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Abstract
A relevant issue in the development of disaster risk reduction strategies is played by design of mitigation measures aimed at 
reducing risk to acceptable values. For rapid landslides, such as debris flows, sheltering structures are very common mitiga‑
tion measures realized in exposed areas that allow to protect elements at risk and to stop flowing mass. For the design of 
these works, the debris flow–structure interaction mechanism is very important. The paper focuses on the evaluation of debris 
flow–structure interaction mechanism in earth reinforced embankments based on an uncoupled analysis of the interaction in 
two flow cases (dominant static and dynamic). In particular, a novel approach to evaluate the horizontal stress distribution at 
different time of the impact phenomenon along the upstream face height of deformable sheltering structures considering the 
dominant flow component has been proposed. First, impact force over the time against structure is calculated. Subsequently, 
assuming that debris flow is completely stopped by embankment according to a scheme of accumulation of material behind 
the obstacle, the deformative response of different geometrical types of embankment is obtained by FEM numerical analysis 
for considered flow cases. The results of numerical analyses are discussed in terms of horizontal displacements in different 
control points in sheltering structures. The analysis showed that the deformative response of two geometries of embankments 
depends on dominant static or dynamic components of impact force.

Keywords Risk mitigation · Deformable structures · Debris flow–structure interaction · FEM analysis

Introduction

Debris flows are rapid landslides in which a large volume of 
a highly concentrated viscous soil–water mixture moves in a 
steep channel or along a slope. They are sharp transient phe‑
nomena characterized by periodic surges of soil and water 
(thoroughly mixed) separated by periods of relatively low 
or zero flow. The channeled debris flow may initiate by a 
shallow sliding failure, debris avalanche or rock fall from a 
steep slope with generally small initial mobilized volume. 
During its movement through the channel, the landslide 
mass accelerates and entrains water and soil increasing its 
volume. Debris flow can cause considerable damage, have 
relevant societal impact, and represent a permanent hazard 
in many regions especially at the toe of the hills where they 
usually accumulate and where people live (element at risk) 
because the extensive flat areas favor intense urbanization. 
For these phenomena, the quantitative assessment of sus‑
ceptibility by means of physically based models represents 
a key step for risk analysis and for risk mitigation meas‑
ures [1–4]. Regarding mitigation works, the attention of 
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several scientists focuses on debris flow sheltering structure 
(deformable or rigid) design to locate in the exposed areas. 
These structures allow to protect the element at risk reduc‑
ing the runout distance, the debris velocity, and to stop the 
debris flow decreasing residual destructive power (Fig. 1).

The design of these “debris‑arresting” structures is 
based on the estimation of the magnitude of the design 
event, debris flow mobility, and impact load. According 
to main international codes and guidelines [5], the impact 
force exerted by flowing material on a structure is estimated 
mainly using empirical formulas. Among these, the most 
commonly used approaches are the following models:

• Fluid‑based, hydrostatic and hydrodynamic models [6–
8];

• Hybrid, a combination of previous ones [9];
• Discrete element approach [10].

In the hydrostatic approach, the impact force depends on 
debris flow height and soil unit weight, and the pressure pro‑
file with depth on the structure is linear (triangular shape). 
In the hydrodynamic approach, the impact force depends on 
debris flow velocity and it is schematized as a constant pres‑
sure profile (rectangular shape) on the structure.

A simplified relationship of a fluid‑based model proposed 
by Gioffrè et al. [9] was proposed to evaluate the impact 
force with time (F) by adding the static force (Fstat) to that 
dynamic (Fdyn) one.

Calvetti et al. [10] proposed a new formulation of impact 
force based on results of discrete element method analysis 
that is able to take into account the geometry, the Froude 
number, and the porosity of the flowing mass.

Debris flow–structure interaction mechanism is an 
actual issue and the complexity of behavior of flow‑like 
material against the structure is also affected of the rela‑
tive stiffness between debris flow mass and protective 
structure.

Independently on the adopted approaches, the most part 
of the authors estimates the maximum impact force acting on 
the structure without considering the evolution with time of 
this force and its application position on the sheltering struc‑
ture. Some researchers [11–14] have proposed a simplified 
approach in which the position of force application is gener‑
ally chosen according to the assumed pressure profile along 
the structure. The evolution with time of the accumulation 
area behind the protective structure is neglected assuming 
an equivalent rectangular solid‑like body that it is supposed 
to be completely stopped by the sheltering rigid structure. 
In this context, the paper proposes an approach to analyze 
debris flow–structure interaction mechanism for deformable 
sheltering structures. The novelty of the approach is to eval‑
uate the impact pressure against sheltering structure at any 
instant of time of the phenomenon and along the upstream 
face height of the deformable sheltering structure depending 
on the dominant flow component. To obtain a simple design 
methodology for these structures, an uncoupled analysis of 
landslide structure interaction is developed. In particular, the 
impact force over time (static and dynamic components) on 
the structure is calculated considering the variation of debris 
flow velocity and thickness over time obtained by numerical 
simulations of landslide propagation. Consequently, static 
and dynamic components of impact force change both in 
value and application position along upstream face of shel‑
tering structure. Based on the estimation of two components 
of impact force and on a conceptual scheme of accumula‑
tion of material behind the obstacle, deformative response of 
sheltering structure is obtained by FEM numerical analysis.

Materials

Considering that debris flows are dynamic phenomena, 
the evolution with time of the impact force has been ade‑
quately taken into account for the evaluation of the distri‑
bution of pressures on the sheltering structure.

A simplified relationship of a fluid‑based model pro‑
posed by Gioffrè et al. [9] has been used to calculate the 
impact of force with time (F) by adding the static force 
(Fstat) to that dynamic one (Fdyn) at different times of the 
impact, as follows:

The static component is given by:

(1)F(t) = Fstat(t) + Fdyn(t).

Fig. 1  Scheme of the effect of the sheltering structures as mitigation 
measures against debris flow
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where γ is soil unit weight, Kp is the passive earth pressure 
coefficient under critical state conditions, Sstat is the static 
debris flow height, and w is storage area width.

The dynamic component Fdyn is given by:

where A is the impact area, k an empirical coefficient, ρ is 
the density of the flowing mass, v is the flow velocity, and 
Sdyn is the current debris flow height.

In the paper, 2D conditions have been considered (w 
equal to 1), and Kp and k have been considered equal to 3 
and 5, respectively.

Moreover, assuming that debris flow is completely 
stopped by the sheltering structure, debris flow height and 
velocity vary with time and as a result, the application posi‑
tion of static and dynamic components of impact force 
changes along upstream face of sheltering structure.

The debris flow velocity and thickness strongly influ‑
ence the value assumed by the impact force (Eq. 1). Indeed, 
extremely rapid debris flows generally show high values of 
dynamic component (Eq. 3) and smaller values of the static 
one (Eq. 2). When the velocity is lower, but yet compatible 
with that of rapid landslides, the static component (Eq. 2) 
assumes value higher than the dynamic one (Eq. 3). The 
maximum values reached by the debris flow thickness accu‑
mulated on the upstream side (impact side) of the structure 
and debris flow velocity and, as a result, the magnitude of 
impact force is strongly depending on these situations.

To consider the influence of the static and dynamic com‑
ponents on deformative response of sheltering structures, 
two cases, named case 1 (C1) and case 2 (C2), have been 
analyzed considering the debris flow velocity and thick‑
ness trends over time. Figure 2 shows debris flow height 
and velocity assumed for case 1 (C1) and case 2 (C2). In 
particular, the trend debris flow height–time was assumed 
equal for both considered cases (Fig. 2a), while two different 
trends of debris flow velocity–time (Fig. 2b) were assumed 
for the two different analyzed cases.

Case C1 is typical of debris flows characterized by a static 
component that is prevalent on the dynamic one (static dom‑
inant). It is assumed that, in C1, the value of the thickness 
mass deposited on the back of the sheltering structure over 
the time is regularly increasing, and at the final time (tf), 
when it reaches the maximum value, it is equal to 3.0 m 
(Fig. 2a). In this case, the debris flow cinematic is character‑
ized by two velocity peaks, the first one equal to 5 m/s and 
the second one equal to 4 m/s (Fig. 2b, blue line).

Case C2 is typical of debris flow with dynamic com‑
ponent that is prevalent to the static one (dynamic domi‑
nant). In this case, considering the same evolution of the 

(2)Fstat(t) =
1

2
�KpS

2
stat

w,

(3)Fdyn(t) = k�v2A = k�v2Sdynw,

thickness mass deposited over the time on the upstream face 
of the structure of static dominant case (Fig. 2a), the debris 
flow kinematic is characterized by two velocity peaks, the 
first one equal to 10 m/s and the second one equal to 6 m/s 
(Fig. 2b, red line).

Figure 3 shows the evolution of impact forces over time 
calculated by Eq. (1) in two considered cases considering the 
trends of debris flow height and velocity shown in Fig. 2. In 
particular, blue line refers to static dominant case (C1) and 
red line refers to dynamic dominant case (C2).

According to safe estimation of the peak impact force, the 
impact load is assumed to be completely transferred to the 
structure without dissipation and the stiffness and the inertial 
resistance of the artificial structure are neglected [15].

Because the debris flow height and velocity trends are 
known, the component Fstat and Fdyn trend has been cal‑
culated by Eqs. (2) and (3) and the application points on 

Fig. 2  Debris flow height a and velocity b assumed for two consid‑
ered cases
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the structure have been determined assuming a scheme of 
accumulation of material behind the obstacle.

An earth reinforced embankment has been considered as 
sheltering structure and the influence of different geometries 
of structure has also been investigated by means of FEM 
analyses considering two different embankments.

Table 1 summarizes geometric features of two structures. 
Figure 4 shows two earth reinforced structures that have 
been considered in the analysis, named type R1 and type R2.

The earth reinforced structures are both 5 m high and are 
reinforced by geogrids wrapped around the face with 0.50 m 
vertically spacing.

The type R1 structure has the upstream side (impact side) 
inclined 90° and the valley side inclined 63°. The top is 6 m 
width, and the base is 8.5 m large.

The type R2 structure has the upstream (impact side) and 
downstream sides inclined 63°. The top is 6 m width, and 
the base is 11 m large.

In the numerical analysis, a soil, classified as gravel with 
sand, has been considered both as filling material of earth 
structure and as soil foundation. Soil properties are sum‑
marized in Table 2.

Here γ is the unit weight of soil; cꞌ is the cohesion; ϕ is 
the friction angle; ν is the Poisson coefficient; G0 is the soil 
initial shear modulus.

The earth reinforced structure is made by HDPE 
extruded geogrid with a tensile modulus about equal to 

1200 kPa. Geogrids are one of the most common types of 
geosynthetics used for soil reinforcement. The use of geo‑
synthetics has unique advantages over other soil strength‑
ening techniques, due to technical, economic, and sus‑
tainability reasons (e.g., simplicity of construction, lower 
transportation costs, low emission, wide range of physical 
and mechanical properties, etc).

The redistribution of internal stresses within rein‑
forced soil mass and its deformations depend on soil shear 
strength, reinforcement tensile strength and stiffness, and 
on interface stress mechanisms between soil and rein‑
forcement. If the type of reinforcing material, geometrical 
shape, and mechanical properties change, the soil–geo‑
synthetic interaction mechanisms vary. Therefore, the use 
of geosynthetics as reinforcement requires a clear under‑
standing of soil–geosynthetic interaction behavior.

Fig. 3  Total force calculated in two analyzed cases

Table 1  Geometric features for different earth reinforced structures

Type b [m] B [m] H [m] α [°] β [°]

R1 6.0 8.5 5.0 90° 63°
R2 6.0 11.0 5.0 63° 63°

Fig. 4  Geometries of analyzed earth reinforced structures: type R1 
and type R2

Table 2  Soil properties

γ [kN/m3] c´ [kN/m2] φ [°] ν [–] G0 [kN/m2]

21 0.0 53 0.3 280
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This interaction depends on the apparent interface coeffi‑
cient of friction (μ) that can be obtained by pullout tests [16]. 
This coefficient has important implications on the design of 
geosynthetic reinforced structures.

In the numerical analysis performed, an average value 
equal to 0.9 has been used according to the experimental 
tests obtained by Moraci and Cardile [17] for the same inter‑
face (HDPE extruded geogrid—gravel with sand) considered 
in this paper.

Methods

The proposed approach for evaluating the deformative 
response of sheltering structures under the debris flow 
impact assumes that the accumulation behind the structure 
occurs and the structure is not overtopped by the flow (the 
height of impact is always lower than the height of the struc‑
ture). By this way, it is possible to assess the distribution 
horizontal stress over time based on the scheme of accu‑
mulation of material behind the obstacle shown in Fig. 5 
considering different impact times such as the first impact 
(t0), impact at generic time (t), and final condition (tf).

According to this scheme, the stress distribution due to 
the debris flow impact against obstacle is obtained by values 
of the following parameters varying during accumulation 
behind the obstacle: the dynamic component of impact force 
Fdyn, the thickness of dynamic component Sdyn, the applica‑
tion position of dynamic component Ydyn assuming a rec‑
tangular stress distribution, the static component of impact 
force Fstat, the thickness of dynamic component Sstat, and 
the application position of static component Ystat assuming 
a triangular stress distribution.

The method may be summarized as follows:

• Dynamic (Fdyn) and static (Fstat) impact force component 
evaluation for each time (i) of the impact using velocity 
(v) and height (h) trends of the debris flow behind the 
obstacle (e.g., obtained as output of numerical propa‑
gation analysis of debris flow with obstacle presence), 
according to the following expressions:

• Evaluation of the horizontal stress history (σx) for each 
point along upstream face of earth reinforced structure 
(ERS) as sum of two contributions (static and dynamic), 
assuming a triangular stress distribution for Fstat and a 
rectangular stress distribution for Fdyn:

where

  For example, referring to case 1 and earth reinforced 
structure R1, Fig. 6 shows horizontal stress distribution 

(4)ydyn i
= hi−1 +

(

hi − hi−1
)

2

(5)Sdyn i
= hi − hi−1

(6)Fdyn i
= k�v2

i
A = k�v2

i
Sdyn i

w

(7)ystat i =
hi−1

3

(8)Sstat i = hi−1

(9)Fstat i
=

1

2
�kpS

2
stat i

w.

(10)�x(y, t) = �x(y, t)stat + �x(y, t)dyn,

(11)�hor(y, t)stat =
2Fstati

Sstati

(

1 −
y

Sstati

)

(12)�hor(y, t)dyn =
Fdyni

Sdyni

.

Fig. 5  Scheme of material accumulation and impact force distribution 
behind the structure
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at different time t and horizontal stress history fortwo2 
points along upstream face of earth reinforced structure.

• Assessment of the deformative response of earth rein‑
forced structures by 2D FEM analysis using RS2‑Geo‑
science [18], considering the stress histories (σh, t) along 
the upstream face previously obtained. In the paper, the 
analyses have been carried out using a triangular ele‑
ment mesh with the average size of the elements equal to 
0.25 m with the smallest elements (about 0.15 m) along 
the geogrids and the upstream face. The suitability of the 
mesh adopted in the analysis has been verified through a 
mesh sensitivity analysis.

The FEM analyses were performed considering drained 
soil conditions. Different phases have been considered in the 
FEM analysis such as the initial stress conditions (equiva‑
lent to stage of construction of the structure), impact stress 
conditions (dynamic analyses), and final stress conditions. 
The soil has been considered as a linear elastic‑perfectly 
plastic material and the soil strength parameters have been 
expressed in terms of shear strength angle and cohesion 

as reported in Table 2. To take into account soil nonlinear 
behavior, dynamic analyses have been performed consider‑
ing the effect of confining pressure (σꞌ0) and uniformity 
coefficient (Cu) on G/G0 versus shear strain according to a 
simplified approach for shear‑modulus degradation of com‑
pacted soils proposed by Rollins et al. [19]. The analyses 
have been carried out using values of G0 equal to 280 MPa, 
σꞌ0 equal to 100 kPa, and Cu equal to 20.

Geogrids were modeled by means of linear elastic and 
isotropic elements and as apparent interface coefficient of 
friction (μ) for the interface elements has been used that 
obtained by Moraci et al. (2014) for similar interfaces.

FEM Analyses Results and Discussion

FEM analyses results have been analyzed in terms of dis‑
placements obtained in different control points in the struc‑
tures (Fig. 7) to catch the horizontal displacements in the 
upstream (impact side) and downstream faces and along a 
vertical section passing from the center of the top of earth 
reinforced structures.

Fig. 6  Horizontal stress distribution at different time a and horizontal stress history at two points b along upstream face of earth reinforced struc‑
ture
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The numerically analyzed combinations in terms of domi‑
nant component of flow and geometry of embankment are 
summarized in Table 3.

The obtained results in terms of horizontal displace‑
ments for the considered structures in examined cases C1 

(static dominant component) and C2 (dynamic dominant 
component) at the end of the impact are shown in Fig. 8.

The maximum horizontal displacements occur in the 
top of the structures and the structures slide predominantly 
over the base soil (Fig. 8). The maximum horizontal dis‑
placements (1.3 ×  10–1 m and 2 ×  10–1 m) occur when the 
dynamic component is larger than the static one for both 
structures (R1–C2 and R2–C2).

In the case R2–C2, it is possible to observe large hori‑
zontal displacements throughout the structure and the 
impact causes local displacements at the bottom upstream 

Fig. 7  FEM models: mesh and control points

Table 3  Numerically analyzed 
combinations

Embank‑
ment/flow

C1 C2

R1 R1–C1 R1–C2
R2 R2–C1 R2–C2

Fig. 8  Horizontal displacements obtained by numerically analyzed combinations
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face near the base similar to impact occurring for indi‑
vidual boulders (Fig. 8).

Figure 9 shows the trend of the maximum horizontal dis‑
placement over time at control point C (located in the down‑
stream top of embankments) in the two considered cases (C1 
and C2) for the structures (R1 and R2).

From Fig. 9, it can be noticed that horizontal displace‑
ments increase over time immediately after the first impact 

(t = 0), then they decrease and subsequently increase again. 
Moreover, larger horizontal displacements occur when the 
flow has a prevalent dynamic component C2 (dashed lines 
in the figure) and the maximum values are obtained for the 
combination R2–C2. Besides, in the case of flow with a 
prevalent dynamic component (C2), there are relevant dif‑
ferences between the horizontal displacements obtained for 
earth reinforced structure R2 (red line) and those for earth 
reinforced structure R1 (blue line). On the contrary, in the 
case of flow with a prevalent static component C1 (solid 
lines in Fig. 9), the displacements are larger in earth rein‑
forced structure R1 than those in earth reinforced structure 
R2 and they are not very different.

Figure 10 shows the trend of the average horizontal dis‑
placement over time at the base of the embankments (R1 and 
R2) in the two considered cases (C1 and C2).

It can be noticed that the horizontal displacements 
increase immediately after the first impact (t = 0), then 
decrease and subsequently increase with peaks less evident 
than those observed at the top of structures (Fig. 9).

The largest horizontal displacements occur when the flow 
is with prevalent dynamic component C2 (dashed lines in the 
Figure) and are maximum in the case of the structure with 
internal inclined side (R2). Moreover, in the case C2, there 
are differences between horizontal displacements recorded 
for R2 and those recorded for R1. In the case of the prevalent 
static component C1 (solid lines), the differences between 
the displacements are low or null (R1–C1 and R2–C1).

Figure 11 shows the trend of horizontal displacements 
with depth along three sections upstream face (impact side) 
(Fig. 11a), vertical section passing from the center of the top 
of earth reinforced structure (Fig. 11b) and downstream face 
(Fig. 11c) of embankment 1 at different times, immediately Fig. 9  Maximum horizontal displacement (point C)

Fig. 10  Average horizontal 
displacement at the base of the 
structures
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after the impact (t = 1 s), at second impact (18 s), at the end 
of the process (40 s) in the two flow conditions considered 
C1 and C2.

It can be noted that horizontal displacements are always 
larger in case C2 (red lines) than those of case C1 (blue 
lines). The displacements decrease moving from the top to 
the base of the structure and in the case C2 at t = 1 s, the 
structure already slided significantly over the base soil in 
all considered sections. At the same time, the difference 
between the horizontal displacements in the three considered 
sections is reduced at the base of the embankment (z = 5 m).

The maximum value of horizontal displacement (equal 
to 0.119 m) is reached at 2.5 m (40 s case C2) in the down‑
stream face of structure (Fig. 11c).

Figure 12 shows the trend of horizontal displacements 
with depth in the two considered flow conditions C1 and 
C2 along three sections upstream (Fig. 12a), vertical sec‑
tion passing from the center of the top of earth reinforced 
structure (Fig. 12b) and downstream faces (Fig. 12c) of 
embankment 2 at different times, immediately after the 
impact (t = 1 s), at second impact (18 s), at the end of the 
process (40 s).

It can be noted that horizontal displacements are always 
larger in case C2 (red lines) than those of case C1 (blue 
lines). Regardless the flow conditions, as time varies, the 
values obtained immediately after the impact (t = 1 s) are 
slightly different from those obtained at the end of the 
impact (40 s), thus highlighting that the most important dis‑
placements occur immediately after the first impact.

In case C1, the displacements increase in the three sec‑
tions considered as time increases. At the same time, the 
reached horizontal displacements are generally greater in 
the first 4 m of depth and are reduced at the base (z = 5 m).

In case C2, the structure already slided significantly 
over the base soil in all considered sections. The upstream 
section is the most stressed at 4 m considering the type of 
impact that the flow C2 produces (similar to the impact of 
a block); here the maximum value of horizontal displace‑
ment is reached at 4 m (at 40 s) and it is equal to 0.190 m 
(Fig. 12a). This value also is the maximum one obtained in 
all performed simulations.

Figure 13 shows the trend of the horizontal displacements 
along the vertical section passing from the center of the top 
of earth reinforced structures (R1 and R2) due to the flow 
to the dominant static component (C1) at different times 
immediately after the impact (t = 1 s), at intermediate time 
(t = 18 s), and at the end of the impact (40 s).

It can be noted that in case C1, there are generally small 
differences of displacements along the vertical sections pass‑
ing from the center of the top of two earth reinforced struc‑
tures and the differences become evident especially at the top 
rather than at the base. In particular, at the end of the process 
(40 s) at the base, there are greater displacements in the case 

Fig. 11  Horizontal displacements along the sections of structure R1. 
a upstream face; b vertical section passing from the center of the top; 
c downstream face
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of the structure R1 (horizontal displacement = 0.013 m) than 
those of the structure R2. The maximum displacements are 
equal to 22 mm at 40 s.

Figure 14 shows the trend of the horizontal displacements 
along the vertical section passing from the center of the top 
of two earth reinforced structures R1 and R2 due to the 
dominant dynamic component flow (C2) at different times 
immediately after the impact (t = 1 s), at intermediate time 
(t = 18 s), and at the end of the process (40 s).

Figure 14 shows that when the dynamic component is 
prevalent, the greatest horizontal displacements (0.16 m) are 
obtained along the vertical section passing from the center 
of the top of earth reinforced structure with an upstream 
inclined face (R2). Besides, a translational sliding similar to 
the sliding of a rigid block in the embankment with a vertical 
face (R1) at the base is evident.

Conclusion

The paper proposed a novel approach to evaluate the impact 
stress against deformable sheltering structure at any instant 
of time of the phenomenon along the upstream face height 
of the structure depending on the dominant flow compo‑
nent. For this purpose, different deformative mechanisms of 
earth reinforced embankments have been observed for the 
analyzed combinations of flow and embankment. The main 
conclusions can be summarized as follows.

Fig. 12  Horizontal displacements along the sections of structure R2. 
a upstream face; b vertical section passing from the center of the top; 
c downstream face

Fig. 13  Horizontal displacement in the vertical section passing from 
the center of the top of two earth reinforced structures R1 and R2 for 
case 1 (C1)
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– The reinforced structure slides over the base soil when 
the dynamic component of impact force is prevalent 
respect to the static one. Local displacements have been 
observed near the bottom of upstream face of R2 struc‑
ture similar to those due to impact of individual boulders 
in the combination R2–C2.

– Flows characterized by a dynamic component that is 
prevalent to the static one (C2) (dynamic dominant) pro‑
vided in all analyzed cases the highest horizontal dis‑
placements independently on type of considered struc‑
ture.

– In the C2 case, the variation of horizontal displacements 
along the vertical sections passing from the center of 
the top of earth reinforced structures R1 and R2 over 
the time has shown that the history of the impact forces 
causes large horizontal displacements (in the range 
0.07–0.19 m) that are maximum at the top and minimum 
at the base (Figs. 11, 12). It has been observed that the 
larger amount of the displacements occurs already at the 
moment of the first impact (at t = 1 s).

– In the C1 case, the variation of displacements along 
the vertical sections passing from the center of the top 
of earth reinforced structures R1 and R2 over the time 
showed that the history of the impact forces causes 
small horizontal displacements (ranging from 0 to 
0.03 m). Also in this case, the maximum horizontal dis‑
placements occur at the top while the minimum value 
is at the base. Moreover, in the case of flow with domi‑

nant static component (C1), at the same instant of time, 
there are no differences in the horizontal displacements 
at the top of two different structures (R1 and R2) while 
these displacement differences increase with the depth 
and become maximum at the base (Fig. 13). There‑
fore, in the case of a dominant static component, the 
geometry of the embankment has negligible effects on 
the horizontal displacements. As shown by the small 
displacements observed at the base (less than 0.01 m), 
sliding does not occur at the base of the embankments 
(R1 and R2).

– In the case of the dominant dynamic component (C2), 
at every instant of time, there are significant differences 
in the horizontal displacements due to the geometry of 
the embankment (R1 or R2) (Fig. 14). In this case, a 
sliding has been observed at the base for both the ana‑
lyzed geometries (R1 and R2) with large displacement 
ranging from 0.075 m (R1) to 0.15 m (R2). The greatest 
horizontal displacements are obtained along the verti‑
cal section passing from the center of the top of earth 
reinforced structure with an upstream inclined face 
(R2). Therefore, in the case of dominant dynamic com‑
ponent, the deformative response is strongly dependent 
on the embankment geometry.

– The results obtained by numerical analyses have pro‑
vided useful indications on the importance of the 
geometry of the structure and of type dominant com‑
ponent of impact force on the displacement response of 
a reinforced embankment subjected to a flow impact.

Finally, the design of sheltering structures in exposed 
areas represents a societal relevant aspect and the results 
obtained in this study in the analyzed cases have provided 
important knowledge for the design of mitigation struc‑
tures in such areas.
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