladding segments, the modelled mass of the trunk was adjusted to match the mass scale. The properly scaled mass and bending stiffness ensures that the trunk model matches the trunk frequency of the prototype.



The requirements for the branch models are similar to these for the trunk model. However, the design for the trunk is not suitable for the branches because of small diameters of branch models at the length scale. Therefore, a combination of aluminum wire (  ρ = 2700    kg  /  m 3   ,   E = 6.91 ×   10   10      Pa  /  m 2   ) and rigid hollow rods (  ρ = 930    kg  /  m 3   ) based on equivalent displacement was used as an alternative. Because the aeroelastic model and the alternative model have the same displacement under the same load, it ensures the consistency of branch streamlining and bending stiffness. The final branch mass specified by the mass scale is obtained by adjusting the wall thickness of the rigid hollow rods. The aerodynamic shape of the branches was completed by altering the diameters of the rigid hollow rods according to length scale. A total of 10 order-1 branches and 102 order-2 branches was made to model the crown frame of the prototype.



Leaf effects on tree are reflected on dynamic characteristics of tree and crown morphology and, hence, the total leaf mass and leaf area index (LAI) were employed as key parameters for leaf cluster models. The leaf cluster model was made up of steel piano wire and plastic sheet according to the typical leaf cluster of the prototype. The model neglected the dynamic characteristics of the leaf cluster, but scaled the aerodynamic shape of the single-leaf cluster of the prototype. The excess stiffness reduces the streamlining of the modelled cluster that should be observed in the prototype in strong winds.




3.2.3. Model Configurations


Based on the total leaf mass of the prototype (Table 3) and the LAI of typical camphor trees (1.99–3.27) [63], there are 540 leaf cluster models made with total mass 0.1069 kg and total area 0.2522 m2. In order to achieve the similarity of leaf mass and LAI, leaf cluster models were incrementally added to the crown frame to form eight distinct crown configurations, as shown in Figure 7. The case C1, shown in Figure 7a, is the bare trunk configuration The case C2, shown in Figure 7b, adds the branches on top of the trunk. Starting from the case C3, increasing the case number by one means that one more leaf cluster is added to the original tree configuration, from the ends of the order-2 or -3 branches. It is worth noting that the leaf cluster models neglect the dynamic characteristics of the leaf cluster of the prototype, but scaled the aerodynamic shape of the single-leaf cluster of the prototype. The excess stiffness reduces the streamlining of the modelled cluster that should be observed in the prototype in strong winds.




3.2.4. Crown Vertical Distributions


Crown profile, leaf area density (LAD) and LAI were used to represent the vertical foliage structure, where LAD is defined as the total one-sided leaf area per unit layer volume, and LAI is defined as the leaf area per unit ground area [64].



The crown profile of the model for case C8 is compared to the prototype in Figure 8a. The crown profile of the model is close to that of the prototype except for the top and bottom.



Figure 8b illustrates LAD profiles of the model along the crown height for cases C3 to C8. For case C3, the least numbers of leaf clusters determine the sparsest LAD, while for case C8, determines the densest LAD. The average LAD was used to assess the average leaf area per unit crown volume. The average LAD for case C3 is 5.00 m2/m3 at full scale, which is close to that of a typical camphor tree (5.40 m2/m3) [65], while the average LAD for cases C4 to C8 is larger than that of a typical camphor tree.



Figure 8c illustrates cumulative LAI profiles of the model along the crown height for cases C3 to C8. The cumulative LAI of the model for cases C3 to C8 at the crown bottom is 1.14, 1.68, 2.00, 2.21, 2.35 and 2.46, respectively. The model for cases C5 to C8 overlaps the cumulative LAI of typical camphor tree (1.99–3.27) [63].





3.3. Characteristics of the Aeroelastic Model Tree


To assess the fidelity of the aeroelastic model in the wind tunnel, the aerodynamic effects, which are mainly controlled by the crown morphology, and the dynamic characteristic of the model, will be examined in detail in this section.



3.3.1. Crown Morphology


The main geometry dimensions of the aeroelastic model match these of the prototype according to the target length scale 1:6, as shown in Table 1.



The drag coefficient (   C f  =   2  F D    ρ  A U   U 2     , where    F D    is the drag,  ρ  is the air density,    A U    is the frontal area and U is the wind speed) of the aeroelastic model was measured in the Boundary Layer Wind Tunnel II (BLWT II) at Western University, Canada. Because the upstream terrain of the prototype is close to flat, the simulation of the turbulent atmospheric boundary layer (ABL) flow was determined by comparing the full-scale wind speed profile given by ESDU 85020 [66] (2008). Vertical profiles of the mean velocity and turbulence intensity of the aforementioned ABL flows are shown in Figure 9a. The mean velocity profile of the wind tunnel terrain is similar to that of full-scale terrain along the tree height. Because the ratio between the crown area and trunk area is 2.82–9.12, the aerodynamic force of the model is mainly caused by crown. The similarity of the turbulence intensity profiles at the crown height between the wind tunnel terrain and the full-scale terrain meets the requirement of the wind tunnel test, except below the crown, close to ground, where the turbulence intensities are too high. The power spectral density (PSD) functions of streamwise velocities at reference height (z = 0.85 H) for the ABL flow in the wind tunnel terrain is similar to that for the theoretical full-scale ABL flow, as shown in Figure 9b. It is worth noting that the dimensionless integral length scale (   L x  /  D  c r o w n    , where    L x    is integral length scale, and    D  c r o w n     is the crown diameter projected to the ground) of the wind tunnel terrain (1.68) is significantly smaller than that of the full-scale ABL flow (26.86), which is caused by the primary issue when using relatively larger scale models in typical boundary layer wind tunnels. This mismatch will lead to a crown response that is underestimated. However, because the large-scale gusts are in the quasi-steady range, the effect is similar to there being a slightly lower mean wind speed. In other words, while the displacements of the crown are accurate for the particular gust speeds in the wind tunnel simulation, larger gust speeds and deflections would be observed in the true terrain. In contrast, the higher turbulence levels acting on the trunk, close to the ground, may lead to small changes in the trunk response given the relatively small turbulence levels (between 10–12%).



Figure 10a depicts relationships between drag coefficients and wind speed of the model for cases C1 to C8, in which the wind speed was converted into full scale according to velocity scale 1:2.45 [5], and other typical broad-leaved trees, including rose of Sharon [67], poplar trees [25], black cottonwood, trembling aspen, red alder, paper birch and bigleaf maple [68]. The drag coefficients for case C1 are 0.22 to 0.18 at wind speeds of 3.9 m/s to 9.3 m/s, while for case C2, the drag coefficients dramatically increase to 0.40–0.36 at the same wind speeds, which indicates that the crown frame greatly changes the aerodynamic shape of the model. The drag coefficients increase rapidly with increased numbers of leaf clusters (for cases C3 to C4) and tend to be steady when there are relatively more leaf clusters (for cases C5 to C8). The former is mainly caused by the initial increased number of leaves significantly changing the aerodynamic shape of the model, while the latter indicates that the aerodynamic shape of the model changes more slowly with more leaves. The variation of drag coefficients generally overlap those reported for the typical broad-leaved trees.



It is worth noting that the drag coefficients of the model decrease with increased wind speed, but this declining rate of the model is slower than that of the real trees (Figure 10a). The declining trend of the drag coefficients is mainly caused by streamlining effects [28]. Although the current aeroelastic model enables the streamlining behaviour observed in the crown, as shown in Figure 10b, the leaf clusters are suspected to have excess rigidity, as pointed out by Hao et al. [5], which leads to slower declination of the measured    C f   .



In this analysis, the contributions of branch and leaf to the total observed streamlining effects are further quantified, using the Vogel exponent [28], i.e.,


   F D  /  U 2  ∝  U   ν  t o t a l      



(6)






   ν  t o t a l   =  ν  b r a n c h   +  ν  l e a f    



(7)




where    ν  t o t a l     is the total Vogel exponent,    ν  b r a n c h     is the Vogel exponent associated with the branch streamlining effects, and    ν  l e a f     is the Vogel exponent associated with the leaf streamlining effects.



Figure 11a depicts relationships between speed specific drag (   F D  /  U 2   ) versus wind speed (U) of the model for cases C2 to C8.    F D  /  U 2    decreases with increased wind speed, which indicates that Vogel exponents for cases C2 to C8 are negative. Subplot (b) in Figure 11 further depicts relationship between total Vogel exponent (   ν  t o t a l    ) versus ratio of frontal area between leaf and branch (   A  l e a f   /  A  b r a n c h    ). When    A  l e a f   /  A  b r a n c h   = 0  ,    ν  b r a n c h     is equal to    ν  t o t a l    . When    A  l e a f   /  A  b r a n c h   > 0  ,    ν  l e a f     is obtained by subtracting    ν  b r a n c h     from    ν  t o t a l    . The    ν  b r a n c h     of the model is −0.11, which is close to that of real broad-leaved trees, including poplar (−0.11), maple (−0.13) and oak (−0.08), as shown in Table 4. This indicates that the model replicates the branch streamlining effects of the broad-leaved trees. While the    ν  l e a f     for cases C3 to C8 are 0.08, 0.05, 0.05, 0.10, −0.01 and 0.01, respectively, which are of the opposite sign and 1/10 smaller in magnitude than the crown exponents. As compared to the real broad-leaved trees shown in Table 4, which includes poplar (−0.60), maple (−0.64) and oak (−0.72), the obvious excess rigidity of the model leaf clusters can again be observed. Furthermore, the contribution of the branch accounts for more than 10% of the crown streamlining effects for the broad-leaved trees shown in Table 4. Although the branch streamlining effects accounts for less than 20% of the crown streamlining effects, it determines crown deflection in along-wind direction.
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Table 4. Vogel exponents of poplar, maple and oak.






Table 4. Vogel exponents of poplar, maple and oak.





	Specie
	     ν  t o t a l      
	     ν  l e a f      
	     ν  b r a n c h      





	Poplar
	−0.71 [69]
	−0.60 [28]
	−0.11



	Maple
	−0.77 [24]
	−0.64 [28]
	−0.13



	Oak
	−0.80 [24]
	−0.72 [28]
	−0.08









3.3.2. Mass and Bending Stiffness Distributions (Frequency)


The frequencies of the model for cases C1 to C8 were identified by free vibration decay tests of the trunk. The crown was pushed and released from a large elastic displacement. Then, the time history of the free vibration measured on the top of the trunk was recorded using an accelerometer. The natural frequencies were identified by the locations of peaks of the PSD functions of time history of the free vibration curve. Figure 12 illustrates frequencies of the model in the along-wind and across-wind directions. The ranges of the crown and trunk frequencies are 2.79–4.85 Hz and 11.78–15.90 Hz, respectively. The crown and trunk frequency ratios between the model and the prototype are 1.87:1–3.26:1 and 2.27:1–3.07:1, respectively, which covers the target reduced frequency ratio of 2.45:1. This validates similarity of mass and bending stiffness distributions between the model and the prototype. Likewise, the ratio of the first two frequencies of the model (1:3 to 1:4), that is close to an olive (decurrent) tree (1:2) [70] and a Scots (excurrent) tree (1:3) [71], validates the model structure.




3.3.3. Damping


The same method for identifying the frequency of the model was used to identify the damping of the model. The free vibration decay time history atop the trunk was recorded by two displacement transducers oriented in the streamwise and across-wind directions. The logarithmic decrement formula is used to calculate damping, i.e.,


  δ = ln    D i     D  i + 1     =   2 π ξ     1 −  ξ 2       



(8)




where  δ  is logarithmic decrement,    D i    and    D  i + 1     are two successive peaks of amplitude, and  ξ  is damping. The decaying free vibration time history shown in Figure 13a was measured on top of the trunk, which includes the crown and the trunk frequency components, as can be seen in the PSD function shown in Figure 13b. To obtain the decaying free vibration of the crown, the spectral energy associated with the crown is first isolated, as shown in Figure 13d, and used to reconstruct the time history (Figure 13c) by the inverse Fourier transform. The damping associated with the trunk was identified in the same manner, and the associated decaying displacement and spectral energy are shown in Figure 13e,f, respectively. The damping associated with the trunk and the crown frequencies are obtained by fitting the peaks with envelope curves using Equation (8).



This process was repeated for different initial trunk displacements,     d ¯  t   , to see the effects on damping. The results for crown and trunk are shown in Figure 13g,h, respectively. As can be seen, the damping is generally higher when the initial displacement is small. As the imposed displacement becomes larger but less than       d ¯  t  / H ≤ 0.1 %  , the identified damping decreases. Further increasing the initial displacement (i.e.,       d ¯  t  / H > 0.1 %  ) does not alter the damping significantly. As compared to the crown damping shown in Figure 13g, the trunk damping in Figure 13h diverges more, possibly due to the direct connection to the ground, which is more sensitive to the details of the connection. The maximum crown damping is about 8.5% observed in C7, which is close to the reference (6–8%) [34]; The maximum trunk damping is about 3.3% observed in C7, which is smaller than the target trunk damping of the prototype (5.4%). This gap about the trunk damping between the model and the prototype would cause discrepancy on swaying behaviour of the trunk under wind load.



The parameters of dynamic characteristics of the model at full scale are summarized in Table 3. In summary, the aeroelastic model properly simulates the aerodynamic shape, branch streamlining effects, crown damping, mass and bending stiffness distributions of the prototype. However, because of excess bending stiffness of the leaf cluster models, the aeroelastic model has incorrect leaf streamlining effects and trunk damping compared with the prototype.






4. Discussion


4.1. Multimodal Dynamics of Decurrent Trees


The leaf effects on trees are reflected in the dynamic characteristics of the tree and crown morphology. For the aeroelastic model of the decurrent tree, leaf clusters cause the drag coefficients to increase from 0.40 to 0.63 (Figure 10a) and the frontal area to increase from 0.0516 m2 to 0.1366 m2 [5], indicating that wind loading of the model with leaf clusters is a factor of 4.2 larger than that of the model without leaves under the same wind conditions. The same leaf clusters cause the crown frequency at full scale to decrease from 1.98 Hz to 1.14 Hz (Figure 12). Although this slight variation of crown frequency has limited effect on tree dynamics [10], the crown morphology changed by leaves dramatically increases wind loading of trees. Therefore, effectively estimating leaf mass is a key for constructing crown morphology of a scaled, aeroelastic model tree. The method of estimating leaf mass based on FEM without destruction solves this challenging issue. Because the principle of the method bases on the effect of crown mass on fundamental trunk frequency, total crown mass is determined by trunk frequency, which means that the mass of simplified branches determines the accuracy of estimated leaf mass. In this study, the curved branches were reduced into straight branches, and the branches with variable cross section were reduced into the branches with uniform cross section, which reduces the reliability of leaf mass. For improving reliability of the method, an effective way is to replicate curved branches with variable cross section of the prototype in detail as much as possible in FEM.



The high modal density associated with branches can vary and depends on tree architecture [3], especially the gap of slenderness ratio between the branches and trunk. For decurrent trees with shorter trunks, branch modes are likely to display lower frequencies relative to trunk modes, while for excurrent trees with longer trunks, branch modes could have frequencies close to, and even rank in between, trunk modes. This difference in tree architecture may lead to different failure forms in which branch failure is earlier than trunk failure for decurrent trees, while the opposite would be true for excurrent trees.




4.2. Challenges of the Aeroelastic Model


Although the scaled, aeroelastic model of the decurrent tree properly replicates the aerodynamic shape, branch streamlining, and has correct distributions of mass and bending stiffness, there are still some limitations for the aeroelastic model of the decurrent tree. One of main challenges is the excess stiffness of the leaf cluster model, which has a non-negligible effect on the aeroelastic model tree. These limitations mainly reflect on: (i) leaf streamlining effects and (ii) damping. The former overestimates wind load of the model under the same wind conditions, while the latter is mainly caused by strengthened leaf collisions, which leads to a mismatch of wind-induced dynamic behaviour between the model and the prototype.



There are two theoretical approaches to solve the issue of mismatch of leaf stiffness between the model and prototype. The first approach is to simulate each leaf stiffness of the prototype directly. However, this is unrealistic because leaves on the prototype are numerous and their stiffness varies. A more applied approach is to match the Vogel number such that the overall streamlining effects are similar in the model and the prototype. To match the Vogel number in the scaled model, more detailed design of leaf cluster thickness can be done according to required leaf deformation.





5. Conclusions


In this study, the fundamental frequencies of the prototype were first measured using SISO, and an appropriate mass distribution was derived using a finite element model. An approach to establish leaf mass using FEM was developed. The effective estimation of leaf mass provides a reference for designing leaf cluster models. Effective mass fraction was used to distinguish branch modes. It was found that the number of branches swaying in phase determines the magnitude of effective mass fraction of branch modes. The first two branch modes, which contribute the most to the dynamic response of the decurrent tree, are all branches and most of the branches swaying in phase, respectively. The frequencies corresponding to these branch modes provide a reference for the aeroelastic model tree.



Challenges about the aeroelastic model of the decurrent tree remain, particularly the excessive stiffness in the leaf clusters. The Vogel exponent associated with leaf streamlining provides a dimensionless parameter associated with leaf deformation, which may help establish the consistency of leaf stiffness between the model and prototype.
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Figure 1. Different tree configurations, (a) decurrent tree with spreading form and no central trunk, and (b) excurrent tree with a central trunk. 
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Figure 2. (a) Prototype [5], (b) skeleton with No. 1–10 branches, the knocking points (distributed every 20 cm along the trunk height) and accelerometer (at the trunk height of 0.5 m), (c) input signal from the force hammer, and (d) output signal from the accelerometer. 
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Figure 3. Relationship of (a) density and (b) MOE between green wood and dry wood (12% moisture content). 
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Figure 4. FRFs of the prototype at (a) north–south and (b) east–west directions, and first three mode shapes of the trunk at (c) north–south and (d) east–west directions. 
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Figure 5. Relationship between fundamental trunk frequency (   f  t r u n k 1 s t    ) and total leaf mass (   m  l e a f     ). 
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Figure 6. (a) Frequencies and (b) effective mass fraction of the first twenty-four modes, including mode shapes of modes (c) 1st, 2nd, (d) 3rd, 4th, and (e) 23rd, 24th. 
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Figure 7. Eight configurations, C1 (a), C2 (b), C3 (c), C4 (d), C5 (e), C6 (f), C7 (g) and C8 (h) [5]. 
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Figure 8. (a) Crown profiles of the model and the prototype, (b) LAD and (c) cumulative LAI of the aeroelastic model for cases C3 to C8. 
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Figure 9. (a) The profiles of non-dimensional mean velocity and turbulence intensity, and (b) the PSD function of streamwise velocities at reference height, for the wind tunnel terrain and the theoretical full-scale terrain from ESDU. 
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Figure 10. (a) Drag coefficients of the aeroelastic model for cases C1 to C8 and other broad-leaved trees, including rose of Sharon, poplar trees, black cottonwood, trembling aspen, red alder, paper birch and bigleaf maple, and (b) crown deflection for case C8 at full-scale wind speeds of 0 m/s to 22.8 m/s. 
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Figure 11. Variations of (a) speed specific drag (   F D  /  U 2   ) versus wind speed (U), and (b) total Vogel exponent versus ratio of frontal area between leaf and branch (   A  l e a f   /  A  b r a n c h     ). 
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Figure 12. Frequencies of the aeroelastic model in the along-wind and across-wind directions. 
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Figure 13. Schematic of calculating damping of the aeroelastic model tree: (a) raw free vibration curve including (b) two frequency components can be separated into (c) free vibration curve at (d) crown frequency, and (e) free vibration curve at (f) trunk frequency, the variations of damping at (g) crown and (h) trunk frequencies versus the mean top-trunk displacement normalized by the height of the aeroelastic model (    d ¯  t  / H  ) in the along-wind direction. 
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Table 1. Geometry dimensions of the prototype, FEM and the aeroelastic model.






Table 1. Geometry dimensions of the prototype, FEM and the aeroelastic model.





	Parameters
	Prototype
	FEM
	Aeroelastic Model





	Total height (m)
	6
	6
	1



	Trunk height (m)
	3
	3
	0.5



	DBH (m)
	0.15
	0.15
	0.025



	Crown height (m)
	3
	3
	0.5



	Crown diameter (m)
	3
	3
	0.5










[image: Table] 





Table 2. Dimensions of branches and simplifications for FEM.
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East–West Direction

	
North–South Direction

	
    D b    

(cm)

	
    L b    

(m)

	
    α b    

(°)

	
    β b    

(°)

	
Simplification for FEM
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5.4

	
2.88

	
90

	
perpendicularity
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4.2

	
1.80

	
90

	
perpendicularity
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3.6

	
2.16

	
45

	
0, 60, 120, 180, 240, 300
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1.8

	
0.72

	
0

	
0, 90
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Note:    D b    is the proximal diameter of branches connected to the main trunk,    L b    is the total length of branches,    α b    is the angle between the branch and horizontal plane in vertical plane, and    β b    is the anticlockwise angles between projections of branches in horizontal plane and north direction.
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Table 3. Parameters of dynamic characteristics of the prototype and the aeroelastic model.






Table 3. Parameters of dynamic characteristics of the prototype and the aeroelastic model.





	Parameters
	Prototype
	Aeroelastic Model (Full Scale)





	Total leaf mass
	15.41 kg
	0–23.09 kg



	Crown frequency
	1.49–1.83 Hz
	1.14–1.98 Hz



	Trunk frequency
	5.18 Hz
	4.81–6.49 Hz



	Crown damping
	0.06–0.08 [34]
	0.085



	Trunk damping
	0.054
	0.033
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