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Abstract
In this study, biotechnical characteristics of the root system of Quercus brantii and
Crataegus aronia, were studied in Zagros forests, the west of Iran. For each species, a
number of eight individual trees were selected and 73 root samples were tested for
measuring tensile strength using Instron Universal Testing Machine. Results showed
a negative relationship between the diameter and tensile strength. The minimum
and maximum tensile strength values in the diameter range of 0.13-2.93 for Q. brantii
were 15.01 and 116.08 MPa and in the diameter range of 0.32-2.97 cm for C. aronia
were 12.98 and 83.10 MPa, respectively. The parameters for soil cohesion and angle of internal friction of soil particles for soil samples of each individual trees were
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measured using direct shear test apparatus after transporting samples to the laboratory. Calculation of soil reinforcement of the two species is based on a modified
Mohr-Coulomb concept (Wu model) and on measured data of tensile strength and
root area ratio (RAR). The maximum values of soil shear strength, considering the root
cohesion effect of Q. brantii and C. aronia, have been estimated with 100.40 MPa and
98.28 MPa respectively. The results showed that the soil shear strength of Q. brantii is
higher than C. aronia. The results confirm the effect of forest on slope stability and the
findings of our study can be used in reinforced soils and lower the risk of landslides.

Zusammenfassung
In dieser Studie wurden die biotechnologischen Charakteristika des Wurzelsystems
von Quercus brantii und Crataegus aronia im Zagros Wald im Westen Irans untersucht.
Für jede Spezies wurde eine Anzahl von 8 individuellen Bäumen ausgewählt und es
wurden 73 Wurzelproben untersucht um die Zugfestigkeit mit der Instron Universal
Testing Maschine zu messen. Die Ergebnisse zeigen einen negativen Zusammenhang
zwischen dem Wurzelfurchmesser und der Zugfestigkeit. Bei Q. brantii Wurzeln mit
einem Durchmesser zwischen 0.13 und 2.93 cm wurden Minimal- und Maximalwerte
der Zugfestigkeit von 15.01 und 116.08 MPa ermittelt. Bei C. aronia und einer Durchmesserspanne von 0.32 bis 2.97 cm wurden Zugfestigkeit zwischen 12.98 und 83.10
MPa ermittelt. Die Parameter für die Bodenkohäsion und den internen Reibungswinkel der Bodenproben von jedem einzelnen Baum wurden mit dem Direkten-Scherversuch-Apparat im Labor gemessen. Die Berechnung der Bodenverdichtung der
beiden Spezies basiert auf einem veränderten Mohr-Coulomb Konzept (Wu Model)
und auf den gemessenen Daten der Bruchkraft und Wurzelspannung. Die Maximalwerte der Boden-Scherkraft, welche den Kohäsionseffekt der Wurzeln von Quercus
brantii and Crataegus aronia berücksichtigt, wurde mit jeweils 100.40 MPa und 98.28
MPa ermittelt. Die Ergebnisse zeigen, dass die Boden Scherkraft von Q. brantii höher
ist als die der C. aronia. Die Ergebnisse bestätigen den Einfluss des Waldes auf die
Hangstabilität. Die hier erzielten Ergebnisse können bei verdichteten Böden angewandt werden um das Risiko von Hangrutschungen zu minimieren.

1. Introduction
Soil erosion, a serious environmental problem, has intensified recently as result of
human activities. Long-term sustainability of forest ecosystems depends on maintaining the soil quality. Bio-technical methods have been highly regarded because
of considering environmental and economic issues. Bio-engineering strategies became a part of hydraulic and geotechnical engineering and have used bridge the
gap between classical engineering disciplines, land use management, architecture
and biological sciences. Bio-engineering is defined as applying the plants for controlling erosion and stabilizing slopes (Forbes and Broadhead, 2011) and identifying
the reinforcement of riparian vegetation (Pollen, 2007). Vegetation plays a major
role in increased slope stability and improving hydrological conditions of the soil.
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Soils covered with vegetation are less exposed to the risk of water erosion and mass
movements (Greenway, 1987). Many authors have stated the role of plant roots in
stabilizing slopes and preventing erosion, quickly protect the soil, by means of their
covering action, from surface erosion and degradation (Norris et al., 2005; Genet et
al., 2008), increasing the shear strength of the soil and thus increasing the stability of
the coasts (Simon and Collison, 2002; Hosseini et al., 2013). Reinforcement by roots
improves mechanical and hydrology stability of slope. Soil is strong in compression,
but weak in tension. Roots are weak in compression, but strong in tension (Pollen,
2007; Schwarz et al., 2015). Therefore, the soil-root matrix produces a kind of reinforced earth, which is much stronger than the soil or the roots separately. Thus, roots
reinforce the soil (Nilaweera and Nutalaya, 1999, Abdi et al., 2011). Genet et al. (2005)
suggest that there is a significant relationship between the root diameter and tensile
strength, which depends on plant species so that tensile strength increases in thinner roots. In other words, changes in tensile strength can be well demonstrated by
the root diameter (Nyambane and Mwea, 2011). Abdi et al. (2010), and Hosseini et
al. (2013) demonstrated a negative relationship between root diameter and tensile
strength.
Zagros area serves as one of the most important and valuable regions in the west of
Iran in terms of biodiversity as well as soil protection and water resources which plays
a major role in the national economy and is considered as among the most important
sources for water (Maleknia et al., 2013). Yet there are few studies on tree roots from
Zagros forest on soil strength.
Several studies have been carried out to investigate root reinforcement of soil in forest ecosystems (Naghdi et al., 2013). Given the importance of these forests and the
role of the root system in stabilizing and controlling erosion, evaluating the effects of
native species roots for the purposes of bio-engineering will be useful. But few researches have been done to find out the influence of Zagros plant roots on soil stability.
This study aims to evaluate the soil reinforcement capacity of two species of Quercus
brantii and Craetegus aronia because each species will produce a different rooting
pattern and different amounts of above ground biomass. Quercus brantii is the most
abundant tree species in the study area that intermixed with other species such as
Crataegus aronia in this area.

2. Materials and methods
2.1 Study area
This study was carried out in Chahar-Zabar forests, located in the southwest part of
Kermanshah province in Zagros Mountains forests, with an area of about 300 ha (Fig.
1). These forests can be considered as a starting point where arid and semi-arid regions are dominated by Persian oak (Q. brantii) forests. Chahar-Zabar region belongs to
Mahidasht county, Kermanshah province located at about 46°41'1" E, and 34°13'50"
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N. Elevation above sea level varies between 1400 and 1800 m in this region. The slope ranges between 35 to 60 percent. The average annual temperature is 16° C. The
climate of the study area according to Demarton's classification is Mediterranean
with average annual precipitation about 460 mm.

Fig. 1: The situations of the study area in west of Iran (Zagros Mountains forest)
Abbildung 1: Lage des Untersuchungsgebietes im westlichen Iran (Zagros Gebirgswald)

2.2 Root tensile strength test
Roots of eight trees of two species Q. brantii and C. aronia were selected randomly in
the area. Around each sample tree at a distance of 0.5 m, the profiles were excavated
to a depth of about 20 cm. Tensile strength tests were carried out on 40 root samples
of Q. brantii in the diameter range of 0.13-2.93 cm and 33 root samples of C. aronia in
the diameter range of 0.32-2.97 cm. Root samples were collected from surrounding
areas of the tree at the top and bottom profiles. The collected samples were placed
in plastic bags containing 15% alcohol solution (Mattia et al., 2005). Then, the appropriate roots for the experiment (10 cm long roots) were selected. The number (Normaniza et al., 2008) and diameter (Sun et al., 2008) of roots were measured in both
sides by counting. The diameters of roots intersecting the soil profile was measured
with a Vernier caliper (Sun et al., 2008). Roots were classified based on their diameters
and the contribution to the RAR values in percent at each depth were calculated. The
RAR distribution with soil depth for all sized roots and roots smaller than 10 mm were
then determined.
Root tensile strength was measured using Standard Instron (Santam STM-5) at a
speed of 10 mm per minute (Bischetti et al., 2005). The tensile strength of each sample was determined by dividing root breaking force by the root cross section.
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2.3 Soil shear strength
Soil shear strength parameters were obtained through direct shear tests. The Dimensions of specimen box were set by 20 × 60 × 60 mm, accuracy of cutting ring gauge
as 0.002 mm and strain ring gauge as 0.01 mm, ring factor as 0.167, device speed as
1 mm per minute and by performing three replications with normal stresses of 20, 40
and 60 kPa, the shear stress was determined and the Mohr-Coulomb resistance line
was drawn using the obtained coordinates.

2.4 Root reinforcement
The common model for estimating the effect of root reinforcement was introduced
by Wu (1976) and Waldron (1977). Wu (1976, 1979) and Waldron (1977) developed
the perpendicular root model that assumed all roots would reach their maximum
tensile strength and break at the same moment (Wu et al., 1979). However, the roots
in a root-soil composite would break successively because of the various lastingness
of every single root, and some large roots did not break, but rather be pulled out of
the soil. Wu and Waldron’s model therefore overestimates the roots’ ability to stabilize
soil (Pollen, 2007).

Where S is soil shearing resistance (kPa), is soil cohesion (kPa), Cr is the shearing
strength caused by the roots (kPa), σ is the normal stress on the shear plane (kPa),
φ refers to the internal friction angle of the soil (degrees) (Wu et al., 1979) which depends upon soil particle size distribution, soil dry density, soil surface texture, shape
of particles, and soil moisture content (Jain et al., 2010).

Cr can be represented by:

Where tR the mobilized root tensile strength per soil unit area is, k is a factor taking
into account the random orientation of the roots with respect to the failure plane.
The value of k in most cases varies between 1.0 and 1.3 (Waldron, 1977; Wu et al.,
1979). k can be represented by:
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Where Θ is the angle of shear distortion in the shear zone, and φ is the soil internal
friction angle (°). The mobilized root tensile strength per soil unit area (tR) can be written as:

Where Tr is the average tensile strength per average root cross-sectional, αr is the root
area ratio computed as Ar / A , where Ar is the total cross-sectional area of all roots and
is the area of soil in the sample count.

3. Results
The soil texture is generally sandy clay loam and the soil origin is calcareous. Liquid
and plastic limits for Q. brantii ranged from 42.12 – 55.75 and 23.72% - 37.70 % respectively. Also, liquid and plastic limits for C. aronia ranged from 25.45 – 42.17 and
15.44% - 36.23 % respectively. Some physical and mechanical properties of soil for
both species are given in Tables 1 and 2.

Table 1: Physical and mechanical properties of soil at the root site sampling of Quercus brantii
Tabelle 1: Physikalische und mechanische Eigenschaften der Bodenproben von Quercus brantii
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Table 2: Physical and mechanical properties of soil at the root site sampling site of Crataegus aronia
Tabelle 2: Physikalische und mechanische Eigenschaften der Bodenproben von Crataegus aronia

3.1 Root tensile strength
The minimum and maximum tensile strength ( : eq.4) values were 15.01 and 116.08
MPa for Q. brantii, and 12.98 and 83.10 MPa for C. aronia, respectively. The relationship
between the root diameter and tensile strength for Q. brantii and C. aronia are following a negative power law with the exponent β and intercept α. Here, β describes
the rate of strength decay with diameter, while α is defined as a specific scale factor.

Fig. 2: The relationship between the diameter and tensile strength. The curves reveal a negative relationship
between the diameter and tensile strength following power law.
Abbildung 2: Der Zusammenhang zwischen Wurzeldurchmesser und Zugfestigkeit. Die Ergebnisse
zeigen einen negativen Zusammenhang zwischen dem Durchmesser und der Festigkeit
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3.2 Soil shear strength test
Soil shear strength without roots include the two parameters of cohesion and angle
of internal friction (C and φ) which can change by the quality of plant root systems. As
a result, soil disintegration and erosion decreases and stability increase by increasing
shear strength. The curves related to soil shear strength of sample number 1 for Q.
brantii and C. aronia are shown in Figure 3. The parameters obtained from direct shear
tests to determine shear strength are shown in Table 3.
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0

0
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0,8
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Fig. 3: Mohr-Coulomb resistance line relating to the number one example of Quercus brantii and Craetagus
aronia
Abbildung 3: Mohr-Coulomb Widerstandslinie für jeweils eine Probe von Quercus brantii und
Craetagus aronia
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Table 3: The parameters of the shear strength of soil sample. C is the cohesion and φ is the angle of internal
friction
Tabelle 3: Die Parameter der Schubkraft der Bodenproben. C ist die Kohäsion and φ ist der innere
Reibungswinkel

3.3 Soil reinforcement
Using data of tensile strength and root area ratio (RAR) and by applying the Wu model (eq. 1), we can estimate the adhesion added to the soil through the presence of
roots (Reinforcement). This model allows quick and simple calculation of the effect of
soil reinforcement using data from root distribution and tensile strength. Our finding
show that RAR values generally tend to decrease with depth below the surface. Also,
the rein¬forcement effect (Cr) according to eq. 1 decreases with depth. The highest
reinforcement value obtained by Q. brantii and C. aronia were 100.40 and 98.28 kPa,
respectively.

4. Discussion and Conclusion
Vegetation can increase slope stability and improve soil hydrological conditions.
Each species will produce a different rooting pattern and different amounts of above
ground biomass depending on site conditions and climate. The role of vegetation in
reinforcing and anchoring the soil contributes to its stability but is dependent on factors such as root system morphology, root strength, distribution, and root-soil interaction (Reubens et al., 2007).
A decrease in root diameter from 5 to 2 mm can result in a doubling or even tripling
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of tensile strength. This phenomenon has been attributed to differences in root structure, with thinner roots possessing more cellulose than thicker roots, cellulose being
more resistant than lignin in tension (Genet et al., 2005). It is not yet known if cellulose content is greater in young roots (which are usually thinner), but initial studies
suggest that in conifers, tensile strength is greater in roots from older trees (Genet et
al., 2006). Root tensile strength is obtained from the force required for breaking the
root divided by its cross section. The less diameter to be, the less breaking force and
higher tensile strength will be. In fact, the higher amount of cellulose in thin roots has
been suggested to be the main reason for their greater strength (Genet et al., 2005;
Norris, 2005; Baets et al., 2008). In this study, the relationship between the diameter
and tensile strength of root was found as a negative power function, confirming the
results obtained by Makarova et al., 1998; Nilaweera and Nutalaya, 1999; Simon and
Collison, 2002; Watson and Marden, 2004; Bischetti et al., 2005; Genet et al., 2005;
Mattia et al., 2005 and Norris, 2005.
In case of the negative power function, Q. brantii had larger α, while C. aronia had
smaller β. Given the magnitude of the factor α in Q. brantii, it was generally found that
tensile strength of Q. brantii was higher than that of C. aronia in a constant diameter.
Nilaweera (1994) suggested values of α and β for hardwood root, ranging from 26.1
to 87.0 and -0.8 to -0.4, respectively. Accordingly, a low scale factor (α) and a high exponent (β) mean a less resistant species (Abdi et al. 2014). In case of some species β
value did not fall in the above mentioned range (Bischetti et al. 2005; Abdi et al. 2010),
which may indicate that the range needs to be revised based on the results of new
studies or classified based on forest area or environmental conditions.
On the basis of the Wu (1976) and Waldron (1977) model, the extent of root reinforcement depends on tensile strength, density and depth of roots, which vary significantly depending on species, local environmental characteristics and spatial variability of
vegetation properties (density, age, fire events, erosion, trees health, etc.).
The Wu model was able to determine soil shear strength due to the presence of root,
which has been used in several studies worldwide (Abernethy and Rutherfurd, 2001;
Bischetti et al., 2005; Tosi, 2007; Baets et al., 2008; Mattia et al., 2005; Cazzuffi et al.,
2006; Simon and Collison, 2002) and in Iran (Abdi et al. 2010, Abdi et al. 2011, Maleki
et al. 2014). This model estimates the adhesion added to the soil due to the presence
of root based on tensile strength and root area ratio (Abdi et al., 2010; Schmidt et
al., 2001). In this model, there is disagreement about the diameter range. O'Loghlin (1984) suggested that roots with the diameter ranging from 1- 20mm have the
highest impact on soil shear strength. Reubens et al. (2007) showed that roots smaller than 3mm are effective in soil reinforcement. But some authors believe that in
this model there is no limitation or restriction for the diameter (Greenwood, 2006).
Operstein and Frydman (2000) suggested an effective diameter of 2 cm because of
limitations for higher diameters in tensile strength tests. Bischetti (2009) stated that
the maximum 1 cm diameter for soil reinforcement which has been confirmed by
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many researchers. According to the diameter size range in this study (up to 3 mm),
the highest reinforcement was found for diameter class 1 (roots smaller than 1 mm).
The results of this study can help us understanding the biotechnical characteristics
of root systems of Q. brantii and C. aronia. However, these results cannot be generalized to all regions since to apply bio-engineering methods, we must consider the
site conditions and climate at the first step. Furthermore, our results indicate that
root strength decreases with diameter following a power law equation. This finding
indicated soil reinforcement due to species are significant and the highest values are
related to Q. brantii.
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