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Tools for assessing the effect of root reinforcement on 
shallow landslides: SLIDEFORNET and SOSlope. 

Schwarz M., Cohen D., Dorren L.                                      Innsbruck, 22.04.2015
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What we are looking for?

Modelling approaches and application in hazard 
mapping

- “quick” supporting tools  (SlideforNET): Application 
directly in the field

- <1 day computation (ex. SLIDISP):ca. 1 day computation
+1day field work! (this is the best case in the practice)

- >1 day computation (REVENUES, LHT, SOSlope, etc.): 
research application 
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3D Limit equilibrium calculation:
Implementation of lateral root reinforcement

Schwarz et al., 2010, Ecol. Eng.
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1. Through shear surface: “Basal 
root reinforcement”. (since 1977). 

2. Increase of soil stiffness: Higher 
passive earth pressure (since 
2011)

3. Lateral root reinforcement 
(since 2001).

Giadrossich & 
Schwarz, 2013, QIM

Mechanisms of shallow 
landslides stabilisation by roots
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SlideForNet
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SlideForNet: case study

“Honegg” near Schangnau
Soil depth:        1.5 m 
Inclination:        25°  
Soil type: SC-CL, clay sand ( Φ=25 c=0.5 ) 

Stems density:                      mean DBH: 
350/ha;                                   38.91 cm; 

Present species composition: 
  B 0%, Fir 30%, Spr 70%;  

“Optimum” species composition profile (NaiS): 
B 40-60%,  
Fir 30-50%,  
Spr 0-20%;  
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How will SOSlope look like for practical 
applications?

1. DEM > generation file with grid 
of cells (1 x 1 m)

2.  File with VEGETATION 
data > position (x,y,z), dimensions 
(DBH), species: derived by LiDAR or 
Stereoanalysis.

3. Distribution of SOIL 
PROPERTIES > probability 
distribution of soil mechanical 
parameters for shearing and 

compression 

4. HYDROLOGICAL 
CONDITIONS > distribution of 
water content derived by numerical 
models

INPUT files

n number of predisposition 
maps giving the POSITION 
and the DIMENSION of 
shallow landslidesn 

number of 
simulations

OUTPUT files

Probability maps of 
DEBRIS FLOW RUNOFF

Runoff 
simulator

 Waldzustand heute Waldzustand nach starkem Pflegeeingriff ohne Wald 

Sz
en

ar
io

 0
 –

 1
0 

Ja
hr

e 
(d

S
t.: 

0.
4 

m
) 

   

Sz
en

ar
io

 1
0 

– 
30

 J
ah

re
 (d

St
.: 

0.
6 

m
) 

   

Sz
en

ar
io

 3
0 

- 3
00

 J
ah

re
 (d

St
.: 

1.
3 

m
) 

   
 

Protect Bio II, Fallbeispiel Steinschlag  Seite 23 
 
 

 
29.07.2011  tur gmbh, Davos Dorf 

Die Anzahl der modellierten Blockdurchgänge charakterisieren die Durchgangsfre-
quenz. Diese kann unter Berücksichtigung der Anzahl Ursprungsorte (Ausbruchs-
stellen) auch als Wahrscheinlichkeit ausgedrückt werden. Die Abbildung 11 zeigt 
die Wahrscheinlichkeit von Steinschlag für häufige Ereignisse ohne Wald. Erkenn-
bar ist die erhöhte Steinschlagexposition aufgrund des Reliefs. 

 
Abb. 11: Steinschlagaktivität: Modellierte Wahrscheinlichkeit von Steinschlag für das 
häufige Szenario ohne Wald. Je dunkler die Farben desto wahrscheinlicher ist das Auftre-
ten von Steinschlag. 

 
Abb. 12: Reduktion der Durchgangsfrequenz durch Wald: Reduktion der Durchgangs-
frequenz durch „gepflegten Wald“ in Prozent zur Durchgangsfrequenz „ohne Wald“ für das 
häufige Szenario. 

Durchgangsfre-
quenzen 

Kalberer, 2007
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Soil Thickness model

14

modelling of the most destructive debris flows that occurred in the whole basin. Using the
S and Z models, all debris flows were correctly identified, but a very high number of false
positives were also computed. The use of Sexp model, on the contrary, led to an unrealistic

Fig. 6 Soil thickness maps computed in the Armea basin by means of four different models

Fig. 7 Frequency distribution of residuals (expressed as the difference between predicted and observed soil
thicknesses). Note that y-axis scale varies from a histogram to another

Nat Hazards (2012) 61:85–101 95

123

Segoni et al., 2012,
 Nat.Hazards
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Unsaturated soil mechanics
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[14] Following equation (14), we propose an effective
stress as an extension of Bishop’s and an expansion of
Terzaghi’s for all saturations by modifying the saturation
contribution to effective stress:

!′ ¼ !" uað Þ " "Se ua " uwð Þ½ &

¼ !" uað Þ " " S " Sr
1" Sr

ua " uwð Þ
! "

¼ !" uað Þ " !s; ð18Þ

where ss = −(ua − uw)Se. Note that equation (18) is different
than that of Bishop in the degree of saturations and can
recover Terzaghi’s effective stress s′ = s − uw when a soil is
saturated. We make an additional extension of equation (18)
by applying the relationship between the normalized volu-
metric water content or degree of saturation and matric

suction. If van Genuchten’s [1980] SWCC model is used,
the normalized degree of saturation can be expressed as

Se ¼
1

1þ " ua " uwð Þ½ &n
# $1"1=n

; ð19Þ

where n and a are empirical fitting parameters of unsatu-
rated soil properties, with a being the inverse of air entry
pressure for water saturated soil and n being the pore size
distribution parameter. Figure 1b shows the range of values
of the a and n parameters for various soil types.
[15] A closed‐form expression for suction stress for the

full range of saturation can be arrived at by substituting
equation (19) into equation (14) and eliminating matric
suction:

!s ¼ " Se
"

S
n

1"n
e " 1

% &1
n

0 ( Se ( 1: ð20Þ

Similarly, a closed‐form expression for suction stress for the
full range of matric suction also can be arrived at by sub-
stituting equation (19) into equation (14) and eliminating the
degree of saturation:

!s ¼ "ðua " uwÞ ua " uw ( 0; ð21aÞ

!s ¼ " ua " uwð Þ
1þ " ua " uwð Þ½ &nð Þ n"1ð Þ=n ua " uw ) 0: ð21bÞ

In what follows, we focus on the characteristics and vali-
dation of equation (21), as most of the data available in the
literature on shear strength and soil water characteristic
curves are exclusively expressed in terms of matric suction.
Substituting equation (21) into equation (18), the closed‐
form equation for effective stress in the entire pore water
pressure range (all saturations) is

!′ ¼ !" ua þ ðua " uwÞ ua " uw ( 0; ð22aÞ

!′ ¼ !" ua þ
ua " uwð Þ

1þ " ua " uwð Þ½ &nð Þ n"1ð Þ=n ua " uw ) 0: ð22bÞ

Equation (22a) is for saturated conditions, which is Ter-
zaghi’s equation, and equation (22b) is for unsaturated
conditions. In Appendix A we show that equation (22b)
continuously and smoothly approaches equation (22a) as
matric suction approaches zero or from an unsaturated state
to a saturated state.
[16] The general patterns of the SSCC defined by

equation (21) and its interrelationship with the SWCC for
different types of soil are illustrated here. Figure 2a shows
SWCCs for typical sandy, silty, and clayey soils, and
Figure 2b shows the corresponding SSCCs predicted using
equation (21b). Each of these three “typical” soils has unique
characteristics of suction stress. For sandy soil, suction stress
is zero at zero matric suction (saturated condition) and at
some large value of matric suction (110 kPa for the example
here). Suction stress reaches a minimum value at a given
matric suction (suction stress of −2 kPa at matric suction of
3 kPa or 70% saturation). The down‐and‐up characteristic
of suction stress can be illustrated by plotting equation

Figure 1. (a) Interrelationship between the soil water char-
acteristic curve (SWCC) and the suction stress characteristic
curve (SSCC) and (b) illustration of suction stress regimes
for various soils.
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compressive regime, we conduct our validation using shear
failure data for which the total normal stresses are com-
pressive. These tests were typically conducted using either a
direct shear or triaxial shear apparatus modified so that
matric suction can be controlled. A total of 20 different soils
covering the range of sand, silt, and clay was used for
validation purposes (see Table 1).
[21] A true validation for a given soil requires both a

SWCC and a SSCC. Suction stress characteristic curves can
be experimentally obtained from a series of shear strength
tests under different matric suctions. However, because of
the paucity of both SWCC and SSCC for the same soil, the
following strategy for validation is adopted. For those soils
for which SWCC and SSCC are available, we directly com-

pare test data with the theoretical equations (equation (19)
for the SWCC and equation (21b) for SSCC). If equation
(21b) is valid, a unique pair of parameters a and n is
identified. For those soils for which only suction stress data
are available, we perform a “semiquantitative” analysis. We
identify the parameters a and n from those data and use
them to predict the corresponding SWCCs. We compare
these curves with the typical range of curves for different
soils to see whether they follow the expected trend, as
described below.

3.1. Semiquantitative Validation
[22] We have compiled suction stress data from 14 dif-

ferent soils for the semiquantitative validation. These soils
cover a wide spectrum of soil types, from sandy to clayey,
as listed in Table 1. Shear strength data were reduced to
yield suction stress data as follows. For direct shear testing,
the Mohr‐Coulomb failure criterion can be written as

!f ¼ c′þ "# uað Þ # "s½ ' tan#′; ð24Þ

where tf is shear stress at failure at a given matric suction,
c′ is the drained cohesion, and #′ is drained friction angle
at saturated state. Suction stress at a given matric suction is
then reduced from equation (24):

"s ¼ #
!f # c0 # "# uað Þ tan#0

tan#0 : ð25Þ

For triaxial testing, suction stress at a given matric suction
can be obtained as follows:

"s ¼ #
"1 # uað Þ # "3 # uað Þ tan2 $

4
þ #0

2

! "
# 2c0 tan

$

4
þ #0

2

! "

2 tan
$

4
þ #0

2

! "
tan#0

;

ð26Þ

where s1 and s3 are the total principle stresses in the vertical
and horizontal directions, respectively.
[23] For clarity of presentation, we have divided the soils

for which the semiquantitative validation was performed
into three groups (Table 1). Figure 3a shows the measured
suction stress characteristic data from the four soils in Group 1.
This group consists of kaolin, Jossigny silt, Madrid clayey
sand, and sandy clay 1. In general, the SSCCs for these
soils follow a trend of monotonic decrease in suction stress
with increasing matric suction. At matric suctions less than
the air entry value of the soil, suction stress strictly follows
the line ss = −(ua − uw), where Terzaghi’s effective stress
principle is valid. Suction stress begins to deviate from this
line in the air entry regime and continues to do so as
matric suction increases. The air entry pressures, ub, for
these soils were estimated by Khalili and Khabbaz [1998]
and are reported in Figure 3 and in Table 1. The air entry
pressure, ub, can also be inferred from the SSCC test data
as the point at which the SSCC deviates from the saturated
line, although real soils do not have a clear deviating point
or air entry value but rather a range of pressures in which
the largest pores begin to drain. For example, the air entry
pressure from Figure 3a for the kaolin is between 300 and
400 kPa (versus the reported value of 395 kPa), and that
for the sandy clay 1 is around 30 kPa (versus the reported

Figure 3. Semiquantitative validation of the closed‐form
equation for effective stress for Group 1 soils: (a) measured
and fitted SSCCs for kaolin, Jossigny silt, Madrid clayey
sand, and sandy clay 1 and (b) predicted SWCCs for these
soils.
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Suction Stress
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compressive regime, we conduct our validation using shear
failure data for which the total normal stresses are com-
pressive. These tests were typically conducted using either a
direct shear or triaxial shear apparatus modified so that
matric suction can be controlled. A total of 20 different soils
covering the range of sand, silt, and clay was used for
validation purposes (see Table 1).
[21] A true validation for a given soil requires both a

SWCC and a SSCC. Suction stress characteristic curves can
be experimentally obtained from a series of shear strength
tests under different matric suctions. However, because of
the paucity of both SWCC and SSCC for the same soil, the
following strategy for validation is adopted. For those soils
for which SWCC and SSCC are available, we directly com-

pare test data with the theoretical equations (equation (19)
for the SWCC and equation (21b) for SSCC). If equation
(21b) is valid, a unique pair of parameters a and n is
identified. For those soils for which only suction stress data
are available, we perform a “semiquantitative” analysis. We
identify the parameters a and n from those data and use
them to predict the corresponding SWCCs. We compare
these curves with the typical range of curves for different
soils to see whether they follow the expected trend, as
described below.

3.1. Semiquantitative Validation
[22] We have compiled suction stress data from 14 dif-

ferent soils for the semiquantitative validation. These soils
cover a wide spectrum of soil types, from sandy to clayey,
as listed in Table 1. Shear strength data were reduced to
yield suction stress data as follows. For direct shear testing,
the Mohr‐Coulomb failure criterion can be written as
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where s1 and s3 are the total principle stresses in the vertical
and horizontal directions, respectively.
[23] For clarity of presentation, we have divided the soils

for which the semiquantitative validation was performed
into three groups (Table 1). Figure 3a shows the measured
suction stress characteristic data from the four soils in Group 1.
This group consists of kaolin, Jossigny silt, Madrid clayey
sand, and sandy clay 1. In general, the SSCCs for these
soils follow a trend of monotonic decrease in suction stress
with increasing matric suction. At matric suctions less than
the air entry value of the soil, suction stress strictly follows
the line ss = −(ua − uw), where Terzaghi’s effective stress
principle is valid. Suction stress begins to deviate from this
line in the air entry regime and continues to do so as
matric suction increases. The air entry pressures, ub, for
these soils were estimated by Khalili and Khabbaz [1998]
and are reported in Figure 3 and in Table 1. The air entry
pressure, ub, can also be inferred from the SSCC test data
as the point at which the SSCC deviates from the saturated
line, although real soils do not have a clear deviating point
or air entry value but rather a range of pressures in which
the largest pores begin to drain. For example, the air entry
pressure from Figure 3a for the kaolin is between 300 and
400 kPa (versus the reported value of 395 kPa), and that
for the sandy clay 1 is around 30 kPa (versus the reported

Figure 3. Semiquantitative validation of the closed‐form
equation for effective stress for Group 1 soils: (a) measured
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sand, and sandy clay 1 and (b) predicted SWCCs for these
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Effect of water on soil shear strength
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Silty sand soil of the Rüdlingen test site
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Effect of water on soil shear strength
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Scarp of the landslide Distribution max.root reinforcementInfinite slope calculation of 
stability

Schwarz et al. 2012, Geomorphology
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