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Soil bioengineering techniques use plants as construction material for civil and hydraulic engineering
purposes such as reinforcement of slopes and erosion control of embankments. The interactions of plants
and stress from natural processes have to be quantified to assess such soil bioengineering systems from
an engineering point of view.

The objective of this study is to investigate the flexural behaviour of stems and branches of four
riparian species of the Southern Brazilian region, suitable for soil bioengineering purposes (Phyllan-
thus sellowianus Miill. Arg., Sebastiania schottiana (Miill. Arg.) Mill. Arg., Salix humboldtiana Willd. and
Salix x rubens Schrank). 50 green stems of each species were collected in the surroundings of Santa Maria
city (29°35'S, 53°32'W), state of Rio Grande do Sul, Brazil, and subjected to static bending tests. Specimens
were tested with their bark, immediately after harvesting. The setup of the bending tests was based on
the DIN standard (DIN 52186) for 3-point bending tests. Measurements were carried out to obtain char-
acteristic stress x strain diagrams for each stems. The following data analyse resulted in characteristic
parameters to describe the overall deformation behaviour (elastic - MOE and plastic - MOR). An addi-
tional parameter according to Denardi (2007) was introduced: the “angle of inflection”. This parameter
describes the elastic and plastic deformation behaviour of a plant under load from an engineering point
of view.

Results showed that P. sellowianus and S. schottiana are very appropriate for the protection of river
banks according to the criteria of stem flexural behaviour, rupture strength, angle of inflection, growth
rate and plant size. P. sellowianus is the most flexible species, followed by S. schottiana, S. humboldtiana and
Salix x rubens. Therefore riparian forest stands of S. humboldtiana and Salix x rubens need more frequent
maintenance in order to keep flexibility.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Florineth, 2004; Li and Eddleman, 2002; Acharya and Florineth,
2005; Durlo and Sutili, 2005; Lammeranner et al., 2005; Cornelini

Natural disasters worldwide cause major damage to mankind
and infrastructure. Nowadays conventional technical solutions
have been complemented by ecological alternatives such as soil
bioengineering approach. Different soil bioengineering methods
have recently regained worldwide recognition for their use in river
and civil engineering projects (Howell, 1999; Florineth et al., 2002;
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and Sauli, 2005; Li et al., 2005; Petrone and Preti, 2008, 2010;
Bischetti et al., 2010).

The assessment of technical and biological properties of plants
from an engineering point of view provides a basement for a
successful application and dissemination of soil bioengineering
techniques. According to the discussion performed by Burylo et al.
(2007), it is well known that vegetation efficiently mitigates ero-
sion in two ways: by active or passive protection. Additional, Wu
and Feng (2006) describe the four functions of ecological engineer-
ing: (1) improve the revival ability of ecosystem; (2) improve the
protective ability of ecosystem; (3) improve the recoverability of
ecosystem; (4) improve the functions of streams. Such properties
include the capability of vegetative propagation, root penetra-
tion, resistance against coarse sediment deposition, tolerance of
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submersion, elasticity, bending strength, pull out resistance and
compound strength.

This paper focuses on the flexural behaviour of selected riparian
plants from South Brazil to provide a basis for soil bioengineering
implementation work.

Wooden plants have a variable hydraulic impact dependent on
the stage of succession. The morphological and material changes
over time of plants have to be taken into account from engineers.
Riparian plants have different impacts on hydro-morphological
processes. On the one hand, they provide bank protection and are
responsible for increasing of the hydraulic roughness if they have a
high level of flexibility. On the other hand, they cause bank erosion
when plants act as rigid elements and after breaking they are the
source of hydraulic blockage.

Several studies focused on the hydraulic interaction of flow
and plants such as Fathi-Moghadam and Kouwen (1997), Oplatka
(1998), Gerstgraser (2000), Righetti and Armanini (2002), Meixner
(2004), Rauch (2005), Musleh and Cruise (2006), McBride et al.
(2007). The impact depends not only on geometrical properties
(e.g. stem and branch diameter, length and leaf density), but
also on the dynamic response of plants under flood conditions
(stem/branch/leaf bending and reduction of plant height).

Based on the results from a previous study, which focused on
the vegetative reproduction potential of suitable plants for soil bio-
engineering (Sutili et al., 2007), the next step involved quantifying
the biomechanical behaviour of plants under specific load.

Mechanical properties such as flexural stiffness, modulus of
elasticity and plastic deformation are indicators to assess the
impact of plants under load.

Considering the hypothesis that younger plants (smaller diam-
eter of the stems) are more flexible, the objective of this study is
comparatively to investigate the behaviour of stems and branches
of different riparian species suitable for soil bioengineering (Phyl-
lanthus sellowianus Miill. Arg., Sebastiania schottiana Miill. Arg., Salix
humboldtiana Willd. and Salix x rubens Schrank).

2. Material and methods
2.1. Over view of study area

The specimens were collected along rivers in the surroundings
of Santa Maria city (29°35'S, 53°32'W; Brazil). P. sellowianus Miill.
Arg. is part of the Phyllanthaceae family and grows up to a height
of 2-3m. It is a widely ramified bush with slender and bendable
branches. S. schottiana (Miill. Arg.) Miill. Arg. (Euphorbiaceae) is
also a shrub with a maximum height of 3-4 m. Strong branches,
which are highly bendable; are typical. Salix x rubens Schrank orig-
inates from Europe and is a hybrid between Salix alba L. and Salix
fragilis L. (Salicaceae). The plant grows very fast and reaches heights
up to 16 m. S. humboldtiana Willd. (Salicaceae) is a tree that reaches
a height up to 20 m and a stem diameter of about 90 cm. The botan-
ical material was deposited in the Forest Herbarium of the Federal
University of Santa Maria, with their numbers: 5588, 5592, 5594,
5590. All of the tested species are known to be well adapted to the
environmental conditions along rivers (Denardi, 2007; Sutili et al.,
2007).

The minimum diameter was defined at 10 mm and the bending
test device limited the maximum diameter. For P. sellowianus and
S. schottiana, no samples that exceeded a diameter of 50 mm for
the former and 60 mm for the latter were found in the area under
study. Specimens were tested with their bark, immediately after
harvesting.

Although riparian vegetation is exposed to dynamic stress dur-
ing high flood events, static bending tests are useful to identify

the bending behaviour of different plant species. 50 static bending
tests of each species were carried out, using specimens of different
diameters, in green condition. The results have to be considered as
a relative comparison between different species.

The setup of the bending tests was based on the DIN standard
(DIN 52186) for 3-point bending tests.

The testing equipment automatically recorded the parameters
load F[N], center deflection f[mm] and time t [s]. Based on the col-
lected data sets (F [N], f[mm] and ¢ [s]) as well as on the measured
diameters d [mm] of the specimens at the loading point and on the
span ¢ [mm], it was possible to determine the following parame-
ters: proportional limit load, F.j4 [N]; ultimate (maximum) load
F, [N]; modulus of elasticity (MOE), [N/mm?2]; proportional limit
stress, Ogiqs; [N/mm?2]; modulus of rupture (MOR) [N/mm?]; elastic
strain, &ejq5; Plastic strain, &pj45;; Maximum strain, &,; moment of
inertia, | [mm#]; ultimate moment Mu [Nmm]; section modulus W
[mm3].

After each bending test, a 100 mm long specimen was taken
to access the following properties: moisture content, u [%]; basic
apparent density, p [g/cm3]; thickness of bark, tc [mm]; percentage
of bark, %c [%]; age of specimen, Y [years].

2.2. Calculated parameters

The ultimate load (F,) and proportional limit load (Feg) were
directly taken from the load x deflection curve. The modulus of
elasticity in bending (MOE) [N/mm?] is used to characterize the
tendency to be deformed elastically of the stems and branches. This
mechanical parameter expresses the ratio between the stress and
strain under load, i.e., how much force is required for a given unit
of reversible deformation. The modulus of elasticity for specimens
with a circular cross-section, simply supported at ends and under
action of a concentrated load at mid-span, is calculated as:

Felastz3
48felast’

where F,; is the proportional limit load [N], £ is the span [mm],
felast 1S the deflection at proportional limit [mm)], I is the moment
of inertia [mm?].

The moment of inertia (I) [mm?] for a circular section:

MOE = (1)

d*
64
where d [mm)] is the cross section diameter of the specimen mea-

sured at the point of load application.
Replacing I in Eq. (1), the equation changes to:

I= (2)

Felastz3
3felast(d*/4)

The strain ¢ is a dimensionless variable:

6d
&= 672

where fis the center deflection [mm], d is the diameter of specimen
at the point of load application [mm)], £ is the span [mm)].

Eqgs. (3) and (4) used for the analysis of MOE and ¢ are based on
the assumption that the segment of the specimen has a constant
diameter and shear stress is neglected. Tree stems are generally
tapered, but in our case, the diameters of the specimens were
approximately constant, therefore the tapering effect is negligible.
Usually bending resistance of wood is determined with a 4-point
bending test. The results of the used 3-point bending test are influ-
enced by shear stress, but for wood, it is conventionally neglected
if ¢/d>14.

MOE =

(4)
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Fig. 1. Bending diagram, indicating the variables used in calculating the angle of
inflection («).

However, the applied equations are considered as approxima-
tions and results are highly appropriate to compare the species with
each other.

The modulus of rupture MOR [N/mm?] for the specimens with
a circular cross-section was obtained from:

Mmax Fy(€/4) _ 8F,¢

MOR = = =
Wmax  7md3/32 7d3

(5)

where Mpqx is the maximum bending moment [Nmm|, Wiy is the
section modulus [mm?], F, is the ultimate load [N], £ is the span
[mm)], d is the diameter of specimen at the point of load application
[mm].

The stress up to the proportional limit o [N/mm?2] can be
obtained by the formula (5), replacing the ultimate load F, [N] by
the load up to the proportional limit F, [N] or by “Hooke’s Law,”
which determines:

Oelast = MOE - Eelast (6)

where MOE modulus of elasticity [N/mm?], £,;45; deformation in the
elastic region.

Additionally, for each samples branches mechanical test, was
calculated the moisture content (%), percentage of the bark (%) and
the basic apparent density of the wood (g/cm3).

After preparation and staining of histological sections, a micro-
scope was used to determine the age of the samples.

An additional parameter according to Denardi (2007) has been
used. It describes the whole deformation process of plants under
load: angle of inflection at proportional limit, &4 [°] and angle of
inflection at ultimate load, oty [°].

At the original non-inflected position (dashed horizontal line
in Fig. 1), the bending point divides the specimen into two equal
parts with an angle of zero to the horizontal and 180° between the
two. The levels of proportional limit and ultimate load are char-
acterized by the parameters of £ (span) and f (deflection) for each
individual specimen and used to calculate the angle of inflection
(@), respectively oprqsr and oty (Fig. 1).

tanﬂ:gfﬁ; tanf =2tanp (7)
Internal angle (8') = arctan (8)
Inflection angle (o) = 180 — arctan f’ 9)

3. Results and discussion

3.1. Basic apparent density, moisture content and dimension of
bark

The basic apparent density and the moisture content affect the
material properties on the bending conditions. In general, P. sell-
owianus showed, independently of the moisture content (figure not
showed), higher values of the basic apparent density (0.51 g/cm3)
when compared with all other species (<0.4g/cm3). The slower
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Fig.2. Relationship between diameter (d)and load (F). Solid line: at the proportional
limit, Feqsc; dashed line: at the ultimate load, F,.

growth and the higher average age of the specimens of P. sell-
owianus are possible causes.

As expected, the thickness of the bark strongly correlates with
the diameters and maintains a relatively constant percentage up
to the highest diameters used in this study. The two species with
a lower average bark thickness - P. sellowianus and S. schottiana -
consequently show a more discrete increase in bark thickness with
increasing diameter. S. humboldtiana represents the thickest bark
from 5 mm up to 7 mm for stem diameters between 60 and 70 mm.
Briichert et al. (2003) found that the higher initial bark/wood ratio
and its decline with the development of the branch may to be a
cause of the initial variations regarding the modulus of elasticity
(MOE). All specimens have been tested in bending, with bark.

4. Modulus of elasticity

Fig. 2 indicates the force (F) for different diameters, which is
required to reach the proportional limit — F,j4 (solid line) and the
ultimate load - F, (dashed line).

P. sellowianus is the most stiff species in bending, whereas
S. humboldtiana is the most flexible one. This means that for P.
sellowianus a higher amount of load is necessary to reach the pro-
portional limit and the ultimate load respectively.

Table 1 shows the moduli of elasticity for the different species
classified into diameter classes. The standard deviation and the
coefficient of variation [%] are shown in brackets. The last column
contains the coefficient of determination between the modulus of
elasticity and the stem and branch diameter. It can be concluded
from the low coefficients of determination that there is in fact no
correlation.

The calculated moduli of elasticity are visually lower than those
determined by Vollsinger et al. (2000) for green stems and branches
of five European species (Alnus glutinosa (L.) Gaertn. Fraxinus excel-
sior L., S. alba L., Salix caprea L. and Acer pseudoplatanus L.). The
authors obtained values between 6900 and 10,200 N/mm? for the
different species (with diameters of 40-100 mm). Based on param-
eter MOE, the tested southern Brazilian species are visibly less rigid.

The moduli of elasticity (Table 1) appeared to decline with
increasing diameter. However, this suggestion of an inverse cor-
relation between the modulus of elasticity and the stem diameter
must be considered with caution due to the small number of tested
specimens, the high coefficients of variation and the low coeffi-
cients of determination (R2). Perhaps the distribution of stems and
branches diameters could be useful to understand this behaviour.
Vollsinger et al. (2000) found similar results. Briichert et al. (2003)
conducted tests on A. glutinosa (L.) Gaertn and Alnus viridis (Chaix)
DC. at an age of 1-24 years and found a slight increase in the
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Table 1

Average values of the modulus of elasticity at green state [N/mm?] for the different diameter classes of each species. Standard deviation and coefficient of variation [%] are

shown in parentheses.

Species Modulus of elasticity [N/mm?] per diameter class R?
10-20mm 20-30mm 30-40 mm 40-50 mm 50-60 mm 60-70 mm

Phyllanthus sellowianus 4.513 (889;20) 3.793(1173;31) 3.329(835;25) 3.028 (825;27) - - 0.27

Sebastiania schottiana 4.615 (1188;26) 3.930 (1126;29) 4.104 (1273;31) 3.485 (432:12) 3.114 (575:18) - 0.14

Salix x rubens 4.940 (1726;35) 4562 (1312;29) 4296 (1054;25) 3.555 (1208;34) 3.625 (766;21) 3.031(331;11) 0.19

Salix humboldtiana 4.084 (1590;40) 3.347 (630;19) 3.254 (388;12) 2.822(925;33) 2.419(285;12) 2.155 (446;24) 0.35

modulus of elasticity up to the fifth year. In older samples, the mod-
ulus of elasticity remained relatively constant. Niklas (1992) noted
that young cell walls are ductile, while older cells walls tend to be
much more elastic and resilient.

4.1. Proportional limit and ultimate load

Fig. 3 shows the stress x strain curve up to the proportional limit
(solid line) and then to the ultimate load (dashed line). The first part
of the diagram showing a linear behaviour, where the modulus of
elasticity and the proportional limit can be determine from. From
this point, the deformation becomes plastic and continues up to
the ultimate load in a non-linear behaviour.

The variation of the deformation behaviour between the species
is much higher at the plastic range compared to the elastic one.
Apparently, S. schottiana and especially P. sellowianus, resist large
deformation and stresses up to the ultimate load, while S. humbold-
tiana withstands slightly less stress than Salix x rubens. However,
S. humboldtiana exhibited bigger flexural deformations in compar-
ison to Salix x rubens.

4.2. Angle of inflection

The strain & can be understood as an expression of how the
material behaves under load. The angle of inflection up to the pro-
portional limit (o4s) and specifically up to the ultimate load (o)
is another possibility to express its behaviour.

The angle of inflection at the proportional limit did not corre-
late with diameter. The «,, area in Fig. 4 represents the range
of the inflection angle at the proportional limit for any species and
diameter. The angle of inflection at the ultimate load represents the
maximum angle to which a stem or branch of a particular species
and diameter can be bent before it fails. The results have to be
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Fig. 3. Average trend stress/strain curves up to proportional limit (solid line) and
further to ultimate load (dashed line) for the four species.

considered as a base to compare the bending behaviour of the
tested species.

The diagram shows that P. sellowianus exhibited a larger angle of
inflection at the ultimate load than the other species. For example,
while a branch (d =20 mm) of P. sellowianus exhibited a maximum
angle of 45° inflection before failure, a branch of Salix x rubens of
the same diameter reached a maximum angle of 25° at ultimate
load.

The relationship between the angle of inflection at rupture (o)
and the ultimate load (F,) for the four species and seven selected
diameters (Fig. 5). The nomogram shown in Fig. 5 cannot be used
to derive the values at the proportional limit due to the lack of a
relationship between the inflection angle and the diameter at this
limit (Fig. 4).

The load required to reach the failure increased with larger
diameters, whereas the angle of inflection at the ultimate load
decreased. For example, a branch of P. sellowianus with a
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Fig. 4. Relationship between the diameter (d) and the angle of inflection at
failure(«, ). The band at the bottom of the graph shows the area of distribution
of the angles of inflection at the proportional limit (oeqst ).
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Fig. 5. Relationship between angle of inflection ¢, at rupture and log F, (ultimate load) dependent from the diameter for the four species.

diameter of 20 mm had to be stressed up to a load of 670N to reach
the angle of rupture and formed a 45° angle of inflection. A branch
of S. schottiana of the same diameter, with a load of 550N, broke
at 36°. S. humboldtiana formed a smaller inflection angle (32°) and
required a load of 400 N to reach the failure. For the same diameter,
Salix x rubens — despite having an angle of inflection at failure that is
even lower than the previous species - needed a higherload (460 N)
than S. humboldtiana to reach a maximum 25° angle of inflection.

As shown in Fig. 5, the inflection angle gradually declined with
the increasing in diameter. P. sellowianus is the species that appar-
ently supports the greatest stress and can be bent to higher angles
of inflection up to the ultimate load. Moreover, its growth rate is
the lowest of all species investigated.

The relationship between age of the stems or branches and
their diameter was conducted. This relationship exposed the
different local environmental growing conditions and can be taken

as reference values for the growth rate of the species according to
temporal period of consideration of the specimens.

In a following step, the growth rate (diameter and age) is related
to the angle of inflection at ultimate load (¢, ) and shown in Fig. 6.

The relationship between age and stem diameter can be seen
directly on the x- and y-axes respectively. The angle of inflection is
characterised by means of the marked areas. For example, in order
to know the diameter of an specific stem at an age of 4 years, a
straight line parallel to the y-axis at the 4 years age is traced. At
the point where this line crosses the straight line that defines the
relations for P. sellowianus, one will get a diameter of 16 mm and
an inflection angle at failure of 50°. At the same age, S. schottiana
has a diameter of 23 mm and a 33° inflection angle (interpolated
between the lines of 30° and 35°). Salix x rubens at 4 years shows a
diameter of 32 mm and can be bent till it reaches angles of inflection
of 21°, while S. humboldtiana, reaching a larger diameter (39 mm),
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Fig. 6. Relationship with the diameter (d) and angle of inflection at ultimate load (), for different ages (Y).
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show approximately 24° angle of inflection at rupture. The same
procedure can be applied starting from any diameter (d), age (Y)
or angle of inflection (o), for each species. Even the relationship
between the different parameters is variable due to specific local
growing conditions. Fig. 6 provides a useful tool for planning and
managing local soil bioengineering work.

5. Conclusions and final remarks

The modulus of elasticity (MOE), as a single parameter, does
not satisfactorily explain the flexural behaviour of live stems or
branches for the assessment of soil bioengineering structures, on
river banks.

The angle of inflection is a useful criterion to identify a plant’s
capacity to stabilise river banks under hydraulic stress. High flex-
ibility means that stressed plants are able to bend down reducing
turbulence effects and acting as a protection layer against bank
erosion. Additionally, this property improves the free stream flow
along the river cross-section.

Based on the parameters inflection angle «,, ultimate load F,
and age Y, it can be affirmed that plants of a smaller diameter
(younger shoots) are more flexible, and better suitable for river
banks stabilization, regardless of species. The results showed that
the flexibility of the stems and branches decrease over the time,
but not equally or proportionally for each of the species studied.

It was found that P. sellowianus and S. schottiana are very
appropriate for the protection of river banks according to the crite-
ria of inflection angle, rupture strength (stem breakage), growth
rate and plant size. Riparian forest stands of S. humboldtiana and
Salix x rubens need more frequent maintenance (systematic stem
cutting procedure) in order to preserve its “flexibility function”.
According to the literature, any of the four species studied can
excellently withstand and respond well to the branch pruning and
trunk or stem coppicing.

Furthermore, more studies about the influence of the bark and
the anatomical characteristics of the wood can be helpful to clarify
additional biomechanical characteristics of the riparian vegetation.
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