Nat. Hazards Earth Syst. Sci., 23, 1257-1266, 2023
https://doi.org/10.5194/nhess-23-1257-2023

© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

Dynamic response and breakage of trees subject to

a landslide-induced air blast

Yu Zhuang'-2, Aiguo Xing', Perry Bartelt’, Muhammad Bilal', and Zhaowei Ding’

I'State Key Laboratory of Ocean Engineering, Shanghai Jiao Tong University, Shanghai 200240, PR China
2State Key Laboratory of Geohazard Prevention and Geoenvironment Protection, Chengdu University

of Technology, Chengdu 610059, PR China

3WSL Institute for Snow and Avalanche Research SLF, Fliielastrasse 11, 7260 Davos Dorf, Switzerland

Correspondence: Aiguo Xing (xingaiguo @sjtu.edu.cn)

Received: 9 June 2022 — Discussion started: 29 June 2022

Revised: 9 March 2023 — Accepted: 16 March 2023 — Published: 4 April 2023

Abstract. Landslides have been known to generate power-
ful air blasts capable of causing destruction and casualties
far beyond the runout of sliding mass. The extent of tree
damage provides valuable information on air blast intensity
and impact region. However, little attention has been paid
to the air blast-tree interaction. In this study, we proposed a
framework to assess the tree destruction caused by powerful
air blasts, including the eigenfrequency prediction method,
tree motion equations and the breakage conditions. The tree
is modeled as a flexible beam with variable cross-sections,
and the anchorage stiffness is introduced to describe the tilt
of the tree base. Large tree deflection is regarded when cal-
culating the air blast loading, and two failure modes (bend-
ing and overturning) and the associated failure criteria are
defined. Modeling results indicate that although the anchor-
age properties are of importance to the tree eigenfrequency,
tree eigenfrequency is always close to the air blast frequency,
causing a dynamic magnification effect for the tree deforma-
tion. This magnification effect is significant in cases with a
low air blast velocity, while the large tree deflection caused
by strong air blast loading would weaken this effect. Further-
more, failure modes of a specific forest subject to a powerful
air blast depend heavily on the trunk bending strength and
anchorage characteristics. The large variation in biometric
and mechanical properties of trees necessitates the establish-
ment of a regional database of tree parameters. Our work and
the proposed method are expected to provide a better under-
standing of air blast power and to be of great use for air blast
risk assessment in mountainous regions worldwide.

1 Introduction

Long runout landslides involve massive amounts of energy
and can be extremely hazardous owing to their long move-
ment distance, high mobility and potential chain disasters
(Nicoletti and Sorriso-Valvo, 1991; Nicoletti et al., 1993;
Johnson and Campbell, 2017; Shugar et al., 2021; Zhang et
al., 2022). A moving landslide with high velocity can gener-
ate a powerful air blast capable of uprooting trees, lifting peo-
ple into the air and even flattening buildings (Adams, 1881;
Penna et al., 2021). In recent decades, destructive air blasts
frequently occurred in mountainous regions worldwide and
caused casualties and economic loss far beyond the land-
slide runout (e.g., Yin, 2014; Bartelt et al., 2016; Kargel et
al., 2016). Understanding their force of destruction is of great
use for landslide risk assessment and disaster mitigation, es-
pecially in high-altitude regions.

Monitoring equipment has been confirmed to provide
great performance in determining the dynamic characteris-
tics of landslide-induced air blasts (Grigoryan et al., 1982;
Sukhanov, 1982; Caviezel et al., 2021). However, most case
histories occurred in high-altitude mountainous regions with-
out witnesses (Yin and Xing, 2012), and the in situ equip-
ment also got damaged because of the near-field destruction
of landslides and associated air blasts. Therefore, very few
air blast cases have been measured in history. Geologists can
only evaluate the air blast hazard for most recorded events
using historical evidence after the landslide occurred. In situ
information about forest destruction and tree breakage is of-
ten used for the air blast risk assessment (Feistl et al., 2015;
Fujita et al., 2017; Zhuang et al., 2019, 2022b) (Fig. 1). Up-
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rooted trees and snapped stems delineate the impact region
of air blasts and create a natural vector field, indicating the
primary movement direction of the landslide, greatly helping
to analyze the disaster-causing process of the event. In many
cases, observations of forest destruction are the only data to
quantify air blast danger.

The question that remains for air blast mitigation planning
using the information of tree damage is how to establish a
simple relationship between air blast impact pressure and tree
failure. Bending and overturning are two common tree failure
modes caused by strong winds. Trees snap when the bend-
ing stress exerted by the air blast exceeds the wood strength
(Peltola et al., 1999; Gardiner et al., 2000), while overturn-
ing will occur if the applied moment overcomes the anchor-
age resistance of root systems (Jonsson et al., 2006; Nicoll
et al., 2006). The occurrence of these two failure modes de-
pends heavily on both the air blast loading and the tree prop-
erties. Considering the minor destruction of air blasts rela-
tive to the landslide, although it has long been recognized
that sliding mass can easily break or uproot trees (Bartelt and
Stockli, 2001; Silhén, 2020), little attention has been paid to
the tree destruction resulting from air blasts. Furthermore,
existing models describing the tree—air blast interaction are
mostly static (Feistl et al., 2015) or established based on the
small-deflection theory (Bartelt et al., 2018a). These methods
could aid in a rapid assessment of air blast power, but further
research is needed to establish a dynamic model to represent
the dynamic response of trees in strong wind. A mechani-
cal understanding of how trees are damaged by air blasts is
therefore essential for quantifying the air blast power and for
providing valuable data to verify the possible numerical re-
sults.

In this study, we established a simple dynamic model ca-
pable of calculating the natural frequency of trees and simu-
lating their dynamic response subject to a powerful air blast.
The proposed model regards the tree as a multi-degree-of-
freedom beam with variable diameters and accounts for large
tree deflections and impacts of root anchorage. Both bending
and overturning failure modes are involved in the model. The
work conducted in this study is expected to make people bet-
ter understand the power of landslide-induced air blasts and
to provide an applicable method to assess the air blast hazard.

2 Model description

Measurements of historical events indicated that the
landslide-induced air blast is intermittent and of short du-
ration, lasting only a few seconds, and could reach a high
velocity (Grigoryan et al., 1982; Sukhanov, 1982; Caviezel
et al., 2021). This impulse wave has a propagation distance
of hundreds of meters in both horizontal and vertical direc-
tions and acts over the entire tree. Thus, the impact of air
blasts on trees is similar to extreme wind gusts, producing
large bending moments in the stem- and root-based system,
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forcing trees to deform or get damaged. Furthermore, fallen
trees often point to the movement direction of the landslide,
illustrating that there is little time for trees to sway and react
to air blasts and the inertial effects are greatly important.

To characterize the dynamic response of trees under the
impact load of air blasts, we established a mechanical model
to predict the eigenfrequency of trees subject to air blasts
and developed a dynamic tree-swaying model that accounts
for the large tree deflection. In what follows, we present
the eigenfrequency prediction method, tree motion equations
and the breakage conditions.

2.1 Eigenfrequency prediction

The tree is modeled as a flexible cantilever beam with vari-
able diameters that are hinged at ground level using elastic
support. The beam diameter is assumed to continuously lin-
early decrease with height regarding the decreasing diame-
ters of the trunk and crown from the bottom to the top, while
the anchorage stiffness of the root system (K) helps to de-
scribe the tilt of the tree base in response to the moment
(Neild and Wood, 1999). In the eigenfrequency prediction
mode, the tree beam is divided into two segments with a
splitting point located at the starting point of the tree crown
(Fig. 2). We assume that the tree crown shows minor impacts
of elastic modulus. The tree crown is accounted for through
the crown mass, and thus the natural difference between the
two segments is the material density.

The governing differential equation for the dynamic bend-
ing of a nonuniform Euler—Bernoulli beam is (Keshmiri et
al., 2018)

A %u  9%u E] 92u 0 ]
p (Z)at2+az2[ (z)azz}— : (1)
where z is the position variable along the beam length. For
ease of calculation, the original point (z =0) is set at the
treetop, and the maximum value of z is at the tree base so
that the beam diameter d(z) corresponding to the position z
can be described using a gradient coefficient (1): d(z) = uz.
u is the beam displacement; E is the elastic modulus; and
A(z) = %(dz)2 and I(z) = g—4(dz)4 are the cross-sectional
area and moment of inertia, respectively.

Plugging the expression of A(z) and I (z) into Eq. (1) gives

5 9%u 43 3u n 1282u 16pw?u _0 2
“ a8 T3 0z2 Eu? 7

where w is known as the eigenfrequency of the beam. The
general solution of Eq. (2) can be expressed as

u(z) = %[Al 1 (2V32) + Ao (2432
+Ash <2i«/k_z> ALYy (21'«//\7) ] 3)
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<« Ground surface

Figure 2. Schematic representation of the eigenfrequency predic-
tion model.

16pw?
Eu?
first and second kind (Mocica, 1988), respectively; and Aj—
Ay are coefficients that need to be determined based on the
boundary conditions.

The deflection of the upper segment (crown) and the lower
segment (trunk) can be generated in a similar manner:

where A =

; Jo and Y, are the Bessel functions of the

ui(z) = %[AIJZ (2\/?»_12) + A (Zx/m>
+ A3 (2iv/mz) + Aavs (2i/mz) | 0<z <1, @)
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uz(z) = %[3112 (2 kzz) +BY, (2 Azz)
+ By (20v/h2) + BaY2 (20V322) | 1<z < )

where [ is the length of the crown, # is the tree height, and

7 7 .
A=,/ % and Ay =,/ 1%';;(;’ are the single-valued func-

tions of eigenfrequency. p, is the wood density, and p; is the
equivalent density regarding the contribution of both the tree
trunk and the crown. The same as A;—A4, B1—By4 are also
coefficients of the tree deflection equation that need to be de-
termined based on the boundary and continuity conditions.

The boundary condition at the origin (z = 0) is the free
end, and thus Eq. (4) can be simplified as

1(z) = % [Aljz (2/@) + A3 (21'\/@)] 0<z<l. (6)

According to continuity conditions of two segments at
the splitting point and the boundary condition at the tree
base, the following constraints are determined: u1 () = u>(l),
uy (D) = uhy (), u{ () =uj(d), u'() =ul' (1), uz(h) =0 and
Ku,(h) + EI(h)u}(h) = 0. Introducing the constraints into
Egs. (5)—(6), a total of six equations are determined here.
These six equations can be written in a matrix format:

T
[F(A.22)lexe-[A1 A3 Bi By By By | =0, (7)
where [F (L1, 22)]gxe is @ matrix that is composed of A1 and

2. The orders of eigenfrequency and the corresponding vi-
bration mode can be obtained by solving the equation: the
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determinant of matric |F (X1, A2)| = 0. Notably, the deriva-
tives of u1(z) and u>(z) have very complicated expressions
but could easily be calculated using MATLAB. Therefore,
we did not provide the complete expression here.

2.2 Tree motion

The mechanical response of trees subject to an air blast
is modeled using a modified multi-degree-of-freedom tree-
swaying model with variable cross-sections (Zhuang et
al., 2022a). Different from the simplification in the eigen-
frequency prediction method, the size of the tree crown here
is determined based on real tree data, corresponding to the
frontal-area distribution of the tree crown (Fig. 3a). The
model divides the tree beam into a set of segments and cal-
culates the tree motion using linear modal analysis. Specif-
ically, the tree deformation is decomposed into a set of vi-
bration modes so that the total displacement is the com-
bined contribution of each mode. According to preliminary
research performed by Sellier et al. (2008) and Pivato et
al. (2014), the contribution of the first vibration model is
far ahead of the other modes for trees with a slender shape.
Thus, only the first vibration mode and the corresponding
eigenfrequency are utilized in this study. The modeling of air
blast pressure accounts for the wind—tree relative motion and
large tree deflection by regarding the beam velocity and ge-
ometric nonlinearities resulting from the inclination of beam
segments relative to the wind direction (6;) (Fig. 3b). With re-
spect to the large tree deflection, we also introduce the impact
of eccentric gravity into the model, which significantly con-
tributes during the interaction with a powerful air blast. The
gravity and wind load acting on each segment can be easily
calculated based on the predetermined diameter and frontal-
area distribution (Fig. 3a). Considering that trees often fall
in the direction of landslide motion and have little time to
sway, the maximum response of the tree is assumed to be
reached before the damping forces act (Bartelt et al., 2018a).
Only the undamped response to a short-duration blast is con-
sidered. The tree motion equations and the expression of air
blast force are as follows:

32)1 h h
m—+ky=/ F,-¢ds+f Gigds, (8)

ar? 0 0

dy
F; =050C4As|vcos6; — Ecoséi
dy

- vcosO; — Ecosei cosb;, )

G; =m;g-sinb; - cosb;, (10)

where ¢, w, m = fohﬁcbzds and k = 472mw? are the first
mode shape, eigenfrequency, modal mass and stiffness, re-
spectively; m is the mass distribution; y is the associated
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generalized displacement; F; and G; are the air blast load-
ing and eccentric beam gravity act on the ith segment; % is
the tree height; Cyq is the drag efficient; Ay is the frontal area;
and p and v are the density and velocity of the air blast, re-
spectively. Our model is able to calculate the scenarios for
both full-height and part-height air blasts.

In this study, the air blast velocity is expressed as a sine
wave impulse with a short duration time #y:

V= UmaxVSinwi, (11)

where v« 1S the maximum velocity of the landslide-induced
air blast, and @ can be regarded as the circular frequency of
the wind force @ = 7 /ty (wind force is related to the square
of its velocity).

The mechanical response of trees subject to an air blast
is deduced by introducing the calculated wind velocity from
Eq. (11) into the tree-motion model (Eqs. 8-9) and sub-
sequently solving the equations using the central finite-
difference scheme. The validity of this tree-motion model
has been checked by Pivato et al. (2014) and Zhuang et
al. (2022a), and thus the validation process is not involved
here.

2.3 Tree breakage

Two failure modes commonly caused by air blasts are in-
volved in this work: bending and overturning (Gardiner et
al., 2000).

In the case of tree bending, trees are expected to break
when the maximum bending stress omax exceeds a critical
value oit:

[M(t,z) -d(z)/2
Omax = | ———

1) :|max = Ocrits (12)

where o is the bending strength of the tree, which depends
highly on the material property. M (z, z) is the bending mo-
ment, and its value is calculated at each time step all along
the beam:

M(t,z)zEI(z)%, 13)

where % represents the local beam curvature, and 6 is the

angle between the beam segment with the vertical direction.

For the tree-overturning case, trees are expected to break
at the base when the air-blast-induced moment reaches the
anchorage resistance (Mi):

Mbase(t) > My, (14)

where My, (1) is the moment at the tree base calculated at
each time step, and the anchorage resistance M is often
determined based on in situ tests (e.g., tree-pulling tests).
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Figure 3. (a-b) Modeling the tree as a multi-degree-of-freedom flexible beam to calculate the dynamic response of trees subjected to a
powerful air blast. (¢) The first mode shape of the beam helps to model the tree deformation.

3 Application

To demonstrate the power of air blasts and how they dam-
age trees, we consider the problem proposed by Bartelt et
al. (2018a): a landslide-induced air blast enters a spruce
forest at high speed (maximum velocity of 20ms™!). The
short-duration air blast lasts a few seconds with a frequency
@ . Trees in the forest have a height between 25 and 30 m,
which is also the height of the air blast. The sliding mass
has stopped before reaching the forest, and only the air blast
loads on the trees.

Using the measured biomass parameters presented in Ta-
ble 1, we set the total crown mass of a single tree to be
540 kg. The tree crown is assumed to be a cone with a length

of 18m (34) and a width of Sm. The wood density is

480kg m_3, and the elastic modulus is 10 GPa. Measure-
ments of root-anchorage stiffness (K) are very rare, and in
situ tests on spruce performed by Neild and Wood (1999)
show a value variation of 80—-1200 kN m. This value range
indicates a large variation in K depending on the growth
conditions, and the values of 100—1200 kN m are applied in
the prediction of eigenfrequency and vibration mode in this
study.

The eigenfrequency ranging from O0.13Hz (K =
100kNm) to 0.32Hz (K =1200kNm) is calculated
based on the above parameters (Fig. 4). The modeled results
are in a good agreement with measurements performed
by Jonsson et al. (2006) (0.16-0.30Hz), indicating the
validity of our proposed eigenfrequency-prediction method.
Although the tree eigenfrequency varies significantly with
the anchorage stiffness, all the calculated values are less
than 0.5Hz. The same order of magnitude between tree
eigenfrequency and air blast frequency necessitates a further
investigation into the possible impact of resonance. The
dynamic magnification effect caused by impulse loading can
greatly amplify the static stress state, making the trees easier
to damage.

https://doi.org/10.5194/nhess-23-1257-2023
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Figure 4. Eigenfrequency of trees corresponding to different an-
chorage stiffnesses.

To investigate the impact of dynamic magnification, we
performed simulations for all the scenarios using the tree
eigenfrequency of 0.26 Hz (K = 600 kN m) and the associ-
ated vibration mode. A magnification factor D is defined to
describe this effect:

_udmax(B)  Udmax(B)
o Msa [T magds/k
_ ud max (B)
foh,oCdAfvrznaxqbds/k 7

D

15)

where 4 max and ug, are the maximum displacements sub-
ject to dynamic load and static load, respectively; Fs max 1S
the static wind force corresponding to the maximum air blast
velocity; and 8 = % is the ratio between the air blast fre-
quency () and the eigenfrequency of the tree (w). Notably,
the air blast is a multi-medium fluid that contains numerous
dusts, showing a higher density than air. Measurements and
numerical modeling performed by Swiss researchers (Feistl
et al., 2015) suggest p = 5kgm™>. In this scenario ugy is
calculated to be 9.8 m.
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Table 1. Model parameters used in the numerical simulations of the tree response. Parameters are derived from data contained in Kantola

and Mikeld (2004) and Bartelt et al. (2018a).

Height  Crown height
h (m) I (m) w (m)

Crown width ~ Diameter at trunk ~ Wood density pp
base D (m)

Branch mass  Drag coefficient

(kgm™3) m (kg) Cq

27 18 5 0.4

480 540 0.4

1.20 1

1.10 1

Magnification factor 1D

1.00

090 T T T T T T T T T T
04 05 06 07 08 09 10 11 12 13
Frequency ratio

Figure 5. Magnification factor with various frequency ratios.

Figure 5 shows the impact of air blast frequency on the dy-
namic magnification effect. A parabola relationship is identi-
fied between the magnification factor and the frequency ratio.
Consider first an impulse air blast lasting 1.6 s (8 = 1.2). The
air blast frequency is higher than that of the tree, implying
the maximum displacement reaches after the loading time.
The modeled maximum dynamic deformation u4 max reaches
10.7 m, and the magnification factor is 1.09. In this case, the
magnification effect of tree deformation seems not signifi-
cant because of the large tree deflection and short-duration
loading, and the modeled result is similar to the static stress
state. For a longer air blast duration of 3.2s (8 = 0.6), we
find D = 1.34, a high value. The maximum tree deforma-
tion reaches during the air blast loading. In such a scenario,
an air blast traveling at 20ms~! can exert similar destruc-
tion as a long-duration wind that moves at 25ms~!. The
dynamic magnification effect significantly increases the tree
displacement and thus causes such a phenomenon. Measure-
ments of air blast duration reported by Russian and Swiss re-
searchers (Grigoryan et al., 1982; Sukhanov, 1982) are within
this range, lasting only a few seconds. Although the large tree
deflection decreases the wind loading, the impulse air blast
load is prone to damaging the trees because of the dynamic
magnification effect.

Additional simulations were performed on the air-blast-
induced tree breakage. The impulse air blast is assumed to
have a maximum velocity of 20 ms~! and a duration of 3.2s.
For this case, numerical results demonstrate the maximum
bending stress and moment of 35 MPa and 192 kN m, respec-
tively. The maximum bending stress reaches at 9 m height
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(1/3h), and the maximum bending moment is identified at
the tree base. In natural forest areas, the bending strength oyt
and anchorage resistance M,y are highly variable, depend-
ing on tree species, soil characteristics and temperatures, etc.
Measurements conducted by Peltola et al. (2000) and Lund-
strom et al. (2007) indicate that the bending stress to destroy
mature trees needs to exceed a value of 30 MPa, while ma-
ture spruces with a height of 20-40 m have an anchorage re-
sistance reach up to 100—400 kN m. For the case performed
in this study, the forest is likely to be damaged in both bend-
ing and overturning failure modes. Reliable values of criti-
cal parameters are needed during the assessment of tree de-
struction, and this will improve the prediction accuracy of the
likely failure mode.

A further application was performed on the 2008 Wen-
jia Valley avalanche-induced air blast in Sichuan, China
(Fig. 6a). This large avalanche had a volume of over 40 x
10°m? and generated a powerful air blast. According to our
previous investigations and numerical modeling (Zhuang et
al., 2019), the air-blast-damaged trees are mostly tall spruce
concentrated near the turning points of the valley (Fig. 6b—
c¢). The simulated air blast velocity at turning points reaches
30ms~! (point A) and 35ms~! (point B). Using the spruce-
related parameters indicated in Table 1 and an assumed air
blast duration of 3.2 s (a long duration for large avalanches),
the maximum displacement of spruces is calculated to be
18.5 and 22.2 m at points A and B, respectively. In this case,
the maximum bending stress of trees at two turning points
could reach 51 and 57 MPa, significantly larger than the
bending strength suggested by Peltola et al. (2000) (36 MPa).
Therefore, bending failure of tall spruces was widely identi-
fied in situ.

4 Discussion

Risk assessment and disaster mitigation of landslide-induced
air blasts are hot issues in mountainous regions. Developing a
simple but applicable relationship between air blast pressure
and tree failure is of great use to scientists to quantify the air
blast power. Compared with existing models, one significant
improvement of our model is to model the tree as a flexible
beam with a variable cross-section and to involve the impact
of anchorage. This improvement allows the tree to move as
its natural vibration mode rather than a hypothetical trajec-
tory (e.g., rotate around the tree base as a rigid body; Bartelt
etal., 2018a). Moreover, the variable cross-section makes the
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Figure 6. Wenjia Valley avalanche-induced air blast (according to Zhuang et al., 2019). (a) Overview of the Wenjia Valley avalanche.

(b—c) Trees damaged by the generated air blast.

modeling of tree-bending failures more realistic. We can sim-
ulate the failure position of trees subjected to a powerful air
blast. For the existing model with a constant diameter (Feistl
et al., 2015), the rigidity E[ is constant along the beam, and
the maximum bending stress is always identified at the tree
base. This failure characteristic cannot match the actual situ-
ation well.

Our proposed model accounts for the factors of large tree
deflection: eccentric gravity and modeling of air blast force
regarding the wind—tree relative motion and geometric non-
linearities. To investigate the impact of these factors and to
confirm the necessity of considering large deflection, a com-
parative analysis is needed to make readers have a better un-
derstanding. Therefore, we designed a comparative analysis
by simplifying the tree-motion model of Eq. (8) without in-
volving the impact of large tree deflection. The simplified
model is similar to that proposed by Bartelt et al. (2018a):

82y

h
m— +ky :/ O.SpCdAfvfnaxq)ds-sinwt
912 0

h
- / Fy maxpds - sinat. (16)
0
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The displacement at the tree top can be written as

h
F. d 1
u(t) = fo S’r;ax¢ s —p2 (sinwt — Bsinwt)
0<t<t (17)
u'(to) .

u(t) = sinw (t — 1) + u(ty) cosw (t — tp)

w
t > 1.

The maximum deformation occurs during the loading time
when 8 < 1 and after the loading time when 8 > 1. The mag-
nification factor D for both scenarios can be expressed as

D=1 [m(%) —ﬂsin/%] B<1

28 e (18)
= ——C0S— B> 1.

pr—1"""28

Figure 7 presents the impact of large tree deflection on the
magnification effect. We first perform the simulation using
the proposed model without regarding the impact of large
tree deflection. A very low air blast velocity (maximum ve-
locity of 0.1 ms~") is performed, and the eccentric gravity
is not considered. The Dp.x value of 1.77 is identified in

Nat. Hazards Earth Syst. Sci., 23, 1257-1266, 2023
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Figure 7. Impact of large tree deflection on the maximum magni-

fication factor Dmax. The red star represents the Dpax calculated

from Eq. (18). The red circle represents the Dpax corresponding to

the scenario with a very low air blast velocity (maximum velocity

of 0.1 ms™!), and the eccentric gravity is not considered.

the scenario, which is consistent with the analytical solu-
tion from Eq. (18). The tree deformation is small with such
a weak air blast loading, and the comparison result verifies
the validity of our proposed model. Further calculations with
higher air blast velocities show different results. In the case
of a low air blast velocity, the eccentric gravity contributes
a lot to the tree deformation, causing a rather large magni-
fication factor (>2). However, Dnax greatly decreases with
an increase in wind velocity. For a high air blast velocity, the
dynamic response and eccentric gravity amplify the tree de-
flection, but the inclination of the trees to the wind direction
significantly reduces the air blast loading. This special mech-
anism was rarely considered during the previous assessment
of landslide-induced air blasts. We suggest that the modeled
tree deformation subjected to a powerful air blast might be
overestimated without considering large tree deflection, al-
though this simplified model of Eq. (18) has the advantage
of rapid assessment of air blast pressure. The impact of large
tree deflection should be accounted for when using forest de-
struction to quantify the air blast danger.

The dynamic response of trees subject to a landslide-
induced air blast is a complex problem, depending heavily
on the biometric characteristics of trees. Some biomass vari-
ations can be represented by the parameters in the proposed
model. For example, for the leafless trees, air blasts pass
through the tree crown and only act on the branches, caus-
ing a smaller wind load. A reduction of drag efficient Cy is
needed in such a condition. Single trees in the impact re-
gion of air blasts are subject to a larger loading than trees in
dense forest stands, where tree crowns tend to be narrower
and form a shielding effect. We can make a reduction in the
frontal area A¢ to simulate this mechanism. Furthermore, al-
though much effort has been paid to the biometric and me-
chanical characteristics of tree crowns and trunks, less infor-
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mation is available on the anchorage stiffness and resistance.
The root anchorage properties significantly influence the tree
eigenfrequency and the likely failure mode. A reliable mea-
surement value of tree-bending strength and anchorage resis-
tance is of use to improve the accuracy of tree failure pre-
diction and to clarify which failure mode is prone to occur.
Overall, biomass-related parameters selected to estimate the
air blast pressure are recommended to be determined based
on in situ investigations. In the future, more measurements
need to be conducted on the anchorage properties of trees.
Regional databases for biometric and mechanical properties
of trees are worthwhile to establish. This would help to pro-
vide reliable parameters for the air blast risk assessment.

In this study, the tree is modeled as a variable cross-section
that is hinged at ground level using elastic support. Root an-
chorage is complex and sensitive to many factors such as
soil mechanical properties, soil water content and root mor-
phology, and we acknowledge that it is difficult to establish
a model that accounts for all the factors that affect the an-
chorage. Most importantly, we developed a simple but prac-
tical model that can simulate the dynamic response of trees
subject to a powerful air blast and their two possible failure
modes. Bartelt and his colleagues (Bartetl et al., 2018b) have
developed a dynamic model named RAMMS, which can ef-
ficiently model the entire movement process of ice, rock and
snow avalanches and the associated air blasts. It is antici-
pated that the combination of our proposed tree model and
the RAMMS dynamic model could help in the risk assess-
ment of potential air blasts through modeling the air blast
impact region and forest destruction.

5 Conclusions

Air blasts are short-duration impulses and can cause fatal-
ities and destruction far beyond the sliding mass. Tree de-
struction in situ can provide valuable data to quantify the air
blast danger and to make us better understand its force of de-
struction. In this study, we developed a framework for forest
destruction assessment subject to a powerful air blast, includ-
ing the eigenfrequency prediction method, tree motion equa-
tions and breakage conditions. The tree is modeled as a flexi-
ble variable cross-section beam hinged at ground level using
elastic support. The impacts of root anchorage and large tree
deflection are regarded during the dynamic response analy-
sis. The framework also involved two failure modes (bending
and overturning) and their corresponding failure criteria so
that the risk of forest damage could be assessed.

Using the proposed framework, we assumed conditions to
investigate the air blast power. Modeling results demonstrate
that although the anchorage properties significantly influence
the tree eigenfrequency, the latter is always on the same order
as air blast frequency. The associated dynamic magnification
effect amplifies the tree deformation and thus makes the tree
damage easier. In the scenario with a similar frequency be-
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tween air blasts and trees, an air blast traveling at 20ms~!

causes a similar force of destruction as a long-duration wind
load that moves at 25 ms~!. Notably, this magnification ef-
fect caused by the dynamic response and eccentric gravity
is significant in the case of a low wind velocity, while the
large tree deflection caused by strong air blast loading would
weaken this effect. Furthermore, bending and overturning are
two likely failure modes for trees subject to a powerful air
blast, but exactly what kind of failure will occur for a specific
forest depends heavily on the properties of both trees and
soils. A case application was further performed on the 2008
Wenjia Valley avalanche-induced air blast in China, testing
the validity of our proposed model. In the future, more mea-
surements should be conducted on biometric and mechani-
cal properties of trees, and a regional parameter database is
worthwhile to establish. This would greatly improve the pre-
diction accuracy of tree damage and air blast pressure.
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