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Abstract. Aini SC, Adzkia U, Bahtiar ET, Rahman MM, Buono A, Karlinasari L. 2024. Structural stability analysis of rain trees 
(Samanea saman) subjected to dead, live, and wind loads combination. Biodiversitas 25: 3899-3908. Tree failure can arise from factors 
associated with load resistance and structural stability at sites of environmental growth. In this study, an investigation was conducted 
into the structural analysis of standing trees, considering the combination of compression and flexure loads in the adoption of building 
code guidelines. The objective of this study is to determine the safety factor based on a combined load combination governing the Euler 

and Ylinen Buckling Stress Method. The study used 50 rain trees (Samanea saman (Jacq.) Merr.). Therefore, to assess the impact of 
various load combinations on standing trees, including dead, live, and wind loads, three analyses were performed: (1) D + L + W, (2) D 
+ L, and (3) D only. The dead load (D) represents the weight of the crown and stem above the observed section, the live load (L) 
accounts for activities such as climbing or hanging, and W represents wind loads. The D + L + W load combination induced both 
compression and bending stresses on the trees, whereas the D + L and D only focused on compression loads. Determining the minimum 
critical height is crucial in assessing the safety factor and categorizing trees into three groups: unsafe, safe, and very safe. The results 
indicated that the combined load of D + L + W demonstrated that the minimum critical height resulted from the superposition of 
compression and bending stresses. This finding underscores the significant role of the wind in the safety of standing trees. Structural 

stability analysis revealed that 18 trees were unsafe, 30 were safe, and 2 were classified as very safe. This research contributes valuable 
insights into understanding tree biomechanics and tree characteristics, offering a distinct approach compared to existing methods. 
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INTRODUCTION 

One of the causes of tree failure is the instability of the 

tree structures. Tree stability depends on an analysis of the 

physical and mechanical conditions of the tree (Dahle et al. 
2014; Linhares et al. 2021) is a key aspect that urban 

planners need to consider. Analysis of physical condition 

includes morphological characteristics of the stem, crown, 

tree architecture, and roots (Karlinasari et al. 2021). 

Meanwhile, in mechanical condition analysis, load analysis 

includes the analysis of forces acting on the tree, such as 

dead loads (own weight), live loads due to external forces, 

and wind loads (Miyashita and Suzuki 2021). Assuming a 

tree is a rod structure, the National Design Specification 

(AWC 2018) can be used to analyze the tree trunk. The 

National Design Specification (AWC 2018) explains that 
load calculations, whether combined or individual, are 

differentiated based on the value of the load duration factor 

(CD) used, where the largest CD value is obtained for each 

load combination analyzed. Load combinations are 

combinations of loads acting on a tree, such as 

combinations of compression and bending loads and 

internal and external compression loads. Combining these 

forces can result in flexural stress and bending stress in the 

tree trunk. Trees respond differently to various pressures 

occurring upon them, including wind loads. According to 

Moore et al. (2018), trees react to loads greater than their 
structural capability via little movements of their leaves, 

branches, and trunks, ultimately leading to trunk failure. 

When a tree is in a sloping environment, it may also 

respond in another way, such as by creating reaction wood 

to help it stand back up (Fournier et al. 2013; Badel et al. 

2015). This shows that a comprehensive understanding of 

tree stability matters for an urban region since it impacts 

community safety and infrastructure (Rahardjo et al. 2014). 

Trees planted along road greenways usually serve as 

shade providers, identity markers, temperature regulators, 

noise dampeners, air purifiers, carbon absorbers, soil 
conservers, environmental preservatives, and aesthetic 

enhancers (Jansson 2014; Li et al. 2016; Tiwary et al. 2016; 

O'Brien et al. 2017; Wolf et al. 2020). Basically, street 

trees, usually as a shading trees, represent a long-term 

investment for regulating the microclimate (Horváthová et 

al. 2021). Tree types can be the key to selecting shade 

trees. Afrianto et al. (2021) reported that tree species from 

Family of Fabaceae are dominant as urban tress with the 
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atribut of tree crown as well as branches aspects became a 

consideration for selecting the tree species According to the 

Directorate General of Highways (1996) in Indonesia, 

shaded trees have a minimum branch height of 2 m above 

the ground, a non-drooping branch shape, dense leaf mass, 

are planted in rows, and can provide shade to pedestrians 

by blocking direct sunlight. Rain trees/Trembesi (Samanea 

saman (Jacq.) Merr) are known as shading trees with the 

crown form as an umbrella. Rain trees can reach heights of 

15-25 m with a spreading crown type that can achieve a 
crown width of up to 30 m when planted in spacious and 

open areas (Karlinasari et al. 2021). Trembesi (S. saman) 

has dominant lateral branches that spread at the same level, 

and this growth pattern is referred to as characteristic of the 

decurrent tree (Coder 2014). This tree is one of the most 

adaptable to less-than-ideal environmental conditions (Ow 

and Ghosh 2017; Ow and Yusof 2018). This study was 

conducted on rain trees which have become favorite trees 

because of their shape so that known as shade trees in 

tropical areas. Research that takes into account external 

loads from wind is very interesting because its influence is 
often not taken into account seriously. 

Study by Karlinasari et al. (2023) has focussed on self-

weight-loading rain trees. By using the paraboloid 

geometric model to approach the crown characteristics of 

the excurrent tree and the paraboloid duo geometric model 

to approach the crown characteristics of the decurrent tree. 

This study successfully develop the safety factor of urban 

trees growing in a built environment as modelled following 

the SNI 7973 (2013). According to this research, 

considering internal and external aspects will make the 

model more thorough. Studi by Fathi (2020) mentioned 
that there was a relationship between static loading and the 

dynamic response of the tree due to environmental 

influences in studying tree stability. His study also 

explored characteristics of roots that caused uprooting in 

terms of being affected by a force in the tree. Research by 

Jackson et al. (2020) indicates that taller trees are less 

likely to break under gravity or their own weight, mainly 

due to the tree’s architecture rather than its material 

properties. Conversely, the likelihood of wind damage 

grows with height despite the greater trunk diameters. The 

wind is a crucial factor influencing the structural stability 
of trees, as its wind load causes bending stress on stem 

trees (ver Planck and MacFarlane 2019). This is evidenced 

by instances of strong winds causing fallen trees, which can 

direct risks to the public, including property damage, traffic 

disruption, and threats to human life (Hui et al. 2022). 

Based on this background, this study aimed to analyze the 

structural stability and resistance of the rain tree (S. saman) 

when subjected to a combination of dead, live, and wind 

loads, and the safety factor of the standing trees was 

determined. In this study we do not include the affect of 

root characteristic as a factor affecting tree stability in 
responding on the forces on the trees. 

MATERIALS AND METHODS 

Selection of target trees 

The observed trees consisted of 50 planted rain trees in 

Institut Pertanian Bogor, Bogor, West Java, Indonesia 

(Figure 1) with a single main stem, without considering the 

health conditions of the trees, as referred to in the study by 

Karlinasari et al. (2023). 

 

 

 
 
Figure 1. Location of target trees in Institut Pertanian Bogor, Bogor, West Java, Indonesia 



AINI et al. – Structural stability of standing tree 

 

3901 

Procedures 

Measurement and determination of tree characteristics  

Tree characteristics were evaluated based on tree 

morphometric measurements consisting of diameter at 

breast height (Dbh), tip diameter (Dtr), crown diameter (Dc), 

total tree height (H), branch-free height (Htbc), crown 

height (Hc), and lowest crown height (Hck) as shown in 

Figure 2, while longest crown diameter (d1), and shortest 

crown diameter (d2) (Karlinasari et al. 2021, 2023) as 

shown in Figure 3. Dbh was measured using a diameter tape 
(Iizuka et al. 2018), and Dtr was measured using the 

Spiegel Relascope Bitterlich (SRB) (Palace et al. 2015). 

The tree height was measured using a haga hypsometer 

(Němec 2015). Crown diameter measurements were taken 

along the dripline in eight directions to obtain the longest 

and shortest crown diameters, as depicted in Figure 3 as 

stipulated by Ow et al. (2019). Other parameters of tree 

morphometrics include taper (T) and slenderness (S) 

(Karlinasari et al. 2023). Stem tapering was calculated 

using Equation 1, which was derived from the difference 

between the diameter at breast height (Dbh) and diameter at 
the tip (Dtr) divided by the diameter at breast height (Dbh). 

Stem slenderness was calculated by dividing the branch-

free height (Htbc) by Dbh (Telewski and Moore 2016) 

(Equation 2). 

 
(1) 

 
(2) 

Determination of compression stress of standing trees 

In analyzing the stability of a structure, it is necessary 

to consider the forces acting on the tree, such as 

compression and bending stress. In a standing tree, the 
compression load comprises internal loads due to self-

weight loading of stem weight and crown weight and 

external compression loads, such as the weight of a person 

climbing a tree to its maximum height at the branch-free 

height (Htbc). The determination of external compression 

load (P) refers to the weight of Indonesian adult males aged 

19-28 years, ranging between 34.8-107.7 kg with an 

average of 67 kilograms (Mulyasari and Purbowati 2018). 

Following a study by Karlinasari et al. (2023), the stem 

weight and crown weight are determined based on wood 

density multiple stem volume and crown density multiple 

crown volume, respectively. The tree crown geometry 
model used was a paraboloid duo type-I shape, as shown in 

Figure 4. In a standing tree, the compression load generated 

by the crown is limited to the crown’s weight above the 

imaginary line at the x-point. Meanwhile, wood density 

was obtained from a small core sample and determined as 

stipulated by ASTM D-2395 (2017), ensuring the reliability 

of our methods. In comparison, crown density was used to 

reference (1.9 kg m-3) from a previous study, as mentioned 

by Karlinasari et al. (2023). 

The stem volume was determined using the Greenhill 

method, which was explained by considering the stem 
geometric model of the hooked cone (Karlinasari et al. 

2023). Meanwhile, the crown volume of the rain tree was 

calculated using the geometric crown model of paraboloid 

duo type I, referring to the diameter and crown height. 

Simulation calculation of the x-imaginary line position 

using the functions in Equation 3 and determination of the 

crown volume using the function in Equation 4. Both 

entered the online application Desmos Graphic Calculator. 
 

 

 
 
Figure 2. Measurement of tree morphometric 
 

 

 
 
Figure 3. Top-view crown measurement of trees. Notes: R1 
direction of the longest crown; R2 opposite direction of the 
longest crown; R3 direction of the shortest crown; R4 opposite 
direction of the shortest crown; R5, R6, R7, and R8, four directions 
between the longest and shortest canopies; d1 longest crown 
diameter; and d2 shortest crown diameter 
 

 

 
 
Figure 4. Geometric model of tree-crown paraboloid duo type I: 
Htbc≤Hck (Karlinasari et al. 2023) 
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(3) 

 

(4) 

 

The actual compression stress (G(x)) (Equation 5) 

consists of the internal load (stem weight (Pbx), crown 
weight (Pcx)), external load (P), and effective surface area 

(Aef) (Equation 6). The external load is the weight of a 

worker who is climbing the tree.  

 
(5) 

 
(6) 

The allowable compression stress (Fc), based on the 

Euler-Ylinen buckling stress analysis formula, was used in 

the study on the critical buckling height, as pointed out in 

Equation 7 (Karlinasari et al. 2023). This formula was 

applied to calculate the compression stress generated by the 

National Design Standard (AWC 2018). It was obtained by 

dividing the lower limit of 5% (KT) with a 95% confidence 

level) by the value of the adjustment factor to clear the 

wood properties and then multiplying by the parallel-to-

grain compression strength (Mcs). KT was derived from SNI 

7973 (2013) as 1-1.645Cov, where the coefficient of 
variation for the compression parallel-to-grain (CovFc) value 

is 0.18 obtained from the Forest Products Laboratory 

(2010). The adjustment factor for hardwood parallel-to-

grain compression strength is 2.1, referring to ASTM D-

245 (2002), while the parallel-to-grain compression 

strength (Mcs) value for the raintree follows the value as 

resulted by Puspitasari (2021) of 22.97 MPa. 

 
(7) 

The corrected allowable compression stress (L(x)) was 

calculated by multiplying Fc with various correction factors 

(AWC 2018). The correction factors used include load 

duration (CD), wet service (CM), temperature (Ct), critical 

section (Ccs), load sharing (Cls), condition treatment (Cct), 

incising (Ci), size (CF), and column stability (Cp). For more 

detailed explanation regarding the correction factors, see 

AWC (2018). The correction factor values obtained from 

the AWC (2018) were 0.8, 1, 1, and 1 for CM, Ct, Ccs, Cls, 

Cct, and Ci, respectively. The load duration (CD) value 

depends on the applied load. If the applied load is only the 

internal load (dead load), the CD value used is 0.9. 

However, if the applied load is a combination of internal 

and external loads (live load), the CD value used is 1.25 

(AWC 2018). The CF values were obtained using Equation 

8. The effective diameter (Def), stem diameter at ground 

level (Db), diameter along the x line (Dx), and estimated tip 

diameter (Dh) are presented in Equations 9, 10, 11, and 12, 

respectively. 

 

(8) 

 
(9) 

 
(10) 

 
(11) 

 
(12) 

The column stability (Cp) value was obtained using 

Equation 13. To calculate Cp, supporting equations are 

required, such as the reference compression design value 

parallel to the grain multiplied by all applicable adjustment 

factors except Cp (Pck) in Equation 14, critical buckling 

design value for compression members (PcE) in Equation 

15, effective inertial moment (Ief) in Equation 16, effective 

length (lef) in Equation 17, adjusted modulus of elasticity 

for column stability calculation (Emin) in Equation 18, and 

bending stiffness factor (CT) in Equation 19. The value of 
the effective length (lef) was adjusted using the coefficient 

of the buckling length (Ke). The value of the correction 

coefficient of the actual length with an effective length was 

2.1, which was used with consideration of their support as a 

standing tree column referring to SNI 7973 (2013). The 

coefficient of variation for the modulus of elasticity (CovE) 

is 0.22 based on Forest Product Laboratory (2010), and the 

parameter non-linear for column or c value is 0.85. The 

bending stiffness factor (CT) in which the calculation of the 

moisture content coefficient (KM) used is 1200, and the 

effective length value (lef) is 96 (AWC 2018). 

 

(13) 

 (14) 

 

(15) 

 
(16) 

 (17) 

 
(18) 
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(19) 

To determine the static modulus of elasticity (Es) in the 
calculations of Emin and CT, the Modulus of Elasticity or 

Young's modulus (E) was used. This value is related to the 

characteristics of the material and the bending properties. 

The value of E was measured using non-destructive testing 

based on sound wave propagation (Urhan et al. 2014; 

Fundova et al. 2019; Schimleck et al. 2019). Non-

destructive testing has been widely used in the forestry and 

urban tree industries to infer the physical and mechanical 

properties of wood (Gonçalves et al. 2020). A FAKOPP 

Microsecond Timer was used for this purpose. The 

obtained data consisted of the sound wave propagation time 
(t), which was generated along the tree stem (s), which was 

then calculated as the sound wave velocity (SWVT) (see 

Equation 20). It was used to determine the static modulus 

of elasticity (Es) according to the calculation by Duong et 

al. (2022) in Equation 21. Equation 22 provides the 

mathematical formula for the corrected parallel-to-grain 

allowable compression stress (L(x)). 

 
(20) 

 (21) 

 (22) 

Determination of bending stress of standing trees 

Spatz and Bruechert (2000) explain that actual bending 

stress (fb) occurs when a tree is subjected to wind load. The 

mathematical determination of the wind load on a tree is 

presented in Equation 23. The air drag coefficient (Cd) 
value is 0.2, and the air density (ρa) value used was the 

standard atmospheric temperature and pressure of 1.226 kg 

m-3 (ISO 2533 1975). The wind speed (vw) value used was 

the average maximum wind speed in the site location (Bogor, 

West Java, Indonesia) in 2022, which was 9-10 m s-1 (BPS 

2022). The area of vertical crown projection (Acr) was 

calculated using Equation 24. Based on the Beaufort scale, 

the wind speed is category number 5, with a description of 

a fresh breeze characterized by a smaller tree sway (Cardia 

and Lovatelli 2015). In contrast, mainland Europe (subtropical 

regions) has higher wind speeds than Indonesia (tropical 
regions), such as Poland, ranging from 20-30 m s-1, about 

30-32 m s-1 in Latvia, and 26 m s-1 in Hungary, depending 

on the region (Kadry et al. 2019). In previous studies, many 

authors report that the air drag coefficient decreases with 

increases in wind velocity and becomes constant at high 

wind speeds (Kitagawa et al. 2015; Gardiner et al. 2016; 

Koizumi et al. 2016; Borisevich and Vikhrenko 2018; 

Manickathan et al. 2018; Moore et al. 2018). 

 
(23) 

 
(24) 

Equation 25 obtained the actual bending stress (fb ) 

values. Equations 26, 27, 28, 29, and 30 are supporting 

equations used to calculate the fb value, i.e., centroid crown 

(Ccr), first momen crown (Qcr), centroid (cs), diameter wind 

point (Dw), and diameter along the crown (Dcr), 

respectively. 

 

(25) 

 
(26) 

 

(27) 

 
(28) 

 
(29) 

 
(30) 

The allowable bending stress (Fb), mathematically 

expressed in Equation 31, is derived by dividing the lower 

limit of 5% ((KT) with a 95% confidence level) by the value 

of the adjustment factor to clear the wood properties and 
then multiplying by the Modulus of Rupture (MoR). KT was 

derived from SNI 7973 (2013) as 1-1.645Cov, where the 

coefficient of variation for the modulus of rupture (CovMoR) 

value was 0.16, as obtained from the Forest Product 

Laboratory (2010). The adjustment factor for the hardwood 

bending strength was 2.3 (ASTM D-245 2002). The MoR 

value for the rain tree is 39.15 MPa (Puspitasari 2021). 

 
(31) 

The corrected allowable bending stress (Mx) was 

calculated by multiplying Fb with several correction 

factors. The correction factors used included load duration 

(CDb), wet service (CMb), temperature (Ctb), flat use (Cfub), 

repetitive members (Crb), condition treatment (Cctb), 

incising (Cib), size (CFb), and beam stability (CLb). The 

correction factor values obtained from AWC (2018) are 

0.85 for CMb, 1 for Ctb, 1 for Cfub, 1 for Crb, 1 for Cctb, 1 for 

Cib, 1 for CFb, and 1 for CLb (as trees cannot twist). The CDb 

value depends on the applied load (explained in more detail 

in subsection 2.6). The formula for the corrected allowable 
bending stress (Mx) is mathematically expressed as 

Equation 32. 

 (32) 

Determination of combined stress of standing trees 

AWC (2018) explained that when both compression 
and bending loads act on a tree simultaneously, the 

calculation of the load conditions is divided into three 

categories. The first is a combination of compression and 

bending loads (D + L + W), the second is a combination of 

internal and external compression loads (D + L), and the 

third is an internal compression load only (D). The dead 

load (D) represents the weight of the crown and stem above 

the observed section, the live load (L) accounts for 
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activities such as climbing or hanging, and W represents 

wind loads. For those three categories, the load duration 

factor (CD) values were different. The first (D + L + W), 

second (D + L), and third conditions (D) used CD of 1.6, 

1.25, and 0.9, respectively. The combination of the 

compression and bending stress values must be smaller 

than 1 (Equation 33). The parameters in this equation were 

explained in the previous subsection.  

 

(33) 

Determination of critical height and tree safety factor 

According to Karlinasari et al. (2023), the critical tree 

height (Hcr) can be used to determine the safety factor (Sf). 

The critical height of the tree was obtained through 

graphical-mathematical analysis. This graphical-

mathematical analysis is obtained and simulated by 

entering most of the equations (Equations 3 until 33) into 

the Desmos Graphic Calculator software, free access 

(https://www.desmos.com/calculator?lang=id), considering 

the applied loads on the tree (load conditions), resulting in 

critical height values for each tree. Because the value of the 
stress calculated on each part will produce a large and 

continuous number, the graphical-mathematical analysis 

simulation results are not specific numbers but functions. 

The tree safety factor is the ratio of the critical tree height 

(Hcr) to the actual tree height (H), as expressed in Equation 

34. A tree is considered safe if the resulting Sf value is 

greater than 1 and meets the requirements for load 

combinations.  

 
(34) 

RESULTS AND DISCUSSION 

Characteristics of trees  

The morphometric characteristics of the rain trees are 

presented in Table 1. The average total height of the rain 

tree is 25.93 meters, at branch-free height is 2.84 meters, 

the lowest crown height is 9.28 meters, the crown height is 

16.65 meters, the Diameter at breast height (Dbh) is 59.65 

centimeters, the tip diameter is 52.20 centimeters and 

crown diameter (Dc) is 8.70 meters. This is consistent with 
Karlinasari et al. (2021, 2023), who found in their study 

that the Dbh of rain trees ranges from 35.7 to 116 cm. 

Rahardjo et al. (2014) and Mardiatmoko (2016) reported 

that the tree height can reach 15-30 m with the crown 

diameter often being wider than the height of the tree. The 

characteristics of trembesi align with the characteristics of 

a decurrent tree, which typically has a short main trunk and 

spreading crown (Coder 2014; Li et al. 2022). Tree growth 

is influenced by several factors, including light, 

temperature, precipitation, drought, soil moisture, 

silvicultural treatment, genetics, and hormones (Harvey et 
al. 2019). Other studies also mention that tree size and 

growth rate are influenced by wind, which has an impact 

on carbon stock and storage (Bonnesoeur et al. 2016; 

MacFarlane and Kane 2017). 

The taper and slenderness values of the rain trees in the 
research site are listed in Table 2. Stem tapering is the 

degree of change (decrease rate) in the stem diameter from 
a certain point (ground level) to the tip (Yang and Burkhart 

2020; Seki 2023). The stem taper has an important role in 
forest management, forest planning, forest inventory, and 

growth projection (Salekin et al. 2021). It is also an important 
parameter for determining the critical height of trees for 

preventing buckling (Dargahi et al. 2019). Karlinasari et al. 

(2023) explained that the larger the taper value, the more 
tapered the tree stems. The taper value for the rain tree was 

0.10, for the agathis tree was 0.71, and for the royal palm 
was 0.38 (Karlinasari et al. 2023). However, in the present 

study, the taper value for rain trees was 0.12. This indicates 
that the rain tree stem has a less tapered characteristic than 

the agathis and royal palm trees. Therefore, rain trees have 
a lower risk in terms of buckling of the main stem 

(Karlinasari et al. 2023). Factors influencing the shape of 
tree stems include tree positioning and spacing, soil density, 

plant maintenance, fertilization, and genetic factors (McTague 
and Weiskittel 2020). The slenderness coefficient of the 

tree stems (slenderness or S) based on morphometry was 
defined as the ratio of tree length (branch-free height) to 

Dbh. The average slenderness value of the tree stems based 
on morphometry was 5.57. Trees with low slenderness 

typically have larger canopies, more developed root 
systems, and less slender or tapered stems (Karlinasari et al. 

2021). Factors that influence slenderness include silvicultural 
treatment, stand age, stand density, crown width, soil type, 

slope, and nutrient content (Zhang et al. 2020). 
The modulus of elasticity (MoE or E) is a parameter used 

to determine the corrected compression stress in wood or 
trees (AWC 2018). This value was used in cooperating to 

calculate the tree stability (Karlinasari et al. 2021). The static 
modulus (Es) used in the calculation was generated by the 

dynamic E, which was obtained from field testing using a non-
destructive testing tool for measuring sound wave propagation 

from a tree stem (Duong and Schimleck 2022). Wood density 
was determined in cooperation with stem weight. The 

values are presented in Table 3. The results show that the 
average density of fresh rain tree stems is 1107.69 kg m-3, 

the sound wave velocity is 2768.60 m s-1, and the static E 
(Es) is 4.95 GPa. This aligns with Karlinasari et al. (2021), 

who reported that the sound wave velocity in rain tree 
stems ranges from 1787.72 to 3334.53 m s-1. However, for 

wood density and Es, this research indicates higher values 

compared to Karlinasari et al. (2023), which reported wood 
density and static E values for rain trees as 778.20 kg m-3 

and 3.89 GPa, respectively. Thus, the E value of wood can 
indicate the stiffness. The stiffness can affect the stability of 

the tree because if the tree grows taller without increasing 
its stiffness, the tree may fall under its weight. The reason 

is that it is unable to withstand the load that occurs (Moulia 
et al. 2019). Therefore, the larger the E value, the stiffer the 

wood, and the smaller the risk of deflection and bending 
(Karlinasari et al. 2023). In addition, MOE determines a 

material's strength based on how much it can withstand 
deformation when forced under load during a bending test 

(Vaughan et al. 2021). This study opens up exciting 
possibilities for further exploration and discovery in the 

field of wood science and tree stability. 
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Table 1. The characteristics of the rain trees 
 

Parameter Symbol Unit 
Rain tree (n = 50) 

Average St.Dev CV 

Total tree height H m 25.93 7.34 0.28 
Branch-free height Htbc m 2.84 1.56 0.55 
Lowest crown height Hck m 9.28 4.92 0.53 
Crown height Hc m 16.65 7.03 0.42 

Diameter at breast height Dbh cm 59.65 19.92 0.33 
Tip diameter Dtr cm 52.20 17.90 0.34 
Average crown diameter Dc m 8.70 2.86 0.33 

 
 
Table 2. The values of tapered and slenderness of the rain trees 
 

Parameter Symbol Unit 
Rain tree (n = 50) 

Average St.Dev CV 

Taper of stems T ratio 0.12 0.08 0.61 
Slenderness of 
stems 

S ratio 5.57 5.05 0.91 

 

 
Table 3. The value of average wood density, sound wave 
velocity, and static modulus of elasticity of the rain trees 
 

Parameter Symbol Unit 
Rain tree (n = 50) 

Average St.Dev CV 

Fresh wood density ρ kg m-3 1107.69 165.51 0.15 
Sound wave velocity 

 
m s-1 2768.60 357.16 0.13 

Static MoE 
 

GPa 4.95 1.43 0.29 

 
 

Table 4. The average critical height trees of the rain trees 
 

Load condition 
Actual 

height 

Critical 

height 
Difference 

Combination (compression 
and bending) 

25.93 28.26 2.33 

Combination compression 

(internal dan external) 

25.93 36.53 10.61 

Internal compression 25.93 36.91 10.98 

 
 
Table 5. Conditions of rain trees based on safety factors 
 

Tree condition Safety factor Number of trees Percentage (%) 

Unsafe Sf ≤1 18 36 
Safe 1 < Sf ≤1.645 30 60 
Very safe Sf >1.645 2 4 

 

Stress analysis and critical height of trees 

The critical height of a tree is determined to indicate the 

maximum height that the tree can withstand before bending 

(Karlinasari et al. 2023). The critical height was determined 

by simulating the loads applied to the tree using the 

Desmos Graphic Calculator (see Figures 5, 6, and 7). Each 

tree was simulated for three critical height values based on 

the loading conditions, i.e., Hcr1 for the first loading 
condition (combined load of compression and bending or D 

+ L + W), Hcr2 for the second loading condition (combined 

internal and external compression loads or D + L), and Hcr3 

for the third loading condition (internal compression load 

or D). The average simulation values for each critical 

height, relative to the actual tree height, are listed in Table 4. 

The study results showed that the minimum difference 

in the critical height value of the tree was obtained from the 

first loading condition, namely the combination of 

compression and bending loads. This suggests that the 

minimum critical height value is always derived from the D 

+ L + W combined load condition, resulting in a 

superposition of the resultant compression and bending 
stresses. For that reason, the wind load is a limiting 

condition for tree stability. Trees subjected to wind loads 

with their own weight and live load (D + L + W) are less 

safe than trees subjected to only their weight (D). This is 

also following James (2014), Yang et al. (2014), Jackson et 

al. (2021), Kitenberga et al. (2021), and Amani-Beni et al. 

(2023), which show that wind is an important parameter 

that affects the structural stability of trees. Table 4 shows 

three critical height values based on loading conditions. 

The minimum critical height value (Hcr1) (with the smallest 

difference from the actual value) was selected and used to 
determine the safety factor. This value is the maximum 

height limit of the tree that can withstand the acting load. If 

the tree’s height exceeds the critical height when subjected 

to the same load, the tree will buckle until failure. In 

addition, the implication of this finding to urban forestry 

management can be used to determine the critical height of 

trees in terms of the load from the tree crown. This 

information can be combined with tree maintenance 

activities, especially for pruning or other justifications for 

tree arrangement. 

Tree safety factor 
The safety factor (Sf) is a dimensionless ratio, meaning 

that the divided quantities should have the same units, such 

as load, height, and speed (Kadry et al. 2019). It is also one 

of the parameters that can be used to determine tree safety 

and risk rating (Helmanto et al. 2022), as well as to 

determine the mechanical load acting on the tree 

objectively. This study determined the safety factor based 

on total height (H) and critical tree height (Hcr). The tree 

conditions were classified into three categories based on 

the safety factor values. First, a tree was considered unsafe 

if Sf ≤1. Second, a tree was considered safe if 1<Sf ≤1.645. 

Third, a tree was considered safe if Sf >1.645 (Karlinasari 
et al. 2023). The conditions of the rain tree are listed in 

Table 5. According to these data, there were 18 unsafe 

trees, 30 safe trees, and 2 very safe trees. Representative 

graphic-mathematical analysis images for each tree 

condition and loading condition are shown in Figures 5, 6, 

and 7. A study by Kadry et al. (2019) has developed the 

safety factor (Sf) where Sf <1 indicates unsafety with the 

explanation as a risk of damage such as breaking or 

toppling. Sf values between 1 and 1.5 are considered safe, 

but measures such as crown pruning are necessary to 

prevent damage. A value of Sf >1.5 indicates very safe 
conditions. The Sf value can reach three (Sf >3) or higher in 

an ideal scenario for healthy trees. 
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Figure 5. Determination of critical buckling height (Hcr) using a simulation from the Desmos graphical calculator. Graphic-mathematical 
analysis of unsafe tree conditions at: A. Combined load; B. Internal and external compression load; C. Internal compression load. The 
red line is compression ratio from (L(x)) to (G(x)), the orange area appear if the Sf greater than compression ratio, the blue area appear if 
the combined load greater than 1, and the dotted line is a safety factor line Sf = 1. (Notes: The x-axes represent the tree height from the 
tip (x = 0 m) to the base or ground (x = H m); meanwhile, the y-axes represent the threshold for tree safety factor) 
 
 

 
 
Figure 6. Determination of critical buckling height (Hcr) using a simulation from the Desmos graphical calculator. Graphic-mathematical 
analysis of safe tree conditions at: A. Combined load; B. Internal and external compression load; C. Internal compression load. The red 
line is compression ratio from (L(x)) to (G(x)), and the dotted line is a safety factor line Sf = 1. (Notes: The x-axes represent the tree 

height from the tip (x = 0 m) to the base or ground (x = H m); meanwhile, the y-axes represent the threshold for tree safety factor) 
 
 

 
 
Figure 7. Determination of critical buckling height (Hcr) using a simulation from the Desmos graphical calculator. Graphic-mathematical 
analysis of very safe tree condition at: A. Combined load; B. Internal and external compression load; C. Internal compression load. The 
red line is compression ratio from (L(x)) to (G(x)), and the dotted line is a safety factor line Sf = 1. (Notes: The x-axes represent the tree 
height from the tip (x = 0 m) to the base or ground (x = H m); meanwhile, the y-axes represent the threshold for tree safety factor) 

A B C 

A B C 

A B C 
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This study is very helpful in analyzing the ability of tree 

trunks to bear the "load" both from their own load (crown 

and mass of tree trunk wood) and external loads (wind factors). 

In this case, it can refer to regardless of species, as long as 

the structural parameters such as height, diameter, and density 

(wood and crown) are known, so that these parameters can 

then be used in calculating the structural analysis. The 

structural equations presented and the use of the Desmos 

calculation tool in the study are very common and well-

known to engineers, which can help apply the structure 
calculation following SNI (2013). Therefore, it is hoped that 

this study can be a bridge for research collaboration between 

engineers and biologists in terms of biomechanics study. 

In conclusion, the mechanical stability of a tree can be 

assessed through structural analysis by considering the effects 

of compressive and bending loads acting on the tree. Growth 

characteristics, such as tree height, crown height and 

diameter, Dbh, and various other parameters, are crucial for 

determining these loads. Additionally, choosing the critical 

height of the tree is very important to determine the value 

of the safety factor and the overall tree condition. Based on 
the safety factor value, 2 trees (4%) are categorized as very 

safe. In addition, the majority of trees are in safe condition 

(30 trees or 60%); however, 18 trees (36%) are included in 

the unsafe category. This indicates that the wind load and 

external factors, such as people climbing the tree, affect the 

capacity of the tree to resist bending (tree stability). In the 

next study, root characteristics and environmental factors 

beyond wind load, such as soil conditions, can be included 

as the factors affecting tree stability. 
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