
1 INTRODUCTION  

The paper describes the design of a geogrid reinforced embankment designed for protecting 
the inhabited area of Piuro, a few kilometers away from Chiavenna (Sondrio, Italy) (Figure 1). 
The authors conceived a mathematical model capable of numerically simulating boulder im-
pacts on sheltering structures.  
As is well known, the simulation of rockfall phenomena is affected by a large number of uncer-
tainties concerning: (i) boulder detachment, (ii) falling blocks trajectory, and (iii) impact on 
protection structures. 
The structure taken into consideration has been designed to mitigate the rockfall risk associat-
ed with the presence of a long gneissic rock wall along the S.S.37 road, connecting Chiavenna 
to the Engadina valley. 
The potential rock block size detaching from the wall, ranges from a few cubic meters up to 
ten cubic meters. The design of the embankment was done by assuming the impacting boulder 
to be characterized by a volume of 2 m

3
. This choice is justified by in situ observations and by 
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the presence of joints not taken into consideration in the evaluation of the potential detachable 
blocks. 
 

 
Figure 1. Plan view of Chiavenna and the inhabited area of Piuro. 
 
 
A rock-fall hazard zonation map was initially created according to the R.H.A.P. (Rockfall 
Hazard Assessment Procedure) [14]. 
When the authors approached the problem of designing the protection embankment, the dis-
covered that in literature are exclusively available empirical methods focused on the assess-
ment of the maximum impact force but not suitable for design porpoise.  In fact, the complex 
nature of the impact problem implies the use of approaches taking into consideration large dis-
placements and dynamic conditions. Consequently, the reliability of the results obtained by 
performing ad hoc either finite element or finite difference numerical analyses cannot be taken 
for granted. 
Very rough methods can be found in literature, in order to obtain a first evaluation of the be-
havior of a soil rockfall passive barrier. The first type of closed form equation used to evaluate 
the behavior of a soil barrier as a rock fall passive protection system has been proposed by Kar 
[8, 9]. The main problem of this method, based on ballistic principles, is the characterization of 
the soil as an elastic medium (the unconfined elastic modulus is the only constitutive parameter 
taken into account). Its application to a frictional material is quire questionable. Another ap-
proach allows to determine the maximum force applied to the center of mass of the boulder 
(and the maximum deceleration), and the maximum penetration by applying the principle of 
conservation of momentum. 
More realistic results can be obtained by using mathematical models based on the physics of 
anelastic impact phenomena. According to the Carnot theorem, during an anelastic impact part 
of the kinetic energy of the colliding bodies is dissipated. The largest loss occurs for a perfect-
ly anelastic impact, occurring when the two colliding bodies completely melt into a new entity.  
An alternative approach to simulate the penetration of a rigid body into a deformable granular 
soil stratum has been proposed by di Prisco and Vecchiotti [4]. This approach, conceived in 
the framework of so called macro-element theory,  is capable of providing the trajectory of the 
boulder during the penetration phase and the drag force with time.  In this paper the authors 
propose to simulate the boulder penetration into the reinforced earth-embankment by analyz-
ing separately (i) the local response to the impact and (ii) the subsequent potential kinematic 
mechanisms involving more deeply the protection structure. This method has been applied to 
the real case previously mentioned but was also validated by employing a series of real scale 
experiments test results already published in the literature [13]. 
The design section (Figure 2) of the geogrid reinforced embankment is 3.60m high; the slope 
angle is 71.57° (3v:1h) and the width, at the crest, is 1.50m. Due to the steep existing slope, 
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the back side of the embankment will be constructed with a second step (maximum height: 
3.00m); an horizontal berm, 0.50m wide, divides this slope from the upper one. 
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Figure 2. Geogrid reinforced embankment, design section. 

 

2 BOULDER IMPACT EFFECTS ON REINFORCED EMBANKMENTS 

When a body impacts on the ground, a contact pressure at the body-ground interface devel-
ops. The body penetrates into the ground inducing a local failure mechanism. The boulder 
stops when the kinetic energy at the moment of the impact is completely dissipated by the re-
sistance to penetration of the soil and by irreversible strains within the soil mass adjacent to the 
impact zone. The role of an embankment is to arrest boulders by means of the dissipation of 
kinetic energy as a consequence of the work done on the soil. 
Experimental results suggest that a boulder impact involves in its motion a truncated cone vol-
ume of soil, and that the embankment soil mass reacting to the impact has an average transver-
sal extension of at least three times the characteristic size of the boulder, and a depth of at 
least half of it. Field tests also demonstrates that embankments similar to the one object of this 
study can absorb multiple impacts of over 4000 kJ. The goal of the analyses presented in this 
work is to give an analytical estimation of the impact force and the penetration depth of the 
rock mass during its interaction with the soil-protection system. The horizontal force due to 
the boulder impact is balanced by the frictional force mobilized along the sliding faces, by the 
lateral confining pressures and by the resistance of the involved geogrid zone. Usually, in case 
of boulder impact on the ground, the maximum force of the soil mass on the penetrating body 
is given by the sum of three contributions: a static one, a contribution related to the boulder 
displacement and one related to its velocity: 

• The static term represents the force required for penetration under static conditions, 
remaining in the field of small displacements; 

• The second term takes into account large displacements, again under static conditions; 
• The third term, increasing with the speed, takes into consideration dynamic actions. 
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In order to perform an estimation of the deepening of the crater on the front side and of the 
back side extrusion, it is necessary to identify the type of failure that develops through the em-
bankment, by studying the variation of the impact force over time. The volume of the involved 
material grows with the increasing of the impact force. If the critical force is reached, the 
whole thickness of the structure will be damaged, though downstream extrusion does not nec-
essarily imply structural failure. 

3 GLOBAL FAILURE MECHANISM UNDER STATIC CONDITIONS 

By means of the limit equilibrium theory, it is possible to determine the minimum impact force 
necessary to activate a failure mechanism involving the entire thickness of the embankment. 
The study has been conducted by analyzing different three-dimensional failure mechanisms, 
starting from the very simple case of a single wedge, up to a more complex case modeled with 
six wedges with a “chimney” failure mechanism. 
In the simple “two wedges” mechanism, the first wedge slides along with the boulder and the 
failure surface is inclined by θIN (impact angle, measured from the horizontal); the second 
wedge slides along a plane inclined by β. The wedges are separated by a vertical surface along 
which a frictional force, R, due to sliding, arises. In Figure 3 the forces involved in this failure 
mechanism are shown, being P the weight of the considered wedge, T the shear force on the 
sliding surface, S the lateral confining earth pressure and N the normal force on the sliding sur-
face. 
Studying the equilibrium of the two wedges, it is possible to find the relationship between the 
force F and β, and so finally the value of β (β=23°) generating the minimum force (FMIN=2454 
kN). 
In the “four wedges” mechanism, lateral failure develops along planes forming an angle δ with 
the direction of movement; the two lateral wedges are symmetric with respect to the center of 
the considered volume (Figure 4a) and they can generate a mechanism that tends either to 
open or to close. By minimizing force F, both the opening angle δ and the inclination β are ob-
tained (Figure 4a). The relationship between the force F and β, studied varying the angle δ, 
shows a minimum value of the impact force F (FMIN=2412 kN) when β is 21° and δ is -16°: the 
mechanism tends to close. 
 

 

Figure 3. Forces involved in the two wedges failure mechanism. 
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Figure 4. Three-dimensional “four wedges” failure mechanism (a) and “six wedges” failure mechanism (b). 
 
 
The “six wedges” mechanism considers the possibility that also the lateral failure surfaces of 
the first wedge can have an inclination of an angle α (independent of δ) with the direction of 
movement (Figure 4b). The solution of the equilibrium equations shows a minimum value of 
the force F (FMIN=2399 kN) when α, β and δ are -10°, 20° and -12° respectively: the mecha-
nism tends again to close. 
Finally, in Figure 5a is illustrated the “six wedges chimney-like” mechanism: the portion of the 
embankment involved in the failure mechanism does not extend up to the top of the structure 
but rather to the upper edge of the impacting boulder imprint. Lateral confining pressures act 
on a smaller surface, while the weight acting on the base slip surface is the same as the one in 
the case of six wedges extended to the top of the embankment. The frictional force acting at 
the interface between the upper surface of the moving soil mass and the lower part of the soil 
that is not affected by the impact is also considered. The solution of the equilibrium equations 
gives a minimum value of the force F (FMIN=1813 kN) when α, β and δ are -10°, 25° and -12° 
respectively. 
If the embankment is reinforced with geogrids (Figure 5b), full-scale tests shows how the back 
side extrusion of soil is largely controlled by the presence of reinforcements. The hypothesis is 
that the chosen failure mechanism starts developing along the boulder trajectory until a rein-
forcement is intersected; then, the mechanism tends to follow the reinforcement plane (β =0). 
This leaves a volume of soil that is not involved in the failure mechanism, a wedge included 
between the sliding failure surface and the geogrid layer underneath. The size of this volume is 
very small, so the initial inclination of the failure surface has been neglected. With α ≈ δ ≈ -11° 
a minimum value of FMIN=3308 kN is obtained; this is much higher than the one calculated for 
the unreinforced embankment because the geometry has been modified. 
For the sake of simplicity, the 3D effect of geogrid reinforcement is neglected: that is along 
the transversal direction the reinforcement are assumed non to transfer any force. 
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Figure 5. Three-dimensional six wedges “chimney” failure mechanism without (a) and with(b) geogrid rein-

forcements. 

 

4 LOCAL FAILURE MECHANISM UNDER STATIC CONDITIONS 

By means of the limit equilibrium theory, the force inducing the local failure of the embank-
ment has been calculated. This method is based on the balance of powers under the following 
hypotheses: 

1 the failure behavior of soil follows a rigid perfectly plastic constitutive model and it is 
based on Mohr-Coulomb’s failure criterion; 

2 failure mechanism develops along well defined surfaces and the involved soil volumes 
can be studied as rigid blocks separated by interfaces where the Mohr-Coulomb model 
has been considered; 

3 associated plastic flow rule is assumed, meaning that ϕ’=ψ, where ϕ’ is the internal fric-
tional angle and ψ is the dilatancy angle. 

Even if real failure mechanism is better described by a logarithmic spiral function, an approxi-
mated expression is used for simplicity. The chosen discrete failure mechanism with three 
wedges is shown in Figure 6a. 
 

 

Figure 6. a) Three wedges failure mechanism; b) Representation of velocity vectors; c) Representation of the 

compatibility condition. 

EuroGeo 6 

25-28 September 2016

1564



 
Comparing this failure mechanism to the one of a strip footing moving as a rigid block with 
the first wedge, no relative displacements occur at the interface between the boulder and the 
wedge underneath; therefore the value of V1 is known. The velocities of the other two wedges 
(Figure 6b) can be obtained by means of compatibility equations: from Vi to Vi+1, the compo-
nent of velocities perpendicular to the direction of the relative velocity Vi,i+1 remains un-
changed (Figure 6c). 
 

 

Figure 7. Comparison of numerical (dots) and analytical (line) local failure locus. 

 
 
The minimum force inducing the failure of the embankment is calculated by means of the bal-
ance of powers for different values of angles α and β. 
The internal dissipated power can be obtained as the sum of the powers calculated at every 
failure surface and kinematic discontinuities. Due to the hypothesis of an associated flow rule 
this contribution will be zero. The external dissipated power is given by the combination of the 
force acting on the foundation, by the self-weight of the three moving wedges and by the trac-
tion or pull-out force exerted by geosynthetics. In Figure 7 are shown the results for the local 
failure surface in the (V, H) plane, where V and H are the components of the force along the 
axis relative to the face of the embankment. Results are strongly influenced by the presence of 
geosynthetics and demonstrate that the effect related to the resistance offered by reinforce-
ments is even stronger than the effect due to the force of gravity. 
For the analytical study of the local failure locus, the numerical results have been represented 
in different reference systems. The equation proposed by di Prisco, Nova and Corengia [3] has 
been used: it reproduces the failure behavior of shallow foundations subject to inclined and ec-
centric loadings. A comparison between the numerical and analytical results is shown in Figure 
7. 

5 ESTIMATION OF THE PENETRATION DEPTH AND BACK-SIDE BOULDER 
EXTRUSION 

This last section deals with the estimation of the penetration depth and back side boulder ex-
trusion through a 2D elasto-viscoplastic constitutive model, named BIMPAM (Boulder IM-
Pact Model) [4];the model has been used to reproduce the boulder impact phenomenon and to 
analyze the dynamic interaction between the soil and the boulder. 
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The phenomenon of a boulder impacting on a soil stratum can be represented as in Figure 8, 
where: 

 m1 is the mass of the boulder impacting the embankment + part of the embankment 
moving together with the boulder; 

 v is the viscoplastic parameter considering the mechanism of local penetration of the 
boulder; it takes into account the energy dissipated close to the impact point; 

 K is an elastic stiffness parameter; 
 C is a dissipative viscous parameter; 
 m2 is the mass of the embankment involved by the global failure mechanism. 

 
Figure 8. Schematic one-dimensional representation of the BIMPAM model. 
 
 
According to the classical theories of dynamic penetration with reference to projectiles, the net 
resistance force that develops within the embankment can be interpreted as the addition of the 
following terms: a static component, calculated as a function of the displacement, and a dy-
namic component, function of the boulder velocity, of its cross-section projected in the pene-
tration direction, and of the soil density. According to literature results [7], the dissipative 
component of the resistance force can be neglected. 
The BIMPAM model studies the static and dynamic components of the resistance force. The 
main assumptions of the model are: 

 the boulder is spherical and rigid; 
 the spin rate of the boulder is negligible during the impact; 
 the impacting boulder velocity vector, and the unit vectors normal and tangential to the 

slope belong to the same plane. 
The solving system is found imposing the dynamic equilibrium in the normal and tangential di-
rections. Before compiling the program, some model parameters have to be modified in order 
to adapt them to the considered problem. As a result, different significant graphs for the de-
scription of the phenomenon can be obtained. First of all the displacements in time, along the 
directions parallel and normal to the impact surface. There is a moment (tcrit≈0,057s) in which 
the displacement xn reaches the maximum value and then the trajectory reverses its direction 
(Figure 9); in that moment the boulder velocity becomes zero. The penetration depth in normal 
direction is 0.73m and the tangential displacement is higher (Figure 10). 
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Figure 9. Displacements with time along the normal direction to the impact surface. 

 

 

0

0,2

0,4

0,6

0,8

1

1,2

1,4

0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08

t [s]

u t
 [m

]

 
Figure 10. Displacements with time along the parallel direction to the impact surface. 

 

 

It is also possible to obtain the time variation of the impact force and the comparison between 
this and the force necessary to activate a global failure mechanism (Figure 11). 
In chapter 3 the minimum force that can lead the embankment to failure has been estimated: a) 
without the geogrid reinforcements (Fcrit=1813 kN) and b) by considering their influence on 
the geometry of the failure mechanism (Fcrit=3308 kN). In the last case, the impact force does 
not reach the critical force threshold. This means that the failure mechanism does not propa-
gate through the whole thickness of the embankment. Conversely, in the first case, in corre-
spondence of tcrit≈ 0,007 s, a failure mechanism that involves the entire thickness of the em-
bankment is activated. 
The final step of this study consists in the estimation of soil displacement on the back side of 
the embankment. In order to study the displacements of the whole embankment-boulder sys-
tem, and trying not to overestimate the calculation, the energy dissipation at the impact has 
been taken into account. Whereas the total embankment displacement is calculated by means 
of the energy balance, the variation of the displacement with time is obtained by imposing the 
equilibrium of the projections of the forces along the sliding surface. Energy dissipation during 
boulder impact is calculated from the initial velocity obtained with BIMPAM before global 
failure. The maximum back side boulder extrusion, according to the model prediction, is 
0.09m.(Figure 12). 
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Figure 11. Comparison between impact force (solid curve) and critical force thresholds in case a) dashed line 

and b) dotted line. 

 

 

Figure 12. Displacement of soil on the back side of the embankment during the evolution of time (case b). 
 

6 FULL SCALE TESTS ON GEOGRID REINFORCED EMBANKMENTS 

Several full scale tests have been carried out from 90s to today [1, 10, 13]. 
In order to validate the model described above, the results of the tests performed in the Meano 
test site (Trento – Italy) [13] have been used. The tested reinforced ground wall was specifi-
cally designed for impact tests; the isosceles section was 4.20m in high, the upper and lower 
bases were respectively of about 1.00m and about 5.00m wide. The inclination of the faces 
was kept equal on the two sides, even though reinforced ground walls are usually less steep 
towards downhill, basically for aesthetic reasons. 
The analysis results found in the previous chapter are of the same order of magnitude as those 
observed in full scale tests. The maximum penetration of the embankment onto the embank-
ment observed in situ was 0.60 m vs. 0.73m according to the model prediction. The maximum 
downhill extrusion was 0.17m in the full scale test vs. 0.09m according to the model predic-
tion. 
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7 CONCLUSIONS 

This paper illustrates the application of an original quantitative design procedure for reinforced 
rockfall protection embankments.  This is based on the use of an already conceived constitu-
tive relationship capable of simulating the penetration of rigid spherical blocks into homogene-
ous soil strata. This original model, conceived to simulate the local penetration into an infinite 
deformable half-space, has been put in series with an additional sliding mechanism involving 
the entire embankment and causing its global/partial damage. 
First, to define the additional slider, that is to simulate the embankment damage, its penetra-
tion and in particular to assess the force necessary for the global/partial failure embankment 
mechanism to be activated, numerous failure analyses have been performed by employing the 
wedge method.  Once the activation force is calculated, the soil mass displacement has been 
evaluated by imposing for the entire mass (including the boulder mass) the balance of energy, 
that is the total kinetic energy is equalized to the dissipated energy. 
In a second phase, by means of the model proposed by the authors, the penetration depth and 
the back side soil extrusion has been calculated and compared with those already available in 
the literature and by performing full scale tests. The agreement is quite satisfactory.  Thus it 
can be concluded that the model, in spite of the simplifying assumptions, is capable of satisfac-
torily reproduce boulder impacts on earth-structures, representing a promising and valuable 
tool for evaluating, with a good degree of accuracy, the displacements induced by the impact 
of boulders on reinforced earth-embankments. 
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