Mechanical and hydraulic effects of deep roots planting on slope stability
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ABSTRACT: Slope vegetation is currently finding wide applications all over the world to mitigate erosive
phenomena and improve slope stability. An innovative natural technology for slope protection has been re-
cently developed in Italy; this uses only natural perennial grass plants with deep roots and allows operating in
different climatic areas. The technology appears promising with regard to shallow slope instability. The me-
chanical effects of vegetation result from the root/soil interaction processes, while the hydraulic effects derive
from the reduction of soil water content enhanced by plant transpiration and root uptake. An original model is
proposed in the paper to take into account the mechanical effects on the soil shear strength; the main assump-
tion of the model regards the function developed for the root area ratio. The research sets as a final goal the
quantitative assessment of both mechanical and hydraulic effects induced by roots on slope stability.

1 INTRODUCTION

Over the years and in different world areas, many
techniques of slope protection and re-naturalization
have been developed. Slope vegetation represents a
quite innovative technique for the control and miti-
gation of water erosion phenomena and, contextual-
ly, may play a positive role in slope stability by
simply considering that the plant roots act as special
soil reinforcement. This aspect of soil vegetation
gains much importance provided that herbaceous
deep-roots - with high tensile strength properties -
are well seated into the soil.

The role of vegetation in slope protection from
erosion phenomena has been studied and document-
ed throughout experimental investigations. Several
approaches - based on theoretical models, physical
or empirical models - have been proposed in the lit-
erature for the quantitative evaluation of erosion
(soil loss). Among these, it is worth to cite the Uni-
versal Soil Loss Equation - USLE (Wischmeier,
1976; Wischmeier and Smith, 1978). Amongst the
consolidated techniques aimed at reducing soil and
rock erosion developed in the years 1950-’60 and
involving the use of manufactured products such as
geonets, geogrids, fascines, special interest is to be
paid to herbaceous plants characterized by deep
roots - with great length (3 m) and extraordinary ten-
sile strength - which may contribute to reduce ero-
sion. In particular, the aerial portion of such herba-
ceous grassy plants dissipates most of kinetic energy
of rain drops, smoothing their erosive action; more-

over, even when the plants are seasonally dried up,
an important fraction of rain flows above the aerial
portion of the vegetation in case of intense rainfalls.
This eco-technique, obtained by seeding perennial
herbaceous plants directly into the soil, is of simple
and fast installation and does not require any
maintenance. Recent studies, also supported by bot-
anists, agronomists, naturalists and geologists, have
highlighted the ability of many herbaceous species
to effectively contrast erosive phenomena, even in
bare and sterile soils where other common species
do not succeed to vegetate.

The implantation of grassy species, made of deep
and thin roots with large tensile strength, may repre-
sent an interesting technique also for the improve-
ment of slope equilibrium conditions, limitedly to
shallow and potentially unstable soil masses. In or-
der to assess the additional important role played by
slope vegetation, the soil-roots interaction needs to
be specifically analyzed from a mechanical and a
hydraulic point of view. Some of these aspects are
dealt with in the following paragraphs. The subject
is complex since several phenomena are involved in
the soil/vegetation interaction and their study re-
quires specific skills in various fields such as hy-
draulics, agronomy, soil physics, in addition to soil
mechanics. From a theoretical point of view, the
mass balance equations must be respected in the po-
sition of the problem, by taking into due considera-
tion the concurring phenomena of soil evaporation,
plant transpiration, water runoff along the slope, wa-
ter infiltration into the soil and water uptake from



roots. In fact, the root system may affect the hydro-
logic balance, due to the capacity of the aerial plant
system to reduce water infiltration and soil water
content; the latter reduction causes a further increase
in soil shear strength. The Authors have recently
started a comprehensive study aimed at numerical
modeling the soil-root interaction from both me-
chanical and hydraulic points of view. The research
is motivated by the need of improving the compre-
hension of such concurring phenomena.

The next paragraph is devoted to specifically ana-
lyze the mechanical effects of deep roots planting on
slope stability, while the hydraulic effects will be
dealt with in the following sections.

2 SOIL-ROOTS MECHANICAL INTERACTION

As well-known from the specialized literature, the
roots system generally favors the increase of soil
shear strength within the rooted layer (Wu, 1976;

Waldron, 1977; Gray and Leiser, 1989; Gray and

Sotir, 1996; Wang and Lee, 1998; Bischetti, 2000;

Qi and Hu, 2006). This improvement mainly de-

pends on two different processes:

- the positive role of plant roots acting as a me-
chanical soil reinforcement;

- the beneficial influence upon the hydrologic bal-
ance of the involved area, due to both the capaci-
ty of the aerial plant apparatus to capture (and re-
direct) part of the rainfall, and to the ability of the
whole plant system to absorb water from the sur-
rounding soil and transfer it to the atmosphere
through transpiration (root water uptake). The lat-
ter mechanism may yield to an increase of suction
and, as a consequence, of the soil shear strength
(Vanapalli et al., 1996; Wan et al., 2011).

In the 70’s, Wu (1976) and Waldron (1977) have

proposed a simple mechanical model for the single

root embedded into the soil, assuming that the root
behaves like a linear cylindrical fiber of high tensile
strength.

According to this approach, the increase of soil
shear strength offered by the root, Az, is a function
of the root tensile strength, t;, the soil friction angle,
¢ , and the ratio between roots cross section, A;, and
the rooted soil cross section, A. The generalization
of the problem - faced for the single root - to the
whole root-system permeating the soil, results into
Equation (1):

Arr(z):k'th Q)
As
where k is an non-dimensional empirical factor
which is assumed to depend on the plant specie. The
root tensile strength, t;, entering Equation (1) can be
evaluated through experimental tensile tests. Data
obtained from tests on several variants of perennial
grassy species, mainly belonging to the botanical

families of Graminacae and Leguminosae (Bonfanti
and Bischetti, 2009) clearly show that t, sensibly de-
creases with increasing root diameter, d, and may at-
tain extremely high values (tens of MPa) for a root
diameter of about 0.5-1.5 mm. For such roots, the
experimental data can be successfully fitted through
power functions of the type:

t,[MPa]=a-d™® with d [mm] )

where parameters a and b only depend on the plant
species (Cecconi et al., 2012).

2.1 Root area ratio

In Equation (1), the quantity A/As represents the
ratio between the rooted-area, A, and the rooted soil
cross-section area, As. The ratio A/Ars is also denot-
ed as “root area ratio, RAR” and typically decreases
with depth; this occurrence is generally verified de-
spite of the complex geometry of the root system
which presents a great variability depending on plant
species, soil properties and profile, but also climatic
and environmental conditions (e.g.: Abe and Ziemer,
1991; Feddes et al., 2001; Osman and Barakbah,
2006; Zuo et al., 2004; Preti et al., 2010). Due to
such intrinsic variability, the evaluation of the root
area ratio requires careful attention. To give an ex-
ample, Preti et al. (2010) have proposed for both
A(z) and ratio RAR(z) an exponentially decreasing
function with depth z.

In this study, the evaluation of root area ratio for
herbaceous deep-roots is based on the geometrical
model schematically shown in Figure 1 and original-
ly proposed by Cecconi et al. (2012) for fasciculate
root systems. The geometry consists of a truncated
cone with opening angle, B (generally varying in the
range 10-15°), surface radius, r, and maximum radi-
us R attained at maximum depth z, nax. Every single
root has diameter, d;, and cross section, ai. The
maximum value of the root area ratio, RARmay, IS
found at the ground surface. At any depth z from the
ground table, the rooted area, A.(z) may be given by:

Ar<z>=§n(z,di)-ar,i 3)

In Equation (3), the number of roots n(z, d;) varies
with depth and root diameter; in fact, usually some
of the roots do not reach the maximum depth z;,max.

Thus, in order to evaluate the RAR profile with
depth, quantities Ars and Ar(z) have to be calculated.
From a numerical point of view, A.(z), has been cal-
culated by firstly dividing the maximum root depth,
Zrmax, INt0 25 layers 10-30 cm in thickness (depend-
ing on Zrmax), and then assigning, for each layer, m
classes of different diameter. To this aim, a random
function generates the root number n(z,d;) for each
discretized layer and root diameter. Maximum val-
ues of n are approximately set for each meter of
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Figure 1: Geometrical model for fasciculate root systems (from
Cecconi et al., 2012).

depth, by simply considering that for a single fascic-
ulate root-system the number of roots decreases with
depth. From the available experimental evidence,
reasonable values of n vary from npax = 40 in the
top layer, down to ny,;, = 10 at 2-3 m of depth. Then,
by considering that, presumably, the number of fas-
ciculate root systems in a 1m® soil area is about
10 + 30, the maximum rooted area A, at %round ta-
ble (z=0), is approximately A;,=2000 mm* for each
1m? soil area.

At this point, for simplicity, it is convenient to as-
sume a constant rooted soil volume, A; to do that,
the truncated cone is assimilated to a rooted soil cyl-
inder of equivalent radius R*, i.e.:

R* = r2+rzr’rnaxtan[34r%(zr’ma)(tan[S)2 (4)

In a 1m? reference rooted soil area, as the one con-
sidered in a stability analysis performed with the in-
finite slope method (see 82.2), one obtains:

A =n-R*? =1Im-Im—R* = 0.5642m.

Values of Arp and A yield to ratio RAR at ground
table, RARmax = 0.2%, in agreement with other data
available in the literature for similar herbaceous
deep roots (Bischetti, 2000).

As an example, Figure 2 shows for Eragrass spe-
cies deep-roots the calculated distribution (Fig. 2a)
of rooted area A((z) and the corresponding estimated
RAR profile (Fig. 2b). Although the longest roots
could even reach 3 m of depth, the RAR value
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Figure 2. Fasciculate deep roots of Eragrass species: numerical
results showing a) the distribution of A.(z) with depth z and b)
the obtained RAR profile.

becomes negligible at much smaller depths (1.5 — 2
m). The analytical function proposed by Preti et al
(2010) to describe the RAR profile is also plotted in
Figure 2b:

z

RAR(z)=RAR__ -e P (5)

having assigned RARmax = 0.2% and b = 1.5m (aver-
age rooting depth); a relatively poor agreement is
found between the two distributions. On the contra-
ry, the RAR(z) profile proposed herein appears to be
better described by the following function:

_(5”)
RAR(%)=e ‘° (6)
withc=0.6m, f =1.3.



2.2 Shear strength increase from deep-roots

The maximum increase in soil shear strength provid-
ed by the roots, Az(z), has been derived by extend-
ing the application of Equation (1) to a heterogene-
ous roots system as follows:

n
At,(z)=RAR(z)-3(t,;c0s0- tan p+t, ;5en0)  (7)
i=1
In Equation (7), t.; is the root tensile strength (for a
root diameter d;) and 6 is the angle of shear distor-
tion of a single root crossing a potential shear sur-
face (see Figure 3).

J

Figure 3: Single root crossing a shear surface: angle of shear
distortion 6 (from Gray and Ohashi, 1983).

In any case, in order to use Equation (7), a minimum
root length, lyin, IS required to avoid the occurrence
of slippage before root tensile failure (see Waldron,
1977). In fact, the roots embedment must be suffi-
ciently large, so that the frictional resistance at the
soil/root interface could exceed the tensile root
strength and prevent pull-out of the root itself. By
assuming each single root to a cylindrical elastic fi-
ber (Gray & Leiser, 1989), the minimum root em-
bedment I is given by Equation (8):

L _td,
min ZZ'

(8)

pr

If root lengths are shorter than Iy, the root will slip
or pull-out before tensile failure could occur. In
Equation (8), gy is the maximum shear stress at the
soil/root contact.

In this work, equation (7) has been applied in or-
der to quantify the mechanical effects of embedded
deep roots on slope equilibrium conditions. To this
aim, slopes with relatively shallow (1-1.5m) soil
coverings underlain by a stiffer stratum may provide
a good case study; this problem can be considered as
one-dimensional and can be modeled through the in-
finite slope method.

By taking into account the mechanical effects of
the deep roots, the safety factor SF, for a soil cover
with friction angle ¢’ and cohesion c’, is given by:

T +AT
SF, =— "

r

YZ-COS o - SeEna

_ 1_yW~DW .tan¢+ C'+Art,
YZ tana yz-cosa-sena

where « is the slope angle, while z and D, are re-
spectively the depth of the potential shear surface
and the distance between this depth and the water
table, if present (Dy > 0). In the following, the sim-
ple case of a root-permeated slope of cohesionless
pyroclastic soils above water table (classified as
sands, ¢' = 38°, ¢’ = 0) is considered. The average
slope angle is rather large, o = 30°, and the root sys-
tems consist of Eragrass species, with an average
root diameter d= 0.66 mm (dmi,= 0.24mm,
dmax = 1.08 mm) and a maximum root depth z, nax =
3m.

The results of the slope stability analysis are
shown in Figure 4. The calculated RAR(z) profile
shown in Figure 2b leads — through Equations (7, 9)
- to the profiles Az and SF, plotted in Figures 4a and
4b (green triangles). The favorable root effect is put
in evidence in Figure 4b, when the calculated values
of the factors of safety are compared to those per-
taining to a slightly cemented soil (¢’ = 5kPa,
10kPa), in the absence of roots; the vertical line de-
notes the critical value SF = 1.35 obtained for ¢’= 0.

The mechanical effect of roots leads to a noticea-
ble increase of SF: in particular, such increase is
comparable - in the upper 1 —2.5 m - to the one in-
duced, by an increase of cohesion (for a not-rooted
soil) of about 10kPa; at larger depths the effects of
roots becomes less noticeable for engineering pur-
poses. Large values of SF calculated at very small
depths (< 0.75 m) have not been plotted, due to their
scatter and their small practical significance.

9)

3. SOIL ROOT INTERACTION: HYDRAULIC
EFFECTS

The analysis of the hydraulic effects in the soil-root
interaction is very complex to understand and mod-
el. In this section, a position of the problem is out-
lined, on accounting for different occurring phenom-
ena of plants evapo-transpiration, water infiltration
into the soil, water runoff along the slope. Following
Blight (2003), the soil water balance equation in the
vadose zone can be symbolically written as:

>y (R-IC)->,,RO=3,ET+S+RE+L (10)

where, over the reference time At, R is the total rain-
fall, IC represents the rainfall intercepted by vegeta-
tion, RO is the runoff, ET indicates the evapo-
transpiration from the shallow subsoil, S is the water
stored in the soil and RE represents any water flow
through the vadose zone. The term L in Equation
(20) is introduced by Blight (2003) to take into
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Figure 4: Effects of root reinforcement on slope stability; pro-
files: a) A1, vs. depth z; b) safety factor SF vs. z

account any inaccuracies in the measurements or in
the position of boundary conditions.

The complete evaluation of Equation (10) requires
available data for each of the six terms. The problem
is thus very complex and, generally, Equation (10) is
used to find one of the cited quantities, starting from
the knowledge of the remaining ones.

3.1 Interception

When soil vegetation is made of deep herbaceous
roots, like those examined in the present study (e.g.
Eragrass fasciculate roots), the quantity IC requires
to be better investigated. For example, this quantity
can be evaluated from the simple relationship pro-
posed by Morgan & Rickson (1995):

IC=CC-Rcosa (11)

where « is the slope angle and CC is the aerial per-
centage of vegetation cover which, for herbaceous
plants, can very high. Within the above quantity IC,
a portion of the intercepted water, ICsre, IS Stored on
the leaves and may later evaporate, while another
portion, denoted in the literature as temporarily in-
tercepted throughfall, TIF, reaches the ground as
stem-flow, SF, or leaf drainage, LD, i.e:

IC =1Cy, +TIF (12a)

TIF =SF+LD (12b)

With similar considerations, in the soil water bal-
ance equation the following quantities could be
made explicit, for example, in the form:

ET = ET,+ET,
RO = RO, + RO,

where ET; is the actual evapotranspiration, ET, de-
rives from the water stored on the leaves and then
conveyed to the atmosphere; RO; represents the run-
off of water reaching directly the soil and RO, the
induced runoff from water temporarily intercepted
by vegetation and then released to soil through
stemflow or leaf drainage.

For the considered vegetation type (grassy deep
roots), the interception storage 1Cstore, Which may at-
tain its maximum value ICn., Can be evaluated
through the following equation (Morgan & Rickson,

1995; Merriam, 1973):
R

cum

ICqore = ICa1—€ &) (13)

where Reum IS the cumulative measured rain in the
reference time; however, for grassy covers |Cpax
does not exceed 1.2 — 2.5mm. From Equation (11)
and (12a) it is then possible to compute the TIF
amount of water and evaluate the stemflow SF ac-
cording to (van Elewijck, 1988):

SF =TIF - (cos 9-sen?9) (14)

where 9 is the average angle of the plant stems with
respect to ground. Finally, the leaf drainage LD can
be simply calculated through Equation (12b). In par-
ticular, for herbaceous deep-roots, the angle 9 can
be very small, rendering TIF approximately equal to
the leaf drainage LD.

3.2 Water uptake

For the evaluation of the left side of the mass bal-
ance Equation (10) — globally representing the water
infiltration into the subsoil - different approaches
can be followed: empirical equations, physically-
based simplified models and theoretical models in-
cluding those based on the Richards equation ap-



plied to the unsaturated soil. When the water uptake
by transpiring roots from the surrounding soil is also
taken into account, the Richards equation (1931) can
be reformulated according to the equation proposed
by Mathur and Rao (1999):

o0 0 oh

P az(K(h)aZ+K(h)} S(z,t) (15)
in which 6 is the volumetric water content, h is the
total hydraulic head and K(h) is the soil hydraulic
conductivity. The quantity S(z,t), denoted as the sink
term (volumetric water content removed per unit
time) mainly depends on the soil water content, on
the root density profile and the potential transpira-
tion rate (Feddes et al., 1976; Prasad, 1988).

Many sink term functions have been developed in
the literature. Some of them are based on the as-
sumption that the rate of transpiration may equal the
whole water uptake throughout the RAR profile, i.e.:

S(z,t)=C(zt)-TR (16)

where TR is the plant transpiration rate and C(z,t) is
a weighing factor depending on the root length den-
sity function, water content profile and more gener-
ally soil water retention properties.

In this study, the function adopted for C(z,t) is the
one proposed by Selim and Iskandar (1978):

K(h)-L(z)

, er“”c( 2t)dz=1 (17)

C(z,t)zzrw
[K(h)-L(z)dz 0
0

in which L(z) [cm/cm®] is the root length density
function.
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Figure 5: Calculated root length density function vs. RAR
(Eragrass species)

As a first assumption, L(z) has been simply calculat-
ed by dividing the maximum root depth, z; max, into
25 layers of 10-30 cm in thickness (h;), and then as-
suming the incidence of a roots number n(z,d;) for
the total layer thickness. By so doing, one obtains:

S n(zd)-h
—i=l
Hz)= Zrmax * Frs o

Similarly to the cited procedure adopted for the
evaluation of the RAR(z) profile, a random function
generates the root number n(z,d;) for each discretized
layer and root diameter. As an example, the obtained
distribution of L(z) is plotted as a function of RAR(z)
in Figure 5.

Finally, looking again at Equation (10), the evapo-
transpiration (ET) term — entering the right side of
the equation - depends on vegetation type, climatic
conditions, soil characteristics, and it is certainly
complex to calculate; this challenge is beyond the
scope of this study. It is sufficient to remind that for
a quantitative assessment of evapo-transpiration the
FAO-Penman-Monteith method (Allen et al., 1998)
is often used, based on the daily “reference evapo-
transpiration” (ETo):

ET = (kg +k, )-ET, (19)

where the k coefficients respectively quantify the
transpiration capacity of the plant throughout the
growth period, and the soil evaporation capacity as a
function of the last rainfall event and soil vegetation.
The product ke,ETy represents the daily transpiration
TR [mm/d], see Eq. 16.

4. AN EXAMPLE OF STABILITY ANALYSIS
FOR A ROOT-PERMEATED SOIL

This paragraph is devoted to illustrate the results ob-
tained from a numerical example of application,
aimed at highlighting the mechanical and hydraulic
effects of deep roots planting on slope stability con-
ditions. The case study pointed out in previous sec-
tion 2.2 of a root-permeated slope (o = 30°) of pyro-
clastic soils (¢' = 38°, ¢’ = 0) is again considered.
The root systems consist of Eragrass species (aver-
age root d = 0.66 mm and z;,max = 3 m). For this ex-
ample, the assumed initial distributions with depth
of soil suction (s) and volumetric water content (0)
are those shown with open symbols in Figure 6a and
6b, respectively. The high value of initial water con-
tent, near to initial saturated conditions, is consistent
with the high porosity of pyroclastic covers (= 70%).
Once the position of the problem is stated, in order
to assess - with the above approximations - the me-
chanical and hydraulic effects of roots on slope sta-
bility it is possible to follow the calculation steps be-
low:

- compute the daily transpiration rate through the

FAO-Penman-Monteith method;
- estimate the root water uptake with Equations
(16), (17), (18) and (19). By so doing, a new
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Figure 6. Effects of root water uptake on a) volumetric water
content and b) suction profiles (sandy soil, Eragrass root spe-
cies)

volumetric water content profile, 6(z), is ob-
tained, as the one plotted in Figure 6a with full
symbols. Note that in this example, 6(z) repre-
sents an average daily value;

- the definition of a proper soil-water retention
curve ( 6 = f(s) ) for the considered soil (e.g.:
Fredlund & Xing, 1994; Van Genuchten, 1980)
allows the evaluation of a modified suction pro-
file from the rooted-soil, as shown in Figure 6b;

- finally, an extended Mohr-Coulomb failure cri-
terion for unsaturated soils (e.g.: Vanapalli et
al., 1996) allows the evaluation of the shear
strength of the unsaturated soil, thus also ac-
counting for the presence of soil vegetation.

For the case study at hand, by modeling the slope
through the infinite slope method, the safety factor
SF, for a soil cover can be written as follows:

SF.(z)= Tunsat (2) +AT,(2)
YZ-COS - Senc.

{“ Sr(2)~~°»(2))tan<1>+ ¢+AT.(2)

yzcos’o ) tano.  yz-cosa.-seno

(20)

The numerical results of the slope stability analysis
are shown in Figure 7, which shows the increase of
the safety factor, ASF, with respect to that calculated
for the not-rooted soil. Two different scales are used
in the diagram to plot the data. The hydraulic rela-
tive increase of safety factor, ASF/SF , is referred to
the upper scale while the total changes in the safety
factor (mechanical + hydraulic, ASF/SF) are plotted
in relation to the bottom scale. Note that, although
both profiles decrease with depth, the two scales in
abscissa differ of two orders of magnitudes. This
implies that, for the considered problem, the prevail-
ing effect of roots on slope equilibrium is the me-
chanical one.
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Figure 7. Increase of safety factor (ASF): root water uptake ef-
fects (blu circles) and coupled hydraulic and mechanical effects
(green triangles) of deep roots on slope stability

5. CONCLUDING REMARKS

Erosion phenomena and surface slope instability
may be effectively mitigated by vegetation with
deep root systems. Such technology - consisting of
seeding high-strength roots of perennial herbaceous
plants - appears to be effective, simple and mainte-
nance-free. The increase in soil shear strength main-
ly depends on the mechanical reinforcement induced
by roots; however this positive role is limited to
quite shallow slope covers (1 — 2m). A further con-
tribute to soil shear strength, although rather small,
is given by water uptake from roots and consequent
increase of soil suction. A typical example of the de-
scribed technique is given in Figure 8, showing a
steep slope of weathered basaltic rock, before and
after the grass roots planting. From the figure it is
clear that the herbaceous species have effectively
prevented surface erosion and re-naturalized the
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Figure 8: Example of slope vegetation through deep-roots
planting (Central Italy): a) before planting; b) 18 months later

upper portion of the slope, despite of the lithological
and morphological site conditions which could ap-
pear unfavorable to root embedding and growing.
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