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Stem breakage of trees and energy dissipation during rockfall impacts
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Summary The capacity of individual trees to dissipate the
energy released by rockfalls has previously only been quanti-
fied based on data obtained from static tree-pulling tests or
from dynamicimpact testson wood sampl es. We predi cted that
these data are not representative of the maximum amount of
energy that can be dissipated by living trees during rockfall
impacts. To test this prediction, we carried out rockfall ex-
periments on a forested slope in the French Alps. To calcu-
late the rock's energy before and after impact, rockfalls were
filmed digitally. Therecordingsof nineimpactscausinginstan-
taneousbreakage of Abiesalba Mill. treeswereanalyzedin de-
tail. An exponentia relationship between stem diameter at
breast height (DBH) and the maximum amount of energy atree
can dissipate was highly correlated for all of our experimental
data. We applied thisrelationship to other tree speciesbased on
published fracture energies. The relationships obtained for
Cedrus spp., Fagus sylvatica L. and Picea abies (L.) Karst.
weresignificantly correlated with datafrom other dynamicim-
pact testsin the field and with maximum bending moments ob-
tained from tree-pulling experiments. Multiple linear regres-
sions showed that impact height influencesthe energy that will
be dissipated by an A. alba tree, particularly for trees with a
DBH lessthan 15 cm. For treeswithaDBH greater than 15 cm,
the effect of impact height was minimal up to aheight of 1 m.
There was a strong rel ationship between the amount of energy
dissipated by atree and the horizontal distance betweentheim-
pact center and the vertical central axis of the tree.

Keywords. dynamic impact test, fracture energy, maximum
bending moment, protection forest.

Introduction

In mountainous areas, trees can prevent snow avalanches and
stop faling rocks (Brang 2001, Berger et a. 2002). The
amount of energy dissipated by individual trees growing in
mountain forests is determined by the species and site condi-
tions, aswell asthe nature of the hazard (Kréuchi et a. 2000).
Mountain forests in the European Alps have along history of
providing protection (Schonenberger 2000, Dorren et al.
20044a), but attempts have been made only during the last few
decadesto quantify this protective effect of forests. Among the
tools employed in these studies, simulation models may prove
to bethe most useful (e.g., Dorren and Seijmonsbergen 2003).
To model protection provided by forests, it is necessary to

include both forest growth and natural hazard models. Thisre-
quires adetailed knowledge of how singletreesfunction when
facing natural hazards. Although some attempts have been
made to assess the capacity of trees to dissipate energy, e.g.,
snow avalanche simulation modeling (Bartelt and Stockli
2001), rockfall modeling (Zinggeler 1990, Dorren and Seij-
monsbergen 2003, Dorren et a. 2004b, Perret et al. 2004),
rockfall hazard assessments (Jahn 1988, Gsteiger 1993) and
snow or wind damage studies (Peltola et al. 1999, Gardiner et
al. 2000), there is little information on the amount of energy
that can be dissipated by living trees.

There is a relatively large amount of experimental data on
maximum bending moments. These data have often been ob-
tained by static tree-pulling tests on trees with stem diameters
at breast height (DBH) up to 35 cm (Petty and Swain 1985,
Mizuyama and Narita 1988, Nicoll and Ray 1996, Papesch et
al. 1997, Stokes 1999, Moore 2000, Peltola et al. 2000). How-
ever, these data may not be representative of treeswith alarge
DBH (> 40 cm) or of more instantaneous impact forces, such
asrockfallsor avalanches. For example, Mizuyamaand Narita
(1988) showed that static tests produce energy dissipation val-
uesthat are about 64% (n = 5) lower than dynamic impact tests
on the same tree species (Cedrus spp.).

Other data that could be used for calculating the energy
dissipative capacity during dynamic impacts of tree species
occurring in the European Alps, or comparable mountain
ranges, are fracture energy val ues obtained by dynamicimpact
tests on wood samples (e.g., Couvreur 1982, Sell 1987, Rupé
1991, Niemz 1993). Wood samples of Abies alba Mill. have
fracture energy values between 4 and 5.5 J cm~2, whereas the
fracture energy values of Fagus sylvatica L. samplesare about
twice as high. The limitation of these datais that they do not
account for the behavior of the different compartments of liv-
ing trees, such as the living wood, the tree crown and the
root—soil system. Couvreur (1982) showed that the maximum
energy dissipated by an F. sylvatica tree during adynamic im-
pact test in the field was more than 2.5 times the value derived
from a dynamic impact test in the laboratory on a green,
knot-free samplefrom asimilar tree. To account for thisdiffer-
ence, Zinggeler (1990) doubled the fracture energy value for
F. sylvatica—obtained by Sell (1987) by impact tests on dry
wood samples—in hisrockfall model.

We predicted that static tree-pulling tests and dynamic im-
pact tests on wood samples produce values that are not repre-
sentative of the amount of energy that can be dissipated by liv-
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ing trees during rockfall impacts or comparable dynamic im-
pacts. Because there are no published datafor living trees, our
overall objective wasto quantify the energy dissipative capac-
ity during rockfall impacts of the dominating tree speciesin
rockfall protection forests in the European Alps. Our specific
aimswereto: (1) develop arelationship between DBH and the
maximum amount of energy that can be dissipated by an
A. albatree; (2) useliterature data on fracture energy to estab-
lish similar relationships for other tree species; and (3) quan-
tify the effect of the position of the impact center on the tree
stem on the amount of energy that is dissipated by atree.

Materials and methods

Rockfall experiments

The study siteisin the Foré& Communalede Vaujany in France
(45°12' N, 6°3' W, 1200-1400 m a.s.l.) and covers an area of
about 0.9 haon aforested, northwest-facing Alpineslope, with
amean gradient of 38°. The main tree species on the site are
silver fir (A. alba, 50%), Norway spruce (Picea abies (L.)
Karst., 25%), beech (F. sylvatica, 17%) and sycamore (Acer
pseudoplatanus L., 4%). Other species present are Sorbus
aucuparia L., Betula pendula Roth, Ulmus glabra Huds., Ilex
aquifolium L., Fraxinus excelsior L. and Corylus avellana L.
Mean stand density is 290 trees ha™. We mapped and mea-
sured all 271 treesin the study site; mean DBH was31+ 21 cm
(+ SD). During the experiments, we threw individual spherical
rocks (mean diameter of 0.95 m) down the slope. The goal of
the experiments was to calculate the energies of falling rocks
before and after impact by capturing therockfall event on digi-
tal film.

Before each rockfall experiment, we coated the rock with
biodegradable paint, so that it left traces after impacting the
tree stems. A tractor with afront end loader was used to throw
the rocks down the slope. We captured the trajectory of the
rock with an Impulse LR 200 |aser distance meter (Laser Tech-
nology, Centennial, CO) to obtain 3D information about the
rockfall trajectories. Five high-speed digital camerasinstalled
along the experimental siteprovided a2D view (Figure1). The
cameras were fixed at a height of 10 m in trees situated 30 m
away from the experimental rockfall path. We aso described
and measured all the tree impacts and the resulting tree dam-
age, including the size of bark wounds, the impact height, and
the horizontal distance between the impact center and the ver-
tical central tree axis (CTA) seen from the impact direction.
Wethrew 118 rocksin total, of which 102 were analyzed. The
reasons for excluding 16 of the rockfalls from analysis were:
(2) they stopped within thefirst 10 m after sliding on the slope
surface; (2) their trgjectory was too far from the cameras due
to lateral deviation of the falling rock; or (3) they broke into
pieces during tree impact or on the slope surface. On average,
we carried out eight rockfall experiments per day.

Calculation of the rockfall impact energy

We analyzed the digital films of the rockfall trajectories with
the free program AviStep 2.1.1, developed by M. Delabaere
(Saint DenisdelaRéunion, France). Thisprogram extractsthe

Figure 1. A sequence of images extracted from adigital film showing
a 0.95-m-diameter rock impacting an Abies alba tree with a stem di-
ameter of 58 cm. Thewhitecircleindicatesthe position of therock. In
photograph 1, the impacted tree is hidden behind other trees. Thefol-
lowing photographs show how the tree stem splitsin two and conse-
quently falls down.

position and velocity of amoving particle for each individual
imagein adigital film. The principleis asfollows. First, each
film hasto bereferenced inthe x and y directions, which means
that, in the first frame of each film, we defined the distancein
meters between two known points in the terrain, which were
clearly recognizable. In our case, we used known distances be-
tween clearly marked trees. Then, we analyzed the trajectory
of each falling rock in 2D based on a sequence of movie im-
ages. Because we used high-speed digital cameras we were
ableto register the velocities (in both the x and y directions, as
well astheresultant translational velocity) of each falling rock
every 1/25th s. Therefore, we could accurately determine the
trandational velocity of afalling rock before and after treeim-
pact. Determining the angular vel ocity was more difficult, be-
cause we had to determine the number of sequential images
required for the rock to rotate once, which was not always easy
to recognize.

Before each rockfall experiment, we measured the rock vol-
ume. All rocks had about the same shape (spherical), volume
(0.49 m®) and density (2800 kg m®). With thisinformation, we
determined the mass of the rock and, therefore, the transla-
tiona kinetic energy (Ey.wans), 8S Well as the rotational energy
(E/at), @ any point in the trajectory, provided that the rock was
clearly visible in the movie images. The total kinetic energy
(Extot) (J) was calculated as:

Eror = Exrans + Eror = 0.5mv? + 05107 )

k-trans
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where misthe mass of the rock (kg), v isthe trandational ve-
locity (ms™1), I isthe moment of inertiafor asphere (0.4mr?,
where r is the radius, kg m?), and o is the angular velocity
(rad s™). We obtained the maximum amount of energy atree
can dissipate by calculating the difference between the kinetic
energy of arock that caused stem breakage before and after
impact. We used only the total kinetic energy as the transla
tional kinetic energy to assess whether the effect of the rota-
tional energy could be neglected, therefore minimizing the
uncertainty in our results.

Nine impacts causing instantaneous breakage of A. alba
trees could be analyzed with sufficient detail from the film re-
cordings. Thisenabled usto establish afunction describing the
relationship between DBH and the maximum amount of en-
ergy (J) that can be dissipated (Egiss max) by an A. alba tree. We
used DBH in our function because it is easy to measure in the
field and because rel ationshi ps between DBH and resistanceto
fracturing have been found by many different studies (e.g.,
Peltola et al. 2000, Cucchi et al. 2004). We determined a
best-fit function on the basis of the coefficient of determina-
tion (R?) and itslevel of significance (P), the mean error (ME)
and the root mean square error (RMSE). The ME and the
RM SE were calculated as:

_12100(C;-0)

ME . Z# 2

n&0 O U

where n is number of observations, C; is the calculated value
and O; isthe observed value.

Use of literature data on fracture energy

To compare the established relationship between DBH and
Egissmax Of A. alba to other dominant tree species in rockfall
protection forestsin the European Alps, weused literature data
on fracture energy values of different wood samples. These
data have been obtained from dynamicimpact testsin thelabo-

ratory by Couvreur (1982), Sell (1987) and Rupé (1991). The
tests carried out by Rupé (1991) were identical to the labora-
tory tests described by Couvreur (1982), who used green,
knot-free wood samples with a length of 30 cm and a height
and width of 2.cm. Sell (1987) used dry, knot-free samplesand
reported that the mean fracture energy is 12.5% higher for
P. abies samples (4.5 J cm™2) than for A. alba samples (4 J
cm~2). Couvreur (1982) and Rupé (1991) both reported that
the mean fracture energy of P. abies samples is 90% of the
mean fracture energy of A. alba samples. Rupé (1991) further
showed that the mean fracture energy of Cedrus spp. samples
is 70% of the mean fracture energy of A. alba samples. On the
basis of the mean fracture energy values reported by these au-
thors, we calculated fracture energy ratios for different tree
species (Table 1). By applying these ratios to the established
Eqiss mex fUNction for A. alba, wetransferred our basic DBH and
Egissmax F€l@tionship to the tree species shown in Table 1.

To assess whether the maximum bending moment (Mb),
which isused in many wind-modeling studies (e.g., Peltola et
al. 1999, Gardiner et a. 2000), isagood indicator of the maxi-
mum energy that can be dissipated by atree at arockfall im-
pact, we compared our Egiss max Valuesfor P. abieswith the Mb
values. We are aware that the Mb value is not equal to the
Egissmax Value of atree; however, to obtain energies from Mb
values, the cal cul ation described by Stokeset al. (2005) can be
used.

The Mb that atree stem can withstand at the stem base with-
out breakage can be calculated from DBH and the modulus of
rupture (MOR) of the tree (Sunley 1968, Petty and Worrell
1981, Petty and Swain 1985, Peltola et al. 1999):

_ 11X MOR xDBH?
32

Mb (4)

Here, we assume that the induced stress in the outer fibers
of the tree stem is constant at all points, as first proposed
by Metzger (1893) and again later by Morgan and Cannell
(1994). A condition for using Equation 4 is that the tree must
be well anchored in the soil. For P. abies, we used the mean
MOR value obtained by Peltolaet a. (1999, 2000) and Gardi-

Table 1. Minimum, mean and maximum fracture energies of different wood samples as obtained by Couvreur (1982) and Rupé (1991) and the

mean ratio to Abies alba and Fagus sylvatica.

Tree species Fracture energy (Jcm™2) Ratio to
Minimum Mean Maximum Abies alba Fagus sylvatica

Cedrus spp. 33 33 33 0.7 0.4
Picea abies 4.0 44 4.8 0.9 05
Larix decidua Mill. 4.0 4.4 4.8 0.9 0.5
Abies alba 4.3 49 55 1.0 0.6
Pinus nigra Arn. 55 55 55 11 0.7
Pinus sylvestrisL. 55 55 55 11 0.7
Acer pseudoplatanus 55 55 55 11 0.7
Fraxinus excelsior L. 7.3 7.3 7.3 15 0.9
Fagus sylvatica 75 8.1 8.8 17 1.0
Quercusrobur L. 8.8 10.6 125 22 13
Robinia pseudoacacia L. 115 134 153 27 16
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ner et a. (2000), which is 32.5 MPa. Other data on the Mb of
P. abies are presented by Stokes et a. (2005), who carried out
tree-pulling tests at our study site.

Subsequently, we validated the relationship for Cedrus spp.
with dataobtained by Mizuyamaand Narita (1988) from static
tree-pushing tests using a bulldozer. In addition, we used data
from dynamic impact tests, also carried out by Mizuyamaand
Narita (1988) and by Nonoda et al. (2004). During these dy-
namic impact tests, fracture energy was measured by impact-
ing Cedrus spp. trees with a metal ball that was attached to a
crane by ametal cable. Although thistree species does not oc-
cur on our study site, these data provide another possibility for
validating the method of transferring the basic rel ationship we
obtained for A. alba to other tree species. The relationship we
obtained for F. sylvatica was validated with results from simi-
lar dynamic impact tests on F. sylvatica trees with diameters
ranging from 20 to 35 cm, carried out by Couvreur (1982).

Rel ationship between energy dissipation and impact position

During the experiments, we registered and measured 286 tree
stem impacts. Thirty-two tree impacts (16 on A. alba trees, 14
on F. sylvatica trees, and one each on an Acer pseudoplatanus
treeand aP. abiestree) were captured in detail on digital film,
which alowed us to establish a relationship between the en-
ergy dissipated by the tree and the horizontal distance between
the impact center and the vertical CTAS, as seen from the im-
pact direction (see Figure 2). The other 254 films could not be
used, because the impact was hidden behind other trees. Ac-
cording to the distance between the impact center and the
CTA, we defined three main impact types: frontal, lateral and
scratch (Figure 2). For each impact type we determined the
frequency and efficacy with which trees stopped afalling rock.
In addition, we used multiple linear regression based on least

squares of impact data on nine A. alba treesto find arelation-
ship between observed Egs ma @nd different combinations of
impact height and DBH.

Results

Energy dissipation during rockfall impacts

We observed many different rockfall impact effects, including
stem bark wounds, tree uprooting, stem fracture, stem break-
age and crown decapitation. We also found that translational
kinetic energy could betransferred to rotational energy during
arockfall impact on atree stem. Analyses showed that, on av-
erage, the angular velocity after treeimpact is 170% of thean-
gular velocity before the impact. Neglecting the rotational
energy in the calculation of thetotal kinetic energy before and
after an impact increased the resulting Eqssmax Values by only
0.2% on average. Therefore, we decided to use only the trans-
lational kinetic energy for all energy dissipation calculations
to eliminate the uncertainty caused by errorsin theangular ve-
locity measurements.

Figure 3 showsthe DBH of the nine broken A. alba treesand
the energy that was dissipated during the impact. The linein
the figure is the best-fit function (R? = 0.92, P < 0.001, ME =
—14.1%, RMSE = 39.0%, n = 9). It shows that the amount of
energy that can be dissipated by aliving tree increases expo-
nentially with its DBH. The best-fit function for A. alba has
the formula:

E = 38.7DBH?** (5)

diss,max
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Figure 2. Three mainim-
pact types according to the
horizontal distance be-
tween the impact center
and the vertical central
tree axis (CTA), as seen
from the direction of
impact.
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Figure 3. Relationship between the maximum amount of energy that
can be dissipated by Abies alba (Egissmax) and its diameter at breast
height, based on nine rockfall impacts causing stem breakage.

where E gss ma 1S the maximum amount of translational kinetic
energy (J) that can be dissipated by the tree during a rockfall
impact.

Comparison with published fracture energy values

In our experiments, an F. sylvatica tree with a DBH of 34 cm
resisted four frontal impacts from large, high-velocity rocks
without fracturing. We also observed that A. alba and P. abies
trees were generally less resistant to stem breakage than
broadleaved species.

We established relationships between DBH and E s max fOr
P. abies, Cedrus spp. and F. sylvatica by multiplying Equa-
tion 5 by the ratio of the species fracture energy to that of
A. alba (see Table 1). Figure 4 shows the relationship between
DBH and E s max Obtained for P. abies, aswell asthe Mb val-
uesfor P. abiesbased on the mean MOR value (32.5 MPa) ob-
tained by Peltolaet a. (1999, 2000) and Gardiner et a. (2000).
The solid circles in Figure 4 represent the Mb values for
P. abies obtained by Stokes et al. (2005). Figure 4 shows that,
for P. abieswith a DBH < 35 cm, our data correlate well with
the data on bending moments reported by Stokes et al. (2005),
Peltola et al. (1999, 2000) and Gardiner et al. (2000) (R* =

0.79, P <0.001, n = 12), although our values are, on average,
1.8 times higher (n = 12). For larger trees, the relationship
based on MOR and DBH yielded higher Mb values than our
Edis,max Val ues.

Figure 5 shows a similar difference between our data for
Cedrus spp. and data obtained from static tree-pushing testsin
Japan by Mizuyama and Narita (1988), with our values being
on average, 2.6 times higher (n = 7). Figure 5 also shows the
results of dynamic impact tests on Cedrus spp. trees carried
out inthefield by Mizuyamaand Narita (1988) and Nonoda et
al. (2004). These published data correlate well with our calcu-
lated data for Cedrus spp. (R?= 0.62, P < 0.015,n = 9).

Our calculated datafor F. sylvatica correlatewell (R?=0.89,
P <0.001, n = 7) with the data obtained by Couvreur (1982),
although on average, our values are 6% lower (n = 7) (Fig-
ure 6). Couvreur (1982) also proposed a relationship between
DBH and Egiss max fOr F. Sylvatica trees, based on the results of
dynamicimpact testsinthefield. Thisrelationship, designated
“F. sylvaticafit” in Figure 6, and is similar to the relationship
we found.

Figure 6 shows two additional DBH—E s max elationships
that are based on laboratory impact tests (n = 16) conducted on
F. sylvatica samplesby Couvreur (1982) and Sell (1987). Both
these relationships provided energy dissipation valuesthat are
61% lower than the values we obtained for F. sylvatica.

Rel ationship between energy dissipation and impact position

Analysis of the translational kinetic energy before and after
32 impacts on different tree species showed that the fraction of
E.giss max diSsipated by atree depends on the horizontal distance
between the impact center and the vertical CTA. It can be cal-
culated with the sigmoidal function (Figure 7):

dE = —0.046+ 0.98 + 0.046 ©)

1 +10-8007(0.58 ~ ((C; ~CTA)/ 05DBH))

wheredE (%) isthefraction of E s max thet isdissipated during
the impact and C; — CTA is the horizonta distance between
the impact center and the vertical CTA seen from the impact
direction (m), where C; isthe calculated value. Thisfunctionis

140 7 r 140
120 1 120 Figure 4. Relationships between stem
diameter at breast height (DBH), the
= 100 - 100 maximum bending moment (Mb) and
X~ the maximum amount of energy that
"Eé 80 - 80 = can be dissipated by Picea abies
S é (Ediss,max)- The Edis,max of P. abies
3 60 - 60 o] (calc) isthe relationship calculated on
W = the basis of our field data for Abies
40 A 40 alba and the ratio presented in Table 1
(dashed line); Mb of P. abies (Stokes et
20 A 20 al. 2005) are results of tree-pulling tests
at our study site (@); Mb of P. abies
0 0 (Peltola et al. 1999, 2000, Gardiner et
0 a. 2000) are based on the relationship

between the mean modulus of rupture
and Mb of P. abies (solid line).
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highly correlated to the experimental data (R* = 0.98, P <
0.001, ME = 4.8%, RMSE = 26.5%, n = 32).

Table 2 presents the occurrence frequencies of the three
main impact types observed during the rockfall experiments
(frontal, lateral and scratch), aswell asthe percentage of effec-
tiveimpacts, i.e., thetreeimpactsthat immediately stopped the
falling rock.

The maximum impact height of all 286 registered impacts
was 2 m. The maximum height of the center of the 32 impacts
was 1.8 m (minimum = 0.15 m, mean = 0.74 m, standard devi-
ation (SD) = 0.42 m). Theresults of the multiplelinear regres-
sions between the Egsmax @d combinations of the impact
height and the DBH of the nine broken A. alba trees are pre-
sented in Table 3. The maximum impact height in this data set
is1m(minimum=0.5m, mean=0.77m, SD =0.15m). High

1000 ] —— F sylvatica (calc)
® F sylvatica field (Couvreur 1982)
004 — F. sylvatica sample (Sell 1987) p
— 8 -— F sylvatica sample (Couvreur 1982) s
- — F sylvatica fit of Couvreur (1982) //
X 600 | — Extrapolation of Couvreur (1982) S
3
£
123
LLI% 400
200 1
0]
0
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Figure 6. Relationship between the maximum amount of energy that
can be dissipated by aFagus sylvatica tree ( E gissmax) and its diameter
at breast height (DBH). Fagus sylvatica (calc) is the relationship cal-
culated on the basis of our field datafor Abies alba and the ratio pre-
sented in Table 1; F. sylvaticafield (Couvreur 1982) are data obtained
by dynamic impact tests in the field; F. sylvatica sample (Sell 1987)
and F. sylvatica sample (Couvreur 1982) are relationships cal culated
on the basis of dynamic impact tests on wood samples in the labora-
tory; and F. sylvatica fit and extrapolation of Couvreur (1982) is the
proposed relationship based on the field data and its extrapolation for
diameters larger than 40 cm.

namic test) are the results of dynamic
impact testsin the field.

coefficients of determination were obtained for the regression
model numbers 3, 4 and 5. With respect to ME and the RM SE,
model numbers 3 and 4 gave the best results. Model 5 assumes
that the higher the impact occurs on the tree stem, the greater
the energy dissipated, which is not realistic. Model 4 assumes
that impact height does not influence the amount of energy
that will be dissipated. ThisleavesModel 3 asthe most accept-
able model, which takes into account the effect of impact
height on Egssma. With this model, we calculated that the
mean percentage of dissipated energy that is determined by
impact height is 99% for trees with aDBH up to 10 cm, 23%
for trees with a DBH between 10 and 15 cm and 2% for trees
withaDBH > 15 cm.

Discussion

The overall objective of this study was to quantify the energy
dissipation capacity during rockfall impacts of dominant tree
species in rockfall protection forests in the European Alps.
Three major findings are discussed.

Lateral Scratch No

impact

Frontal
impact

impact

00 02 04 06 08 10
(C,—CTA)/0.5DBH

Figure 7. Sigmoidal relationship between the horizontal distance be-
tween the impact center and the vertical central tree axis (CTA) seen
from the impact direction (C; — CTA) and the fraction of the maxi-
mum amount of energy dissipated by atree (E gissmax). Abbreviations:
dE = the fraction of Eissmax that is dissipated during the impact; C; =
calculated value; and DBH = diameter at breast height.
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Table 2. Frequency of different types of impacts (%) and the efficacy
of trees at stopping rocks, based on an analysis of 286 tree impacts.

Type of impact Occurrence (n = 286)

Frontal 63.8% (14% of these were effective)’
Latera 20.0% (20% of these were effective)
Scratch 16.2% (0% of these were effective)

1 The rock stopped immediately after the impact.

Thefirst major result was the empirical demonstration of an
exponential relationship between DBH of A. albatreesand the
maximum amount of energy they can dissipate (Egissmax) dur-
ing arockfall impact. This relationship was highly correlated
for al of our experimental data.

During a rockfall impact, the kinetic energy of the rock
causes displacement and deformation of the tree stem as well
as of the root—soil system. If the tree is anchored well enough
in the soil to prevent uprooting and if the stem does not frac-
ture or break, a sinusoidal shockwave is transferred through
the stem to the tree crown. As a result, most coniferous trees
start swaying and, depending on how closely the tree crown is
surrounded by other stabilizing tree crowns, they lose their
top. The root—soil system, the stem and the tree crown thus all
play important rolesin dissipating theimpact energy. The vol-
ume of atreeincreases exponentially with DBH (e.g., Morgan
and Cannell 1994, Peltola et a. 2000), which probably ex-
plains why the energy dissipative capacity increases exponen-
tially with increasing DBH.

To establish the relationship between DBH and Egiss max»
we used only thetranslational kinetic energy, instead of theto-
tal kinetic energy, before and after impact. This resulted in
Eissmax Values that were about 0.2% too high on average, but
the procedure minimized the uncertainty caused by errorsin
the angular velocity measurements.

The second major finding was that the basic exponential re-
lationship between DBH and Egiss max fOr A. alba can be trans-
ferred to other tree species by using published data on frac-
ture energies. Validation of the relationships for Cedrus spp.,
F. sylvatica and P. abies with data from other dynamic impact
testsin the field and Mb, demonstrated that the fracture ener-
gies of wood samples are good indicators of the energy dissi-
pative capacities of different living trees. The correlations
were high and significant (R? between 0.62 and 0.89, mini-
mum level of significance P < 0.015). We now use this method

to obtain relationships between DBH and Eiss max fOr different
tree species in our simulation models when no other data are
available.

We confirmed that broad-leaved trees are generally morere-
sistant to breakage than conifers; however, the relationships
for the tree speciesother than A. alba, Cedrus spp., F. sylvatica
and P. abies till have to be validated by additional impact
tests. Dynamic impact tests on wood samples are not suitable
for this purpose, because they yield lower energy dissipation
values than dynamic impact tests on living trees.

Application of the results of this study to research on rock-
fall protection forests depends on the devel opment of amethod
for transferring the DBH—Egissmax fuNction both to trees that
commonly grow in clumps (e.g., C. avellana) and to homoge-
neous coppice stands. Although it is known that tree species
that grow in clumps and homogeneous stands provide quite ef-
fective protection against rockfall, there are currently no avail-
able quantitative data on the energy dissipation capacity of
such tree and stand structures.

The Mb obtained by tree-pulling tests correlates well with
our datafor treeswith aDBH up to 35 cm, suggesting that it is
auseful indicator of Egesmax- FOr such trees, the Mb equation
(Equation 4), which raises the DBH to the third power and
multiplies it by MOR, works well. However, for trees with a
small DBH, the Mb values are slightly lower than our Egss max
values, and for treeswith alarge DBH, they are higher. The use
of amean MOR value may be alimitation, becauseit is highly
dependent on the shape of the tree and on wood quality (Pel-
tolaet a. 2000). Moreover, applying abending moment invokes
different mechanics than applying impact energy. Therefore,
Mb values can be used only as an indicator of E s ma, 8sdone
in this study. To calculate the energy from an Mb value, the
bending moments obtained during the tree pulling experiment
should be integrated over the stem bending angles at the stem
base, as described by Stokes et a. (2005). The energy values
obtained by Stokes et al. (2005) are lower than our values, be-
cause only the energy dissipation of the root—soil or the stem
compartment system is taken into account.

Thethird main result of our study isthe quantification of the
changein energy dissi pation associated with the horizontal po-
sition of the center of the rockfall impact on the tree stem,
which confirms the assumption made by Dorren and Seij-
monsbergen (2003) and Dorren et a. (2004b) in their simula-
tion studies. The relationship we obtained correlated highly
with the experimental data.

Table 3. Regressions between the observed fraction of the maximum amount of energy dissipated by atree (Egissmax) @1d combinations of impact
height (H; m) and diameter at breast height (DBH; cm) for Abiesalba (n=9). Abbreviations: X, b, and b, = regression variables, ME = mean error;

and RM SE = root mean square error.

Variables Model no. X b, b, R? ME (%) RMSE (%) P

b1(DBH)* + b,H 1 1 9.035 -1.0442 0.74 -22.9 146.5 0.005
2 2 0.1615 -0.1609 0.89 -25.7 70.6 0.0001
3 231 0.048 -0.05 0.92 -13.1 487 0.0001
4 231 0.0387 0 0.92 -14.1 39.0 0.0001
5 3 0.003 0.1254 0.96 -15.9 67.4 0.0001
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The multiplelinear regressions between E g max @nd combi-
nations of impact height and DBH showed that impact height
influenced the energy dissipated by atree, especialy for trees
with a DBH up to 15 cm. For trees with a larger DBH, we
found that the effect was minimal (2%). Although these find-
ings are based on a small data set—one tree species only,
and minimum and maximum impact heights of 0.5 and 1 m,
respectively—we believe that impact height also plays an
important rolein the case of bigger trees, becausethelocal tree
mass available to resist the impact decreases with height and
the cantilever beam effect changes. We specul ate that these ef-
fects probably start to play a significant role in impacts above
1.5 m. In tree-pulling studies, some work has aready been
done on the effect of pull height on the Mb and stem breakage
(e.g., Wood 1995, Moore 2000), but it would be interesting to
determine the effect of height of adynamicimpact on E s max-
At the experimental site, impacts did not occur above 2 m, be-
cause of the slope gradient and the absence of cliffsin thefor-
est. In many rockfall protection forests throughout the Alps,
slope gradientsare 50° or moreand high cliffsoccur within the
forests. Rockfall originating from such cliff faces often results
in tree impact heights above 2 m. The highest rockfall impact
on a tree stem we observed in the European Alps was at a
height of 8 m and occurred after a rebound on the slope sur-
face.

In conclusion, our results provide insight into the responses
of single trees during rockfall impacts and will help improve
quantification of the protective effects of forests against rock-
falls. More accurate comparisons of the protection afforded by
forests with civil engineering works will facilitate the com-
bined use of silvicultural interventions and technical protec-
tive structures in rockfall protection forests.

Acknowledgments

We thank the European Commission for the Marie Curie Fellow-
ship (QLK5-CT-2002-51705) and for funding the ROCKFOR pro-
ject (QLK5-CT-2000-01302). We aso thank Alexia Stokes (LRBB,
FR), Thierry Fourcaud (LRBB/CIRAD, FR) and the members of the
ROCKFOR consortium for fruitful discussions on the subject.

References

Bartelt, P. and V. Stockli. 2001. Theinfluence of tree and branch frac-
ture, overturning and debris entrainment on snow avalanche flow.
Ann. Glaciol. 32:209-216.

Berger, F., C. Quétel and L.K.A. Dorren. 2002. Forest: a natural pro-
tection mean against rockfalls, but with which efficiency? Proceed-
ings Vol. 2. International Congress Interpraevent 2002 in the Pa-
cific Rim, Matsumoto, Japan, pp 815—826.

Brang, P. 2001. Resistance and elasticity: promising concepts for the
management of protection forestsin the European Alps. For. Ecol.
Manage. 145:107-119.

Couvreur, S. 1982. Lesforétsde protection contrelesrisques naturels.
Ecole Nationale du Génie Rural des Eaux et Foréts (ENGREF),
Nancy, France, 89 p.

Cucchi, V., C. Meredieu, A. Stokes, S. Berthier, D. Bert, M. Ngar,
A. Denisand R. Lastennet. 2004. Root anchorage of inner and edge
trees in stands of Maritime pine (Pinus pinaster Ait.) growing in
different podzolic soil conditions. Trees 18:460—466.

Dorren, L.K.A. and A.C. Seijmonsbergen. 2003. Comparison of three
Gl S-based modelsfor predicting rockfall runout zones at aregional
scale. Geomorphology 56:49—64.

Dorren, L.K.A, F. Berger, A.C. Imeson, B. Maier and F. Rey. 2004a.
Integrity, stability and management of protection forestsin the Eu-
ropean Alps. For. Ecol. Manage. 195:165-176.

Dorren, L.K.A, B. Maier, U.S. Putters and A.C. Seijmonsbergen.
2004b. Combining field and modelling techniques to assess rock-
fall dynamicson aprotection forest hillslopein the European Alps.
Geomorphology 57:151-167.

Gardiner, B., H. Peltolaand S. Kellomé&ki. 2000. Comparison of two
models for predicting the critical wind speeds required to damage
coniferous trees. Ecol. Model. 129:1-23.

Gsteiger, P. 1993. Steinschlagschutzwald. Ein Beitrag zur Abgren-
zung, Beurteilung und Bewirtschaftung. Schweiz. Zeit. Forstw.
144:115-132.

Jahn, J. 1988. Entwaldung und Steinschlag. Proceedings Vol. 1. Inter-
national Congress Interpraevent, Graz, Austria, pp 185-198.

Kréauchi, N., P. Brang and W. Schonenberger. 2000. Forests of moun-
tainous regions: gaps in knowledge and research needs. For. Ecol.
Manage. 132:73-82.

Metzger, K. 1893. Der Wind als massgeblicher Faktor fur das Wach-
stum der B&ume. Mundener Forstliche Hefte 3:35—86.

Mizuyama, T. and H. Narita. 1988. Debrisflow control by woods and
their impact energy absorptivity. Proceedings Vol. 2. International
Congress Interpraevent, Graz, Austria, pp 173-181.

Moore, J.R. 2000. Differences in maximum bending moments of
Pinus radiata trees grown on arange of soil types. For. Ecol. Man-
age. 135:63-71.

Morgan, J. and G.R. Cannell. 1994. Shape of tree stems: a re-exami-
nation of the uniform stress hypothesis. Tree Physiol. 14:49—-62.
Nicoll, B.C. and D. Ray. 1996. Adaptive growth of tree root systems
in response to wind action and site conditions. Tree Physiol. 16:

891-898.

Niemz, P. 1993. Physik des Holzes und der Holzwerkstoffe. DRW-
Verlag, Stuttgart, Germany, 243 p.

Nonoda, T., S. Hayashi, H. Kawabe and Y. Yonei. 2004. The occur-
ring factors of standing stem breakage. ProceedingsVol. 1 (I11). In-
ternational Congress Interpraevent, Trento, Italy, pp 207—216.

Papesch, A.J.G., JA. Mooreand A.E. Hawke. 1997. Mechanical sta-
bility of Pinus radiata trees at Eyrewell Forest investigated using
static tests. N.Z. J. For. Sci. 27:188-204.

mechanistic model for assessing therisk of wind and snow damage
to single trees and stands of Scots pine, Norway spruce and birch.
Can. J. For. Res. 29:647—-661.

Peltola, H., S. Kelloméki, A. Hassinen and M. Granader. 2000. Me-
chanical stability of Scotspine, Norway spruce and birch: an analy-
sisof tree-pulling experimentsin Finland. For. Ecol. Manage. 135:
143-153.

Perret, S., F. Dolf and H. Kienholz. 2004. Rockfalls into forests:
analysis and simulation of rockfall traectories—considerations
with respect to mountainous forests in Switzerland. Landslides
1:123-130.

Petty, J.A. and C. Swain. 1985. Factors influencing stem breakage in
conifersin high winds. Forestry 58:75—-84.

Petty, JA. and R. Worrell. 1981. Stability of coniferoustree stemsin
relation to damage by snow. Forestry 54:115-128.

Rupé, C. 1991. Etude de peuplement forestier de protection du can-
ton de la Saucisse, Saint-Martin le Vinoux. Cemagref, Grenoble,
France, 35 p.

Schonenberger, W. 2000. Silvicultural problems in subalpine forests
in the Alps. In Forests in Sustainable Mountain Development: A

TREE PHYSIOLOGY VOLUME 26, 2006



ROCKFALL IMPACT 71

State of Knowledge Report for 2000. Eds. M.F. Priceand N. Buit.
CABI Publishing, Wallingford, Oxon, U.K., pp 197—-203.

Sell, J. 1987. Eigenschaften und Kenngrdssen von Holzarten. Bau-
fachverlag AG, Zrich, 80 p.

Stokes, A. 1999. Strain distribution during anchorage failure of Pinus
pinaster Ait. at different ages and tree growth response to wind-in-
duced root movement. Plant Soil 217:17-27.

Stokes, A., F. Sdlin, A.D. Kokutse et al. 2005. Mechanical resistance
of different tree speciesto rockfall inthe French Alps. Plant Sail. In
press.

Sunley, J.G. 1968. Grade stresses for structural timbers. U.K. For.
Prod. Res. Bull. 47:1-18.

Wood, C.J. 1995. Understanding wind forces on trees. In Wind and
Trees. Eds. M.P. Coutts and J. Grace. Cambridge University Press,
Cambridge, pp 133-146.

Zinggeler, A. 1990. Steinschlagsimulation in Gebirgswéadern: Mo-
dellierung der relevanten Tellprozesse. M.Sc. Thesis, Univ. Bern,
Bern, Switzerland, 116 p.

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com





