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Abstract Passive earth resistance plays an important role in slope stability analyses for predicting
shallow landslide susceptibility. Three-dimensional models estimate the contribution of this factor to
slope stability using geotechnical theories designed for retaining structures and add it to the resistive
forces. Systematic investigations have not been conducted to quantify this resistance in soils experiencing
compression during the triggering of shallow landslides. This study presents field-scale experimental
data of passive earth force for cohesive and frictional clayey gravel evaluated at different combinations of
soil depths and slopes. The experimental setup included a specialized device composed of a steel
structure and a stiff plate that moved toward a mass of soil. In both dynamic and quasi-static states,
force-displacement curves and maximum compression resistance were determined for several water
content conditions induced by a rainfall simulator. The maximum dynamic force ranged from 8.49 to
31.67 kN for soil depths ranging between 0.36 and 0.50 m, whereas the quasi-static force corresponded to
60% of the dynamic force. Furthermore, rainfall generated an additional decrease of compression
resistance compared to that measured in the field. A comparison of measured data with theoretical
models of passive earth force indicated that Rankine's solution provided the best estimate, whereas the
logarithmic spiral approach significantly overestimated passive earth force by up to 70%. Therefore,

the correct choice of geotechnical formulation or the direct use of field measurements to estimate passive
earth force may significantly improve the accuracy of 3-D limit equilibrium models for assessing slope
stability over natural landscapes.

1. Introduction

Shallow landslides are a significant hazard in mountain areas due to their high frequencies and
forecasting difficulties (Campbell, 1975; Kim et al., 2015; Mao et al., 2012). These phenomena control
landscape evolution as major landform-shaping processes (Korup, 2006; Korup et al., 2010; Larsen
et al., 2010; Roering et al., 2001, 2005; Shroder & Bishop, 1998) and are often associated with numerous
natural events, such as soil instabilities (e.g., debris flow and soil slip) and various channel processes (e.g.,
transport of large woody debris and sediment during floods) (Sidle & Ochiai, 2006). Predicting the
location of shallow landslides at the regional scale is a fundamental challenge for the scientific
community, and numerous models have been developed, ranging from statistically based approaches to
physically based spatially distributed models (Brenning, 2005; Cislaghi et al., 2017; Guzzetti et al., 1999;
Mergili et al, 2014; Montgomery & Dietrich, 1994; Pradhan, 2010). The latter provides a better
understanding of the triggering processes and thus is more suitable for designing appropriate measures
to mitigate the consequences of instability phenomena (van Beek & van Asch, 2004). Most of these
approaches are based on the 1-D infinite slope stability model (Taylor, 1948) and a simple steady state
assumption for hydrological soil conditions (Montgomery & Dietrich, 1994; Pack et al., 1998; Wu &
Sidle, 1995). Some of these models include the stabilizing role provided by root systems that cross the
sliding surface and integrate this factor as an additional apparent soil cohesion element called basal root
reinforcement (Burroughs & Thomas, 1977; Sidle et al., 1985). The 1-D approach has been largely used in
practice, and recent studies have verified that the results provided by the infinite slope analysis converge
to those of finite element models only when the landslide length-to-thickness ratio largely exceeds 16
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(>16: Griffiths et al., 2011; >25: Milledge et al., 2012). Moreover, Montgomery et al. (2009) found incom-
patibility between monitored field observations and model predictions using measured site properties in
the infinite slope model and highlighted the need to include friction and root reinforcement acting on
the lateral sides of the potential landslide (i.e., the so-called lateral root reinforcement). Recently,
Prancevic et al. (2018) reproduced the initialization of 90 landslides in an experimental flume using cohe-
sionless soils and observed how the boundary stress, particularly the stress associated with short land-
slides, caused increases in water levels, which were needed to trigger the mass movement and limited
the involved soil thickness. In summary, some criticisms and limits of applicability related to the 1-D
methods remain mainly because of the absence of boundary interactions (e.g., Casadei et al., 2003;
Montgomery et al., 2000; Reneau & Dietrich, 1987; Schmidt et al., 2001).

In the 1980s, to overcome such significant limitations, Riestenberg and Sovonick-Dunford (1983) developed
a more appropriate model for shallow landslides on vegetated slopes that incorporated soil cohesion and root
strength acting on the basal area and lateral area of the element involved with failure at the scarp; however,
this model neglected lateral frictional resistance and soil suction along element margins. Afterward,
Burroughs (1985) developed a pioneering 3-D geotechnical model and proposed a simplified limit
equilibrium force balance on a slope block undergoing translational motion assuming that failure occurs
simultaneously with shearing at the boundaries without internal deformation. This model evaluates the
factor of safety of each block, including rooted soil cohesion on all sides, earth pressures on lateral sides,
active earth pressure on the upslope side, and passive earth pressure on the downslope side. Earth pressures
are calculated using the Mohr diagram (Taylor, 1948).

Based on such concepts, many studies have proposed a 3-D slope stability model in a raster-based GIS envir-
onment to predict the location and size of shallow landslides by taking vegetation effects into account
(Dietrich et al., 2007; Terwilliger & Waldron, 1991). Furthermore, these models were combined with com-
plementary algorithms, such as a spectral clustering search algorithm (Milledge et al., 2014; Bellugi,
Milledge, Dietrich, McKean, et al., 2015; Bellugi, Milledge, Dietrich, Perron, et al., 2015), a process-based
fully distributed hydrological model (Anagnostopoulos et al., 2015), a stochastic procedure (Cislaghi et al.,
2017, 2018; Cislaghi & Bischetti, 2019; Dorren & Schwarz, 2016), and a seismicity component (Hess et al.,
2017). Recently, Cohen and Schwarz (2017) implemented the software SOSlope, which is based on force-
displacement calculations of rooted soils under tensile and compressive states using the discrete
element method.

An alternative approach for treating the downslope boundary was included in a hydromechanical model
proposed by Lehmann and Or (2012), and it has been adopted in subsequent studies (Fan et al., 2016; von
Ruette et al., 2013) and was based on the concept of landslide fluidization (e.g., Ochiai et al., 2004). This fail-
ure mechanism occurs when a soil mass in a near-saturation condition and under a compressive load
exceeds the ultimate compressional resistance and causes destruction of the soil matrix, thereby increasing
the pore water pressure and reducing the effective stress. Their proposed approach consisted of a basic for-
mal condition for soil fluidization defined by a water-dependent compressive strength (Mullins &
Panayiotopoulos, 1984). However, Milledge et al. (2014) suggested that although this approach may be
appropriate for unconfined slopes, it may be less appropriate for natural landscapes because it completely
ignores those forces on the margins due to the weight of soil. In addition, it is unclear when this type of
behavior occurs in nature. Furthermore, recent studies have shown the effects of passive earth forces on
landslide triggering (e.g., Cohen & Schwarz, 2017).

To include such earth pressures, 3-D models have generally adopted conventional geotechnical calculations
commonly used for the design of engineering structures, such as retaining walls, sheet-pile walls, and braced
and unbraced excavations (Bowles, 1997). Although such approaches date back to the eighteenth and nine-
teenth centuries (e.g., Coulomb, 1776; Culmann, 1886; Rankine, 1857; Rebhann, 1871), only a few studies
have compared analytical calculations of earth pressures with field observations or laboratory experiments.
Terzaghi (1920) measured the horizontal and vertical components of the passive earth force using a box of
dry sands and a 0.05-m-high wall on one side. Later, Fang et al. (1994, 1997, 2002) conducted experiments
with a similar experimental setup but different cohesionless soils and several backfill inclinations.
Recently, Schwarz et al. (2015) investigated the effect of roots on compression resistance by compressing
rooted and nonrooted soils using a custom-designed experimental laboratory setup. Notwithstanding

CISLAGHI ET AL.

839



Journal of Geophysical Research: Earth Surface 10.1029/2017JF004557

a)
Compressed wedge

b)
Compressed wedge

Active earth force

e
Shear plane "’6>0 H Shear plane Shear plane

Ep = Passive earth force Ep, = Passive earth force

Figure 1. Schematic representation of the passive earth wedge (modified from Schwarz et al., 2015): (a) in the classical
geotechnical literature and (b) in landslide modeling. Symbols are defined in the Notation section.

these studies, data regarding soil behavior under compression are scarce and usually limited to cohesionless
soils under artificial conditions (i.e., in the laboratory). In this context, our study objectives are as follows:

1. Investigate the passive earth force-displacement relationship in field experiments with cohesive soil
under loading;

2. Analyze the rheology and the state of stress at the toe of a creeping landslide (where alternating periods of
motion and quasi-static conditions occur before failure) by recording differences between passive earth
forces in motion versus those under quasi-static conditions by interrupting the compression thrust at dif-
ferent time steps;

3. Compare the maximum measured passive earth resistance with theoretical calculations commonly used
in geotechnical practice;

4. Verify the external factors (e.g., soil depth, hillslope inclination, and soil water content) that influence the
resistive force;

5. Measure the geometrical characteristics, particularly the change of surface topography and the volume of
soil involved in the compressed wedge, during the progression of the experiment to determine the bound-
ary effects.

These innovative measurements illustrate the physical process of compression force mobilization, which can
occur during landslide failure. Finally, this study may be an important step for improving 3-D slope stability
approaches and broadening the analysis to larger scales (i.e., hillslope, watershed, and regional scales).

2. Literature Review of Passive Earth Force

The 3-D limit equilibrium models included the calculation of the boundary earth forces through conventional
formulations typically used in the design of retaining structures in the field of soil mechanics. Several meth-
ods are available in the geotechnical literature to estimate passive earth forces, such as limit equilibrium solu-
tions (Janbu, 1957; Krey & Ehrenberg, 1936; Patki et al., 2015), plasticity theory (Chen & Rosenfarb, 1973),
empirical equations (e.g., Brinch Hansen, 1953), the finite element model (Duncan & Mokwa, 2001), and
the finite difference computer method (Benmebarek et al., 2008). The first pioneering studies developed by
Coulomb (1776) and Rankine (1857) were performed beginning at the end of the eighteenth century and were
based on similar assumptions: (1) soil is isotropic, homogeneous, and cohesionless; (2) rupture surfaces are a
plane; (3) compressed wedges have a planar surface (i.e., the backfill inclination angle (3 is zero; see Figure 1
for a schematic of the compressed wedge); (4) friction resistance is distributed uniformly along the rupture
plane; (5) failure of the wedge is a rigid body undergoing translation; and (6) failure is a plane strain problem.

Following all these assumptions, Coulomb's and Rankine's theories provided a closed-form solution for eval-
uating the coefficient of passive earth pressure Kp as follows:

Kp = tan® (% + %) @

where ¢’ is the soil internal friction angle.

These approaches are commonly used in geotechnical practice and were included in the pioneering 3-D
slope stability models (e.g., Dietrich et al., 2007). However, many authors have observed and
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demonstrated that certain assumptions are too constraining, such as a vertical retaining wall and a
horizontal backfill (Benmeddour et al., 2012; Craig, 2013; Das, 2010; Fang et al., 1997; Kérisel & Absi,
1990; Terzaghi, 1943), and they have proposed modifications and improvements to include other
configurations. For example, Miiller-Breslau (1906) generalized Coulomb's theory for cohesionless soils,
and it also considers a backfill inclination (), the frictional interaction angle between the wall and soil
(6), and the angle of the internal face between the wall and vertical direction (). This solution was
implemented within the model proposed by Terwilliger and Waldron (1991). As an alternative, based
on the Rankine stress state in a semi-infinite mass of cohesive soil with inclined backfill, Mazindrani
and Ganjali (1997) proposed an analytical closed-form solution for evaluating Kp (equation (2); called
gen-Rankine in the present study) and included it in a simpler formulation for calculating Ep
(equation (3)).

2 cos*(B) + 2 (7%) cos(¢) sin(¢')+
Kp— 1+ 4 cos?(B) [ cos?(B)—cos?(¢)] + 4 (i> ’ cos?(¢)+ p—1 )
P cos? (¢) YH
8 (yiH) cos?(B) cos(¢') sin(¢')
Ep= %szKp (3)

where y is the unit of soil weight, H is the soil depth, and c is the soil cohesion.

Alternately, substantial errors are associated with the assumption of a triangular distribution of earth
pressure on the retaining wall and the planner failure surface on which Coulomb's and Rankine's
theories are based. Indeed, many authors have shown that the distribution of earth pressure depends
on the wall movement and friction interaction angle between the soil and wall, which generates a
nonlinear distribution along the wall (e.g., Fang et al., 1994). Moreover, they approximated the real
failure surface as a combination of a curve and a straight line (Chen & Rosenfarb, 1973; Krey &
Ehrenberg, 1936; Terzaghi, 1941), an elliptical line (Caquot & Kérisel, 1948), or a logarithmic spiral
and a straight line (Janbu, 1957). Soubra et al. (1999) developed a variational limit equilibrium method
that combines a moment equilibrium equation with a logarithmic spiral failure surface. This wedge geo-
metry provides a more accurate prediction than the planar failure surface models (Kumar & Subba Rao,
1997). Soubra and Macuh (2002) developed a spreadsheet tool for general cases (i.e., sloping backfill, fric-
tional and cohesive soil, and uniform surcharge) called the log-spiral approach, which is described in
more detail in Appendix A. The log-spiral approach was first integrated into a 3-D slope stability model
developed by Milledge et al. (2014), and it proposed the coefficients Kp,, Kpg, and Kp. to represent the
effects of soil weight, vertical surcharge loading, and cohesion, respectively. The passive earth force
can be expressed as follows:

yH?
EP :KPYT+KquH+KchH (4)

where g is the vertical surcharge loading.

Most studies on the calculation of passive earth force neglect the effects of the third dimension. Blum (1932)
conducted the first study focused on this issue. Blum's formulation is an extension of the traditional one-
block Coulomb mechanism that uses the limit equilibrium solution, which neglects the frictional forces act-
ing on lateral planes. Later, Soubra et al. (2000) and Soubra and Regenass (2000) analytically investigated
several translation failure wedges (pentahedral single rigid block and multiblock mechanisms) using the
limit equilibrium analysis to evaluate Kp. Their results emphasized that a multiblock mechanism composed
by pentahedrons and truncated by two portions of right circular cones best represented the failure volume
and generated accurate and reliable solutions for practical use when compared to Blum's approach.
Meanwhile, Regenass et al. (2000) reviewed the numerical and experimental studies of the 3-D solution
and proposed a synthesis based on the previous study of Horn (1972), and they highlighted the wide
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variability in quantifying the effect of the third dimension, which is mainly due to different tested soils,
different experimental setups, and the lack of a standard procedure. Nevertheless, they presented a simple
empirical formulation:

H
Kp_3p =Kp (1 + CE) ©)

where Kp_3p is the 3-D coefficient of passive earth pressure, B is the wall width and C is a shape factor
(dimensionless) that varies in the literature from 0.04 to 1.37 and presents an average value of 0.52 for H/
B less than 1 (Regenass et al., 2000).

Later, Skrabl and Macuh (2005) presented an approach based on 3-D, kinematically admissible, rotational,
and hyperbolical failure mechanisms composed of one central and two lateral bodies and evaluated it using
the framework of the limit analysis theory. Skrabl (2008) improved the previous version by implementing a
3-D logarithmic spiral. Another similar approach was proposed by Vrecl-Kojc and Skrabl (2007), who
applied the upper bound theorem of limit analysis considering a kinematically admissible failure geometry
subdivided into three simplified rigid blocks. The main difference of this approach compared to other models
is that the lateral parts are composed of a family of cone envelopes. Other studies used the explicit finite dif-
ference code FLAC?" (Fast Lagrangian Analyses of Continua in 3 Dimensions) to investigate the 3-D passive
earth pressures induced by the translation of a rigid rough retaining wall for associative soils and an increase
in the passive earth coefficient with decreasing wall width (Benmebarek et al., 2008; Khelifa & Benmebarek,
2014). More recently, Motta and Raciti (2014) estimated 3-D effects through a practical closed-form solution
only applicable for cohesionless soil.

3. Materials and Methods
3.1. Study Area

The selected study site for the field measurements is located in a forested area (WGS84, latitude 46.8160N,
longitude 7.8235E) on the north facing slope of the Honegg ridge near the village of Schangnau in the
Emmental (Canton of Bern, Swiss Prealps, Switzerland). The average elevation is approximately
1,000 m above sea level, and the mean slope is approximately 25°. The climate is humid continental, which
is typical of Central Alpine north facing slopes, the annual precipitation ranges from 1,500 and 1,700 mm,
and the mean annual air temperature is approximately 6.5 °C.

The study site is located at the southern boundary of the Molasse basin at the border of the Subalpine
Molasse (clastic sedimentary rocks). The soil thickness is approximately 2 m on average, and rock fragments
are generally present at soil depths between 0.30 and 0.50 m. The deeper soil layer mainly consists of
Pleistocene moraine material that was deposited during the last glacial maximum by the Emme glacier,
and the shallower soil layer above it is composed of a Holocene weathered hillside regolith (geological
map of Switzerland 1:25000, Swiss Federal Office of Topography, www.swisstopo.admin.ch, 2012).
Moreover, mudflow material was likely periodically deposited on the surface of the study area and mobilized
by severe shallow landslides and debris flows. Such instabilities generally involved a soil surface layer up to
0.60 m in depth and an inclination varying from 20° to 40°.

The study area is almost completely covered by a coniferous forest, where European spruce (Picea abies (L.)
Karst) and silver fir (Abies alba Mill.) are the predominant species (70% and 30%, respectively); however,
European beech (Fagus sylvatica L.) and sycamore maple (Acer pseudoplatanus L. [1753]) are also present.
A nearly homogeneous forest canopy covers approximately 80% of the ground, and it is seldom interrupted
by small gaps. This forest is managed as a protection forest for slope stabilization and for soil protection from
erosion in agreement with the Swiss national directives (Frehner et al., 2005).

3.2. Soil Properties

The soil properties of the study site were determined by analyzing one cubic meter of soil excavated from the
A horizon within the top 0.40 m as described in detail by Schwarz et al. (2015). The grain size distribution,
Atterberg's consistency limits, and Proctor compaction test were carried out in the laboratory to measure the
density and water content of the soil subsamples (Table 1). According to the Unified Soil Classification
System, the soil was classified as a clayey gravel with sand. Additionally, the coefficient of uniformity Cyyqy
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Table 1

Mechanical Properties of the Soil at the Experimental Site

indicated that the first layer of soil was well graded and compressible, and

the plasticity index P; revealed that the consistency was sensitive to the

Symbol Mechanical property Unit of measure ~ Values  variation of water content. In addition, direct shear tests were conducted
o Content of clay % by mass 6.2 to estimate several geotechnical parameters and their variability as a func-
cym Content of silt % by mass 34.6 tion of soil water content (sc-1, sc-2, and sc-3 in Table 2). Such properties
c Content of sand % by mass 28.6 are the bulk density prior to the experiment pp; porosity n; the water con-
G Content of gravel % by mass Sy tent 6 with indices g and v, which indicate the gravimetric and volumetric
Cud Coefficient of uniformity — 87.3 . . .

Ceu Coefficient of curvature . 0.9 values, respectively; the degree of saturation Sg; the effective angle of
Wr Water content at liquid limit % by mass 332 internal friction ¢’; and the effective cohesion c’.

ZP g{;;;rcciir;t;nt at plastic limit Z; lb; 2222 iig 3.3. Field Measurements

Wpy Optimum water content % by mass 15.3 3.3.1. Experimental Equipment

Ppr Material's maximum density g/em® 1.81 The compression experiments were carried out using an experimental
Dpy Material's degree of compaction % 86.7 setup as described in Schwarz et al. (2015) and specifically adjusted for

Note. The parameters WPr, pPr, and DPr are derived from a Proctor test field tests (Figure 2). The compression machine is composed of a steel
on the material's fraction with a particle size of less than 4.0 mm; and  structure, a stiff plate, and an electromechanical actuator. The dimensions

WL, WP, and IP are derived from testing the material fraction
<0.5 mm. All other parameters are derived from testing the fraction

of the steel structure are 1.10 X 0.72 X 0.60 m. The stiff plate is 0.02-m

<0.5 mm (modified from Schwarz et al., 2015). thick, 0.72-m wide, and 0.38-m high, and it is attached to an in-feed slide.

Inside the steel structure, an electromechanical actuator (MecVel, AV3

model) moves the stiff plate in a horizontal direction through two sets of
two roller bearings sliding on four tracks at a constant velocity of 5 mm/s to a maximum stroke of 0.40 m.
The electromechanical actuator requires a power supply of 400 V produced by a gasoline-electric power gen-
erator (Kraftech, KT-8500W-Mobile). The compression machine is equipped with (i) a displacement sensor
(Burster GmbH, potentiometric displacement sensor model 8719, accuracy +0.05%) to measure the displace-
ment parallel to the machine inclination (i.e., parallel to the hillslope inclination), (ii) four load cells (Burster
GmbH, miniature ring load cell model 8438, 50 kN, accuracy <1%) located on the four edges of the stiff plate,
and (iii) a data logger (Campbell Scientific, CR1000) to record and store the measurements at time intervals
of 1 s. The displacement sensor was calibrated using five fixed points, whereas load cells were calibrated with
known weights. In addition, five soil moisture sensors (Decagon, 10HS, +3% accuracy by volume) were posi-
tioned at a depth of 0.10 m, with three at 0.15 m and two at 0.30 m from the stiff plate to monitor the volu-
metric water content. The measurements were recorded every 60 s using another data logger
(Decagon, Em50).

During each experiment, three scans of the ground surface were performed using a laser scanner (FARO,
Focus 3-D model). The scanner completes a scan in 25 min with a scan speed of 244,000 dots per second
and a resolution of 1.50 million dots per square meter. The accuracy is +2 mm for a distance between the
scanner and object ranging from 10 to 25 m.

To determine the effects of rainfall on the passive earth force, the superficial ground was irrigated during a
number of compression experiments using a rain simulator, which consisted of a square aluminum plate
(1.00 x 1.00 m) with small tubes attached to 100 perforated holes. The tubes were mounted in a
0.10 X 0.10 m square pattern and had inner diameters of 2 mm that led to a small cylindrical reservoir.

Table 2
Soil Shear Parameters for Three Samples With Different Water Contents (sc-1, sc-2, and sc-3)
Symbol (unit)

PB n 6g (% by 6y SR ¢’ 4
Sample (g/cm3) (m/ m3) mass) (m/ m3) (m/ m3) (deg) (kN/mz)
sc-1 1.57 0.420 19.43 0.304 0.725 23.7 21.6
sc-2 1.56 0.421 22.84 0.357 0.849 24.1 18.1
sc-3 1.561.56 0.424 27.22 0.423 0.998 27.1 13.5

Note. Three samples of the fraction <0.5 mm were tested at a shearing rate of 0.04 mm/s; pp is the bulk density mea-
sured prior to the experiment when the soil was formed in the device; n is porosity; € is the water content with indices
g and v, which indicate gravimetric and volumetric values, respectively; Sk is the degree of saturation; ¢’ is the effective
angle of internal friction; and ¢’ is the effective cohesion (modified from Schwarz et al., 2015).
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i S L} § § ‘
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Figure 2. Schematic drawing of experimental equipment that consists of a steel structure, a stiff plate, and an electrome-
chanical actuator powered by a gasoline-electric power generator and equipped with a displacement sensor, four load
cells, five soil moisture sensors, a data logger, and a laser scanner.

During the irrigation, an electric motor moved the plate back and forth by 0.05 m and a flow meter con-
trolled the intensity of the rainfall. The rain simulator was fed by a water-filled tank through a hydraulic
pump. According to Lange et al. (2009, 2011), the recommended distance between the plate and soil surface
lies between 0.30 and 0.50 m.

3.3.2. Experimental Design and Procedure

Eleven sites with topographical characteristics (i.e., aspect and inclination) similar to those areas hit by
shallow landslides were selected on the same hillside and at a known distance from tree trunks to mini-
mize the presence of roots for easy digging and reduce the effects of roots on the compression force (see
section 3.3.3.2). The experiments aim to measure the soil compression force Fp as a function of H, 3, 6,,
and displacement Ax. The experimental procedure consisted of several field operations as shown in
Figure 3 via photographs. First, the upper 0.10 m of the superficial soil layer, which was mainly com-
posed of organic matter, was removed. Then, a trench with a size of 1.20 X 1.00 m and depth of approxi-
mately 0.50 m was manually excavated with shovels and pickaxes, and care was taken to prevent damage
to the root system. Once the trench was excavated, roots crossing the downslope profile were counted
and their diameters were measured using an electronic caliper. Additionally, the compression machine
was assembled with all sensors and the data logger and placed in the trench. Then, the compression
machine was fixed on the upslope side using a wooden plate and two wooden sticks, and backfill was
added and compacted with soil and stones. This anchorage served to prevent uphill movement of the
machine and facilitate measurements of only the displacement in the same direction as the mechanical
thrust. Throughout the experiment, the inclination of the compression machine was monitored using
an accelerometer. Five soil water content sensors were introduced into the soil. Before each experiment
(control), the laser scanner scanned the soil surface in front of the compression machine to create a
3-D image.

The compression experiment consisted of a series of loading steps during which the soil was displaced by
0.05 m. After every 0.05 m of displacement, the loading step was interrupted by a pause. The experiment
started through the activation of the electromechanical actuator that moved the compression plate toward
the downhill soil with a constant velocity of 5 mm/s. The selected velocity was a compromise between the
characteristics of the electromechanical actuator, data acquisition, and experimental duration. The pauses
allowed for the measurement of the compression force for three conditions: (1) when failure deformations
occurred under reciprocated dynamic force; (2) a lack of deformation or displacement; and (3) all forces

CISLAGHI ET AL.

844



Journal of Geophysical Research: Earth Surface 10.1029/2017JF004557

R —

Remove the superficial soil layer |
!
| Digatrenchof 1.2mx1.0mx0.5m |o

I

Measure downslope profile depth,
downslope inclination and diameters of
roots intersecting downslope profile

|

Insert compression machine into trench and
anchor it on upslope side

I

Position the VWC sensors |9

| «Loading step» every 0.05 m of Ax |
interrupted by «pause» of 25 minutes

Scan soil surface at 0.10 m of Ax («pause2») |

I I L

without simulated rainfall i |
i Start irrigation
| Stop irigati i
. ¢ p irrigation
sLoading step» I after 60 minutes |
|
i

Restart loading until
the maximum stroke

»
o
8
E]
@
o
w
5,
o
5 §
o
o
9
=
=3
o
@
&
@Q
o
o
=3
S
5]
«
@
@
B

Figure 3. (a) Flowchart of the experimental procedure and (b) photographs at different stages of the experiment.

simultaneously tending toward equilibrium. The first condition represents the effects of dynamic force.
Conversely, the second condition is comparable to the rigorous static state, which is a key assumption in
the geotechnical theories. In the present manuscript, this last condition was named a quasi-static state. In
addition, considering the scientific knowledge about the rheological properties of soils (Ghezzehei & Or,
2001, 2003), a linear relationship between the soil shear strength and displacement rate may be assumed
(i.e., velocity). Thus, the tested range of velocities between 0 (quasi-static state) and 5 mm/s (dynamic
condition) covers a plausible range of values that were expected during the triggering of shallow
landslides, which allows for the calibration of a rheological model for the soil under the tested conditions.
The loading step was repeated after a minimum pause of 25 min up to a maximum displacement of
0.35 m. During the pauses, three scans were conducted: at the beginning (control), at the second pause
(pause-2), and at the end of each experiment. The duration of each pause was set based on laboratory
tests conducted by Schwarz et al. (2015), as well as results of initial experiments at the side and the time
required to complete a scan of the surface.

The experiments simulated the progression of the compressive state of stress at the toe of an active land-
slide (i.e., the downslope boundary condition). Indeed, prior to failure, an upward sliding soil mass pro-
gressively generated an increase of compression loading at the downslope boundary. When such a
compressive state of strength exceeds the maximum passive earth resistance, the soil mass starts again
to move downslope until it reaches a stabilized state. This process is especially evident in the case of
creeping or constrained landslides (Doglioni et al., 2011; Friedli et al., 2017; Oberender & Puzrin, 2016;
Puzrin & Schmid, 2011).
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For the experiments with simulated rainfall, the irrigation started after pause-2. The rainfall simulator was
positioned above the downslope wedge in front of the compression machine. Each irrigation event lasted for
approximately 60 min, and the volume flux density of irrigation was 70 mm/hr. This amount of rainfall cor-
responds to the maximum hourly precipitation rate with a return period of 100 years for this region (Lange
et al., 2009).

3.3.3. Data Processing

3.3.3.1. Effects of Interface Friction

The mobilization of compression resistance occurs when a soil wedge moves downward along a
hillslope. This process depends on several factors, such as (i) the amount and direction of movement,
(ii) strength and stiffness of soil, and (iii) friction/adhesion between the pushing soil wedge and the com-
pressed one (Duncan & Mokwa, 2001). The experimental design of this study allows for the measure-
ment of the component of the compression force perpendicular to the stiff plate Fp, with four load
cells located at its corners. However, the interfacial friction between the plate and the soil modifies
the direction of the compression machine (Bowles, 1997). To correct this effect, it is necessary to esti-
mate the angle 4.

Fpy
- 6
P cos(d) ©
The angle & is known as the interface friction angle and indicates the orientation of Fp with respect to the
perpendicular direction with respect to the movement of the stiff plate (equation (7)).

o FPH
§ = atan (E) @)

where Fp, is a component of Fp that acting parallel to the compression plate and Fp, is the component acting
perpendicular to the compression plate that was measured by the load cells.

Assuming a quasi-static equilibrium among all forces acting on the compression machine, that is, at the end
of each pause, it is possible to evaluate the equilibrium among the parallel component of all acting forces
with respect to the direction of plate movement as follows:

®)

Wem cosa—) R
5 — atan <CN172>
Fpy1

where Wy, is the weight of the compression machine, « is the inclination of the compression machine, and
2R is the sum of the reaction forces. However, except for the reaction force under the weight of the compres-
sion machine, the other reaction forces could not be measured. Consequently, equation (8) became an upper
bound solution for estimating the magnitude of 8. For more details, see Text S1 in the supporting
information.

3.3.3.2. Effects of Roots

In this study, the measurements of passive earth force in rooted soils include the contribution of roots
under compression. Such additional root reinforcement is mobilized across the shear plane developed
during compression, and it leads to a complex bending-buckling-tensioning of the roots (Wu et al.,
1988). To evaluate this effect, Schwarz et al. (2015) proposed an adapted fiber bundle model for roots
under compression called Co-RBMw (Compressed-Root Bundle Model Weibull). They assumed that the
maximum root-buckling force can be estimated as a function of the root diameter (¢) using a two-
parameter power law function:

Full — Fog® ©)

where F' ﬁ‘ff is the maximum buckling-tensile force, £ is the empirical exponent, and F, is a multiplicative con-
stant. This model considers the root reinforcement as a function of displacement, root diameter distribution,
and a cumulative Weibull probability distribution of root strength within a single root diameter class.
Consequently, it estimates the total contribution of a root bundle to the compression force F,,_;,; by
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summing up the force provided by each root diameter class i, that is, F,,_;(¢;, Ax), multiplied by the survival
function S as follows:

Frpotor(Ax) = 21 NiF_i($;, Ax)S(Ax;) (10)

where n. is the number of root diameter class, N; is the number of roots in class diameter i, ¢; is the diameter
of root class i, Ax is the displacement, and Ax*is the displacement normalized by that measured at maximum
compression force. Fy,_i(¢;, Ax) is the individual root force that can be estimated using Hooke's law for
elasticity:

Frp-i($, Ax) = k($)Ax Froi(¢y, AX)<Fp5/(¢) an
where k is the spring constant (dimensionless), which is a function of ¢ through the following linear
relationship:

k(¢) = ki + kpep 12)
where k; and k, are the two linear parameters (Schwarz et al., 2011).

The constant k incorporates the mechanical properties of the root-soil system under specific conditions (root
diameter, tree species, forest stand characteristic, soil properties, soil confining pressure, soil density, and
moisture conditions).

The survival function S describes the probability that roots break with increasing displacement and assumes
a Weibull probability distribution (Schwarz et al., 2013, 2015):
} 13)

. Axik
S(ax;) = eXp{— [ i)
where o and w are the scale and shape of the dimensionless Weibull parameters, respectively.

oFyy (¢)

The Co-RBMw model includes six different parameters (Fy, &, k;, kp, 0, and w) that have to be calibrated. In
this study, the values calibrated by Schwarz et al. (2011, 2013, 2015) were used on the same rooted soil cov-
ered system (i.e., the same soil and biomechanical properties). The parameters were F, = 6.5 x 10° N,
& =1.67, k; = 480 N/mm, k, =10.2 X 10° N/mm?, o = 1, and @ = 1. The location of the soil profiles for
the compression tests was chosen to minimize the influence of root reinforcement as far away as possible
from the tree stems.

3.3.3.3. Dynamic Versus Quasi-Static Force Analysis

The present study investigated the differences between the dynamic and quasi-static force after postproces-
sing of the measured observations. In fact, the corrected force that corresponds to the dynamic compression
force Fgyn (equation (14)) was obtained, excluding the effect of interface friction (equation (6)), as well as the
contribution of roots to soil resistance (equation (10)).

den = Fp—Fpp—tot (14)

The alternation between loading steps and pauses generates a transition state from a dynamic to quasi-
static condition. As expected, Fgy, instantaneously increases, while the compression machine pushes
the stiff plate. In this short period, the rheological characteristics of the soil considerably vary, especially
in proximity of the plate (e.g., the porosity decreases while the soil water content and pore pressure
increase). During the pause, Fqyy, asymptotically decreases, dissipating excess pore water pressure, while
the compression machine maintains its position. The asymptotic decline is particularly evident when Fgyn
is normalized by its maximum value and can be described by a three-parameter negative exponential
function as follows:

* Fayn(t
Fiyy = 20n0) _ gy 1 (s)
dyn
where Fi¥ is the value of Fyyy, at the interruption of the loading, ¢ is the time, and A, IT, and I" are the three

coefficients of the exponential function. The intercept I is the asymptotic value corresponding to the ratio

between the quasi-static compression force, which is called F,_; hereafter, and F{iny*}l".
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Figure 4. (a) Plan view of one of the experimental sites at the end of the experiment with a maximum displacement of approximately 0.35 m. The compressed wedge
and cracks/fractures on the soil surface are clearly visible. (b) Postprocessed image of the soil surface scan. The color scale shows the extension of the compressed
wedge and the change in soil surface height. Symbols are defined in the Notation section.

F,_
r=_- (16)
dyn

To compare measurements with theoretical calculations obtained by equations (2)-(4), the maximum values
of F,_; were normalized by the length of the stiff plate to obtain the compression force per unit length.
3.3.3.4. Geometry of a Compressed Wedge

Three scans were performed at control, at pause-2 and at the end of each experiment, which corresponded to
the initial condition, the maximum compression stage, and the residual compression stage when the sliding
soil mass moves downslope, respectively. The scanner-created point clouds were postprocessed using the
software PointCab (Point Cloud Software Company GmbH, 2015). The output was a 3-D image and raster
map with a resolution of 0.01 m. By differencing the raster maps, changes in the soil surface during the pro-
gression of the experiment were measured as well as the extension of the compressed wedge in terms of size
and volume. The geometrical measurements consisted of 1-D geometrical characteristics, such as the length
L, width W, and difference between the soil surface before and after the experiment Az. Figure 4 shows a
plan-view photograph of one of the experiments and the postprocessed raster, where the color scale empha-
sizes the extension of the compressed wedge and the values of Az. In terms of volume, a simple balance
allows for evaluation of the 3-D volumetric difference AVsp as follows:

AVip = (V' =Vy) + (Vs=V') = Vs—Vy 17)

where V*is the soil volume subject to passive earth pressure, V), is the moved volume after the movement of
the stiff plate, and V is the volume difference between control and the next scan. Figure 5 shows a lateral
view of the soil mass involved in the experiment in which V* is the area bordered by the green line, Vj, is
the yellow area, and Vj is the blue area.

4. Results

4.1. Experimental Measurements

Eleven compression experiments were performed in September-October of 2016, including four under nat-
ural conditions (i.e., 8, is almost constant) and seven tests with simulated rainfall.

H ranged between 0.38 and 0.50 m, and 8 varied from 13.4° to 28.1°. The soil moisture conditions were deter-
mined by measuring 6,, which ranged between 0.292 and 0.405 with an average value of 0.361 + 0.040.

The root density on the vertical soil profile was measured by counting every single root. The root diameter
varied from 0.2 to 24 mm, whereas the number of roots per unit area ranged from 18 to 111 roots with an
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P
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Figure 5. Photograph of one of the experiments at the end of the compression load and a schematic lateral view of the
experiment. V* is the unknown soil volume moved by the stiff plate, V) is the moved soil volume, and Vg is the soil
volume moved above the original ground surface.

average value of 40.27 + 27.06. On average, two thirds of the roots belonged to the finer root diameter
class (<1.5 mm).

The force measurements taken by the four load cells located on the four vertexes of the stiff plate were
summed to provide the value of Fp, exerted during the experiments. The corrections due to the frictional
angle between the stiff steel plate and the compressed soil were almost negligible at approximately 2% of
the measured values. The contribution of root reinforcement, however, strongly depends on the presence
of roots, and the maximum estimated value of F,;,_;,, was between 0.08 and 2.04 kN using Co-RBMw (equa-
tion (10)). Such force provided by the roots was deducted from Fgyy,.

The observed behavior of the dynamic force as a function of displacement Fyy,(Ax) showed a typical rapid
increase until the maximum compression resistance is reached, which was followed by a moderate decline
to a residual value (Figure 6a). This residual compression force represented a critical state in which the force
remains constant while the displacement increases. The maximum values of Fgy, varied from 8.49 to
31.67 kN and occurred inside a range of Ax between 43.2 and 85.2 mm. If this displacement was normalized
by H, it varied from 0.10 to 0.19 with an average value of 0.152 + 0.026. The residual compression force
ascended from 2.73 to 22.58 kN. Moreover, the measurements of soil moisture during the experiments indi-
cated that 6, increased up to the maximum passive earth force and slightly decreased to a residual constant
value (Figure 6b).

4.2. Friction Between the Stiff Plate and Compressed Soil Wedge

As discussed in section 3.3.3.1, the upper bound of § can be estimated by monitoring the inclination « of
the compression machine during the experiment. The angle « varied from 1.80° to 8.90° from the control
to the end of the experiment, with an average value of 5.41° + 2.08° (Figure 7). The angle § assumed
different values at the end of each pause, and its behavior was evidently inverse to the
force-displacement curve. The lowest values of 6°*"5°2 occurred after Fp, reached its peak (pause-2),
whereas the higher values of 8™ occurred at the end of the experiment. Consequently, 5°*"**2 ranged
from 0.066 ¢’ to 0.344 ¢’ and presented an average value of 0.183 ¢’ + 0.080 ¢’, whereas 8 reached
a value from 0.178 ¢’ to 0.503 ¢’ with an average value of 0.324 ¢’ + 0.081 ¢’. Intermediate values were
evaluated at the end of the first loading phase §P*"*°*, with values between 0.084 ¢’ and 0.457 ¢'".
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Figure 6. (a) Force as a function of displacement and (b) force as a function of time. A black circle shows the dynamic
force before the pause, whereas a red triangle indicates the quasi-static force at the end of the pause.

4.3. Dynamic Versus Quasi-Static Force

The procedure applied to determine F,_ consisted of fitting the decay of F:;yn (equation (15)) and estimating
the asymptotic constant value I" for each pause of every experiment (equation (16)), which approximately
represents a quasi-static condition. Figure 8 demonstrates that a rapid decline of the compression force is
clearly visible. The values of I" indicated an evident difference between the two states and varied from
0.471 to 0.784, with an average value of 0.614 + 0.071, as shown in the boxplot in Figure 8. The variability
of I' is large as shown by the presence of five outliers. They are, however, equally distributed on both sides
of the boxplot. Additionally, I" was individually evaluated for each experiment by taking the soil moisture
condition into account (Figure 9). The first four tests were conducted under natural conditions, and the
seven others were conducted under artificial soil moisture conditions due to the simulated rainfall.
Figure 9 shows that I" is 0.60 on average and presents moderate variability. However, exceptions were also
evident. For example, experiment #05 was conducted on a rainy day and showed low I" values, whereas dur-
ing the second part of experiment #11, the steel structure of the compression machine nearly collapsed,
which forced us to stop the test. Although several measurements under different soil moisture conditions
were collected, no generalities could be made about the differences between the unsaturated and saturated
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Figure 7. Normalized interfacial friction angle (box plots of 5/¢’) as a function of normalized displacement (Ax/H) for
pauses 1 and 2 and the residual state at the end of each experiment. The blue line is a regression of the normalized
inclination of the compression machine Aa/«; as a function of the normalized displacement, with the light blue area
corresponding to the 95% confidence interval of all experiments. Symbols are defined in the Notation section.

(i.e., after irrigation) conditions (Figure 8). F,_,; was evaluated by multiplying Fgy,, per I', and its maximum
values ranged from 5.61 to 24.55 kN as shown in Figure 10. Finally, the soil stiffness was evaluated as the
ratio between the maximum F,_; and the corresponding Ax. The soil stiffness varied from 0.094 to
0.310 kN/m and presented an average value of 0.171 + 0.070 kN/mm, and it increased with increasing
soil depth. Then, the experiments were grouped in three different classes, that is, 0.36-0.42, 0.42-0.46, and
0.46-0.50 m, and inside these classes, the soil stiffness had a small standard deviation and assumed
average values equal to 0.107 + 0.011, 0.207 + 0.022, and 0.310 kN/mm, respectively.

A statistical analysis was performed to verify which factors influenced the maximum values of Fy_;
Kendall's 7 was calculated to estimate a rank-based measure of association/correlation, whereas Pearson's
r was calculated to measure the linear relationship between F,;_s and other external factors. These factors
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Figure 8. Normalized dynamic force F* 4y, versus time during the 25-min pause. The red line represents the average value
versus time for all experiments. The plot on the right displays the variability of I, which is the asymptotic values of the
normalized dynamic force F*4yy, as a function of the volumetric water content 6,,.
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Figure 9. Evaluation of the ratio between the dynamic force at the end of the pause (i.e., quasi-static force) and maximum
dynamic force denoted by I' for the 11 experiments: four under natural soil moisture conditions and seven under artificial
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triangles pinpoint the saturated condition after irrigation. The rainfall icon indicates that the experiment was conducted
on a rainy day, whereas the thunder symbol indicates electrical problems with the equipment. On the right, the yellow box
plot indicates the distribution of T' values across all experiments.

were H, 5, Ax and the normalized displacement at the maximum force Axpeax and Axpeax/H; 6, at the control
and the maximum compression force 6, gtarts; and 6,.peax and the difference between the inclination of the
machine at control and at the end of the experiment Aa. For these statistical analyses, all the samples need
to be normally distributed. Therefore, Shapiro-Wilk tests were conducted (excluding experiment #11 [outlier
data]) to verify the normal distribution. The statistics indicated that the maximum F_ correlated signifi-
cantly with H (r = 0.711 and 7 = 0.629), moderately with 8 (r = 0.407 and 7 = 0.225), and weakly with
Axpeax (r = 0.267 and 7 = 0.244), Axpea/H (r = —0.079 and 7 = 0.111), Oygpare (r = 0.228 and 7 = 0.244),
Ov-peak (r = 0.254 and 7 = 0.289), and A« (r = 0.134 and 7 = 0.111).

4.4. Passive Earth Force Comparison

Two general formulations widely used in practice were selected to deter-
mine the maximum passive earth force per unit length, as previously

o
% Exp.No. (Soil depth, inclination) described in section 2: gen-Rankine (equations (2) and (3)) and the log-
W #01(0.38 m, 21.4°) . . .
° @ #2038 m, 197 spiral approach (equation (4)). The measurements were normalized by
#03 (0.46 m, 23.6° . . . .
% * #04 50_46 o 15_7u; the plate width, and the differences between the observations and theories
- § :gg Egﬁ; o Zi; were estimated using two indicators: root mean square error (RMSE) and
o ° . . .
> 8 & % b (0 ge m 1340 mean absolute percent error (MAPE). The comparison is shown in
s #09 (0.42 m, 17.9°) o 3 3 _ i 3 3
. T #10 (0.42 m. 25.4%) Figure 11. It is evident that the gen-Rankine provided the closest estimates
g _ E#1050m 28.17) and was the most accurate for this application. Additionally, no particular

5000

0

trend in terms of underestimation or overestimation was evident, and the
performance indices assumed the lowest values (RMSE = 4.24 kN and
MAPE = 26.77%). The log-spiral considerably overestimated the observa-
""" Quasi-static force tions and yielded even greater values (RMSE = 16.46 kN and

0.0

0.2

0.4

06 08 10 MAPE = 150.54%). Figure 11 also shows the range of the calculated

Normalized displacement Ax / H [-]

Figure 10. Quasi-static force Fy_s as a function of the normalized displace-
ment Ax/H. The yellow area shows the range of displacement at the maxi-
mum compression force. Symbols are defined in the Notation section.

values. Although the gen-Rankine provided the most accurate estimates,
the values ranged between 7.48 and 13.44 kN, which were smaller than
the observations. An extremely wide range (from 13.32 to 47.18 kN) was
obtained for the log-spiral approach.
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Figure 12. Box plots of 1-D geometrical measurements at two different
stages: The subscript p-2 corresponds to pause-2 and the subscript end cor-
responds to the final condition of the experiment. The inset shows an
example of the postprocessing for experiment #01, where the dark gray, light
gray, and white areas in the longitudinal profile represent the soil surface
before the experiment, at pause-2 and at the end of the experiment, respec-
tively, together with the position of the plate. Symbols are defined in the
Notation section.

4.5. Geometry of the Compressed Wedge

The planar extension of the compressed wedge induced by the compres-
sion machine gradually varied with increasing Ax. The geometrical fea-
tures were measured at two stages: at pause-2 (Figure 12) and at the end
of the experiment (end in Figure 12). Az ranged from 0.068 to 0.123 m,
with an average value of 0.087 + 0.018 m at pause-2 and increased to
0.150-0.250 m, with an average value of 0.209 + 0.026 m. L ranged from
0.359 to 0.525 m at pause-2, which was approximately 11% more than H,
and increased from 0.385 to 0.651 m until the end of the experiment. In
terms of lateral expansion, W varied from 0.777 to 1.092 m at pause-2
and increased from 0.990 to 1.222 m. Figure 12 is an example of the post-
processing of three subsequent scans and shows six boxplots with the dif-
ferences between the two stages for the three 1-D geometrical features.
Concerning the behavior of the compressed wedge in terms of volume
(3-D), the analysis clearly showed how the compressed wedge volume
initially decreased and then expanded once the maximum resistance force
was reached. As shown in Figure 13, AV3p assumed negative values at
pause-2 and varied between —0.013 and —0.001 m?, with an average of
—0.004 + 0.003 m°. However, at the end of the experiments, AV5p had
positive values ranging from 0.010 to 0.079 m* that were one order of mag-
nitude greater than the previous values, and it averaged 0.038 + 0.021 m”.

4.6. Influence of Rainfall and Soil Water Content

Seven of the 11 experiments were performed under saturated conditions
by using a rainfall simulator at a rate of 70 mm/hr for approximately
60 min after pause-2. For each experiment, a curve on the decline of the
compressive force during pause-2 was fitted by the use of a three-
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S 7 © AVyp at pause-2 ) parameter negative exponential function (equation (15)). This function
A AVjp at the end of the experiment . . > . .
yielded an excellent fit with R” near unity and a RMSE of approximately
§ - A 0.001. The fitted coefficients varied from —0.12 to 1.33 for A, —0.17 to
0.12 for II, and —0.36 to 0.95 for T'. For each experiment, all F zyn fitted
§ . A curves are shown in red lines in Figure 14 as a function of time. This pro-
A cedure could be used to describe the decline of the compression force and
_ 3 4 assess the rainfall effects by comparing the fitted curves with the measure-
e ° ments under irrigation (black points in Figure 14). Furthermore, their
g’ 8 | A maximum difference was calculated and called Q hereafter. The average
c A value of Q was —10.04% + 3.72%, with the exception of experiment #05,
A . . .
which was conducted during a natural rainfall event and therefore the
° ° _"*.‘ initial soil water content was already high prior to irrigation. Thus, the
N o estimated Q in experiment #05 was —25.60%. Interestingly, the curves
= declined remarkably at approximately 11-12 min after initial irrigation
with the exception of experiment #05.
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Figure 13. Three-dimensional geometrical characteristics of the com-
pressed wedge AV3p versus the normalized displacement Ax/H. Error bars
show the standard deviation of the observations.

The present study showed the results of specific and innovative field
experiments performed to measure the passive earth force acting on cohe-
sive forested soil and simultaneously monitor multiple factors, including
soil moisture and compression plate movement (i.e., displacement and
inclination) under different site conditions (i.e., soil depth and hillslope inclination). The main achievement
was a load-displacement curve, which provided the magnitude of passive earth force that resists the move-
ment of a failure soil mass as a function of the direction in which it moves. Few studies on force-
displacement have been conducted at different scales and site characteristics (Duncan & Mokwa, 2001;
Fang et al., 1994, 1997, 2002; Rollins & Cole, 2006; Wilson & Elgamal, 2010), which makes the comparison
of data difficult. The observed curves were similar in all experiments despite wide differences in terms of
peak compression forces (Figure 10). The shape is comparable to the results obtained for dense soils in other
experiments. For example, Fang et al. (2002) investigated the differences in terms of magnitude and behavior
under compression between sands with different densities. Their experimental setup consisted of a retaining
wall that was 1.00-m wide and 0.55-m high and movable stiff plate that was 0.12-m thick as used in previous
studies (Fang et al., 1994, 1997). Their results showed similar behavior for medium-dense and dense sand;
however, they found that the mobilization of the maximum compression resistance occurred at a displace-
ment between 0.015 and 0.030 Ax/H. This range of displacement is an order of magnitude smaller than that
obtained in the presented experiments.

Wilson and Elgamal (2010) conducted another interesting experiment that is described in detail in Wilson
(2009). To account for the contribution of the passive earth resistance against excessive displacement occur-
ring along bridge abutments and piles, they measured force-displacement behind a 1.70-m-high vertical wall
section inside a wider container filled with dense well-graded silty sand. The passive earth force increased
with increasing displacement until reaching a maximum value of 0.035 Ax/H, followed by a slight decrease
to a residual state, which occurred in the present study as well.

Gutberlet et al. (2013) provided similar results exploring the differences in terms of passive earth forces, ana-
lyzing different sands and combinations of them. As a matter of fact, they used a sandbox with a movable
0.225-m-high wall on one side that moved against the soil driven by an electric step motor. They clearly
recorded a peak in compression force for dense materials and observed that the complete mobilization
required a displacement of 0.02 Ax/H for quartz sand and 0.05 Ax/H for crushed gabbro. Mixing the two
materials showed that mobilization always occurred within this range of displacement.

Askarinejad et al. (2018) conducted a full-scale landslide-triggering experiment on a natural sandy slope
near the village of Riidlingen (Canton of Schaffhausen, Switzerland) to determine the precursors of soil
instability, and they monitored the horizontal earth pressure using three pressure transducers pushed into
the soil at 0.60 m of depth and positioned in different zones of the test site during the triggering
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Figure 14. Decline of the dimensionless dynamic compression force F*gyy during pause-2 and simulated rainfall.

The black points represent the measured values, the red line is the fitted curve before irrigation, the light gray area
corresponds to the dry soil condition, and the gray area corresponds to the saturated condition. Q is the difference between
the fitted curve and the measurements; A, I, and I are the coefficients of the three-parameter negative exponential
function (15); and the coefficient of determination R* and root-mean-square error (RMSE) are the performance indices of
the fit.

mechanism caused by an artificial rainfall. The maximum horizontal passive earth pressures varied from
12.30 to 33.55 kPa, which approximately correspond to forces ranging between 3.50 and 10.10 kN. A
comparison with the observations in the present study and a consideration of different soils showed that
the measurements were of the same order of magnitude.
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Figure 15. Passive earth force at different soil depths. Symbols indicate the
measured quasi-static forces during experiments in the field (this study)
and the laboratory (Schwarz et al., 2015). The colored bands represent
theoretical calculations for the gen-Rankine and log-spiral approaches,
whereas the different line types indicate different soil water contents (sc-1,
sc-2, and sc-3 as described in detail in Table 2) and therefore different values
of internal friction angle and soil cohesion, with a fixed inclination

equal to —20.78°, which corresponds to the average of those measured
during the field experiments.

With respect to displacement at peak compression, Schwarz et al. (2015)
measured similar values in laboratory experiments using the same soil
material used in this study. However, their force-displacement curve
showed a continuous increase of force with no peak value, which was
probably due to the different laboratory setups between their experi-
ments and those presented here: in the experimentation by Schwarz
et al. (2015), the soil was confined in a box, which was not performed
here, and the compression plate movement was horizontal.

Moreover, the obtained force-displacement curves confirmed that the soil
stiffness substantially depends on the soil depth (Terzaghi et al., 1996).
Figure 10 shows that the soil stiffness, which was evaluated as the ratio
between the maximum compression resistance and the mobilized
displacement, increased with increasing soil depth classes. This study is con-
sistent with that of Wilson and Elgamal (2010), who conducted numerical
and experimental studies on different types of backfilled soils and showed
an extensive range of variation of soil stiffness as a function of soil depth.

5.2. Measured Passive Earth Force Versus Theoretical Calculations

The comparison between the quasi-static measurements of the maximum
passive earth force and the theoretical calculations showed that the gen-
Rankine method provided the most accurate and consistent values.
However, this theoretical approach estimated a small range of values for

the combinations of depth and hillslope inclination tested in the field and underestimated the compression
earth force with increasing soil depth as shown in Figure 11. Alternately, the log-spiral approach yielded
generally larger values, approximately 1.51 times larger than the measured ones.

These discrepancies between observed and predicted values can be attributed to the soil characteristics at the
study site. Specifically, the experiments were conducted on a particular forested soil classified as clayey
gravel according to the Unified Soil Classification System soil classification, and it presents high cohesion
(.e., ¢'15 kPa) and a low friction angle value (i.e., ¢’ 24°). The site's soil characteristics increase the difficulty
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Figure 16. Passive earth force at different inclinations of backfill. Symbols
indicate the measured quasi-static forces during experiments in the field
(this study), whereas the colored bands represent the theoretical calcula-
tions for the gen-Rankine and log-spiral approaches. The different line types
indicate different soil water contents (sc-1, sc-2, and sc-3 as described in
detail in Table 2) and therefore different values of internal friction angle and
soil cohesion, with a fixed depth of 0.45 m, which corresponds to the average
of those measured during the field experiments.

of comparing the results with that of other studies because of the lack of
observations on clay soils under compression. In the literature, almost
all experiments were conducted on granular soils under artificial
conditions, i.e., in the laboratory (e.g., Terzaghi, 1920). Most studies indi-
cated that the gen-Rankine approach generally underestimates the pas-
sive earth resistance while the log-spiral approach produces a slight
overestimation (Bowles, 1997; Duncan & Mokwa, 2001; Fang et al.,
1994, 1997; Narain et al., 1969). Especially for dense sands, the log-spiral
approach provided good estimates of the compression resistance peak
(Fang et al., 2002; Wilson & Elgamal, 2010). Most studies considered the
log-spiral approach to be more accurate than other methods because it
exceeded the assumption of the planar sliding surface of Rankine's theory,
which suggested a nonlinearity. Unfortunately, this fact could not be con-
firmed because no evidence of failure or shear band was found despite the
careful excavation of the failure wedge after each experiment.

Alternately, the presented observations are with the theoretical calcula-
tions show a strong relationship between maximum passive earth force
and soil depth as shown in Figure 15 and as achieved by the statistical ana-
lysis, which revealed the highest values of correlation indices (r = 0.711,
and 7 = 0.629). Conversely, a lower correlation was exhibited between
maximum passive earth force and hillslope inclination (» = 0.407, and
7 = 0.225). This finding indicates that the range of backfill inclination is
one of the most critical factors of the theoretical calculations.
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In Figure 16, the calculation of Ep as a function of 8 using the selected theories and the same set of input
parameters is shown. The gen-Rankine's calculations have a symmetrical behavior with respect to the long-
itudinal axis: whether the backfill inclination is —30° or + 30°, the passive earth resistance assumes the same
value. This fact is clearly incorrect for positive values of 3, whereas it is feasible for negative values (e.g.,
Bowles, 1997; Fang et al., 1997). In addition, the gen-Rankine's formulation imposes a significant restriction,
because it does not consider the wall inclination, that is, it neglects the inclination of downslope face.
Considering only the negative values of 3, a further critical condition occurs when the soil is cohesionless
and the backfill inclination is steeper than the internal friction angle. The gen-Rankine's Kp becomes a com-
plex number when the cohesion term is not high enough to impede that the square root term in equation (2)
assumes a negative value. A similar problem afflicts the log-spiral approach: Kp, becomes indeterminate
when 8 > ¢’ because the log-spiral slip surface degenerates to a planar surface with radii approaching infi-
nity and violates the optimization constraints.

For this reason, Soubra and Macuh (2002) suggested reasonable practical limitations, particularly for the
case of cohesionless soils, for obtaining Kp, values similar to those proposed into the tables proposed by
Caquot and Kérisel (1948) and readjusted by Kérisel and Absi (1990), i.e., ¢’ < 40° 1/3 <&/’ < 2/3, B/’
< 1/3 and A = 0°. This problem is partially reduced by considering the soil cohesion in equations (2) and
(4), even if Macuh and Skrabl (2010) verified that Kp. values are not admissible if obtained by applying
the basic corresponding state theorem (equation (A14)) developed by Caquot (1934). Therefore, within
this state of the art, the applicability of such formulations seems to be limited in the landslide model
for assessing the slope stability over natural landscapes. Conversely, the presented modifications show
their application for a real site (i.e., this study area) considering a reasonable range of soil depth and
slope inclination (Figures 15 and 16). Additionally, these investigations highlight how the gen-Rankine
method and the log-spiral approach are not accurate based on comparisons of the measurements
(Figure 11). Nevertheless, because the observations mostly fell between the gen-Rankine and the log-
spiral calculations, the two theories actually provide the lower and upper bounds of the passive earth
force with the exception of five cases in which the passive earth forces were lower than the
calculated values.

5.3. Implications of 3-D Edges

Quantifying the effects of the 3-D edges on the measured compression force is arduous and challenging, in
particular because of the difficulty in finding field evidence of the 3-D failure mechanism. The strain locali-
zation of deformations was not evident within the soil mass involved in the experiments, and the lack of such
an indication inhibited our ability to measure and model the shear band propagation as expected. Moreover,
few scientific contributions have dealt with this issue, and none of them investigated soils with similar char-
acteristics to those of the study site. Nevertheless, measuring the extension of the soil surface involved in the
failure could highlight differences with other studies. A comparison of the measurements with those
obtained by Capilleri et al. (2015), who tested siliceous sand at a similar scale but in the laboratory, shows
that similar extensions for the length of the failure wedge occurred while significant differences for the width
occurred. In fact, Capilleri et al. (2015) showed that the measured width was approximately consistent with
the extension of the plate, whereas the measured width was significantly greater in this study. This different
behavior probably depends on the soil granular composition.

Although field findings did not adequately explain the implications of the 3-D effects, the theoretical calcu-
lation using equation (5) can approximate such a quantification. If the equation was corrected by fixing an
average value of the shape parameter C = 0.52 as proposed by Regenass et al. (2000), then the yield values of
the compression force would be approximately 30% greater, that is, the passive earth pressure coefficients
ratio Kp_3p/Kp_,p is 1.3 considering a B/H of ~1.9.

This estimate was not too far from those obtained by other numerical simulations. For example,
Benmebarek et al. (2008) estimated a value of this ratio that was twice as high for B/H < 1 and at unity
for B/H > 10, whereas Capilleri et al. (2015) estimated a value of 1.5 for B/H = 2.

5.4. Friction Between the Plate and Compressed Soil Wedge

The presented estimates of the friction angle between the stiff plate and the soil showed an inverse depen-
dence with respect to the expected compression resistance, which is consistent with Rowe and Peaker
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(1965) and Narain et al. (1969). Indeed, these authors suggested that the wall friction angle changes with the
displacement and is mainly dependent on the instantaneous direction of wall displacement at each stage of
deformation. In addition, Sherif et al. (1982) indicated that the maximum wall friction does not occur simul-
taneously with the maximum shearing resistance along the rupture surface. Although this factor is funda-
mental for a reliable estimate of passive resistance, only a few studies have focused on quantifying the
interface friction during a compression test. Potyondy (1961) conducted interface shear tests on a variety
of structural materials and soils, obtaining a wide range of values. For the interface between steel and soil,
the typical maximum value of § ranged from 11° to 22° (Bowles, 1997; Duncan & Mokwa, 2001) and was
comparable to the observations at the end of the experiment. Moreover, the movement of the plate during
the experiment was consistent with a large-scale experiment (Bozorgzadeh et al., 2008) and with numerical
analysis (Shiau et al., 2008). The first study investigated the response of bridge abutments in the longitudinal
direction and observed a significant nonlinear behavior of the force as a function of horizontal displacement
and a slight vertical movement controlled by the properties of the soil-structure interface. The second work
examined the passive earth resistance using the finite element formulations and showed that the directions
of the velocity for each finite element were comparable with the presented results. However, the quantifica-
tion of 8°P*"**2 showed a slight impact on the results, with an increase of approximately 2% of the measured
compression force. Thus, these results underlined that the passive earth force was strongly dominated by the
effects of soil-soil friction and how values greater than 0.4-0.5 times ¢’ yield an overestimation of Ep com-
puted using Coulomb's theory, as already indicated by several authors (Duncan & Mokwa, 2001;
Morgenstern & Eisenstein, 1970).

5.5. Dynamic Versus Quasi-Static Forces

An evaluation of both Fyy, and the quasi-static force F,_; can increase our knowledge of how much of
these forces are activated during the compression phase occurring at the toe of a shallow landslide during
its failure as well as the underlying mechanisms. The soil mass undergoes an acceleration that generally
starts under a quasi-static condition and reaches a velocity up to 1 m/s (Cruden & Varnes, 1996). The mag-
nitude and timing of the activated passive earth force are determinant to define if a potential landslide
mass runs out or stops at the toe. In the present study, the results showed a clear variation between
Fgyn, which occurs when the soil mass is moving, and F,_g, which occurs when the soil mass is in a state
of stable equilibrium. The difference between the two is considerable (Fyyy is approximately 40% larger
than F,_,), and it is consistent with the measurements of Schwarz et al. (2015). Fg4y,, was completely acti-
vated at low displacement of approximately 15% of H, although it rapidly decreased once the displacement
stopped (the first loading step). The observations clearly showed the decay of compression force corre-
sponding to the dissipation of excess pore pressure and the variation of the rheological properties of soil
(Ghezzehei & Or, 2001, 2003), notwithstanding the short time between the loading phases. This process
implies both the mobilization of the passive earth force and the force redistribution on a slope, and these
factors have to be quantified and integrated into numerical models; moreover, better results are obtained if
these factors are related to another variable, such as the volumetric strain rate or the displacement (Cohen
& Schwarz, 2017). Indeed, the interplay between the displacement rate and changes in suction and pore
water pressure at the toe of the landslide determine the development of the failure. In the case of a soil
with an initial relatively low water content, deformation is slow and the pore water pressure/suction at
the moment of maximum passive earth force mobilization is low, resulting in an arrest of the sliding mass.
Conversely, if the soil already has a high soil water content, it can be subject to a rapid increase of soil
moisture and therefore pore water pressure before the dilatation phase along the failure surface due to
rainfall events. Furthermore, the dissipation of excess pore water pressure occurs until a steady state is
reached, and the increase of connectivity of water-saturated pores causes a reduction of the soil shear resis-
tance along the slip surface, which leads to failure. This conceptualization is well documented by several
studies (Askarinejad et al., 2012, 2018; Lehmann et al., 2013).

5.6. Effects of Soil Water Content

Passive earth force strongly depends on soil properties, soil depth, and hillslope inclination as well as on soil
moisture as emphasized by the study of Poterasu (2013), who investigated this aspect in detail through com-
pression experiments on fractions of Kaolin clay content (6% to 10%). Poterasu (2013) showed that the beha-
vior of passive earth force was associated with pore volume saturation ranging from 5% to 100%. This study
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highlighted that the collapsing mechanisms of the clay-water bridges between the grains of the granular
material were responsible for a significant reduction in soil stiffness and strength. Because the range of soil
moisture in the experiments of this study was limited (6, = 0.292-0.405), a relationship between the volu-
metric water content and maximum quasi-static compression force was not found as shown by the correla-
tion analysis (r < 0.254 and 7 < 0.289). However, this range of soil water content, which corresponds to a
range of saturation degree between 0.70 and 0.90, represents the most critical condition leading to the failure
as verified in laboratory experiments (see Schwarz et al., 2015). In addition, the presented observations
enabled the monitoring of the behavior of soil water content starting from a high value, during the compres-
sion phase. The soil moisture increased while the compression force increased, and both measurements
approximately reached their maximum values at the same time, which was probably due to the reduction
of pore volume and the increase of pore pressure. This evidence was also highlighted in the study conducted
by Iverson et al. (2000), who explained that the contraction associated with aggregate crushing is likely the
main cause of excess pore pressure and responsible for soil weakening and landslide acceleration.
Concerning the effects of rainfall, statistical analyses performed on the data set of the seven field experi-
ments with simulated rainfall did not yield a strong correlation between the variation of soil moisture con-
dition and the measured maximum resistant force or variation from dynamic to quasi-static state. However,
in terms of timing of the hydrological process, the initial water content influenced the decline of F4y,, during
the simulated rainfall (Figure 14). For example, experiment #05 showed a remarkable decline shortly after
the beginning of irrigation, whereas the other experiments displayed a decline only after several minutes.
Moreover, rainfall intensity and initial pore water pressure inside the subsoil affected this hydrological
behavior and, as shown in the experimental results, they affected the measurements of passive earth
resistance as well.

5.7. Implications for Slope Stability Analysis

Despite the continued efforts to improve our knowledge regarding the mechanical transformation of soil
structures, the evolution of soil hydraulic processes, and rheological dynamics during landslide events, the
spatiotemporal heterogeneity of rooted soil creates enormous difficulties for characterizing large areas.
Although many studies have proposed and developed a wide range of slope stability analyses tested through
laboratory or field experiments (Bordoni et al., 2015; Iverson, 2000; Lehmann et al., 2013), several aspects on
the evolution of soil-stress configuration remain unclear.

The present study is an integral part of the modeling development process started by the pioneering
work of Burroughs (1985) and provides empirical evidence about (i) the role of soil displacement,
(ii) the magnitude of soil resistance under compression, and (iii) the soil mass involved
under compression.

Field experiments have generated measurements of passive earth force that are fundamental for calibrating
3-D force-balance models and selecting appropriate geotechnical formulations for determining Kp.
Moreover, these analyses quantify the evolution of compressional forces as a function of soil displacement
and allow for an examination of limitations in the equilibrium approach. For example, the assumption of
arigid sliding block implies that ultimate states of active and passive forces act simultaneously. To overcome
such limitations, the role of soil displacement becomes crucial, and including this factor requires considera-
tion of the timing of when earth forces are actively applied to the sliding soil mass, which may improve the
results as shown in Askarinejad et al. (2012, 2018) and later in Cohen and Schwarz (2017). For more details,
see Text S2 in the supporting information.

Additionally, this work may contribute to solving landslide pressure problems and improving models that
simulate thrust faults in areas of compression. For example, Savage and Smith (1986) proposed an applica-
tion of the Mohr-Coulomb theory through an integration of hyperbolic differential equations for stress and
velocity fields in a 1-D semi-infinite space. Their model predicted longitudinal tensile stresses at the upper
part of the soil mass and compression stresses at the toe of the unstable mass. Furthermore, Savage and
Wasowski (2006) validated the model on a real case in Southern Italy. Sdao and Simeone (2007) and later
Doglioni et al. (2011) developed a simple analytical model of the passive force at the toe of a landslide based
on the Mohr-Coulomb criteria, representing the stress state for an infinite slope model. Their model evalu-
ated the contribution of the strength at the toe, the shape of the backward passive failure surface, and the
maximum longitudinal dimension of the landslide with the aim of understanding the evolution of the
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landslide mechanism. Within the context of the above models, the observations provide additional informa-
tion related to compression force measurements both in terms of the nonlinear behavior of the displacement
and the soil mass involved with the displacement. Improving the knowledge of the evolution phase subse-
quent to a soil mass acceleration may lead to better analysis and prediction of the progressive failure caused
by the passive toe failure. Indeed, hillslope failures often take place along a slip surface with reduced
strength and progressively move downslope as long as the driving component of the gravity force is approxi-
mately in equilibrium with the compressive earth resistance (Savage & Smith, 1986; Sdao & Simeone, 2007).
When the compression stresses at the bottom of the sliding soil mass exceed the maximum passive earth
strength, the triggering mechanism reactivates, potentially causing intense acceleration as in the case of
creeping and constrained landslides (Oberender & Puzrin, 2016; Puzrin & Schmid, 2012; Puzrin & Sterba,
2006). Moreover, the failure at the bottom of the sliding layer surely affects the kinematics of the landslide
(Friedli et al., 2017).

In this study, the results can also be used to inform requisite resolutions for digital terrain models of hill-
slope stability (e.g., Penna et al., 2014; Tarolli & Tarboton, 2006), which are rapidly advancing with the
development of remote sensing technologies for mapping and analyzing surface topography. In particular,
the 1-D and 3-D characterizations of compressed wedge geometry can guide the requisite discretization of
the landscape for characterizing failure processes. Although the measurements did not detect a clear slid-
ing failure surface or a shear zone, the 1-D characterization showed that the planar size of the compressed
wedge was of the same order of magnitude as the soil depth as suggested by several authors (Capilleri
et al., 2015; Fang et al., 1994; Wilson & Elgamal, 2010). Therefore, in the case of finite volume methods,
the resolution of the digital terrain discretization should be at least as large as the expected depth of the
sliding surface.

6. Summary

Passive earth force is an important element of slope stability analyses; however, it has been poorly studied
in natural settings, and the applicability of existing geotechnical approaches for predicting passive earth
forces in such environments is uncertain. To address these issues, field measurements were conducted
using specially designed experimental equipment on a clayey gravel soil in a coniferous forest site suscep-
tible to shallow landslides. In the present study, the measurements clearly showed that the behavior of the
compression force during the experiment was a function of several factors, the most important of which
was the soil depth, although the dynamics of loading, soil properties, backfill inclination, and change in soil
water content also had relevant impacts on the compression force. Additionally, these results highlighted
the following:

1. The force-displacement curves assumed identical shapes in which an initial increase occurred until
reaching a maximum compression force and then a decrease occurred to a residual compressive
state;

2. The maximum dynamic compression force varied from 8.49 to 31.67 kN for clayey gravel soils with dif-
ferent combinations of soil depths (0.38-0.50 m) and slope inclinations (13.4°-28.1°);

3. The quasi-static compression forces were approximately 38.6% lower than the dynamic forces, and the
maximum values varied from 5.61 to 24.55 kN;

4. A comparison of the observations of passive earth forces with theoretical calculations showed that gen-
Rankine's theory provided the most accurate predictions while the log-spiral approach provided consid-
erably overestimated values;

5. The effects of rainfall on the quasi-static compression force caused a decrease of the resistance by
approximately 10% under an initial average soil moisture of 36%;

6. The downslope wedge initially compressed itself until failure, and then dilatancy and visible cracks on
the surface occurred, with subsequent volume expansion.

Notation

Ep Passive earth force (N/m)
y  Unit weight of soil (KN/m)
¢’ Soil effective cohesion (Pa)
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Soil cohesion (Pa)

Internal friction angle of soil (rad)

Backfill inclination (rad)

Frictional interaction angle between wall and soil (rad)

Angle of the internal face between wall and vertical direction (rad)
Soil depth (m)

Vertical surcharge loading (KN/m>)

2-D coefficient of passive earth pressure (—)

Coefficients of passive earth pressure due to soil weight (—)
Coefficients of passive earth pressure due to soil cohesion (—)
Coefficients of passive earth pressure due to surcharge (—)

Width of plate (m)

3-D coefficient of passive earth pressure (—)

Shape factor for evaluating Kp 3p (—)

Volumetric water content (m?/m?>)

Displacement (mm)

Measured compression force perpendicular to the plate (N)

Weight of the compression machine with one side on the ground (N)
Inclination of compression machine (rad)

Difference between inclination of machine at control and at the end of experiment (rad)
Measured compression force (N)

Maximum buckling-tensile force (N)

Root diameter (mm)

Empirical exponent of Frb”lt-qb curve (—)

Multiplicative coefficient of F,b”lt-(]) curve (=)

Contribution of root diameter class i to root reinforcement under compression (N)
Root reinforcement under compression (N)

Number of roots in diameter class i (—)

Number of diameter class (—)

Normalized displacement than that measured at maximum value of compression force (—)
Survival function (—)

Spring constant function (—)

Intercept of spring constant function (—)

Multiplicative coefficient of spring constant function (mm™")

Scale Weibull parameter (—)

Shape Weibull parameter (—)

Dynamic compression force (N)

Dynamic compression force at end of loading step (N) normalized for its maximum value
Quasi-static compression force (N)

Time (s)

Empirical coefficient of equation (15) (—)

Empirical exponent of equation (15) (—)

Asymptotic value of equation (15) corresponding to the ratio of quasi-static and maximum dynamic
compressional forces (—)

Length of compressed wedge (m)

Width of compressed wedge (m)

Height of compressed wedge (m)

Volumetric difference (m?®)

Soil volume subject to passive earth pressure (m>)

Soil volume moved by stiff plate (m>)

Soil surface volume difference (m®)

Pearson correlation coefficient (—)

Kendall rank correlation coefficient (—)
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Appendix A

Appendix A reports the equations for the log-spiral approach developed by Soubra and Macuh (2002) for
sloping backfill including friction and cohesion strength in detail. The definitions of terms are reported in
the Notation section

_ 2 hhhhs
Kp, = (L>2 2 (AD)
1
Kpq = r:zoj:_j (A2)
1 f—
Kpe = %f7f4f5 (A3)
e 3(6:1-60) tan(9') [3tan(¢') sin(6;)— cos(6:1)] -3 tan(¢') sin(6p) + cos(6p) (Ad)
b 3 [9tan?(¢')]
f,= 1 {2 sin(eo)—zi sin(o) + L cos(ﬁ)} cos(6;—p)e®—%) an(¢) (AS)
6 ro ro ro

fi= —%% sin(Go—0) {2 sin(@o)—r—lo sin(cr)} (A6)
g, = cos(6—0o) [cos(@o)— o0 cos(a)} —sin(é6—0o) {sin(@o)—li sin(o)} (A7)

31 37
f4 = cos(é6—0o) {cos(@o)— 0 cos(o)] —sin(6—0o) {sin(@o)— L sin(a)} (A8)

279 279

I tan(5) .
5= tan(¢') sin(c—6p) (A9)
fe= f—o {— sin(6y) +r—lo sin(cr)—%;0 cos(ﬁ)] (A10)
_ 1 2 (Gl—eg)tan(&)_
fr= g 7 [e 1] (A11)
where
i o(1=60) tan(g) cos(61—B) + cos(6o—p)

o - cos(f—o) (A12)
L_3 e(e"e")t‘m(‘ﬁ/)[sin(@l)—cos(el) tan(o)]—sin(6y) + cos(6p) tan(o) (A13)

T sin(B) tan(o) 4+ cos(f)

The results obtained with equation (A3) indicate that the coefficient Kp. considers Caquot's theorem of cor-
responding states (Caquot, 1934) through the following relationship:

KPqO_ co;(S)

Pc ="/ (A14)

tan (¢ )

where
1

quo = —T& (AlS)

7,

L. I . 1L

fs= " sin(f—6p) + o s1n(a—ﬁ)—5r—0 (A16)
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