Luo et al. Dis Prev Res 2022;1:7

DOI: 10.20517/dpr.2022.05 DlsaSter Preventlon

and Resilience

Research Article Open Access

'.’ Check for updates

Wind risk assessment of urban street trees based on
wind-induced fragility

Yi Luo, Xiaoqiu Ai
Shanghai Institute of Disaster Prevention and Relief, Tongji University, Shanghai 200092, China.

Correspondence to: Dr. Xiaogiu Ai, Shanghai Institute of Disaster Prevention and Relief, Tongji University, 1239 Siping Road,
Shanghai 200092, China. E-mail: aixiaogiu@tongji.edu.cn

How to cite this article: Luo Y, Ai X. Wind risk assessment of urban street trees based on wind-induced fragility. Dis Prev Res
2022;1:7. https://dx.doi.org/10.20517/dpr.2022.05

Received: 13 May 2022 Revised: 12 Oct 2022 Accepted: 17 Nov 2022 Published: 30 Nov 2022

Academic Editor: Naiyu Wang Copy Editor: Fangling Lan Production Editor: Fangling Lan

Abstract

The failure of urban street trees caused by strong winds and has several adverse effects on urban functions and
public safety. This study developed a wind fragility model based on the mechanical analysis of urban street trees.
The uncertainty of the important parameters involved in this model was quantified for species of interest.
Specifically, the vine copula function was used to estimate the joint probability distribution of the geometric
parameters. Furthermore, the tree fragility curves were obtained and then validated by the historical measured
date. The proposed model may help in effectively identifying high-risk streets and regions.

Keywords: Urban street trees, wind risk assessment, fragility curves

INTRODUCTION

The breakage and falling of street trees caused by extreme winds may lead to direct economic losses and
indirect impacts, such as the failure of structures, lifeline facilities, and traffic systems, which severely
threaten the lives and properties of residents.

Existing studies on wind damage to trees can be roughly categorized into mechanistic and statistical
approaches. The statistical approach directly estimates the probability of damage and the factors influencing
tree failures from historical data using various regression and statistical techniques”. However, because the
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date used for statistical analysis is typically locally specific, it has not been confirmed whether the developed
statistical model can be generalized™*. Moreover, statistical models face difficulties in elucidating the actual
mechanism of wind effects on trees.

In contrast, the mechanistic approach is predominant in studies on wind-induced tree failure. As early as
1881, Greenhill investigated the stability of trees using a bottom-fixed tapered rod"”. Subsequently,
researches on the mechanistic tree model developed toward two directions. One direction tends to develop
increasingly more refined and sophisticated tree models'®”. The finite element model considering precise
tree geometry and wind-tree interaction is particularly popular®'*. The other direction is more practical
and application-oriented. It tends to use models with relatively simple geometry, and focuses on the
specification and quantification of the key model parameters. Specifically, HWIND!"", GALES"", and
FOREOLE"" are the most widely investigated models. The three above-mentioned modeling approaches
simplify the tree as a tapered rod and adopt quasi-static analysis""®. The widely acknowledged Hazus model
for multi-hazard loss estimation"” involves a module for tree blowdown, whereby an individual tree is
modeled as a single-degree-of-freedom (SDOF) oscillator. However, the accuracy of this model is still
unsatisfactory.

To evaluate the wind risk, most mechanistic models, such as HWIND, GALES, and FOREOLE, resort to
calculating the critical wind speed (CWS) required to cause the damage to an "average tree""**). In contrast,
the Hazus tree blowdown model estimates tree damage using the fragility curve, that is, by calculating the
conditional failure probability corresponding to different wind speeds. Owing to the inherent randomness
of tree morphology, the environment, and tree failure occurrence, this study adopted the fragility scheme
for risk assessment.

However, almost all the above-mentioned studies have focused either on forest trees or simply on individual
|, and the significant
differences between the wind environment and tree features of urban areas and forests'””, few studies have

[21,22

trees. Despite the severe and potentially catastrophic impact of urban tree failure

established quantitative wind risk assessment models for urban trees. Studies focusing on trees in urban
areas have practical significance, while the computational efficiency of the single-tree model is important for
facilitating subsequent city-scale analysis.

This study developed a wind risk assessment model for trees in urban streets. To predict wind-induced
failure, a mechanistic model based on the HWIND and GALES models is proposed. Further, focusing on
the quantification of the involved uncertainties, the probability distributions of significant parameters were
investigated in detail. Specifically, the joint probability distributions of the geometric parameters were
estimated using the vine copula function, based on the data from an urban tree database. Finally, the tree
fragility curves were obtained and validated.

MECHANISTIC WIND DAMAGE TREE MODEL

A mechanistic tree model for the deterministic analysis of a single tree subjected to wind loading is
proposed. The proposed model combines the HWIND and GALES models, and involves the simplification
of trees into a cantilever corresponding to the trunk, as shown in Figure 1. The cantilever beam is separated
into several elements. Each element is considered as a cylinder, and the wind load is considered to be
uniformly distributed on each element. Subsequently, the internal force and stress of each node can be
calculated and the tree damage can be assessed.
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Figure 1. Diagram of tree model. H: tree height; H.: crown height; n: number of elements; n.. number of elements in crown area; ng
number of elements in stem area.

Parameters of tree model
The basic parameters required to determine the proposed structural model are geometric and material

parameters.

The three most fundamental geometric parameters of trees are the diameter at breast height (DBH), crown
diameter (D,), and crown height (H,). All of them can be considered as random variables depending on the
tree height and will be discussed in later sections.

Except for the three fundamental parameters, the taper equation of the trunk is essential for determining the
element diameters. The proposed model adopts the widely used Max and Burkhart equation, which is
expressed as follows*:

d Y z zY zY zY
[DBZHJ =b1x(ﬁ_1)+b2>{(ﬁj —1}+b3x(al—ﬁj ><]1+b4x(a2—ﬁ) x1, (§))

where d, denotes the stem diameter at height z; b,, b,, b,, and b, are the shape parameters; a, is the relative
height of the first knot, that is, the point of transition between a paraboloid and a cone in the upper part of
the stem; a, is the relative height of the second point of transition between a neiloid and a paraboloid in the
lower part; I, = 1 if z/H < a,, otherwise I, = 0; I, = 1 if z/H < a,, otherwise I, = 0.

The crown shape is an important geometric factor for tree modeling because it directly affects the estimated
wind loads on trees. The following relationship is used to fit the crown profile®:

dv t . . t
( Cl] +(Z OSJ =1 i:l,z’...,nc (2)
Dc nc

where d; denotes the crown diameter of the i-th element from the bottom of the crown; #,_ is the number of
elements in the crown area; ¢ is the shape parameter. According to the US urban tree database”’, most
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conifers have a paraboloid crown, that is, they are widest at the bottom third of the crown. Herein, the shape
parameter for conifers was considered as 1.4, which satisfies the shape of a paraboloid. The dominant
crown shape of broadleaf trees is ellipsoid; therefore, the shape parameter was considered to be equal to 2.

The material parameters include the stem density p,, crown-to-stem weight ratio ., and modulus of rupture
o,. Species-varying random variables are considered. The values and distributions of these parameters are
discussed below.

Loads on trees

The self-weight of trees is calculated using elements. For elements in the crown area, the weight of the
element is the combination of the stem and crown weight. The weight of the stem can be determined from
the stem density p, and stem diameter at the height of each element. The weight of the crown can be
calculated from the crown-to-stem weight ratio .. Then, the crown weight is assigned to each crown-area
element according to the crown diameter D,; of that element.

The mean wind speed at the top of the tree Uy can be obtained from the power law™ as follows:
_ HY*
7, -u, (_J 3)

where U,, is the 10-min mean wind speed at the height of 10 m, and a is the ground roughness coeftficient.

Hereafter, unless otherwise specified, all mean wind speeds are averaged over a 10-min period. Within the

tree height, the mean wind speed can be calculated as follows":

0(z)=0, (ijw @

Because quasi-static analysis is adopted for the proposed tree model, the effect of the fluctuating wind is
considered by introducing a gust factor, as follows:

U
G = TP 5 5
=7 )
where U, is the peak wind speed, and 7 denotes the mean wind speed. The gust factor is considered as a

random parameter and will be discussed in a later section.

The wind load on each element is represented by a point load concentrated at the center of the element, as
follows:

F = %CDpaSrAi I:UP (Zi )]2 (6)
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where Cj, is the drag coefficient (for elements in the crown area, C,, is taken as 0.25 for broadleaf species,
and 0.3 for conifers"*; otherwise, C, is taken as 1”); p, denotes the air density and takes the value of

1.293 kg/m’ in this model; S, is the dimensionless streamlining coefficient, and is given as follows":

0.8, u(z)<llm/s
S, =1(10/T(z))-0.1, 1lm/s <T(z)<20m/s (7
04, u(z)>20m/s

where 7(z) is the mean wind speed at height z; A, is the area against the wind of the element; Uy(z) = G,/
denotes the peak wind speed at height z,, and z; is the height of the center of the element.

Failure determination

The overall and local failure of trees are considered. The overall failure includes the stem breakage mode
and uprooting (or overturning) mode, while local failure refers to the branch breakage mode, which is
typically more likely to occur compared with overall failure, but has a negative impact on the urban road
environment as well.

Table 1 summarizes the specific failure criterion of each failure mode employed in this model. Notably,
owing to the taper equation adopted herein, the element diameters shrink rapidly when approaching the
canopy, as shown in Figure 2A. Consequently, for broadleaf species, the section stress along the tree height
always exhibits a double-peak mode, as shown in Figure 2B, and the largest peak typically occurs at the
second node from the top. It is clear that the overall breakage of the stem cannot be determined by this peak
at the top area. Therefore, the model is divided into two parts: one corresponding to the trunk and the other
corresponding to the branches. The midline of the crown is considered as the approximate boundary of
these two regions.

The failure criterion for uprooting is expressed as follows:

M, <M, (8)

b, crit
In this equation, the critical base moment M, ., against uprooting can be determined as follows"*:
Mb. ait Creg WS (9)

where W, (kg) denotes the stem weight, and C,, (Nm-kg™) is a regression constant that comprehensively
reflects the root and soil characteristics. In the proposed model, C,, is considered as a random variable, and
its value and distribution are discussed later.

The bending moment of each node is obtained as follows:

n+l

M, =Y F/z,-z) (10)

J=i+l
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Table 1. Description of failure modes

Failure category  Failure mode Failure criterion

Overall Failure Uprooting Base bending moment (M,) exceeds the critical uprooting moment (My, ¢,ir)
Stem breakage Maximum section stress in the trunk region (a,,, .) exceeds the modulus of rupture (a,)
Local Failure Branch breakage = Maximum section stress in the branch region (o, ,, ) exceeds the modulus of rupture (a,)
A s : ‘ ‘ : B 10
Pt 1 - ~~~
= <
= e
S 05t 6"
0 1 1 1 1
0 5 10 15 20 25 25
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Figure 2. Typical section diameter and stress of broadleaf species. (A) Section diameter; (B) Section stress.

where F, denotes the wind load given by Equation (6); 7 is the total number of elements, and the nodes are
counted from the base to the top. Further, the base bending moment, which is also the maximum moment,
is obtained as follows:

M,=M,=>Fp, (11)

J=2

Notably, the additional moment in the HWIND model, which accounts for the p-delta effect caused by the
self-weight and wind-induced horizontal displacement, is not considered herein because the proposed
model only considers the linear-elastic response of trees. Consequently, the additional moment is relatively
small compared with the moment generated directly by the wind loads. Figure 3 shows the comparison
between the additional moment and the direct moment from wind for U,, = 40 m/s. Note that, the
additional moment increases with the wind speed. However, as can be seen, the additional moment is still
negligible even for U,, up to 40 m/s. The simplification of neglecting the additional moment in the proposed
model greatly reduces the computational costs. It is because it eliminates the calculation of structural
displacement for the determination of the additional moment.

The failure criterion for stem breakage is expressed as follows:
0, <O s (12)
where o, , is the maximum stress in the stem region, and is expressed as follows:
T o s =max(crz.), i=1,2,---,n—<nc/2) (13)

where () means rounding off to the nearest whole number; #, is the number of elements in the crown
region; o, denotes the stress at node 7, and is expressed as follows™
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o=Md N 14
"2 4 (14

i

where d, A, and I, denote the diameter, area, and moment of inertia of the stem cross section at node i,
respectively; M, can be calculated using Equation (10); N; is the axial force caused by the self-weight.

The failure criterion for branch fracture is expressed as follows:
Gk (15)

where o

max, b

denotes the maximum stress in the stem region and is expressed as follows:

lo =max(0'[), i=n+1—<nc/2>,~-,n+1 (16)

max, s

QUANTIFICATION OF STOCHASTIC PARAMETERS

In this section, the stochastic parameters involved in the proposed mechanistic model are quantified.
Specifically, the joint distributions of the geometric parameters are fitted using data from the USDA urban
tree database'”” via copula functions. However, owing to the lack of data, the probability distributions of
material parameters are given empirically with mean values obtained from the literature. The distribution of
the wind gust factor is identified from the time histories of the fluctuating winds generated using the
Davenport spectrum'™.

Because the geometric and material parameters of trees are species-dependent, to facilitate the model
validation discussed in the next section, typical broadleaf trees and conifers were considered as the target
species in this study. Notably, the same methodology can be applied to the analysis of other specific species
when the corresponding information is provided.

Geometric parameters
The basic geometric parameters, that is, the diameters at breast height (DBH), crown diameter (D,), and
crown height (H,) are estimated by the polynomial functions of the tree height (H).

The data used for regression were obtained from the USDA urban tree database". For each species, the
regression parameters and the distribution of random variables were fitted. The model employed to fit the
data points is expressed as follows:

yo=S(x)-0, a7

where y; is the i-th sample value of the parameter, and may refer to DBH, D,, or H;; x; is the tree height (H)
of the i-th sample; f (x) denotes the regression polynomial function; ¢, is the i-th sample value of the random
variable corresponding to the considered parameter.

The distributions of random variables 0, 0,,, and 0y, are considered to be independent of the tree height
H. Figure 4 shows the samples of 0,5, 0p., and 6,,. against H for various typical cases. For varying values of
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Figure 3. Comparison of additional moment and direct moment.
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Figure 4. Part of data of geometric random variables 6 pgy, Op., and 0. DBH: diameter at breast height; D.. crown diameter; H.: crown
height; 6: random variable corresponding to considered parameter. (A) Opgy of broadleaf species; (B) Op. of broadleaf species;
(C) Oy of conifers.

H, all three random variables are approximately homoscedastic.

The linear polynomial function is employed for the regression of diameter at breast height (DBH) and
crown height (H,); the quadratic regression function is used for the crown diameter (D.). The

comparisons of the regression functions are presented in Figure 5, and the parameters obtained
by the least squares algorithm are presented in Table 2. As shown in Figure 5, compared with

the other two geometric random variables, the differences among the crown height (H,) regression
results for different species are relatively small, and the corresponding variance in the samples is the
smallest.

Before constructing the joint distribution of the random variable using copula theory, the marginal
distributions of the variables were determined. In this study, five distribution types, namely, the normal
distribution, lognormal distribution, Gamma distribution, Weibull distribution, and Burr type XII
distribution, were considered and fitted by the maximum likelihood estimation.

Figure 6 shows the fitting results for the distributions of typical broadleaf trees.

The D value in the Kolmogorov-Smirnov (K-S) test was used to determine the best-fitted distribution, as
follows"":
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D= max (lF (x)-8,(x)

). (18)

where F (x) denotes the assumed cumulative density function (CDF) of random variable X, and S, (x) is the
stepwise cumulative frequency function of the sample data. Table 3 gives the best-fitted distribution of each
species and geometric random variable, and the corresponding parameters.

The joint distributions of the geometric random variables (0, 05, and 6y,.) for each species are estimated
by copula theory. To determine the dominating variable for constructing the vine copula structure, the
Pearson, Spearman, and Kendall correlation coefficients for each random variable pair of all considered
species were calculated as presented in Table 4. As can be seen, the correlation between 6,,,,; and 6, is much
stronger compared with the correlation between 6, and any of these two random variables. Based on the
discriminant formulae® for independence determination, the independence hypotheses for random
variable pairs [0pp, O] and [0y, 0;1] were rejected. Therefore, 0, was still considered as dependent, and the
vine copulas were used to construct the three-dimensional joint probability density function.

Herein, five copula function types were considered: the Ali-Mikhail-Haq (AMH) copula, Frank copula,
Clayton copula, Gaussian copula, and t copula. According to the Akaike information criterion (AIC), the
best-fitted copula has the minimum AIC value™. For each random variable pair, the best-fitted copula
functions and their parameters are presented in Table 5. Figure 7 shows the comparison between the
original 11,567 data points and the 1000 samples generated by the estimated vine copula function and
marginal distributions for broadleaf trees. As can be seen, the results are in good agreement.

Material Parameters and critical bending moment

In the proposed model, the random material and strength parameters of trees include the stem density p,,
modulus of rupture g,, crown-to-stem weight ratio r., and regression coefficient of critical bending moment
C... Similar to the geometric parameters, these parameters are expressed as follows:

reg*
X=X-0 (19)

where X is a random material parameter and may refer to p, o, or r,; X denotes the mean value of the

cs?

random parameter; 6 is a random variable with a mean equal to 1, and the standard deviation is equal to the
coefficient of variation of X.

The construction of accurate probabilistic distributions of the model parameters is always desirable.
However, because a large data set of material parameters is not yet available, their distributions must be
assumed based on experience. In the proposed model, the lognormal distribution is adopted for all random
material and strength variables. The distribution parameters are determined by moment estimation;

therefore, the mean value X and the coefficient of variation of the parameters still need to be determined.

The USDA Wood Handbook" provides the specific gravity (S,) and modulus of rupture (s,) of various
species. Notably, all material parameters in this model should take the value of green trees instead of
overdried wood. With S, of green trees, the stem density (p,) can be obtained as follows:

p. =(1+MC)xS, p, (20)
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Table 2. Regression parameters for different species and geometric parameters (for linear function, f (x) = ax + b; for quadratic

function, f (x) = ax’ + bx +c)

Species DBH (cm) D.(m) H_(m)
Broadleaf a=3.5857 a=-0.0144 a=0.8424
b=-0.9613 b =1.0950 b =-1.0316
c=-0.5046
Conifer a=2.8993 =-0.0105 a=0.8203
b =4.9477 b=0.7091 b=-0.1333
c=0.8331
DBH: Diameter at breast height; D.: crown diameter; H.: crown height.
Table 3. Best-fitted distribution and parameters of geometric random variables
s ecies 0DBH 0Dc 0Hc
P Distribution Parameters Distribution Parameters Distribution Parameters
Broadleaf Burr a=10269 Burr o =13840 Burr a=11243
c=3.7257 c=4.0562 c=9.0512
k=1.3808 k=3.2724 k=2.1530
Conifer Burr o =13891 Gamma a=6.4717 Weibull a=10626
c=3.1537 b =0.1527 b=7.9837
k=27291

DBH: Diameter at breast height; D.: crown diameter; H.: crown height; 6 random variable corresponding to considered parameter.

Table 4. Correlation coefficients for each random variable pair

Type of corr. coeff. Random variable pairs Broad-leaf Conifer
Pearson [Opsh, Opcl 0.659 0.705
[OpgH, Oncl -0.173 -0.088
[Obc Ol -0.144 -0.100
Spearman [Obsr, Opc] 0.71 0.729
[Obsrs Onc) -0.182 -0.087
[Opc, Ol -0.135 -0.152
Kendall [OpgH, Opc] 0.525 0.545
[OpgH, Oncl -0.124 -0.060
[Opc, Ol -0.091 -0.103

DBH: Diameter at breast height; D.: crown diameter; H.: crown height; 6;: random variable corresponding to considered parameter.

Table 5. Best fitted copula function and their parameters

Species (Upgyr Up) (Upgr Uyl (W prr Whicipsr)
Copula Parameters Copula Parameters Copula Parameters
Broadleaf t p=0.7256 t p=-01937 t p =-0.6687
v =8.7194 v=7.8419 v = 313205
Conifer Frank 0=6.6617 t p=-0.0962 Frank 0=-0.0624
v=72625

DBH: Diameter at breast height; D.: crown diameter; H.: crown height.

where MC denotes the moisture content of the green trees of the specific species considered, and

p,, = 1000 kg/m® is the density of water.
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Figure 5. Regression results for DBH, D, and H. of different species. DBH: diameter at breast height; D.: crown diameter; H.: crown
height. (A) diameter at breast height DBH; (B) crown diameter D, (C) crown height H..
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Figure 6. Fitting results for assumed marginal distributions of geometric random variables of broadleaf trees. DBH: diameter at
breast height; D.: crown diameter; H.: crown height; 6;: random variable corresponding to considered parameter. (A) diameter at
breast height Opgy; (B) crown diameter 6p,; (C) crown height 6.
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Figure 7. Comparison of samples generated by copula function and original data. DBH: diameter at breast height; D.: crown diameter;
H.: crown height; 6: random variable corresponding to considered parameter. (A) [0pay, Opcl; (B) [0psH, Oncl; (C) [0pe, Oncl.

The mean values of MC, S,, p,, and ¢, are listed in Table 6. Herein, the mean and coefficients of variation for
the above-mentioned material parameters of typical broadleaf trees (or conifers) are estimated by the data of
all available hardwood (or softwood) species in the USDA Wood Handbook, and each species has the same
weight in the computation.

Owing to the lack of supporting materials, the crown-to-stem weight ratio r,, is not considered as species-
dependent. The crown weight is approximately 28.0% + 3.3% of the fresh weight of an entire tree®;
therefore, r,, is approximately39% =+ 6.5%. Consequently, in this study, the mean r, value was considered as
0.39, and the coefficient of variation was considered as 0.167.
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Table 6. Mean values of MC, Sg,ps,and o, of different species

Species MC (%) S, p, (kg/m®) ,(10” Pa)
Broadleaf 86 0.517 9239 5.57
Conifer 105 0.401 802.2 4.34

MC: Moisture content of green trees of specific considered species; p: stem density; Sy: specific gravity; g,: modulus of rupture.

The regression coefficient C,, of the critical base moment for uprooting failure is also species-dependent.
Many experimental studies have been conducted to measure the value of C,, for different species and
various root and soil conditions"*********!. In previous studies, the value of C,,, varied from 67 to more than
200. However, owing to the enormous experimental cost of measuring C,.,, the data of C_, are still limited to
an extent that makes it rather difficult to obtain a reasonable distribution of C,, for different species and the
root and soil properties. Therefore, in this study, C,, was only considered as species-dependent. The mean
values of C,, for general broadleaf species and conifers are identified in the following model validation
procedure, respectively, and the standard deviation of 6, was set to 0.2.

The conclusions regarding the random variables for the stem density, modulus of rupture, crown-to-stem
weight ratio, and regression coefficient of the critical base moment, that is, 6p,, 6o, 0r,, and 0, respectively,
are presented in Table 7.

Gust factor

In this study, the gust factor was calculated by the ratio of the 1-second gust to the 10-min mean wind
speed. The fluctuating wind speed can be considered as a Gaussian stationary process. For an initial variate
satisfying the Gaussian distribution N (1, ¢), the maximum value obtained for samples with size n satisfies
the Gumbel distribution for large n""\. For the gust factor G, in Equation (5), its corresponding initial variate
satisfies N (1, I,,), where I,, denotes the coefficient of variation of the wind speed at the height of 10 m.
Therefore, the distribution of G, can be obtained as follows:

Fy, (v)=exp[ e ] @1

where F; (y) denotes the CDF of G;, and the following relationships hold:

" =1m( ,—zm_mmn+m(4n)}l

2\2Inn 22)

As can be seen, if I,, is known, the distribution of G, can be fully determined with sample size n. According
to China’s specification for the design load of buildings (GB 50009-2012), for urban areas with dense
building clusters, I,, can be taken as 0.23"". Then, the following empirical value of 7 is used in this model:

n= 100[10g3 [4 %D (23)



Luo et al. Dis Prev Res 2022;1:7 | https://dx.doi.org/10.20517/dpr.2022.05 Page 13 of 18

Table 7. Random variables of material and strength properties

Random variable Distribution Mean/Standard deviation

Ops Lognormal 1 =1,0=0.1403 (Broadleaf)
1 =1,0=0.1403 (Conifer)

Oo, Lognormal 1=1,0=0.2499 (Broadleaf)
w=1,0=0.2499 (Conifer)

Or s Lognormal un=10=0.167

Ocieq Lognormal 1n=1,0=02

ps: Stem density; o modulus of rupture; re: crown-to-stem weight ratio; C,,: regression coefficient; 0 random variable corresponding to
considered parameter.

For each U

LR
frequency of 1 Hz, as determined by the corresponding Davenport Spectrum™. Notably, there are other

Eq. (23) is approximated from 10,000 time series with a 10-min period and the sampling

distributions of instantaneous maximum wind speed that similarly have a double exponential form. These
distributions also require the estimation of certain parameters when applied to the quasi-static analysis'*.
All of these distributions are reasonable approximations when the sample size # is large. Therefore, this
study adopted the widely used Gumbel distribution.

WIND FRAGILITY AND MODEL VALIDATION

The probabilistic mechanical model was validated in the same manner using the same survey data as the
Hazus model.

In the technical manual of Hazus-MH 2.1, the blowdown results for 1158 trees (628 conifer and 530
deciduous trees) in eight residential subdivisions in eastern North Carolina caused by Hurricane Isabel in
2003, and the estimated peak gust wind speed of each subdivision, are provided". Trees are divided into
conifers and deciduous trees by species, and into four classes by height, amounting to a total of eight classes.
Because the sample size at each surveyed site is not sufficient to allow a reasonable estimation of the failure
property if considered separately, the Hazus manual proposes a weighted average scheme to make use of
these measured data™. For each tree class at all surveyed sites, the weighted average blowdown probability
for trees, and the corresponding weighted wind speed, were calculated as indicated by the star symbol in
Figure 8. The model will be validated if, for all tree classes, the estimated fragility curve passes through the
corresponding weighted average point. Notably, only the estimated peak gust wind speed of each site is
provided, while the proposed model is based on the mean wind speed. Therefore, the mean wind speed of
each site can be further estimated using the following expression:

Ulo =U, /(1 +¢l, ) (24)

where U, denotes the provided peak wind speed; g denotes the peak factor, and is considered as 3.0 in
accordance with the Hazus manual"”; I, denotes the turbulence intensity and was considered to be the same
as I,, for an urban area, that is, equal to 0.23.

By employing the proposed model, the failure probability P, at each {7, was calculated by Monte Carlo
simulation with 10,000 samples. The proposed mechanistic model has fairly high efficiency, and the
computation of one fragility curve takes no more than one second. Therefore, the proposed model can be
easily extended to city-scale when various tree species, tree heights, and other dominant tree properties
must be considered separately.
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Figure 8. Model validation results. H: tree height; C_: regression coefficient; Pf. failure probability; Uj: mean wind speed in 10 min at

height of 10 m. (A) Coniferous tree, H = 20 feet (6.1m), E“E =130; (B) Deciduous tree, H = 20 feet (6.1m), E,,g =160; (C) Coniferous
tree, H = 35 feet (10.7 m), E“g =120; (D) Deciduous tree, H = 35 feet (10.7 m), C_,,g =180; (E) Coniferous tree, H = 50 feet (15.2 m),
C_,.5 =145; (F) Deciduous tree, H = 50 feet (15.2 m), C_us =180; (G) Coniferous tree, H = 70 feet (21.3 m), C_,,5 =165; (H) Deciduous

tree, H=70 feet (21.3 m), C_\'zg =180.
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The survey data and estimation results for eight tree classes are shown in Figure 8 Because only the height
ranges of four tree height classes are available, and there is no information on the specific height of each
sample tree, a representative height was selected for each height class. The tree height information of the
validation data is initially given in feet. In Figure 8, the representative heights measured in feet and meters
are given simultaneously. Because the survey did not provide data for the local damage of trees, this failure

) still

mode was not considered in the model validation. Recall that the mean values of C,, (denoted by C

reg Teg

need to be determined. The C,,, value used in the estimation of each tree class is noted in the corresponding

subplot in Figure 8 All estimated C,,, values lie within a reasonable range, which indicates the rationality of
the proposed model.

Another phenomenon observed in the estimation is that the dominant failure mode is uprooting at the
weighted wind speed. Actually, there is certain regularity between the dominant failure mode estimated by
the proposed model and the wind speed. When the wind speed is low, the dominant failure mode is stem
fracture, while the failure probability in this stage is typically too low to be heeded. When the wind speed
increases, the trees are more likely to fail at the root.

As a further exploration, the significance of the correlation of random model parameters, that is, the
necessity of applying the vine copula functions, was investigated. As shown in Figure 9, there is a significant
difference between the fragility curves obtained by the proposed vine copula function and those obtained
from independent geometric parameters with the same marginal distributions. Undoubtedly, this
demonstrates the necessity of considering the correlation of random parameters and the advantage of
applying the vine copula function in the proposed model. Moreover, it shows that the probability
distributions of model parameters are very important to fragility analysis; therefore, future studies should
pay more attention to this issue.

CONCLUDING REMARKS

This paper proposes a wind risk assessment model for trees in urban streets. Specifically, based on a
mechanistic tree model with elaborated considerations of the model parameter uncertainties, a probabilistic
model for calculating the fragility of urban street trees was established. By using a sufficient amount of
available data, the joint probability distributions of the fundamental geometric parameters of trees were
obtained based on the vine copula theory. Moreover, the wind fragility curves of typical broadleaf trees and
conifers were obtained. The comparison of the results obtained by the proposed model to survey data
confirmed the validity of the proposed model.

The significance of accurate probability modeling in risk assessment was emphasized. In addition to the
marginal probability distribution of each parameter, the correlation and dependence of parameters are also
important. Copula functions provide a feasible approach toward accurately constructing the joint
distributions of random parameters using parametric and explicit expressions.

The proposed mechanistic model is fairly efficient and is expected to be applied to wind risk assessment at
the city scale. However, owing to the lack of data, there are still many deficiencies in the parameter
quantification and model validation of the current model. Issues to be further improved include the
following: (1) accurate modeling of the distribution of material and strength parameters with the support of
more experimental data; (2) considering the influence of root characteristics and root-soil interaction; and
(3) comprehensive validation of proposed model with the support of additional survey data and refined
numerical analysis.
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Figure 9. Comparison of fragility curves of typical deciduous tree. Py failure probability; Ujp: mean wind speed in 10 min at height of
10 m.
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