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Design of rockfall protection embankments: A review

S. Lambert a,⁎, F. Bourrier b
a Irstea, UR ETGR, F-38402 St-Martin d'Hères, France 
b Irstea, UR EMGR, F-38402 St-Martin d'Hères, France

Rockfall protection embankments are elevated massive structures designed to stop falling rock blocks. This
paper discusses two specific facets of their design: their ability to control a block's trajectory and to withstand
the impact. Based on a critical review of the literature and the state of the art, this article treats the main
features in the design of rockfall protection embankments and highlights the limitations of the methods
used today. Rockfall simulation codes lack of precision as they are generally not calibrated nor validated on
the block's flying heights and velocities. And, analytical methods used to assess the response of embankments
to impact globally fail in satisfactorily considering all the mechanisms involved and estimating their
magnitude. These points should be considered by design engineers and could potentially lead to future
improvements in the design of rockfall protection embankments.

1. Introduction

Rockfall is the most frequent natural event in mountainous areas.
Every year blocks ranging from a few kilograms to tens of tons cause
traffic interruptions, damage to structures and vehicles, and some-
times fatalities. Possible countermeasures against rockfall include ac-
tive and passive solutions, either preventing the event from occurring
or protecting at-risk structures from the rockfall event. In the latter
case, embankments can be used to stop or to deviate the blocks on
their route down the slope.

Embankments are massive earthworks constructed perpendicular
to the slope, from 3 to 25 m high and up to a few hundred meters
long. A ditch is most often associated with the embankment to collect

the intercepted blocks. Two types of ditches predominate: (1) a ditch
with a dust road allowing the circulation of heavy vehicles for fallen
block removal, particularly in areas where frequent or large-volume
events are expected; (2) a catchment ditch made of loose material
designed to dissipate the block's energy before it reaches the em-
bankment (Peckover and Kerr, 1977; Hoek, 2007; Maegawa et al.,
2011).

Embankments are appropriatewhenmedium- to very-high-kinetic-
energy events are expected, from a few hundred kilojoules to tens of
megajoules. They are preferred over net fences when the design impact
is higher than 5000 kJ (Descoeudres, 1997). The other advantages are
low maintenance costs and reduced visual impact (Brunet et al.,
2009). Nevertheless, they are not appropriate on steeper slopes and
their construction generally requires extensive space and accessibility
for heavy vehicles. For large structures, designed for high-kinetic-
energy blocks, the ditch is dug in the slope uphill of the structure and

⁎ Corresponding author. Tel.: +33 4 76 76 27 94; fax: +33 4 76 51 38 03.
E-mail address: stephane.lambert@irstea.fr (S. Lambert).
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the cutmaterials are generally used to erect the embankment. Embank-
ments are most often reinforced with horizontal inclusions such as
geosynthetics, substantially reducing the volume of the structure as
well as increasing the slope ratio of its mountain-side facing.

Originally, rockfall protection embankments were mainly made
from compacted natural soil and were designed for rather low-
impact-energy events. Most often, their cross-sectional shape was
trapezoidal. Sometimes, the mountain-side facing was steepened
with a concrete wall, gabions or prefabricated concrete components
(Paronuzzi, 1989). At the end of the 1980s, ground-reinforced struc-
tures were developed to reach higher projection energies, up to
100 MJ (Mathieu and Marchal, 1989; Morino and Grassi, 1990).

Nowadays, a wide variety of embankments exist, differing mainly
in their construction materials. A descriptive comparison of some of
these structures is given in Peila (2011). Table 1 lists the possible ma-
terials for the structure's mountain-side facing, core and valley-side
facing.

Various combinations can be found between these three lists,
some extremely rare and others common worldwide or found only
in certain countries (Figure 1). For instance, in France interconnected
soil-filled recycled tires are frequently used as facing material only or
as both core and facing materials.

The most common structures in the world are soil-reinforced
structures. The variety of these structures has considerably increased
over the last two decades, employing different types of reinforcement
materials and reducing both their footprint and visual impact.
Many of these structures are presented in technical publications
(Mathieu and Marchal, 1989; Morino and Grassi, 1990; Gerbert
and Hespel, 1999; Mannsbart, 2002; Cargnel and Nössing, 2004;
Coulon and Bruhier, 2006; Jaecklin, 2006; Rimoldi et al., 2008;
Brunet et al., 2009; Hara et al., 2009; Simmons et al., 2009; Lorentz
et al., 2010).

The design of an embankment requires addressing issues related
to its influence on the block's trajectory and structure stability. The
latter concerns the slope's ability to support the earthwork mass, its
ability to withstand the forces of gravity and the block's impact with-
out collapsing. In addition, particular attention must be paid to rain-
water, avalanches and debris flows so the embankment does not
become an obstacle to their flow. Nevertheless, the hydraulic, slope
stability and internal stability under gravity issues are not specific to
rockfall protection embankments (Paronuzzi, 1989; Koerner, 2005).
On the contrary, the design with respect to the block's trajectory
and the structure's stability under impact are highly specific. These
two aspects are successively treated in this article with the aim of
identifying the potential and limitations of the methods and tools
used today.

2. Design with respect to block trajectory control

For a given area to be protected against rockfall, the optimummit-
igation strategy is defined based on many criteria such as the type of
element at risk, the site's topography, the block detachment frequen-
cy, and the trajectory analysis (Agliardi et al., 2009). Trajectory anal-
ysis methods and their use have been discussed in detail in Dorren et
al. (2011). Trajectory analysis can provide a statistical distribution for
the flying height and velocity at any given point on the slope for a
given block of a certain mass (Agliardi and Crosta, 2003; Giani et al.,
2004; Bourrier et al., 2009). Different protection scenarios can be en-
visaged, and building an embankment is one of the possible solutions
(Calvino et al., 2001; Volkwein et al., 2011).

Basically, the embankment is designed to be an impassable obsta-
cle for falling blocks. Reaching this goal involves satisfying embank-
ment cross-sectional shape requirements, depending on its position
along the slope. The literature on the efficiency of embankments
in controlling the block's trajectory is rather poor. The general
design method is described in the following section, with reference
to several relevant publications, and the limitations of this design
are identified.

2.1. General method

Fig. 2 proposes a four-step flow chart for embankment design. It
provides a general framework that can be adapted depending on
the context, method and trajectory analysis tool used.

The first step makes use of trajectory analysis data. The positions
where the block flying height (hf) and kinetic energy (Ekin) values
are minimum allow determining eligible sites as embankment posi-
tions along the slope (step 1). The embankment's optimal position
also depends on the number of blocks to be stopped. Indeed, the
lower these values are, the smaller and less expensive the structure
is. Eligible sites are most often located at the end of the transit zone,
close to the deposit zone.

Step 2 consists in evaluating the accessibility of the site to
earth-moving equipment. This phase may induce embankment posi-
tion changes for practical and financial reasons.

For the selected position, the embankment height and mountain-
side batter are established based on the statistical analysis of the tra-
jectory analysis results (step 3). The embankment height is defined
based on the reference block flying height (Masuya et al., 2009), a
maximum deduced from the statistical analysis of the rock trajectory
envelope (Figure 3). It is increased by a freeboard. The batter of the
mountain-side is defined so as to prevent blocks from bouncing or
rolling over the structure. The literature on these two parameters is
rather poor due to insufficient research results. In Austria, the
recommended free-board depends on the situation with a minimum
of 1.5 times the block radius (ONR, 2012). In France, a batter less
than 25° and a freeboard equaling the block radius are recommended
(Calvino et al., 2001). Lower batter values are sometimes mentioned
in specific studies (Simmons et al., 2009).

The efficiency of the embankment in stopping blocks also depends
on the ditch width and mechanical characteristics. In an optimization
process, these parameters may be considered along with the embank-
ment height and batter. The altitude of the ditch is defined based on
the toe of the embankment. Digging this ditch often requires modify-
ing the uphill slope, depending on its position (Figure 3).

Step 3 may involve an optimization process to define ditch width,
embankment batter and height values so as to minimize construction
costs. For this purpose, and mainly for large structures, consideration
may be given to the balance between the cut volume and embank-
ment volume.

The next step consists in estimating the effective residual risk
(step 4) (Paronuzzi, 1989; Agliardi et al., 2009; Kister and Fontana,
2011), carried out following a trajectory analysis conducted based

Table 1

Materials used to build rockfall protection embankments.

Mountain-side facing Core Valley-side facing

Interconnected tires Soil reinforced with GSYa Gabionb

GSYa Soil reinforced with interconnected tires Soil
Metallic wire mesh Soil reinforced with metallic wire mesh GSYa

Cast iron panel Soil reinforced with wood and steel Tires
Gabionb Soil bagc Timber
Soil bagc Gabionb

Soil Compacted soil
Timber
Concrete
Riprap

a Geosynthetics, such as geotextiles or geogrids.
b Woven wire mesh (hexagonal) or welded wire mesh cages filled with either coarse

or fine granular materials.
c Typically a sand-filled geotextile sock.
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on the new profile to assess the structure's projected efficiency in
stopping blocks.

This chart provides a general frame, with some of the steps irrele-
vant or unnecessary in certain situations. The position of at-risk struc-
tures often forces the embankment position. For instance, steps 1 and
2 may not be necessary for protecting transportation lines, as em-
bankments are often placed along these lines. Steps 2 and 4 may re-
quire returning to previous steps in the process.

Finally, budget and time constraints may affect this flow chart.
Moreover, this flow chart may be influenced by geotechnical de-

sign needs. Step 3 provides two characteristics related to the shape
of the embankment: batter and height. The definition of the full em-
bankment cross-sectional shape also requires the crest width and
the inclination of the valley-side facing. These dimensions are defined
based on the mechanical analysis so that the embankment can with-
stand impacts. The crest width depends on the impact energy and the
structure type. For soil-reinforced structures, this width must be suf-
ficient to allow compaction machinery to operate, with a minimum

Fig. 1. Illustration of the variety of rockfall protection embankments (1: Coulon and Bruhier, 2006; 2: Lorentz et al., 2010; 3: Simmons et al., 2009; 4: Ronco et al., 2010; 5: author's
collection; 6: Willye, 2003; 7 and 8: author's collection).

Fig. 2. Flow chart for the block trajectory control-oriented design of embankments. Fig. 3. Profile in an embankment with natural slope reshaping.
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recommended value of 2 m. (Calvino et al., 2001). The valley-side
batter may de defined depending on the proximity of at-risk struc-
tures (roads) or on valley-side visual requirements. The volume of
the embankment is estimated based on the embankment geometry.
The slope stability is then checked taking into consideration the
embankment and the possible uphill ground removal. If the slope is
not stable, the position or dimensions of the embankment will be
modified (step 1 or 3).

2.2. Discussion

As for all rockfall protection structures, the trajectory analysis
plays an important role in the design of embankments. For this rea-
son, the relevance and reliability of the methods and currently used
tools should be addressed. In particular, questions concerning the sta-
tistical analysis of the results, rebound modeling and the characteris-
tics attributed to the materials should be raised.

The trajectory analysis provides statistical distributions for the flying
heights and kinetic energy of the boulder, which are used to identify
possible construction sites, defining the main geometrical characteris-
tics of the embankment and assessing its efficiency (steps 1, 3 and 4).
For these purposes, statistical estimators of these distributions are con-
sidered. In practice, the different estimators used are the mean value,
quantiles values – e.g., corresponding to a 99% or 95% probability that
an event occurs – or themaximum value reached. Although the estima-
tor strongly influences the design, no consensus exists on the choice of a
relevant design. In particular, using themaximum value as an estimator
may be misleading because it depends to a large extent on the number
of simulations with an influence on the occurrence of the reference
event. The maximum value is also the indicator the more affected by
limitations of rockfall simulation codes in traducing the physics of the
rock propagation: this value is often non-physical.

At the end of the process, the assessment of the projected struc-
ture is based on the residual risk, which depends on the occurrence
of quite rare to extremely rare events resulting in embankment
overtopping. These critical cases, whose identification requires a
large number of trajectory simulations, are characterized by large fly-
ing heights, high energies or high rotational velocities in the vicinity
of the embankment. The relevance of the trajectory analysis tools in
accurately modeling the block's trajectory thus appears to be even
more legitimate. Rockfall trajectory analysis results show high vari-
ability from one tool to another (Labiouse et al., 2001; Berger and
Dorren, 2006), most particularly due to the rebound model consid-
ered, the soil and vegetation cover parameters and the number of
runs (Bourrier and Hungr, 2011). This variability is even more pro-
nounced for the velocity and flying height values as most models
were calibrated based on the block stop distance (Dorren et al.,
2011). Moreover, the rebound models often do not account for mech-
anisms that seem essential in estimating the trajectory in the vicinity
of an embankment, where the deformability of the surfaces and im-
pact orientations differ from more classical trajectory analysis con-
texts for which parameters are calibrated (Lambert et al., 2013). The
coupling between the translational velocity and the rotational veloc-
ity as well as the shape of the block are generally roughly accounted
for in these models event though they seem to play an important
role in the block's trajectory (Chau et al., 2002). The rotational kinetic
energy is often neglected because it is generally less than 10–15% of
the total block energy (Chau et al., 2002; Bourrier and Hungr, 2011),
even though it has been shown to be sufficient for the block to over-
top the embankment (Plassiard and Donzé, 2010). In addition, the
spatial resolution of trajectory analysis tools may not be appropriate
to satisfactorily account for the slope profile in the vicinity of the
embankment, mainly for 3D codes (Lambert et al., 2013).

For all these reasons, caution is required when using the flying
height for design purposes in any embankment shape optimization
process as well as when calculating residual risk. Given that the

uncertainties associated with these values are higher than classical
values in geotechnical engineering, safety factors such proposed by
the Eurocodes (CEN, 2004) may be considered insufficient and specif-
ic ones should be considered as proposed by a recently published
Italian standard (UNI, 2012).

Constructing the embankment modifies the slope profile as well as
the materials impacted by the block, with consequences on the soil–
block interaction, which in turn governs the block's trajectory.

The profile is modified by digging the ditch, with probable
reshaping of the natural slope uphill of the ditch, and erecting the em-
bankment. All these changes affect the block's flying height and veloci-
ty. In particular, steepening the slope uphill of the ditch tends to
increase the block's kinetic energy by increasing the falling height and
decreasing the number of potential impacts on the soil. The designer en-
gineer can consider these changes, providing the spatial resolution of
the trajectory analysis tool can account for them satisfactorily.

In contrast, accounting for the change in surface materials is more
complex, and this has never been mentioned in the literature. In lieu
of one natural soil cover (soil A, Figure 3) three materials should be
considered with very different mechanical characteristics (soils B, C
and D, Figure 3).

Slope reshaping leads to exposing a denser soil without vegetation
(B). Sometimes, huge blocks that cannot be removed outcrop. This
leads to a decrease in the soil energy dissipation capability. Qualifica-
tion of this soil before the earthworks is difficult and generally
conducted by empirically changing the soil parameters used for the
rockfall simulation.

The ditch soil characteristics (C) depend on the ditch type. A dust
road has a high bearing capacity and thus exhibits low energy dissipa-
tion capacities. In this case, the soil parameters (e.g., restitution coef-
ficients) may be determined by comparison with other dust road
materials. If this ditch is designed as a catchment ditch, it is made of
loose material and the soil parameter values are substantially reduced
to account for the potentially high energy dissipation.

The last surface to be impacted (D) clearly constitutes the most
problematic one. Table 1 shows that the embankment mountain-
side facing may be made up of different materials and structures:
concrete, riprap, tires, soil–geosynthetic composites, gabions, etc.
exhibiting very different characteristics. The soil parameters consid-
ered for these facings are arbitrary as there are very few specific
data concerning their impact response. After a rebound in the ditch,
the block has an upwardmovement before touching the embankment
with an inclined velocity with respect to the embankment facing.
This is the most critical situation in terms of embankment
overtopping. This risk is increased if the embankment is impacted
close to its crest or if the block's rotational velocity is high (Plassiard
and Donzé, 2009).

Fig. 4 shows a 3-m-tall embankment made up of gabion cages
with a vertical facing. After an impact in the middle of the ditch, a
1.5-m block hit the face at a height of 1.8 m. As a result of its upward
trajectory and probably the rotational velocity, the block overtopped
the structure and crossed a railway and a highway, with only minor
damage to the roadway. It is clear in this case that the facing deforma-
tion significantly contributed to the embankment clearing. A more
rigid facing would have reflected the block uphill. This suggests that
the actual response of the structure should be taken into account,
depending on its mechanical characteristics.

This discussion shows that apart from the limitations of the cur-
rently used trajectory analysis tools, whose consequences still require
investigation, the main problem assessing a projected embankment's
efficiency in stopping blocks is related to the characterization of the
impacted surfaces. Improving the assessment of an embankment's
efficiency requires developing further research on the impact re-
sponse of the different materials and structures used. This will allevi-
ate building costly oversized structures and will substantiate the
embankment's height and mountain-side batter requirements.
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In most critical cases, designers should also account for the actual
response of the embankment and its possible deformation. The effi-
ciency of an embankment in stopping blocks therefore also depends
on the mechanical design, investigated in the next section.

3. Design with respect to impact

After addressing issues related to the slope and the supporting
soil, the geotechnical engineer checks the internal stability of the
embankment and then the embankment impact response. The design
of embankments exposed to such a specific dynamic loading is very
complex because of (i) the large and irreversible deformations induced,
(ii) the nonlinear soil stress–strain behavior, and (iii) the interaction
between the different components (reinforcing components and soil).

In the following, research studies on the impact response of em-
bankments are briefly mentioned to then analyze the embankment
response. Then the current design methods are described. Finally,
the discussion highlights important features that should be consid-
ered by design engineers and issues requiring further research and
development are identified.

3.1. Specific research

The increasing need for efficient protection structures against
high-energy block impacts has motivated research for more than
30 years. These are based on experimental, analytical and numerical
developments. The main experimental research is presented in this
section, in chronological order.

The first experiments were conducted in the 1980s in view of
constructing of a huge embankment with a 200-MJ capacity based
on small-scale structures (Lepert and Corté, 1988; Corté et al.,
1989). The 1/100 scale embankments made of sand were exposed
to centrifuge impact tests at a 100-g acceleration. The impact force
and acceleration within the embankment were recorded. In practice,

these experiments confirmed that the planned earth fill would be ef-
fective against a 200-m3 volume block with a velocity of 26 m/s.

The first real-scale impact experiments involved a structure type de-
veloped by the Colorado Department of Transportation in view of en-
suring safety along an important road through a canyon (Burroughs et
al., 1993; Hearn et al., 1995, 1996). The tests concerned a structure
made of soil reinforced with geosynthetics, 24 m long, 3 m high and ei-
ther 1.8 or 2.4 m thick, with vertical sides (Figure 5). Eighteen rock
blocks of different shapes and masses were rolled down a hill against
the barrier. The maximum block energy before the impact was
1400 kJ. The valley-side facing deformation increased nonlinearly
with the boulder's kinetic energy, following a power law (Hearn et al.,
1996). It decreased with the structure thickness: for a 1400-kJ impact,
this deformation was 0.75 m and 0.35 m for a 1.8-m- and 2.4-m-thick
structure, respectively (ref. A1/A3 in Table 2).

In the end of the 1990s, the behavior of a new type of structure
was investigated through real-scale experiments (Yoshida, 1999).
This structure consisted of a soil-reinforced earthwork protected by
two layers of soil bags, placed uphill (Figure 6). The soil bags were ex-
posed to the impact to act as an energy dissipater to reduce the im-
pact force on the reinforced embankment. Blocks were rolled down
the hill, resulting in impact energies ranging from 58 to 2500 kJ
(ref. C1/C3 in Table 2). All the blocks were stopped without collapsing
the structure. The deformation on the mountain-side facing was mea-
sured. More recent experiments were conducted on similar struc-
tures, but no significant data are available (Protec Engineering, 2011).

Since the end of the 1990s, an important study has been
conducted by the University of Torino on geosynthetic reinforced em-
bankments (Peila et al., 2000, 2002, 2007; Ronco et al., 2009; Peila,
2011). This research is the most exhaustive work on the topic to
date, including experiments and numerical modeling aiming to de-
velop both design charts and numerical tools to be used for design
purposes (Brunet et al., 2009; Ronco et al., 2010) and allowing back
analysis of natural impacts (Peila, 2011). Real-scale structures were
tested on a site dedicated to rockfall protection structure testing
(Figure 6). The equipment can convey blocks up to 10 tons at a veloc-
ity of 30 m/s. A total of eight impact tests on five different embank-
ments were performed. The impacted structures were reinforced
with geosynthetics, except for one structure that was made of
compacted soil (ref. B1 to B3 in Table 2). The parameters investigated
were the geosynthetic type, the soil type and the block mass. These
reinforced embankments were demonstrated to be efficient against
successive 4900-kJ impacts.

The Technical University of Vienna conducted small-scale experi-
ments with the main objective of investigating the influence of the
geotextile (Blovsky, 2002; Brandl and Blovsky, 2004). Twenty model
tests were carried out on embankments scaled at 1:50. The parame-
ters investigated were the soil compaction, the mountain-side dip
and the geotextile deployment scheme. Embankments with and
without geotextiles were tested (Figure 7). In the former, different
geotextile anchoring lengths were considered. Impacts were repeated
several times, measuring the impact force. Comparisons were made
based on the sum of impulses after three successive impacts.

In Japan, three real-scale structures differing in their construction
materials were exposed to impacts (Aminata et al., 2008; Sung et al.,
2008). Impact tests were either performed rolling blocks down a
17-m hill or using a boulder suspended from a crane released from
a height of 11 m, reaching a maximum energy of 110 kJ. The impact-
ed structures were a geogrid-reinforced wall, 2 m high, and two walls
made of ductile cast iron panels containing boulders (Figure 8). Block
penetration and velocity and impact force were derived from the
measurement of block acceleration.

Cellular rockfall protection structures have recently been investi-
gated (Heymann et al., 2010; Bourrier et al., 2011; Lambert et al.,
2011). These structures are made of gabion cages filled with different
materials depending on their location in the structure. The aim is to

Fig. 4. This 3-m-tall gabion embankment was cleared by a block after an impact more
than 1 m below its crest (Ste Marie de Cuines (73), France).
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reduce the stresses transmitted within the structure, increasing the
diffusion of stress as well as dissipation of the impact energy. Both
half-scale and real-scale structures were impacted (Figure 9). Differ-
ent fill materials were considered, including shredded tire–sand mix-
tures and ballast. Three different real-scale structures were subjected
to impact by a 6500-kg spherical boulder, with a maximum velocity
of 25 m/s (Lambert et al., 2011). The measures concerned accelera-
tion of the boulder and within the structure, the transmitted forces
and the structure deformations. Cellular walls 4 m in height and
3 m in thickness didn't collapse after a 2100 kJ impact.

Maegawa et al. (2011) investigated the concept of sandwich struc-
tures as pioneered by Yoshida (Yoshida, 1999) but employing geocells
filled with gravel instead of soil bags for the structure's facing. Impacts
ranging from 786 to 2709 kJ were obtained rolling a block down a
37-m-high slope onto the structure. Eight tests were performed on
two types of structure. Deformation on the mountain-side facing and
the block acceleration were measured (ref. D1 to D3 in Table 2). All
the blocks were stopped.

Finally, small-scale experiments were recently conducted on 1/33
scale embankments made of sand (Mölk and Hofman, 2011; Hofmann
and Mölk, 2012). The tested embankments varied in geometry, some
had a rip-rap facing and others were reinforced with a geotextile.
Tests were conducted considering various block energies and diame-
ters, rotational velocities and impact angles. This study resulted in de-
sign charts considered in the Austrian standard concerning rockfall
protection structures (ONR, 2012).

Numerical models have been developed in parallel to real-scale
experiments, and rather fair agreements were obtained. Finite ele-
ment methods (FEM) have been used by Burroughs et al. (1993),
Peila et al. (2002, 2007) and Sung et al. (2008). FEM-based
approaches require an explicit method and a re-meshing algorithm
taking rockfall dynamics into account and modeling large deforma-
tions (Peila et al., 2007). On the contrary, discrete element methods
(DEM) that naturally allow modeling large deformations have been
used by many authors (Hearn et al., 1995, 1996; Carotti et al., 2004;
Nicot et al., 2007; Plassiard and Donzé, 2009, 2010; Bertrand et al.,
2010; Lorentz et al., 2010; Bourrier et al., 2011). More recently,
Breugnot et al. (2010) and Breugnot (2011) have proposed using a com-
bined discrete-continuum approach in order to derive advantages of the
discrete approach in the impact area and from the finite difference
approach in the far field. Finally, in order to provide design engineers
with amuch simpler tool, Bourrier et al. (2011) have proposed a quanti-
tative approach based on a mass-spring model accounting for both non-
linearities in stress–strain material behaviors and energy dissipation.

Despite the great variability of testing conditions and structure
types, even when performed by the same authors, these experiments
globally provide a valuable database for understanding the main
mechanisms involved in the embankment response. Table 2 reports
some experimental results obtained on real-scale structures with im-
pact energies higher than 1000 kJ.

The capacity of the embankment, in terms of the impact energy it
can withstand without collapsing, is the most important information

Table 2

Some experimental data concerning impact experiments with energies higher than 1000 kJ.

Ref. Structure type Height
(m)

Thickness (crest/base)
(m)

Block mass
(kg)

Translational
velocity
(m/s)

energy
(kJ)

Impact height
(m)

Deformation

Mountain-side
(m)

Valley-side
(m)

A1 MSE wall+wooda 3.05 1.82 5300 19.5 1010 1.5 0.6 0.2
A2 3.05 1.82 8300 18.3 1400 1.4 0.9 0.7
A3 3.7 2.4 8400 18.3 1410 0.34
B1 Reinforced damb 4.2 0.9/5 5000 31.7 2500 3 0.6 0.23
B2 4.2 0.9/5 8780 31.3 4350 1 0.9
B3 Unreinforced damb 4.2 0.9/6 8780 31.3 4350 3 1.5 Collapse
C1 GeoRockwallc 4 3.3/5.3 3300 24 970 2 0.22 0
C2 4 3.3/5.3 7700 24 2000 2–3 0.09
C3 4 3.3/5.3 17000 17.7 2700 3–4 0.5
D1 MSE wall+geocell facingd 4.2 2.2/4.3 10100 15.7 1243 2.31 1.56 0.266
D2 4.2 3/5.1 17100 13.9 1567 2.85 1.44 0.091
D3 4.2 2.2/4.3 17100 14.4 2037 2.55 1.73 0.239

a Hearn et al., 1996.
b Peila et al., 2002, 2007.
c Yoshida, 1999.
d Maegawa et al., 2011.

Fig. 5. Structure tested by the University of Colorado.
(Adapted from Burroughs et al., 1993; Hearn et al., 1995).
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obtained. The analysis of the response of impacted structures may
also be based on the residual deformation on both mountain-side
and valley-side facings of the embankment after an impact. In partic-
ular, the valley-side deformation can be considered a simple design
criterion, as it governs post-impact structure stability (Ronco et al.,
2009).

3.2. What can be learned about the response of an embankment to block

impact?

The impact of a boulder, whose typical velocity ranges from 5 to
30 m/s and whose mass ranges from a few thousand to tens of hun-
dreds of kilograms, results in a dynamic localized loading lasting be-
tween 0.03 and 0.2 s and generating strains in the impact direction
at a rate higher than 0.1 s−1. The embankment's response to this im-
pact can be schematically separated into three phases.

During the first phase, the block's penetration only affects mate-
rials in the vicinity of the impacted area. It results in compaction of
granular materials with possible particle crushing, depending on the
embankment fill material characteristics: the narrower the soil grad-
ing, the larger the particle size and the higher the stress, the greater
the grain crushing is. The rest of the structure exhibits almost no sig-
nificant changes. It basically acts as a buttress allowing compaction
and particle crushing on the mountain side. The compression wave
travels within the structure, within a truncated cone from the impact
point and with stress amplitude attenuation (Ronco et al., 2009).

The second phase starts after the compressionwave has reached the
back of the structure. This second phase is characterized by a global em-
bankment acceleration. Indeed, as the valley-side facing is a free bound-
ary, the compression wave results in a downhill-oriented movement of
this facing, with possible soil bulking or projection (Brandl and Blosky,
2004; Hofmann and Mölk, 2012). Its efficiency as a buttress vanishes
with time, allowing overall embankment displacement.

During the last phase, the block and the mountain-side facing
movement progressively stop while the valley-side facing keeps mov-
ing, due to inertia. Cracks parallel to the facing may develop within
the structure as a result of these two antagonistic motions (Peila et
al., 2002). The embankment may collapse if the valley-side facing dis-
placement is substantial.

The occurrence of these different phases and the magnitude of the
associated mechanisms depend on the impact energy as compared to
the embankment's capacity to absorb energy.

For low impact energies, both the penetration required to stop the
block and the stress generated within the embankment are small (ref
A1, B1, C1 in Table 2). The residual valley-side facing deformation is
small compared to the block penetration. The impact energy is dissi-
pated by compaction and grain crushing in the impact area while a
small part propagates through compression wave.

With a higher impact energy, both the block penetration and
stress within the embankment increase. The volume of material un-
dergoing plastic strains increases, similar to what is observed for
ground compaction (Mayne and Jones, 1983). The valley-side facing
displacement increases and progressively tends toward the value of

Fig. 6. Embankments tested by Yoshida (1999) (left) and by the University of Torino (Peila et al., 2002) (right).

Fig. 7. Post-impact top views of small-scale embankments showing the influence of the geotextile on the valley-side facing deformation: without/with geotextile, left/right.
(From Brandl and Blovsky, 2004).
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the mountain-side facing displacement (e.g., ref. A1 and A2 in
Table 2). Moreover, the thicker the embankment the lower the
valley-side displacement is (e.g., ref. D1 and D2 in Table 2).

Depending on the point in the structure, prevailing mechanisms
are either compaction (including crushing) or an almost rigid body
movement. Compaction is predominant close to the impact, on the
mountain side, while rigid body movement is predominant on the op-
posite side. Due to these large displacements, part of the impact ener-
gy is dissipated through friction along rupture planes. Nevertheless,
energy dissipation through soil compaction remains predominant,
with a numerically estimated proportion of about 80% of the block's
kinetic energy (Ronco et al., 2009).

Finally, when the impact energy equals the capacity of the em-
bankment, collapse occurs as a result of a large valley-side facing
displacement.

The structure's response versus time thus reveals the influence of
the different parameters related to the material characteristics: the
parameters associated with their compressive response, friction
angle and unit mass. The influence of these parameters on the
whole structure's behavior depends on the impact energy, the
structure's dimensions and the structure's boundary conditions. For
example, the more the valley-side facing is free to move and the
greater the volume of soil displaced with the block, the more influent
the unit mass is. Additionally, the friction angle influence increases
with the whole structure displacement, thus with the impact energy.

Moreover, the ability of the embankment to withstand the impact is
improved by reinforcement layers (ref. B2/B3 in Table 2). Reinforcement

layers distribute the load in the longitudinal direction (Peila et al., 2007).
The deformation of the embankment in the vicinity of the impact point
results in a tension in the layer oriented along the longitudinal axis of
the embankment. This differs from the static case accounting for gravity
loads, where the reinforcement layer is loaded along the transverse axis
of the embankment direction (Peila et al., 2002; Brandl and Blovsky,
2004). The impact load is thus distributed to soil masses at a distance
on both sides of the impacted area. In the impact vicinity, the resulting
confining effect by the reinforcement layer increases the penetration re-
sistance of the embankment. Moreover, the layer restrains the displace-
ment of the valley-side facing and thus increases the ability towithstand
the impact while the impact force is increased (Blovsky, 2002)
(Figure 7). The negative counterpart is that horizontal planar reinforce-
ment layers may offer a preferential plane for shear rupture (Figure 10).

3.3. Current design methods

In spite of their important protective role, the design of embank-
ments is generally based on simplistic approaches. In most of the
concerned countries, there are neither recommendations nor guidelines
concerning their design. In Italy and Austria standards have been re-
cently published, covering most of the issues to be addressed (UNI,
2012; ONR, 2012). Even if in some cases, specific and rather complex
studies have been conducted (Lepert and Corté, 1988; Brandl and
Blovsky, 2004; Lorentz et al., 2010), the vast majority of existing struc-
tures have been designed with basic approaches, considering dynamics
only to a minor extent.

Fig. 8. Two of the three structures recently investigated in Japan (Aminata et al., 2008; Sung et al., 2008).

Fig. 9. Half-scale and full-scale cellular sandwich structures tested by Heymann et al. (2010) and Lambert et al. (2011).
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The approaches in use today differ in their level of complexity and
their ability to account for the dynamics:

– Type 1: based on its mass, the embankment is considered to be
able to stop the block and withstand the impact.

– Type 2: penetration criteria-based approaches estimate the pene-
tration of the block in the embankment, which is multiplied by a
factor of 2–3 to obtain the minimum embankment thickness
(Brunet et al., 2009).

– Type 3: pseudo-static approaches consider a load that is statically
equivalent to the dynamic impact load for designing the embank-
ment (Jaecklin, 2006; Kister and Fontana, 2011). A safety factor
may be considered, expressing the uncertainties associated with
the hypothesis of a statically equivalent loading (Brandl and
Adam, 2000). The structure's static stability is checked considering
this load in combination with gravity loads.

– Type 4: energy balance analytical approaches use analytical
methods to compare the incident translational kinetic energy of
the block with the energy dissipated within the embankment dur-
ing the impact. The first dissipative mechanism accounted for is
friction along shear planes assuming that a section of the embank-
ment moves as a rigid body (Tissières, 1999; Brandl and Adam,
2000). Different shear planes can be considered, notably along
the reinforcement layers (Carotti et al., 2000; Subrin, 2006;
Ronco et al., 2009). Energy dissipation through soil compaction
can also be considered (Jarrin, 2001; Ronco et al., 2009). The de-
sign consists in assessing that the structure deformation required
to dissipate the block's kinetic energy is consistent with the em-
bankment dimensions. For this purpose, the mountain-side defor-
mation due to the block penetration may be deduced from the
impact force (Ronco et al., 2009).

– Type 5: approaches based on numerical modeling uses specific nu-
merical tools to model the impact and evaluate the deformation of
the embankment, using either finite or discrete element methods
(FEM or DEM) (Peila et al., 2007; Lorentz et al., 2010).

Types 2–4 generally involve determining the block penetration or
the impact force. Different methods have been used for these pur-
poses. The penetration can be estimated using the expression given
by Kar (1978) (Paronuzzi, 1989) with possible adaptation to account
for reinforcement layers (Cargnel and Nössing, 2004). Brunet et al.
(2009) suggest using the formulations given by Calvetti and di
Prisco (2008). The impact force can be evaluated using the expres-
sions given by Montani (1998), by Mayne and Jones (1983) or by
Labiouse et al. (1996) (Jaecklin, 2006; Peila et al., 2007; ASTRA,
2008; Ronco et al., 2009; respectively). It should be noted that the
soil parameters considered in these expressions are derived from

static tests and mainly concern the elastic response of soils. Other
methods that have been specifically developed for determining the
penetration of rock blocks in soils are not mentioned in the literature
concerning embankments (Pichler et al., 2005; Wang and Cavers,
2008).

The block penetration, δ, can also be estimated from the impact
force (Carotti et al., 2004; Peila et al., 2007; Ronco et al., 2009):

δ ¼
mv2

Fmax
ð1Þ

where Fmax is the peak impact force (kN), v the block velocity just be-
fore impact (m/s) and m its mass (kg). This relation indicates that for
a given velocity the higher the penetration the lower the impact force.

3.4. Discussion

The analytical methods described in the previous section provide
design engineers with easy-to-use tools for estimating the impact
force and block penetration. Nevertheless, their relevancy is limited
due to the uncertainty associated with each method. For instance,
the penetration is overestimated by up to a factor of 2 using the ex-
pression proposed by Kar (1978) (Cargnel and Nössing, 2004;
Carotti et al., 2004), whereas it is underestimated down to about
50% using the models proposed by Labiouse et al. (1996) and by
Mayne and Jones (1983) (Carotti et al., 2004; Oggeri et al., 2004;
Peila et al., 2007). Considering Eq. (1), the opposite trends are ob-
served when estimating the impact force. For a specific case, great
variability in the impact force values has been obtained using the dif-
ferent existing methods, with a maximum ratio of 1:5 between the
highest and the lowest values (Kister and Fontana, 2011). In fact,
these models were derived from experiments in specific contexts.
Kar's model was developed for cohesive nonfrictional soils impacted
by projectiles with a velocity ranging from 200 to 800 m/s. Mayne
and Jones's model was developed for heavy fine soil tamping.
Labiouse's model was developed for granular strata, a 1-m maximum
thickness, lying on a rigid support. Compared to the impact of a block
on an embankment, these contexts differ in the projectile velocity and
shape as well as the impacted structure's mechanical characteristics,
dimensions and boundary conditions.

More globally, the approach consisting in considering a statically
equivalent load for modeling the impact force may not be fully appro-
priate. The main reason is that this approach neglects some of the
mechanisms at work during the impact, which governs the actual re-
sponse of the whole structure. In particular, this response depends on
the stress transmitted over time within the structure, which in turn

Fig. 10. Reinforcement layers offer a preferential plane for shear rupture (Ronco et al., 2009).
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depends not only on the impact force, but also on other geometrical
and mechanical parameters related to the embankment. It has been
shown that for a given impact force the granular material characteris-
tics may strongly affect the maximum value of the transmitted stress
as well as its spatial distribution (Laue et al., 2008; Lambert et al.,
2009; Heymann et al., 2010; Calvetti and di Prisco, 2011). The shape
of the block has also been shown to have an influence on the impact
force and on the transmitted stress (see the state of the art as de-
scribed in Montani, 1998; Degago, 2007). The impact force is not
only difficult to estimate, but is also partly inappropriate to account
for what occurs within the embankment.

The reliability of analytical approaches based on the energy bal-
ance (Type 4) depends on the quantification of the different energy
dissipation terms: soil compaction first and then friction along shear
planes. These methods are attractive in the sense they are based on
phenomenological considerations. Nevertheless, they require defin-
ing a priori the embankment volume and surfaces concerned by com-
paction and friction, respectively, whereas these strongly depend on
the loading conditions (impact energy and impact point location)
and embankment material characteristics, which constitute the limi-
tations of energy balance analytical methods.

Undoubtedly, the analytical expressions available have moved a
step forward in accounting for the dynamics and are useful for pre-
liminary design (Peila et al., 2007). Nevertheless, complementary in-
vestigations are recommended in view of an optimized design. These
could concern the mechanisms associated to energy dissipation,
which depend in particular on both the embankment geometry and
the mechanical characteristics of the materials.

In this context, employing numerical tools to model the actual re-
sponse of these structures seems to be more satisfactory (Peila et al.,
2007; Lorentz et al., 2010). Indeed, even if the numerical methods are
not yet within the reach of all design engineers and are time-
consuming to develop and use, they allow going further in accounting
for the dynamics of the impact.

Whether a numerical or analytical method is considered, the ma-
terial characteristics to take into account raise major problems. In
some cases, the models were calibrated based on real-scale impact
tests on granular layers or structures (e.g., Carotti et al., 2000;
Plassiard and Donzé, 2009; Ronco et al., 2009). Generally, classical
geotechnical data are used even though they result from static tests.
The relevancy of these data for satisfactorily modeling the structure
response under impact loading is questionable. For instance, the in-
teraction between the soil and the reinforcing geosynthetic, in
terms of both interface friction and confining effect, has never been
addressed under localized impact loading. The friction between
these materials is modeled using friction angles and cohesion values
derived from static tests, whereas this interface has been clearly
shown to govern embankment collapse (Peila et al., 2007; Ronco et
al., 2009). Complementary investigations on the impact response of
the different materials are therefore necessary. This will improve nu-
merically based extrapolations to high-impact-energy events. The dy-
namic interaction between the geosynthetic and the soil should be
investigated as a priority, focusing first on the friction and then on
the confinement effect by the geosynthetic material in cases of local-
ized impact.

The various types of reinforced-soil embankments differ in the na-
ture of the reinforcing component, which can be a geotextile, geogrid,
wire-meshor interconnected tires. Embankments also differ in the rein-
forcement deployment scheme. In some cases, only the mountain-side
facing is reinforced, while in others both the mountain and valley
sides are reinforced. Valley-side reinforcement is increasingly frequent
throughout the world. A gentle downhill slope is sometimes preferred
for reasons of the valley-side visual impact. On the other hand, the
downhill slope is often steepened for embankments protecting trans-
portation lines at the toe of steep slopes. Beyond such site-specific re-
quirements, reinforcing the downhill face significantly improves the

embankment's ability to withstand the impact as it reduces valley-
side facing displacement (Blovsky, 2002; Peila et al., 2007; Lambert et
al., 2011). Compared to a massive backfill having the same buttress ef-
fect, this solution has the advantages of a limited footprint and a re-
duced overall risk of slope instability.

An increasing consideration is given to post-impact behavior and
characteristics of embankments in developing new design methods
or new building technologies (Brandl and Blovsky, 2004; Ronco et
al., 2009; Heymann et al., 2010). The basic issue concerns the residual
ability of the structure to intercept blocks that may fall again in the vi-
cinity of a previously impacted area. Damage to the structure in-
creases with the impact energy, until the structure collapses.
Whatever the damage level, the most important requirement is that
the block is stopped. Compared to the possible consequences of an
unstopped block, the cost of reconstruction is moderate. If there is
no visible damage, the block is removed and the embankment charac-
teristics are considered unchanged. On the other hand, the embank-
ment has to be reconstructed after collapsing. The embankment's
residual characteristics are questioned when there is intermediate
damage. Some structures have been experimentally proved to be effi-
cient even after several high-energy impacts despite significant de-
formations (Peila et al., 2007). The post-impact stability of the
embankment can also be assessed taking into account the deforma-
tion of the structure (Ronco et al., 2009). However, the relevance of
this issue in a practical context is lessened by technical and human
considerations. First, it is not easy to assess the residual characteris-
tics of an embankment after a natural event, whose energy is difficult
to estimate. Computations can reproduce the observed deformations
numerically and geophysical surveys can identify the damaged
zones. Nevertheless, these investigations will certainly be insufficient
for guaranteeing the serviceability of the structure. This is first and
foremost the engineer's responsibility, but also a problem of visual
perception of the structure. The impression of inefficiency resulting
from visible damage is not acceptable to the general public. It is there-
fore not simply a technical matter. For this reason, structures having
an easy-to-repair mountain-side facing may be an alternative to clas-
sical embankments (Yoshida, 1999; Brunet et al., 2009; Lambert et al.,
2009; Maegawa et al., 2011).

From a practical standpoint, the design of rockfall protection em-
bankments challenges geotechnical engineers with the principles of
currently used methods such as the Eurocodes. Passive rockfall pro-
tection structures are not within the scope of specific Eurocodes and
should be considered special structures. Moreover, the impact load
should not be calculated as an accidental action according to EN
1991-1-7 (CEN, 2007), as the expressions given were developed for
very different impacts and may lead to asymptotic values. The impact
loading may be considered either accidental or variable, which influ-
ences the safety factors used for the design. Besides, the service and
ultimate limit states are not clear to define, as discussed earlier. The
straightforward application of the Eurocodes principles thus appears
not possible. It requires an interpretation by the design engineer ac-
counting for the peculiarities of this type of structure. For this reason,
some countries have recently proposed partial safety factors through
national standards (UNI, 2012; ONR, 2012). Besides, Durville et al.
(2010) have proposed a two-step procedure evaluating first the abil-
ity of the structure to intercept a block and second its post-impact re-
sidual characteristics. An ultimate limit state verification is conducted
considering the impact as an accidental situation and a block of max-
imal energy. It ensures that the block is stopped by the embankment,
even if this structure collapses. Then a serviceability limit state verifi-
cation is conducted to assess the post-impact embankment character-
istics and considering an impact of medium energy. It allows checking
that the structure is able to intercept another block of the same ener-
gy. Even if this approach is more suitable for embankments, questions
concerning the parameters defining the loadings may rise. The em-
bankment response depends on both the energy of the block before
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impact and on the impact location. A low-energy event on the top of
the structure may be more detrimental than a high-energy impact at
its toe (Bertrand et al., 2010). Therefore, various combinations of
these two variables should be considered, using their respective
detailed statistical distributions.

4. Conclusion

In order to provide engineers with cost-effective rockfall protection
embankment design tools, differentmethods have been developed over
the last two decades to predict their ability to stop blocks andwithstand
impacts. Although embankment designwith respect to these two facets
has been significantly improved, a number of limitations have been
identified and should be accounted for by design engineers.

The main limitations concerning the functional design of embank-
ments result from the rockfall simulation codes. In the design process,
these codes are used to determine the rock passing heights and veloc-
ities even though they are not calibrated for this purpose. Rockfall
simulation codes are generally calibrated and/or validated from pre-
vious rockfall events or rockfall experiments that are compared solely
on the rocks' stopping distance. Trajectory analysis tools therefore
provide relevant results for rock stopping distances: however their
accuracy in estimating the rock kinematics is generally more limited.
In addition, 3D rockfall simulation codes are currently used and cali-
brated with a spatial resolution that does not satisfactorily model
the embankment shape. Consequently, the spatial resolution of the
models does not allow one to obtain a good estimate of the residual
risk. Modeling the mechanical interaction between the rock and the
embankment also has limitations. In particular, models for the inter-
action between the block and the embankment as well as with the
surfaces in its vicinity lack realism mainly due to limited knowledge
on the actual impact response of the materials concerned.

As for embankment design with respect to impact, satisfactorily
accounting for the dynamics requires taking into account the com-
plexity of the mechanisms at work during the impact and the difficul-
ty estimating their amplitude with time, which depends on the
impact energy, embankment material characteristics and dimensions.
As a consequence, analytical models are not yet satisfactory for this
purpose. They fail to give good estimates of impact forces, block pen-
etration, and energy dissipation terms. Numerical models are costly
but may be identified as relevant tools for the design of embank-
ments, providing a validation based on real-scale experiments involv-
ing impact energies of similar amplitude. In a research process, these
methods could be used jointly with experiments to improve current
analytical models for different loading cases.

More globally, a useful perspective would be gained from reliability
analysis so that the structure's failure probability could be calculated
given the distribution of the rock impact points and kinematics. Em-
bankment design with respect to impact stability generally considers
a few loading cases, whereas no extensive research has been conducted
on the variability of embankment responses considering the wide vari-
ety of impact scenarios.

All these points should be considered so as to improve the design
of embankments. In addition, and in a more formal context, a com-
mon base for the application of the Eurocodes is necessary.
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