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Shear strength behaviour of cohesive soils reinforced with vegetation 
Comportement au cisaillement de sols cohérents renforcés avec végétation 

D. Cazzuffi & E. Crippa 

ABSTRACT
Vegetation has a great importance in slope stabilization and erosion control, protecting and restraining the soil (at the surface) and 
increasing the strength of the soil mass (at depth). This paper presents the results of an experimental study developed by CESI S.p.A. 
particularly focused on the quantitative determination of the increase in soil shear strength due to root systems of four kinds of 
perennial gramineous plants (Eragrass, Elygrass, Vetiver and Pangrass), imported from abroad and under experimentation in Italy. In 
order to quantify the contribution of roots to soil mechanical properties, direct shear test on undisturbed samples containing only soil 
and soil with roots, respectively, were carried out in laboratory. By direct comparison of the tests executed on soil without roots and 
with roots, it was possible to evaluate the roots’ contribution and to underline the direct correlation between the increase in soil shear 
strength and the root tensile strengths. The results are in good accordance with the few references found in literature and demonstrate 
the reinforcement capability of the tested plant roots, particularly for stabilization of the superficial soil layers. 

RÉSUMÉ
La végétation joue un rôle important dans la stabilisation des pentes et le contrôle de l’érosion. En surface, elle protége le sol et le 
maintient; en profondeur, elle augmente la résistance de la masse de sol. Cet article présente les résultats d’une étude expérimentale 
réalisée par CESI Spa. et consacrée à la détermination quantitative de l’accroissement de la résistance au cisaillement du sol due aux 
racines de quatre types de plantes graminées pérennes (Eragrass, Elygrass, Vetiver et Pangrass), importées de l’étranger et faisant 
l’objet d’expérimentations en Italie. Afin de quantifier la contribution des racines aux propriétés mécaniques du sol, des essais de 
cisaillement direct sur échantillons non remaniés de sol seul et de sol avec racines furent effectués en laboratoire. En comparant les 
essais avec et sans racines, il a été possible d’évaluer la contribution des racines et de mettre en évidence la correlation entre 
l’accroissement de résistance du sol au cisaillement et la résistance des racines à la traction. Les résultats sont en bon accord avec les 
quelques références trouvées dans la littérature et démontrent la capacité de renforcement des racines des plantes testées, 
particulièrement pour la stabilisation des couches de sol superficielles. 

1 INTRODUCTION 

The stability of a slope depends on a delicate balance between 
forces. In general slopes fail when the shear stress on any 
potential failure surface exceeds the shear strength; it is 
customary to express this balance of forces in terms of a factory 
of safety. Possible ways in which vegetation might affect the 
balance of forces are: mechanical reinforcement from the root 
system; slope surcharge from the weight of the trees; wind 
leverage and root wedging; modification of the soil moisture 
distribution and pore water pressures and lateral restraint by 
buttressing and soil arching (Coppin and Richards, 1990). 

With the exception of wind leverage and root wedging, each 
of these factors generally enhances stability (Bache and 
MacAskill, 1984). At first sight, the surcharge would appear to 
increase shear stress, but this effect is largely negated by 
accompanying increase in shear strength. Interception and 
transpiration as modes of water loss each contribute to the 
reduction of soil moisture. Moisture depletion not only reduces 
the unit weight of soil, but also enhances cohesion due to the 
surface tension forces in partially saturated soils. Buttressing 
and arching refer to the lateral restraint on soil movement from 
the trunks and the roots. Arching in slopes occurs when soil 
attempts to move through and around a row of piles firmly 
embedded or anchored in unyielding layer.  

Wind leverage or wind throw can represent a serious 
problem caused by the overturning moment of wind on trees, or 
arising from excessive vibrations which cause loosening of the 
roots. Root wedging in an alleged tendency of roots to penetrate 
soil, thereby loosening it or opening cracks. 

As introduced before, the most obvious way in which plants 
stabilize soils is by root reinforcement, the root tending to bind 
the soil and to increase its shear strength. For this effect, in 

recent years, the use of vegetation in civil and landscape has 
grown quite a lot in importance, but specific design standards 
are still under discussion within the use of vegetation for slope 
stabilization. In fact, while the effects related to the presence of 
roots are very well known from a theoretical point of view, the 
research did not yet come to define a sufficiently consolidated 
methodology for their quantification. 

The work described in this paper was part of a research 
program aimed at evaluating quantitatively the shear strength 
increase provided by plant roots to soil. In order to quantify the 
contribution of roots to soil shear strength, direct shear tests 
both on soil and on root reinforced soil, respectively, were 
carried out. These tests were performed on undisturbed samples 
collected from a site in Southern Italy, as described further.  

The sampling activities and the results of the direct shear 
tests represent the main subjects of the present paper. 

2 DESCRIPTION OF THE RESEARCH ACTIVITY 

The final goal of the research activity is to quantitatively define 
the root contribution to soil shear strength. To achieve this, it 
was considered to carry out direct shear tests on undisturbed 
large dimension samples of soil and of rooted soil, directly 
collected from a site. All these samples were specimens already 
prepared to be tested in laboratory at different depths 
(respectively 0.2 m, 0.4 m and 0.6 m), without placing 
additional loads on the surface but leaving only acting the 
weight of the overlying soil. This configuration would have 
well reproduced the situation on site of superficial soil 
movement.

The approach to perform tests on undisturbed samples 
containing roots was absolutely new and it would have allowed 
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not to influence plant growth and root development. In fact, 
some researchers (Operstein and Frydman, 2000) tested soil 
samples reinforced with root vegetation, but the plant grew in 
pots in laboratory controlled conditions. 

Moreover, it was considered the demand to define 
experimental methods which could be repeated and could be 
employed to verify the effective stabilization action of roots. 
This result would have been reached only adopting 
experimental methods, common for the geotechnical 
engineering and conveniently adapted to the case under study. 
For this reason it was thought to carry out direct shear tests on 
large samples (200 mm in diameter), in order to allow the 
complete development of the root resistance mechanism.  

3 UNDISTURBED SAMPLES EXTRACTION 

The site chosen to collect undisturbed samples is located in 
Southern Italy. On this site, in order to protect the soil from 
erosion, due to rainfall and runoff, and also in order to prevent 
superficial soil instability, it was foreseen to plant four different 
species of perennial “gramineae” plants (Eragrass, Elygrass, 
Pangrass and Vetiver) characterised by deep roots and under 
study in Italy during the last years (Cazzuffi and Tironi, 2003). 
Plantation works began in November 2002 and ended in May 
2003. Works were followed by CESI staff who verified the 
good growth of the vegetation and the optimum root taking.  

The soil constituting the slopes on which the perennial 
“gramineae” were planted is silt (63.30%) with clay (28.70%), 
as shown in Figure 1.
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Figure 1: Particle size distribution of the soil sampled from the site in 
Southern Italy 

This type of soil would have allowed the extraction of 
undisturbed samples of such dimension. For this reason it was 
thought to sample the first meter of depth, in order to carry out 
directly the shear tests on these samples at three different 
heights. It was also decided to collect three undisturbed soil 
samples, each containing a root system for all the four 
considered “gramineae” species. To effectively quantify the 
increase in shear strength, it was thought to retrieve also three 
samples of only soil. Thus, the undisturbed samples to be 
collected were equal to fifteen. 

At the moment of the preparation phase of the research, 
different sample collection techniques were considered, taking 
into account the difficulties to extract samples of such 
dimensions and weights and the necessity to cause the minimum 
possible disturb to the samples themselves. The sampling 
modalities by twisting was abandoned because it would have 
caused an excessive disturb to the samples and for this reason it 

was preferred the direct push method, which consists in pushing 
a cylindrical sampler at the desired depth by an adequate 
equipment and then in recovering the sampler itself, containing 
the undisturbed sample. This second recovery method 
guaranteed, from a theoretical point of view, a sample retrieving 
without disturb of soil and roots and a better control in the 
sampling direction. Moreover, this method is usually employed 
in the control phases of natural barrier system to collect clay 
undisturbed samples, on which, for example, testing their 
hydraulic conductivity.  

Therefore, fifteen steel samplers of 200 mm in diameter, 
having a thickness of 1 mm and a height of 1 m, were prepared. 
The choice of the sampler thickness represented another critical 
aspect, because it had to be sufficient to guarantee the 
penetration into the soil without deformation of the sampler 
itself and it had to allow an easy cutting before the carrying out 
of the laboratory direct shear tests. 

The extraction of the undisturbed samples was realized at the 
end of March 2004, a time period chosen because coincident 
with the vegetative awakening of the planted “gramineae” 
species. The previous period was marked by intense rain for 
different days: for this reason the soil became particularly 
muddy and did not allow the access to the sampling equipment. 
In fact, the collection of undisturbed samples was realized using 
a track provided with a system usually employed for well 
drilling, able to push the sample until the desired depth. 

The plantation works foresaw the contemporary use of the 
four species in the same zones to take advantage of their 
different characteristics. Therefore, an accessible area to the 
sampling equipment was identified and three specimens for 
each species were chosen, in order to recover undisturbed 
samples each containing a root system. In the same zone three 
undisturbed samples of only soil were also collected. This 
procedure, allowed to obtain samples almost homogeneous, 
considering the nature of the soil.  

Figure 2: Positioning of the equipment on the zone chosen to collect the 
undisturbed samples 

After having identified the three specimens for each of the 
four “granineae” plant species, their aerial part were cut to 
allow a better positioning and a perpendicular penetration of the 
sampler. The entire system was pushed under the soil surface, 
after having positioned the equipment and after having fixed the 
sampler with screw bolts. This procedure was repeated for each 
sampling.
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Figure 3: Recovery of a sample after its extraction 

The collected undisturbed samples were sealed with wax 
application to keep constant moisture content and were 
transported to the CESI Geo-department in Milano. Samples 
were identified by an alphanumerical code constituted of three 
letters and a number between 1 and 3, as reported in Table 1. 
All the undisturbed samples were ready to be tested in 
laboratory, as described in the next chapter. In fact, shearing 
was realized at different depths from sample surface and 
respectively at 0.2 m, 0.4 m and 0.6 m. In the same Table 1 each 
sample is related to the depth of the shear plane (z) at which the 
direct shear test was realized in laboratory. 

Table 1: Sample identification 
Sample 
code

Description of the sample Depth of the 
shear plane z 
(m) 

Ter  1 Sample n. 1 of soil without roots 0.2 
Ter  2 Sample n. 2 of soil without roots 0.4 
Ter  3 Sample n. 3 of soil without roots 0.6 
Ely 1 Sample n. 1 of soil containing Elygrass 

roots 
0.2 

Ely 2 Sample n. 2 of soil containing Elygrass 
roots 

0.4 

Ely 3 Sample n. 3 of soil containing Elygrass 
roots 

0.6 

Era 1 Sample n. 1 of soil containing Eragrass 
roots 

0.2 

Era 2 Sample n. 2 of soil containing Eragrass 
roots 

0.4 

Era 3 Sample n. 3 of soil containing Eragrass 
roots 

0.6 

Pan 1 Sample n. 1 of soil containing Pangrass 
roots 

0.2 

Pan 2 Sample n. 2 of soil containing Pangrass 
roots 

0.4 

Pan 3 Sample n. 3 of soil containing Pangrass 
roots 

0.6 

Vet 1 Sample n. 1 of soil containing Vetiver roots 0.2 
Vet 2 Sample n. 2 of soil containing Vetiver roots 0.4 
Vet 3 Sample n. 3 of soil containing Vetiver roots 0.6 

4 DIRECT SHEAR TESTS 

After having reached CESI Geo-department, the steel samplers 
were opened just before carrying out the direct shear tests, 
having particular care not to damage them during this operation. 
The samples were then wrapped in a transparent film to be 
moved and then their heights and weights were measured. 
Height and weight for each analyzed sample are reported in 
Table 2. 

Table 2: Height and weight measured for each analyzed sample 
Sample code Height

(m) 
Weight 
(kg) 

Ter  1 1.000 69.14 
Ter  3 0.890 58.96 
Ely 1 0.940 60.15 
Ely 2 0.650 40.55 
Era 1 0.450 45.20 
Era 3 0.830 55.40 
Pan 1 0.690 42.53 
Pan 2 0.750 48.00 
Pan 3 0.995 64.10 
Vet 2 0.850 57.40 
Vet 3 0.820 50.00 

Observing the Table 2, it could be noticed how the samples 
Ter 2 (z=0.4 m), Ely 3 (z=0.6 m) Era 2 (z=0.4 m) and Vet 1 
(z=0.2 m) were not considered. In fact, at the moment of the 
sampler openings, Ter 2 and Ely 3 were already broken, 
probably for not perfect operations during the sampling on site, 
while Era 2 and Vet 1 smelled bad, due to an incipient 
biodegradation phenomenon of the root systems. 

Direct shear tests were carried out in a large direct shear 
device, designed to allow single shear and opportunely modified 
to perform this series of tests on rooted soils. In fact, in order to 
perform tests on the soil column about 1 m high, it was 
necessary to realize a particular steel support, able to sustain 
and fix the sample during the test, in such a way not to bend the 
sample itself (Figure 4).

Ely 2 

Figure 4: Carrying out of direct shear test and positioning of the sample 
inside the steel support specifically ideated 

The shear test apparatus is constituted of two parts: the lower 
part has the function to fix the sample at the base, while the 
upper part is able to move in the plane and was assembled with 
the steel support. Samples were inserted vertically and shear 
planes were localized respectively at depths (z) of 0.2 m, 0.4 m 
and 0.6 m below the soil surface.  

The vertical stress normal to the shear plane was provided by 
the weight of the overlying soil, without applying on the surface 
additional loads. In correspondence of the shear plane a free 
distance of 10 mm was left between the upper part and the 
lower part of the shear test device. 

The transparent film, in which the sample had been wrapped, 
was removed in the lower part while it was left on the upper 
part to eliminate friction between the sample and the steel 
support during test performing. 
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Figure 5: Direct shear test carried out on the sample Era 3 (shear plane 
depth: 0.6 m) 

Direct shear tests were executed to a maximum displacement 
of 33 mm, which represents the limit of the apparatus, imposing 
a constant shear displacement ratio of 0.2 mm/min, allowing to 
complete mobilize root contribution to shear strength. The shear 
displacement ratio adopted for this experimental program was 
the same as in the tests illustrated by Operstein and Frydman 
(2000). Each test was completed in about six working hours and 
the execution of all the scheduled tests took about one month.  

After shearing, the moisture content of the soil was measured 
and values between 25 % and 47 % were registered. At the 
beginning, it was thought to measure the rooted area (defined as 
the ratio between the area of the roots and the total section area) 
on the direct shear plane. Nevertheless, the species under test 
were herbaceous and were characterized by very fine roots, thus 
this measure could not be executed because it was not 
considered significant, being the roots translated or torn. An 
image of the sample Era 3 immediately after the execution of 
the test can be observed in Figure 6.

Figure 6: Era 3 sample at the end of the direct shear test 

Shear stress – shear displacement curves for tests on soil 
with and without roots are presented in the Figures from 7 to 11. 
As it could be observed, it was possible to obtain all the three 
curves (i.e. shear plane depths of 0.2 m, 0.4 m and 0.6 m) only 
for the three samples containing Pangrass roots.  
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Figure 7: Shear stress – displacement curves for soil samples without 
roots (Ter) 
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Figure 8: Shear stress – displacement curves for soil samples with 
Elygrass roots (Ely) 
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Figure 9: Shear stress – displacement curves for soil samples with 
Eragrass roots (Era) 

2496



0

5

10

15

20

25

30

35

40

45

0 5 10 15 20 25 30 35 40

Displacement [mm]

S
h

ea
r 

st
re

ss
�

[k
P

a
]

Pan 1   z = 0,2 m

Pan 2   z = 0,4 m

Pan 3   z = 0,6 m

Figure 10: Shear stress – displacement curves for soil samples with 
Pangrass roots (Pan) 
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Figure 11: Shear stress – displacement curves for soil samples with 
Vetiver roots (Vet) 

By analyzing the obtained shear stress – shear displacement 
curves, it could be underlined how the most part of them 
presents a growing trend for the shear stress and than a 
decreasing phase after the peak. This observation is not valid for 
the tests carried out on Pan 1, Pan 2 and Vet 2 samples, in 
which a growing trend until the reaching of the maximum value 
and then a constant behaviour could be outlined. Moreover, it 
should be added that, for the tests on soil samples with roots, 
the maximum value of shear stress was registered in 
correspondence of displacement values always higher than for 
the tests on soil samples without roots. 

In the Figure 12 the shear strength values, evaluated in 
correspondence with the maximum shear stress values 
registered after the direct shear tests, are presented. These data 
are expressed in function of the normal stress �, represented by 
the weight of the soil over the shear plane and calculated on the 
base of the weight and of the height measures for each sample 
reported in Table 2. It should be added that, even if the normal 
stresses are very low, the measured shear stresses are in very 
good accordance with the results found in literature (see Figures 
12 and 13). 

In the same Figure 12, parallel lines are traced, each 
corresponding to a particular species, that are a reasonable 
approximation to the trend in the data. In particular, this 
approach was based on the results of Operstein and Frydman’ 
study who, from numerous shear tests carried out on plants 
cultivated in apposite pots, noticed how, according to different 
species, trend lines corresponded to parallel lines (Figure 13).
These Authors concluded that the presence of vegetation roots 
causes the increase in the soil shear strength and in particular 

the increase in the cohesion, while the friction angle remains 
substantially unchanged.  

Concerning the data presented in the Figure 12, the 
individuation of the trend lines was realized on the base of the 
results of the shear tests obtained on the soil samples with 
Pangrass roots. The traced trend line brought to a cohesion of 
14 kPa and a friction angle of about 30°. This result was then 
extended to the other points on the graph, in order to have five 
parallel lines. It is effectively difficult to observe a good 
approximation of the extrapolated trend lines to the data, but it 
should be considered that data point are not so numerous and a 
certain variability is more than reasonable for tests on soils 
incorporating vegetation.  

Nevertheless, the contribution of roots to the soil shear 
strength is evident: in fact, in each test, the shear strength values 
of soil samples with roots are always higher than the values 
obtained from tests on soil samples without roots.

The root tensile strengths of the considered “gramineae” 
species were determined by testing in laboratory different root 
systems sampled on site (Cazzuffi and Tironi, 2003). These 
results are shown in Figure 14. For the four species considered in 
this experimental program, the tensile strength ranges are:  

� Elygrass: 25 – 70 MPa 
� Eragrass: 38 –55 MPa 
� Pangrass: 15 – 23 MPa 
� Vetiver: 25 – 60 MPa 
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Figure 13: Direct shear tests on soil samples with roots of different 
species growth in appropriate pots (from Operstein and Frydman, 2000) 
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Figure 14: Root tensile strengths vs. diameter for the considered 
“gramineae” species (modified from Cazzuffi and Tironi, 2003)

As it can be noticed from the results of this research, there is 
a certain influence of the root tensile strength on the increase in 
soil shear strength. In fact, Elygrass and Vetiver, that are 
characterised by the highest root tensile strengths, are the 
species that were able to offer the highest increase in soil shear 
strength. On the other hand, the lowest shear strengths 
corresponded to the soil samples containing Eragrass and 
Pangrass root systems. Also in this case the variability related to 
tensile strength intervals should be considered. 

With reference to Figure 12, the parallel trend lines are 
comprised in a range of cohesion of about 15 kPa and in 
particular the increase in shear strength is ranging between 2 
kPa and 15 kPa, which is close to what Operstein and Frydman 
found. Moreover, Bache e MacAskill (1984) stressed that the 
increase in soil shear strength due to the roots could vary within 
3.4 kPa and 17.2 kPa. Also Belfiore and Urciuoli (2004), on the 
base of tensile tests carried out on Arundo Plinii and Poa 

Pratensis roots (species belonging to the family of 
“gramineae”) and after having developed a theoretical model on 
the root behaviour, obtained a maximum increase in shear 
strength of about 20 kPa.  

Thus, the study presented in this paper  seems to confirm that 
the values obtained for the increase in shear strength represent 
the actual magnitude of the reinforcement offered by the 
presence of the root systems. Surely, this increase is function of 
the root tensile strength and of the cross sectional area occupied 
by the roots, even if this parameter was not considered for this 
research; on the other hand, authors like Operstein and Frydman 
consider it of smaller importance than tensile resistance of 
roots. It is then necessary to take into account that the influence 
of the roots to the soil shear strength can not be a constant value 
but have to diminish with depth until zero, where roots are not 
present. Generally, it could be affirmed that the maximum 
influence limit is about 2-3 m, for species characterised by root 
systems able to reach high depths. 

5 CONCLUSIONS 

The research presented in this paper quantified the influence of 
the root systems of four “gramineae” species, usually applied in 
bio-engineering works, on the shear strength of a cohesive soil. 
The study aimed at defining an experimental method to evaluate 
the contribution of the roots to the soil mechanical properties. 
Undisturbed soil samples, with roots and without roots, of large 
dimensions (diameter of 0.2 m and height of 1 m), were 
extracted on site to be tested in laboratory in a direct shear test 
device. The tests were carried out at three different depths, 
relatively shallow (0.2 m; 0.4 m; 0.6 m), leaving only the 
weight of the overlying soil acting.  

The obtained results allowed to reveal the influence of roots 
by direct comparison of tests on soil samples with roots and on 
soil samples without roots. Following an approach found in the 
literature, it was observed how the increase in soil shear 
strength can be understood to be the result of an increase in 
cohesion. Moreover, this increase in cohesion was quantified in 
a range between 2 kPa and 15 kPa, in optimum accordance with 
other studies. In particular, it was stressed how the increase in 
the soil shear strength depends on the considered species and it 
was also emphasized that the increase is a function mainly of 
the tensile strengths contributed by the root systems. This 
conclusion justifies the growing interest on the “gramineae” 
species here analysed and in particular on the Vetiver type. 
These species, in fact, are characterised by very resistant roots 
and the present study confirms how they, and all the other 
species with similar properties, could be successfully used with 
stabilizing effects on phenomena like shallow landslides. 
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