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BIOMECHANICS OF BUTTRESSED TREES:
BENDING STRAINS AND STRESSES!

BruNO CLAIR,?> MERIEM FOURNIER,?>®> MARIE FRANCOISE PREVOST,?
JACQUES BEAUCHENE,? AND SANDRINE BARDET*

2UMR, Ecologie des Foréts de Guyane, CIRAD ENGREF INRA, Campus Agronomique, BP 709, 97310 Kourou, Guyane Francaise,
France; 2UMR, Botanique et Bioinformatique de I’ architecture des plantes AMAR, IRD Centre de Cayenne, BP 165, 97323
Cayenne, Guyane Francaise, France; and “Laboratoire de Mécanique et de Génie Civil, UMR 5508 CNRS Universite de Montpellier
I, cc 081, Bat 13, Place Eugene Bataillon, 34095 Montpellier Cedex 5, France

The different hypotheses about buttress function and formation mainly involve mechanical theory. Forces were applied to two trees
of Soanea spp., a tropical genus that develops typical thin buttresses, and the three-dimensional strains were measured at different
parts of the trunk base. Risks of failure were greater on the buttress sides, where shear and tangential stresses are greater, not on the
ridges, in spite of high longitudinal (parallel to the grain) stresses. A simple beam model, computed from the second moment of area
of digitized cross sections, is consistent with longitudinal strain variations but cannot predict accurately variations with height. Patterns
of longitudinal strain variation along ridges are very different in the two individuals, owing to a pronounced lateral curvature in one
specimen. The constant stress hypothesis is discussed based on these results. Without chronological data during the development of

the tree, it cannot be proved that buttress formation is activated by stress or strain.
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Buttresses, lateral flanges joining the roots and the trunk,
have intrigued generations of biologists. Large buttresses are
quite rare in temperate areas, but very characteristic among a
remarkable variety of tropical stem forms. Buttress occurrence
and form within one species are quite fixed traits, although
some species are relatively variable in this respect. Buttress
characterization is also of significant practical interest in iden-
tifying tropical trees (Gentry, 1993). A number of different
biological theories have tried to explain the function and the
formation of buttresses (Kaufman, 1988; Richards, 1995).
Some authors assumed that physiological stresses force aerial
development of shallow root systems (Halle et a., 1978). Oth-
ers assumed that buttresses prevent climbing by woody vines
or reduce competition with other trees by occupying available
space (Black and Harper, 1979). Lastly, as the term ** buttress”
suggests, there is a general consensus that these structures are
of mechanical importance (Kaufman, 1988; Mattheck, 1991;
Ennos, 1993, 1995; Young and Perkocha, 1994; Chapman et
al., 1998). However the actual function has not been empiri-
cally demonstrated, and such theories assume that buttresses
are of adaptive value in resisting wind or gravity forces or are
formed via mechanistic constraints based on hypotheses of
stimulated growth in mechanically stressed zones of the trunk
base.

There is only limited experimental and theoretical work on
how buttresses act mechanically. Mattheck’s group (Mattheck,
1990, 1991; Mattheck and Prinz, 1991) assumed that cambial
growth is activated by stress and simulated stresses induced
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by a bending moment at the stem base via a finite element
model. By an incremental process that was supposed to sim-
ulate peripheral secondary growth in the tree (Mattheck,
1990), material was added step by step at the wood surface,
where mechanical stresses are greater. Mechanical stresses
were analyzed at each step, until they became constant all
around the trunk and buttress surfaces, under different testing
boundary conditions that simulated anchorage between but-
tresses and underground soil or roots. The forms predicted by
Mattheck’s model were finally compared to existing ones in
nature. Mattheck’s model can explain many patterns of but-
tress form and development observed by ecologists (Ennos,
1993). Although some of the assumptions from such approach-
es are questionable, such types of mechanical hypotheses need
to be validated by experimental measurements of geometries,
material properties, and strains.

Ennos (1995) and Crook et al. (1997) discussed Mattheck’s
theory with simulated windthrow tests and morphological ob-
servations of roots after working on Malaysian trees with and
without buttresses. They observed root movements and trunk
displacement, strains along buttresses, trunk and anchorage
strength, and crack modes on both the leeward and windward
sides.

In this paper, we present experimental results based on a
typical buttressed genus in the lowland tropical rainforest of
French Guiana. The aim was to localize the risks of failure by
directly measuring strains and to discuss Mattheck’s constant
stress hypothesis in the light of these results. We also tested
the ability of a ssmple beam model to describe strain patterns
under external bending forces.

MATERIALS AND METHODS

Materials—After looking at typical buttresses on small diameter trees, we
selected the genus Soanea (Eleaocarpaceae), because **. . . agood habit char-
acter is the usua development of unusually thin, frequently large buttresses
... (Gentry, 1993, p. 395). This genus is represented by 17 species in
French Guiana (Hollowel et a., 2001), 60—70 species in tropical America,
and 120 species in the world, al of which are tropical in distribution (Gentry,



1993; Mabberley, 1997). The two trees used in the this experiment were of
the same size (20 cm DBH) and located in rainforest in the *‘Piste St. Elie”
field station (53°0" W-5°20" N). Both trees had three well-developed and thin
buttresses. However, in the first tree, buttresses are straight, approximately
triangular “‘plates.”” In the second one, the buttress flanges have lateral cur-
vatures. Specimens have been donated to the international herbarium of Cay-
enne. Thefirst tree has been identified as Soanea cf. tuerckheimii J. D. Smith;
the second one is a different species that has not yet been identified.

Field experiments—Local strains were measured at the periphery of stand-
ing trees. The strain sensors were attached on periphera wood, after removing
the thin bark, in order to measure wood behavior because wood is the main
support tissue. In buttresses, strains were measured with strain gauge sensors
(DD1 type; Hottinger Baldwin Messtechnik, Darmstadt, Germany) connected
in full bridge mode to a battery-powered strain bridge (Alco system, Captels,
S. Matthieu de Treviers, France). The sensors were fitted with steel pins,
spaced 13 mm apart. The accuracy of this system of measurement is estimated
at 30 microstrains (i.e., 30 pm/m).

The bending experiment is illustrated in Fig. 1. The trunk was pulled with
a manua winch, using a steel cable anchored to the base of another tree
nearby. The applied force was measured with afield load cell (Captels). Forc-
es were applied at a height of 5 m in five stages. The main aim during testing
was to remain within the intact structural and linearly elastic material prop-
erties; strains were measured at different locations along the ridges and on
the sides of the three buttresses by moving the sensors between successive
experiments. This approach assumed and checked that the behavior was linear
and elastic, so that experiments were repeatable. A mechanical extensometer
(Fournier et al., 1994) was fixed on the trunk just above the buttresses and
was not moved between successive tests. This ensured repeatability while
defining the maximal applied loads. A strain control was chosen with a max-
imum of —1000 microstrains in the compressed wood of the trunk above the
buttresses. After checking the linearity of each test, the dopes ¢ /F, &/F, &,/F
(e, represents strain along the grain or longitudina [L] strain, e, represents
strain perpendicular to the grain or tangentia [T] strain, &, represents strain
parallel to the diagonal between L and T direction, and F represents applied
force) were computed from all five levels of applied force and analyzed for
each measurement. According to the definition of the strain tensor and math-
ematical formulas for axes changes (Berthelot, 1999), the shear strain g/F
was calculated as

g lF = g, lF — (e /F + &/F)I2.

Two sets of bending tests were performed by reversing the direction of
force: in both sets, buttress A was lined up with the direction of force. In the
first set, this buttress was put into tension; in the second set, the buttress was
put into compression.

On the second tree, the force direction was aso parallel to one buttress,
put in compression. We measured longitudina strains along the ridge of this
buttress and shear strains at two opposite points of the lateral sides. In afinal
test, we increased the load until the buttress broke and observed how and
where the break was initiated.

Model of bending strains—A simple model for longitudinal bending strains
has been designed at the cross section level based on beam theory (strength
of materials) that is often used to compute stresses and strains in slender plant
axes (Niklas, 1992). The model (see Appendix) uses the following data: the
two components (vertical parallel to the trunk and horizontal) of the applied
force, the lever arm (vertical distance from the cross section to the applied
force), the geometrical characteristics of the cross section (the cross sectional
area and the second moments of area that are the relevant geometrica vari-
ables to predict flexura stiffness at the cross section level [Niklas, 1992]),
and wood stiffness (i.e., Young's modulus of elasticity of green wood as
measured parallel to the grain).

As the model predicts that the longitudinal strain ¢, is proportional to the
applied force F and to the modulus of elasticity E_, we will compare theo-
retical and experimental results by analyzing linear regressions between ex-
perimental slopes ¢, /F and theoretical values of ¢ /E F. The slopes of these
regressions are estimations of the modulus of elasticity E, .

Additional data—At the end of the field experiment, the tree was felled
above the buttresses. To characterize cross section geometries, slices 10 cm
thick with parallel and horizontal surfaces were carefully sawn from the but-
tresses. In the laboratory, each surface was photographed and analyzed with
the software Optimas 6.5 (Media Cybernetics, Silver Spring, Maryland, USA)
to define the outlines and compute (standard functions) for each height x, the
center of mass position, the area (x), and the second moments of area |,
1,(x) and 1,,(x).

Wood basic density (ratio of oven-dried mass to saturated volume) was
measured within buttress A (seven heights, three radial positions for each
height, two samples for each position), as dried wood density is a good pre-
dictor of elastic properties (Kollman and Cote, 1968; Guitard, 1987; Niklas,
1992). Moreover, we adjusted the measured values of basic density to estimate
air-dried (i.e.,, wood moisture content of 12%) density: drying shrinkage is
supposed to account for 0.6% of volume per percentage of moisture content
loss (CIRAD Forét database on tropical woods, properties of Soanea spp., J.
Gérard, CIRAD Forét, Montpellier, France, personal communication) and
therefore air-dried density is 1.25 times basic density. We then calculated the
modulus of elasticity E, , of air-dried wood, from Guitard's regressions (Gui-
tard, 1987). The green wood assessment 0.73 E, , (Kollman and Cote, 1968)
were compared to the mentioned slopes of regression. Lastly, Young's moduli
have been measured by tensile tests on air-dried wood samples by the method
still used by Clair et a. (2003) and compared to other estimations.

RESULTS

Linearity, elasticity, and repeatability—As expected, each
strain measurement had a linear response to the applied force:
rz2 > 0.9 in 83% of the 355 analyzed force vs. strain curves,
r2 < 0.6 in only 3% of analyzed curves. The strain returned
to zero after unloading. Repeatability was very good and, for
each test, the slope of the force-strain curve could be calcu-
lated. Within each set of tests, the variations of these slopes
was very small (CV < 6%), with no systematic change with
time.

Strain and force magnitudes—During all the bending ex-
periments, measured strains in the different parts of buttresses
remained between —3000 microstrains and 2000 microstrains
along the grain, —5000 microstrains and 1200 microstrainsin
the tangential direction, below green wood elastic limit, but
often much higher than the controlled maximal strain in the
trunk of —1000 microstrains. The maximum bending moments
about the base of the tree were 23500 Nm in the first set and
20000 Nm in the second. Maximal forces were about 5000 N.

As expected, longitudinal strains, which are the most intu-
itively predictable, were positive (stretching) on buttresses un-
der tension, compressive (shrinking) in the opposite ones.
When the force direction was reversed (second set of tests),
strains were obviously of opposite sign, but of the same mag-
nitude, along the ridges (Fig. 2) and on the buttress sides.

Mean absolute values of longitudinal and shear strains per
unit of basal bending moment, ¢, /FL cos 6 and ¢ /FL cos 6,
had the same scale of magnitude, 0.022 microstrains/Nm and
0.017 microstrains/Nm, respectively. Tangential strains were
dightly lower (mean value 0.013 microstrains/Nm). Longitu-
dinal and tangential strains were opposite and had a significant
negative correlation (r2 = 0.30), with a slope of —0.64 (Fig.
3). When the data were split, the correlation was greater (r2
= 0.53) when keeping only the points closest to the ridge
(<10 cm), but it was not significant when these points were
removed. Although an exhaustive study of shear strains was
not performed in every part of the three buttresses, smaller
values for all strain components have been measured in but-
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Fig. 1. Design of the bending tests and buttress forms of trees of Soanea spp. Inset: left, first tree, with flat buttresses; right, second tree, with curved
buttresses. On the first tree, measurements were made in every part of the buttressed zone. On the second tree, the locations of the measurements are indicated

by arrows.

tresses B and C not parallel to the applied force. Therefore,
the following discussion is mainly focused on observations of
buttress A.

Spatial variations of strains—On the first tree, longitudina
strains were nearly constant along the ridges, excepted in the
first measured points near the ground at the tip of the root

where they were very small (Fig. 2). They decreased on the
sides, from the buttress ridge to the central trunk (Fig. 4).
On the opposite side, shear strains were minimal near the
ridges and reached maximal values on sides near the trunk
(Fig. 5). In the main buttress studied, buttress A, strain patterns
were similar between the two sides. In the two lateral buttress-
es, some discrepancies were observed from one side to the
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Fig. 2 Longitudinal strains measured along the buttress ridges during bending tests performed on one tree of Soanea cf. tuerckeimii. Solid lines, buttress
A isin tension; dotted lines, buttress A is in compression. Circles, results related to buttress A; triangles, results related to buttress B. To allow comparisons,
the ratio of strains to the basal bending moment is represented, with absolute values of strains.

other, but no systematic variations were found, and actualy,
values of strains were often small.

On the second tree, longitudinal strains on the buttress ridge
in parallel to the applied force increased continuously from the
base to the top (Fig. 6). We did only one measurement of the
three-dimensional strain, near the trunk, at 50 cm height, on
both buttress sides (Fig. 1). In fact, shear strain was high (0.05
microstrains/Nm) on the concave side, but almost zero (0.003

No tangential ~ 0-06
stress

Tangential
tension

-0.150 0.150

Tangential
compression

Tangential strains/bending moment at
the trunk base (microstrains/Nm)

0.06

L.ongitudinal strains/bending moment at the
trunk base (microstrains/Nm)

Fig. 3. Tangentia strains vs. longitudinal strains measured during bending
tests performed on one tree of Soanea cf. tuerckeimii. Open circles represent
the zones closest to the ridge (<10 cm). Filled circles represent the sides. The
regression is calculated for al the points and is significant (r = —0.55, P <
0.001). The regression line is the principal axis, because both variables play
a symmetrical role.

microstrains/Nm) on the convex opposite one. The ratio /g,
was —1.5 on the concave side, 1 on the opposite one.

Observations about breakage—Breakage was initiated by
cracking the wood at the buttress plate (Fig. 7). The longitu-
dinal crack began inside the concave side of the buttress put
in compression. No uprooting was observed.
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Fig. 4. Measured longitudinal strains per unit of bending moment at the
trunk base of Soanea cf. tuerckeimii, on buttress A side. The buttress and
the force are in the same plane, and the buttress is in compression (negative
values). Results are given for one side of the buttress as a function of height
and distance to the ridge.



[ ]
Force F
T
o,
@
=
3}
3
B0.03-0.04 ~
0.02-0.03
[10.01-0.02
[10-0.01
microstrains/Nm
near the near
ridge the
trunk

Fig. 5. Measured shear strains per unit of bending moment at the trunk
base of Soanea cf. tuerckeimii, on buttress A side. The buttress and the force
are in the same plane, and the buttress is in compression (negative values).
Results are given for one side of the buttress as a function of height and
distance to the ridge.

Model and experiment—Experimental patterns of strain
variations were compared with the model prediction. Linear
correlations between experimental values (g, /F) and theoreti-
cal ones ¢, /E, F, computed from the model and independently
measured geometrical data, were calculated for different sam-
ples (by splitting the whole set of data into different zones)
(Table 1). In a genera sense, the model and experimental val-
ues fit well, with an estimation of the mean modulus of elas-
ticity of 16400 MPa, with no significant difference between
tension and compression. An example of the evolution of both
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Fig. 6. Longitudina strains (ratios to the basal moment) measured during
bending tests along the buttress ridges of two Soanea species. In each case,
the studied buttressis lined up with the force direction and put in compression.
In the first tree, buttresses are plane plates; in the second, buttresses are curved
extensions.

Fig. 7. Breakage observed during bending tests on the second Soanea
tree. The cracking buttress is lined up with the force direction and put in
compression. Left, just after hearing the first crack; right, after increasing the
load.

modeled and experimental strains around the circumference at
a given height is given in Fig. 8. However, the correlation
coefficient and the modulus of elasticity fit for each cross sec-
tion increase with height (Table 1). Without great changes of
modulus of elasticity from the buttress top to the base, the
model does not properly describe developments of strains with
height, as indicated by the observed bias on regressions split
by ridge or trunk positions. On the same longitudinal line,
theoretical strains decrease continuously from the top to the
base and measured ones are amost constant.

Wood properties—Measured wood basic density and
Young's modulus in buttresses reached the mean value of 0.80
glcm® (CV 5%) and 22160 MPa (CV 35.3%), respectively.
The mean Young's modulus predicted from air-dried wood

TaBLE 1. Fitting the experimental strains per unit of applied force (g, /
F) due to bending tests performed on one buttressed trunk of So-
anea cf. tuerckeimii to the modeled ratio (beam theory) ¢ /FE, (E;:
modulus of elasticity). Different correlations have been calculated
by splitting data into different zones or sets of tests (column 1).
The quality of fit is characterized by r? and the observation of bias
(asymmetric distribution of residuals). Modulus of elasticity E, is
estimated as the principal axis slope of the graph experiment vs.
model.

Studied part of the tree Estimated E_ R? Comment

All measured points 16 400 MPa 0.77 No bias
First set of tests 17 400 MPa 0.79 No bias

(buttress A into traction)
Second set of tests 15 400 MPa 0.68 No bias

(buttress A into traction)
Buttress A only 18 200 MPa 0.77 No bias
Other buttresses only 16 500 MPa 0.68 No bias
Trunk only 14 000 MPa 0.95 Light bias
Ridges only (all buttresses) 0.82 Bias
Sides only (all buttresses) 16 100 MPa 0.69 No bias
100 cm = Height = 140 cm 21 200 MPa 0.90 No bias
80 cm = Height = 120 cm 18 100 MPa 0.84 No bias
60 cm = Height = 100 cm 14 500 MPa 0.83 No bias
40 cm = Height = 80 cm 12 400 MPa 0.75 No bias
20 cm = Height = 60 cm 9900 MPa 0.77 No bias
0 cm = Height =< 40 cm 4800 MPa 0.58 No bias
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used in the simulation is the mean value for all the measured points (see Table
1).

density is 22550 MPa for air-dried wood. Therefore, the
Young's modulus of green wood was expected to be 16180
MPa (value calculated from measured Young's modulus of air-
dried wood) or 16460 MPa (value calculated from density
measurements). In two-factor ANOVA, basic density varied
significantly with both height and radial position with a strong
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interaction (P < 0.001 for each effect, Fig. 9). Patterns of
variations were not regular with respect to height, neither for
the mean values nor ridge values. For Young's modulus, var-
iations with depth were not significant. Very high values were
measured in upper parts, with no significant variations below
100 cm (Fig. 9).

DISCUSSION

Linearity, elasticity, and small strains—As we applied
small strains, the structural behavior remained linear and elas-
tic without any buckling on compressed sides. This is a con-
venient means of nondestructively measuring strains every-
where by reversible tests and will provide general information
about failure risks. However, with this approach, we could not
study accurately the modes and localization of failure, except
during the breakage experiment on the second tree. Neither
could we measure the nonlinear processes that lead to failure.

Modeled and experimental values of longitudinal strains—
In ageneral sense, the model and experimental values fit well.
The estimations of the mean green wood Young's modulus
(16400 MPa), when all data were pooled, seemed very real-
istic, when compared to independent values estimated from
tensile tests on air-dried wood specimens or from wood den-
sity, although we neglected bark that was very thin compared
to stem diameter. The model predicted well the evolution of
strains around a circumference (cross section level) and could
be used to analyze, for instance, the effect of different force
azimuths. However, without great changes of modulus of elas-
ticity from the buttress top to the base, the model did not
describe properly the evolution of strains with height. As such
variations were not observed from tensile tests or density mea-
surements on wood specimen, these great and regular changes
of E,_ were not redistic, neither on the whole cross section
regardless of the radial position, nor on the ridges that would
contribute most to flexural stiffness. The odds are that some
hypotheses of the model are not robust enough, especialy for
low and continuous taper and vertical fibers. Such results em-
phasize the capacities and limits of beam models that are often
used in plant biomechanical theoretical studies (Niklas, 1992)
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Fig. 9. Variations of wood basic density and Young's modulus measured on wood specimen within buttress A of Soanea cf. tuerckeimii. Basic density is
the ratio of oven-dried mass vs. green volume. Young's modulus has been measured by tensile tests on air-dried wood.



and scarcely validated by direct assessment of strains and
Stresses.

Stresses and strains with respect to failure risks—Strains
and stresses are three-dimensional. In the principal axes of
wood (L, fiber direction; T, tangential direction), at the trunk
surface, assuming linear wood behavior, stress components are
related to strain components:

o, = E(e, + vre)(1 —vyviy) @
Er(er + vire)(1 — vyviy) (b)

Oy
oL = 2G re1

where E, and E; are moduli of elagticity in L and T directions,
v and vy, are Poisson’s ratios, and is the G,; shear modulus
in LT plane (Guitard, 1987; Niklas, 1992). Because we mea-
sured e; and g, strains of the same order of magnitude, and
asv;, < 1 (vy, = —0.03 [Niklas, 1992]), &, has no significant
effect on o in Eq. a which then becomes

o, =~ Ee&l —vpvy) = Eg

Thus, Eq. 2 (see Appendix), implicitly assumed by other au-
thors (e.g., Ennos, 1995), is verified and wood follows ap-
proximately a simple one-dimension Hooke's law in the lon-
gitudinal direction.

However, values of tangential stress o, often neglected,
could be of great importance as wood is very weak when
submitted to tangential tensile stresses. When tangential stress-
es are zero, the ratio e./e, is —v,4, and v ; = 0.67 (Guitard,
1987; Niklas, 1992). Statistical correlation between e; and &,
was significant, with aratio e;/e, of —0.64. Thus, mean tan-
gentia stresses o, are proved to be statistically near zero. They
are tensile for points above the regression line e;/e, = —v
and compressive for points below. For example, sides of but-
tress A are on average put into tangential tension during the
first set of tests. Tangentia stresses are more likely to be low
near the ridge where the relation e;/e, = —0.64 is the most
significant. They can be high on buttress sides where no re-
lation between e,/¢, has been found. For example, in the sec-
ond tree, by substituting in Eq. b values of the measured ratio
e/, on the buttress side, we prove that o is safe in com-
pression on the convex side, but dangerous in tension on the
concave one. Indeed, this tangential tension, superposed on the
high shear, provoked the crack observed during breakage of
the tree (Fig. 8).

Mattheck’s theory—To analyze our data with respect to the
constant stress theory, we need to define stress, because the
stress field is defined by three components at the stem surface.
Then we must design a stress index, which is calculated from
these three components and able to predict locally the risks of
failure. The choice of such a failure criterion is till a vexing
problem in highly anisotropic materials (Berthelot, 1999):
Standards are maximal strain or stress criterions (each strain
or stress component is compared to a limit experimentally de-
termined by straight forward uni-axial tests); however, addi-
tional interactive criteria able to describe the material behavior
under complex triaxial loadings can be designed (Berthelot,
1999). Although Mattheck (Mattheck, 1990; Mattheck and
Prinz, 1991) used the interactive Von Mises' criterion, we pre-
fer to use a simple maximal strain or stress criterion that was
implicitly used by other authors (Ennos, 1995; Crook et al.,

1997). Indeed, Von Mises' criterion is not adapted to aniso-
tropic materials (Berthelot, 1999). For instance, it predicts the
same risk of failure for atension of 10 MPain the longitudinal
direction than in the tangential one, although it is well known
that the former is safe and the latter not. Therefore, in bending
experiments in which longitudinal normal stresses o, (tension
and compression along wood grain) are obviously greater, Von
Mises' criterion focuses on these stresses and neglects other
components. Actually, along and near the ridges, where o,
would be the only significant stress, Von Mises' and maximal
stress criteria are similar. In this part of the buttress, we found
two very different patterns: the first tree follows the constant
stress law, but the second one is much more stressed at the
buttress top. Both behaviors have been reported (Ennos, 1995;
Crook et al., 1997). According to Mattheck’s theory, the first
tree buttress would have reached its morphologically opti-
mized steady state. The second tree is still optimizing its but-
tress form. However, such assertions should be demonstrated
and, as pointed out by Ennos (1995), Mattheck’s theory could
not be verified by static data without chronological observa
tions of dynamic growth in natural or experimental conditions.
The mechanism of strain perception that controls growth lo-
caly is still a puzzling question. Nevertheless, regardless of
adaptive theories, the different buttress shapes (plate or shell)
of the two trees can explain the different observed patterns of
strains, because in the second tree, the buttress base is almost
perpendicular to the bending plane.

Moreover, neglecting stress components other than longi-
tudinal ones is not relevant, because breakage modes are ob-
viously not simple compression cracks on the buttress ridges
where longitudinal stresses are the highest. In the studied trees,
the greatest risks of failure are related to shear and tangential
tensions, even though values of these stress components are
smaller than the longitudinal ones (wood is less stiff, but also
less strong in these strain modes). Although some authors dis-
cussed the mechanisms of transverse or shear strengthening in
trees (Mattheck, 1991), potential adaptations of tree growth in
respect to these strain or stress modes in buttresses have not
yet been studied. If, as often supposed, buttresses are material-
saving devices, selected for more anchorage stiffness and
strength with less volume and less physiological expenditure,
in an environment with intense biotic competition for light and
space, they have to deal with a mechanical trade-off between
minimizing uprooting on one hand and risks of shear and tan-
gentia failure in the plates on the other hand. The ecological
guestion is then to estimate the importance of the second con-
straint: do buttresses fail at the plates? Obviously, the answer
will depend on site conditions such as soil types, on buttress
shapes, and ontogenetic stages of species.
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APPENDIX

The beam model for longitudinal stress and strain assumes the following
hypotheses:

i. The trunk is vertical, i.e., all the centers of mass of each cross section are
aligned on a vertical line x. The taper is continuous and low. Wood grain
(i.e., longitudinal direction of fibers) is everywhere approximately parallel
to the vertica x. Clearly, the two last assumptions are best adhered to
with higher cross sections and less developed buttresses. Trunk displace-
ments remain small.

ii. An initial plane cross section remains straight during bending strains.
Therefore, at each height x, longitudina strains g, (x,y,2) within the cross
section (y and z are coordinates in a horizontal plane, y in the same vertical
plane of the applied force F) are a function of only three unknown pa
rameters: one elongation e4(x) and two curvatures k;(x) and k,(x) as

el(Xy2) = (X)) + Ki(X)y + ky(X)z )
iii. The stress vs. strain in wood behavior can be simplified into:
o (xy.2) = E(xy.2e(xy.2) @

Henceforth, the modulus of elasticity E, will be assumed to be constant within
the cross section, but this assumption is easily modified if significant varia-
tions of E, with y or z are observed.

Following this, forces that act on each cross section (height x) during the
tests are calculated as

N(X) = —F sin 6, M,(X) = F cos 6(L — X), M,(X) =0 (3)

where F is the applied force. L is the distance from the ground to the belt
that attaches to the cable and thus, at height x, (L — x) is the lever arm due
to bending. 6 is the angle between F and the horizontal. N is the normal force
(compression due to the vertical component of the force F), M, and M, are,
respectively, the bending moments around z and y (i.e., the products of the
horizontal components of the force F by the lever arm).

Using the strength of materials (Niklas, 1992; Berthelot, 1999), &4(X), ky(X)
and ky(x) can be calculated from Egs. 1, 2, and 3 as

(9 = —F sin(0)/[E.(x)S(X)]
ky(x = F cos(0)(L — XAE (1,09 — 1,,09/1,(x)]}

ko(x) = —k (1,091, “

where §(x), 1,, 1,(x), 1,(X) are geometrical characteristics of the cross section:
the cross sectional area and the three components of the second moments of
area. Hence, ¢ (x,y,2) can be calculated everywhere from Egs. 4 and 1.





