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The evaluation of impact forces exerted by flowing granular masses on rigid obstacles is of fundamental 
importance for the assessment of the associated risk and for the design of protection measures. Empirical 
formulae are available in the literature estimating the maximum impact force; most of them are based on over-
simplifying hypotheses about the behaviour of the granular material. For practical applications, formulations 
based on either hydrodynamic or elastic body models are often employed. These formulations require the use of 
empirical correcting factors. In this paper, the same DEM method is used to investigate the relationship between 
the evolution with time of the impact force and the micromechanics of the granular mass. In fact, considering 
the dynamic nature of impacts, the impulse value is fundamental for the dynamic response of the barrier, and the 
mere information about the maximum impact force is not sufficient to design protection works, or assess the 
vulnerability of structures. Information about contact forces and particle velocities will be discussed and 
critically compared with macroscopic results. In order to progressively introduce the complexity of the impact 
phenomenon, four geometrical and mechanical conditions are considered: (a) vertical front, confined flow, 
bonded material; (b) vertical front, confined flow, purely frictional material; (c) vertical front, free surface flow, 
purely frictional material; (d) inclined front, free surface flow, purely frictional material.
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1 Introduction

The design of shelters for rapid landslide risk mitigation is

based on the evaluation of the force exerted on them by the

flowing material. Considering the dynamic nature of

impacts, the evolution with time of the impact force should

be used in design. However, in most practical approaches

and standards, a pseudo-static approach is very often con-

sidered: the maximum impact force is estimated by using

empirical formulae and is quasi-statically applied to the

barrier. These empirical formulae are based on either

hydrostatic [4, 17, 18, 27, 28], hydrodynamic

[3–5, 14, 16, 17, 21, 28, 31], hybrid [3, 13, 17] or boulder

impact theories [14, 17, 20, 21] and when used to match

real case histories, require the introduction of highly dis-

persed empirical coefficients [8, 9]. For this reason, their

application for prediction and design is highly

questionable.

In order to highlight and overcome the limitations of

these approaches, the DEM has been largely employed to

simulate the impact of dry granular flows on rigid obstacles

and to evaluate accurately the value of the impact force. In

particular, Teufelsbauer [30] observed that the DEM rep-

resents a suitable numerical tool for the simulation of such

phenomena, and good agreement between laboratory and

DEM numerical results can be obtained. In Shen et al. [29],
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the DEM was employed to study accurately the dynamic

interaction between an inclined barrier and the granular

flow as well as the energy dissipation mechanisms during

the impact. In Albaba et al. [1], the variation of the impact

force values along the height of the rigid obstacle has been

studied. In order to better understand the impact mechan-

ics, very recently, the authors have performed an extensive

numerical campaign by using a discrete element (DEM) 3D

model [7]. A number of design factors determining the

impact force, namely the geometry of the sliding mass

(length, width and flow height, inclination of the front) and

the impact velocity, have been considered. The simulations

also allowed assessing the effect of other relevant param-

eters such as the velocity profile along the vertical and the

granular mass porosity. On the other hand, the sand friction

angle does not significantly influence the value of the

maximum impact force [10, 23].

In the simulations, only the mere impact is considered,

while the propagation phase is disregarded. Therefore, the

model is generated just in front of the obstacle with the

chosen geometry and properties, and impact velocity is

imposed as initial condition. In this paper, the same

approach is adopted, see Sect. 2 for further details. Such

approach has the advantage of precisely defined impact

conditions, which is necessary for a reliable interpretation

of the results. On the negative side, the impact conditions

may seem somehow artificial, in that they are not the

outcome of a runout simulation performed on the same

material. However, the extent of the study covers the range

of data reported from the observation of real debris flow

events [2, 7, 15, 24, 26] in terms of impact velocity

(4–50 m/s), velocity profile (constant, linear, parabolic),

mass porosity (0.45–0.65), front inclination (30–90�) and
flow height (1.5–7.5 m). Ahmadipur and Qiu [2] demon-

strated, through a series of 2D flume laboratory tests, that

the velocity of the flow at the impact time can be inferred

from the slope angle, the sliding distance and the initial

density of the mass, since these quantities have an effect on

the initial potential energy, converted into kinetic energy

during the propagation stage. Nevertheless, the role of

granular temperature/velocity fluctuations, although the

authors are perfectly aware of its importance [25], is

hereafter, for the sake of simplicity, disregarded.

The results have been so far interpreted from a macro-

scopic point of view in terms of maximum impact force. A

new design formula has been introduced accordingly, and

the maximum average dynamic pressure (DpMAX) exerted

by the granular mass has been written as:

Dpmax ¼ a1
1

2
qsuMu0 þ a2

1

2
qsu

2
0 ð1Þ

where u0 is the impact velocity, uM is the propagation

velocity of compression waves within the impacting mass

and qs is the unit mass of the grains. The first term of Eq. 1

is linear with u0 and depends on the stiffness and density of

the material. This term corresponds to the pressure exerted

by the impact of a deformable body on a rigid obstacle. The

second term, independent of uM, is quadratic with u0 and is

analogous to the dynamic pressure exerted by a fluid. The

two non-dimensional coefficients a1 and a2, defining the

relative weight of the two components, are a function of

material stiffness and front inclination [7].

Although such finding is very interesting and useful

from a practical point of view, the DEM model can provide

much more insight into the micro-mechanism (at the scale

of the grain) determining the global behaviour [12].

Moreover, information about the duration of impacts,

which are dynamic phenomena, is crucial from a design

point of view. For this reason, a new set of simulations

have been performed and interpreted both from a

micromechanical and global (macroscopic) point of view.

Even though flexible barriers are becoming popular all

around the world [22], in this work, the obstacle is assumed

to be rigid. With respect to flexible barriers, an upper

bound of the impact force is obtained and the simpler

conditions allow to study in detail the complex mechanics

of the deforming granular mass during impact.

2 DEM model

The numerical simulations are performed using the code

PFC3D 4.0 [19]. The geometry of the DEM model is

represented in Fig. 1. As in Calvetti et al. [7], the granular

mass is assumed to be dry and represented by an assembly

of polydisperse spherical particles of unit weight cg
(Table 1). A linear force–displacement contact law, set in

series with a slider obeying the Coulomb’s friction law in

the tangential direction, has been employed. The values of

the normal and shear particle stiffnesses kn/D and ks/D and

the interparticle friction coefficient lg are reported in

Table 1. Particle rotation has been inhibited to reproduce

the response of real soils, where particles are not spherical

[6, 7]. No numerical damping is used in the simulations. In

order to simulate elastic impacts (Sect. 3.1), unbreakable

normal and shear bonds (with shear and tensile strength of

the order of 1010 kN) are added to each contact between

particles, so that all sources of non-reversible deformation

are inhibited. All the mechanical properties of the particles

and of the assembly are listed in Table 1.

The obstacle is represented by a vertical rigid and

massless wall of height H = 6 m and friction coefficient

lw. The mass flows on a horizontal wall with friction lb.
Plane strain conditions are imposed by confining the flow

between two smooth lateral wall elements. The thickness of

the channel is equal to 8 D, in order to prevent boundary



effects and to limit the number of particles in the model [7].

In order to simulate impacts under confined conditions (see

Sects. 3.1 and 3.2), a horizontal smooth rigid wall is added

on the top of the model to prevent vertical displacements of

particles.

2.1 Simulation procedure and analysis of results

The simulations reproduce the impact process only, while

both triggering and propagation phases are disregarded.

The modelling procedure consists in the following

stages:

1. The impacting granular mass is generated just in front

of the obstacle with the prescribed granular size

distribution. The porosity is assumed to be initially

uniform within the grain mass and equal to n = 0.45. A

discussion of the effect of initial porosity is in Calvetti

et al. [7] and Ceccato et al. [10].

2. The assembly is relaxed under zero gravity. At the end

of this stage, no contact forces are present in the

granular assembly.

3. The interparticle friction, gravity and the initial impact

velocity u0 are assigned to all particles. The velocity

profile is assumed to be initially uniform within the

assembly. The effect of the initial velocity profile is in

Calvetti et al. [7].

4. The impact is simulated and the evolution of the

impact force is monitored.

Further details about the model, simulation procedure

and preliminary analyses are presented in Calvetti et al. [7].

In order to interpret the results, a number of non-di-

mensional variables have been introduced and will be used

in the following. f* is the impact force f normalised by the

static force fs exerted on the obstacle by a fluid with a unit

weight equal to the unit weight of grains (fs ¼ 1=2csh
2b);

t* is time t normalised by the duration tM of the collision

between two grains of diameter D and mass mg

(tM ¼ p=
ffiffiffiffiffiffiffiffiffiffiffiffiffi

kN=mg

p

):

f � ¼ f

fs
; t� ¼ t

tM
ð2Þ

3 Numerical results: vertical front

In order to progressively analyse the complexity of the

impact phenomenon, four series of simulations are per-

formed. They are characterised by the following geomet-

rical/mechanical conditions: (a) vertical front, confined

Fig. 1 3D view of the DEM model with test conditions

Table 1 Model properties

Average grain diameter, D (m) 0.3

DMAX/DMIN 2.4

Particle unit weight, cg (kN/m
3) 2.6

Normal contact stiffness kn/D (MPa) 300

Shear contact stiffness ks/D (MPa) 75

Contact friction coefficient lg 0.3

Base friction coefficient lb 0.3

Obstacle friction coefficient lw 0.6

Porosity 0.45

Bulk density, q (t/m3) 1.43



flow, elastic material; (b) vertical front, confined flow;

(c) vertical front, free surface flow; (d) inclined front, free

surface flow. In this section, the results of the simulations

are analysed and the relationship between macroscopic

results and the evolution of microscopic data (particle

velocity and displacement, contact forces) is illustrated. In

all simulations, reference initial conditions of Fig. 1 are

adopted: flow height, h = 3 m; flow length L = 15 m;

impact velocity u0 = 8.8 m/s. Front inclination, a ranges

between 30� and 90�.

3.1 Confined flow, bonded material

This condition corresponds to a 1D elastic impact and is the

simplest from a geometrical and mechanical point of view.

For this reason, in the confined case, gravity has not been

introduced in the model. Although this case is not realistic,

it is very useful for interpreting the underlying mechanics

and for comparing the results with the theoretical elastic

solution.

The trend of the impact force (Fig. 2a) is characterised

by a horizontal plateau which is attained quite rapidly,

followed by a rapid decrease to zero.

In Fig. 2b, the evolution of the kinetic energy (Ekin), the

elastic stored energy (Eel) and the dissipated frictional

energy (Ef) are reported, normalised with respect to the

initial energy E0 of the system. Ekin is computed as the sum

of the kinetic energy of all particles, Eel is the sum of

elastic energy stored in all normal and tangential contact

springs and Ef is the time integral of the incremental work

of the tangential force at all sliding contacts [19].

During the impact, the initial kinetic energy of the

system (Ekin = E0) is exchanged with the elastic energy

stored in contacts (Eel). Thanks to bonds, no energy is

dissipated by contact friction (Ef = 0). In the first phase of

the impact (t*\ 50), the initial kinetic energy is progres-

sively transformed into elastic energy (Fig. 2b). Note that

the storage of elastic energy takes place essentially under a

constant impact force. At approximately t* = 50, kinetic

energy nearly nullifies (the velocity of all particles is vir-

tually zero) and is stored in contacts. After t* = 50, the

stored elastic energy starts releasing transforming back into

kinetic energy.

The analysis of the evolution of the field of contact

forces and particle velocities during the impact is shown in

Fig. 3. As the front particles hit the obstacle, a compression

wave is generated. In the first phase of the impact, this

wave propagates backward. Behind the front of this wave,

particle velocities are zero; beyond, contact forces are zero.

The transition between these two zones is quite sharp (see

Fig. 4).

When the propagation wave reaches the end of the

granular mass (t* = 50), all particles are characterised by

zero velocity and contact forces are almost uniformly dis-

tributed within the mass. From this time instant on, a ten-

sion wave is reflected from the back of the granular mass

towards the obstacle. Behind the front of this wave, parti-

cles get a negative velocity (i.e. they bounce back with a

velocity equal to u0, see Fig. 4a for a quantitative evalua-

tion) and the contact forces are virtually zero, although a

disordered network of compression and tension contact

forces is observed. These forces, which are due to the local

heterogeneity of the granular assembly, are negligible and

do not contribute significantly to the elastic energy stored

in the system (see Fig. 2b). All in all, the behaviour of the

mass is qualitatively similar to that of a deformable elastic

body (a quantitative comparison is shown in Sect. 4.1).

Fig. 2 Confined impact, vertical front, bonded particles. a Evolution of impact force; b evolution of energy components



Fig. 3 Vertical front, confined flow, bonded particles. Contact forces (left) and particle velocities (right) at selected time instants. The intensity of

force chains is normalised with respect to 200 kN, whereas the intensity of the velocity vectors with respect to 8.8 m/s. Black/red contact forces

indicate compression/extension. Dashed arrows represent the moving direction of the wave front, whereas dashed lines represents the profile of

the compression/rarefaction waves; solid arrows indicate the direction of the velocity vectors

Fig. 4 Average horizontal velocity (a) and horizontal stress (b) as a function of the distance from the obstacle



Fig. 5 Confined impact, vertical front. Evolution with time of: a normalised impact force; b normalised energy components Ekin, Eel and Ef

Fig. 6 Contact forces (left) and particle velocities (right) at selected time instants. Vertical front, confined flow. The intensity of force chains is

normalised with respect to 200 kN, whereas the intensity of the velocity vectors with respect to 8.8 m/s. Dashed arrows represent the moving

direction of the wave front, whereas dashed lines represents the profile of the compression/rarefaction waves; solid arrows indicate the direction

of the velocity vectors



Starting from the data plotted in Fig. 3, average values

of velocities and forces can be calculated for particles and

contacts belonging to vertical slices. 1 m wide slices are

chosen to get both sufficient detail and reliable averages.

Average horizontal stresses are then calculated from con-

tact forces by using a homogenisation procedure [19]. The

profiles of average horizontal particle velocities and aver-

age horizontal stresses, as a function of the distance to the

obstacle, are plotted in Fig. 4 and confirm the previous

qualitative observations. In particular, it is evident that

particle velocity is zero between the front of the impact

wave and the barrier, and equal to the impact velocity in

the remaining region between the wave front and the back

of the mass. Moreover, the magnitude of impact and

rebound velocities is the same.

Horizontal stresses are quite uniform and constant

between the front of the impact wave and the barrier, and

nearly zero between the wave front and the back of the mass.

The average value of the impact stress is between 3 and

3.5 MPa (cfr. Sect. 4.1). From the analysis of Fig. 4, it is also

possible to evaluate in approximately 2 m the thickness of

the transition zone around the impact wave front position.

3.2 Confined flow, frictional material

In order to highlight the influence of particle sliding within

the granular mass, a second simulation is performed

Fig. 7 Average horizontal velocity (a) and horizontal stress (b) as a function of the distance from the obstacle

Fig. 8 Vertical front, free surface. Evolution with time of: a normalised impact force; b normalised energy components Ekin, Eel, Ef and Egrav



The evolution of the impact force (Fig. 5a) is qualita-

tively similar to that obtained in previous elastic case

(Fig. 2a), but the maximum value of the impact force is

much smaller, and the duration of the impact is longer. The

initial kinetic energy is now both progressively

Fig. 9 Contact forces (left) and particle velocities (right) at selected time instants. Vertical front, free flow. The intensity of force chains is

normalised with respect to 200 kN, whereas the intensity of the velocity vectors with respect to 8.8 m/s. Dashed arrows represent the moving

direction of the wave front, whereas dashed lines represents the profile of the compression/rarefaction waves; solid arrows indicate the direction

of the velocity vectors

without adding contact bonds under the same conditions 
(vertical front, confined flow). The expected behaviour of 
the granular mass is that of a purely frictional material and, 
under conditions similar to oedometric, plastic deforma-

tions are expected to develop.



transformed into elastic energy (i.e. stored in the contacts)

and dissipated by contact friction (Fig. 5b). In the second

phase of the impact, the stored elastic energy is released

and transformed back into kinetic energy and dissipated.

However, as a result of energy dissipation, the final (re-

bound) value of kinetic energy is smaller than the initial

one. Note that the rate of energy dissipation is different

during loading and unloading phases.

In terms of contact forces and particle velocities

(Fig. 6), the first phase of the impact is qualitatively similar

to that of the bonded material, although the velocity of

propagation of the impact wave is smaller (a quantitative

interpretation is given in Sect. 4.1). From the time instant

when the impact wave reaches the back of the mass

(t* = 80), a no-tension wave is reflected from the back of

the granular mass towards the obstacle. Behind the front of

this wave, particles get a negative velocity (i.e. they bounce

back, with a velocity smaller than u0 because of energy

dissipation) and the contact forces network is completely

disrupted. All in all, the behaviour of the mass seems to be

very similar to that of a deformable elasto-plastic (with

tension cut-off) body.

The profiles of average horizontal particle velocities and

average horizontal stresses (Fig. 7) are similar to that

obtained in the bonded case. However, some quantitative

differences are evident. First of all, the impact stress (be-

tween 2 and 2.5 MPa in this case) is smaller. As already

observed, the rebound velocity is smaller than the impact

velocity. Moreover, the extension of the transition zone

across the front of the impact waves is larger, especially

during the rebound phase, which indicates a progressive

increase in agitation (velocity fluctuations) within the sys-

tem. This tendency is particularly evident during the

unloading phase. Note that these fluctuations are not asso-

ciated with an increase in the energy dissipation rate

(Fig. 5b) as one might expect. This is due to the fact that the

structure of the mass is disrupted in tension (no energy dis-

sipation involved) because of the unbonded nature of the

material, and the number of contacts decreases dramatically.

3.3 Free surface flow, frictional material

This simulation is performed without the confining (top)

wall, which allows particles to expand vertically during the

impact.

The effect of removing the confined flow constraint is

evident by comparing Figs. 5 and 8. With the exception of

the very first instants, there are both qualitative and

quantitative differences between the two conditions: in the

unconfined case, the impact force decreases very rapidly

from the initial value to zero and is characterised in the

following by an irregular trend with two sub-peaks; even-

tually the impact force decreases to a residual value.

Despite the rapid impact force decrease, the duration of the

impact is much longer in the unconfined case, and energy

dissipation is much larger. In quantitative terms, the stored

elastic energy never exceeds 10% of the impact energy (see

Sect. 4 for a more detailed analysis). At the end of the

impact, all kinetic energies have been either dissipated

within the granular mass or transformed into potential

gravitational energy (Egrav) as a consequence of the vertical

expansion of the mass). Shen et al. [29] also observed that

after the impact, most of the initial energy is dissipated by

interparticle friction within the granular mass and by par-

ticle–base friction, whereas the elastic strain energy is

negligible.

Fig. 10 Evolution of impact forces. a numerical results; b deformable body impact



reduces its capability of carrying a load. Therefore, the

dynamically created compressive force chains becomes

unstable, this resulting in the evident particles rearrange-

ment by sliding and loss of contacts.

A similar effect was observed by Ceccato et al. [10, 11]

who performed analogous simulations using the material

point method and attributed the observed behaviour to the

formation of vertically directed rarefaction waves. Corre-

spondingly, in the affected region, particles are deflected

upwards and maintain a horizontal component of velocity;

in the same area, contact forces tend to zero. The impact

wave transmission in the lower part of the mass is unaf-

fected by buckling and reaches the back of the mass

approximately at t* = 80, as it was in the confined case.

The adverse effect of buckling on force transmission within

the mass is also witnessed by the fact that the maximum

stored elastic energy is attained when the potential energy

Fig. 11 Evolution of energy components; a elastic energy; b dissipated energy; c kinetic energy; d gravitational energy

In order to understand the reasons of the observed 
behaviour, it is useful to plot the evolution of the field of 
contact forces and particle velocities (Fig. 9).

The initial trend (t* \ 5) is identical to that of the 
confined flow, which is in agreement with the fact that 
impact forces are equal, too. In the following instants, two 
competing mechanisms are observed within the impacting 
mass: the backward propagation of the compression wave 
and the buckling of contact force chains. The latter starts 
from the top of the mass near the obstacle and propagates 
downward. In fact, a granular mass, which is not confined 
vertically, cannot bear static compressive stress horizon-
tally. During the very first part of the impact, however, 
horizontal force chains can form, thanks to the inertia of 
grains that prevents their immediate displacement. In the 
following, a progressive misalignment of particles 
belonging to the same contact force chain occurs which



of the mass starts to increase (see Sect. 4.1 for a detailed

analysis). At t* = 100, the buckling effect has prevailed

(i.e. it has propagated to the bottom of the granular mass):

the contact force network has been destroyed, the impact

force nullifies and dissipated energy comes to a steady

value. However, a side effect of buckling is that the par-

ticles keep a positive horizontal velocity since the equiv-

alent stiffness of the system is strongly reduced. As a

consequence, contact forces form again, the impact force

increases and a second wave of energy dissipation is

observed. One or more sub-peaks (two in the case under

consideration) may form as a consequence of the observed

competing mechanisms. Note in general that the behaviour

of the particles is much more disordered in the case of

unconfined flow, and that the deformation of the mass is

much larger.

3.4 Theoretical discussion

The comparison of impact forces obtained with the vertical

front geometry is shown in Fig. 10.

The first value of the impact force is related to the

interaction with the first line of grains in contact with the

wall (for a = 90�). The three curves in Fig. 10a, in fact,

present the same initial value. After this first value, in case

of confined flow and bonded particles, the value of the

force increases because of the pressure exerted by the

particles behind the first line and stabilises to the value

corresponding to an elastic continuum of equivalent stiff-

ness. On the contrary, in case of confined flow and fric-

tional particles, the force decreases because the contact

force transmission and the assembly equivalent stiffness

are affected by particle sliding; in case of unconfined flow,

a steep decrease in the impact force is observed due to the

buckling effect.

The two confined tests give qualitatively similar results,

characterised by a horizontal plateau followed by a rapid

decrease. In both cases, a complete rebound of the mass is

produced, with no residual force at the end of the impact.

When the particles are bonded, the impact force is larger

and the impact duration is shorter. All in all, the normalised

impulse exerted on the barrier is larger when particles are

bonded (I* = 7100) with respect to the unbonded case

(I* = 5250), respectively, which is in agreement, as pre-

viously discussed, with the fact that the rebound velocity of

the particles is larger. On the contrary, if the very first

instants are excluded (see Figs. 6 and 9), the unconfined

impact produces a completely different time evolution of

the impact force, which decreases very rapidly. As a con-

sequence, the impulse on the barrier is much smaller

(I* = 1250).

The analysis of the evolution of the energy components

(Fig. 11) confirms that in the first instants, the two impacts

with a purely frictional material (unbonded and unconfined

curves) share a common behaviour in terms of elastic,

dissipated and kinetic energy (Fig. 11a–c). The discrep-

ancies become evident at about t = 5*, when the upward

displacements associated with buckling of contact force

chains (Fig. 9) develop.

On the contrary, the evolution of the gravitational

energy (Fig. 11d) is different: in the confined case, no

gravity has been introduced and Egrav = 0. In the uncon-

fined case, when t*\ 13, Egrav decreases and is negative.

This is due to the fact that many particles are still moving

downwards due to the effect of gravity. When t*[ 13,

Egrav starts increasing very rapidly and becomes positive at

Fig. 12 Inclined front (a = 40�). Evolution with time of: a normalised impact force; b normalised energy components Ekin, Eel, Ef and Egrav



Fig. 13 Contact forces (left) and particle velocities (right) at selected time instants. Inclined front, free flow. The intensity of force chains is

normalised with respect to 200 kN, whereas the intensity of the velocity vectors with respect to 8.8 m/s. Dashed arrows represent the moving

direction of the wave front, whereas dashed lines represents the profile of the compression/rarefaction waves; solid arrows indicate the direction

of the velocity vectors



t* = 17. This change in sign is due to the fact that at this

stage, the upward displacement of particles dominates, due

to the impact dynamic effect.

As was discussed in Sects. 3.1 and 3.2, the behaviour of

the granular mass during confined impacts is similar to that

of a deformable (elastic if bonds are present) body. The

equivalent macroscopic properties of the granular mass can

be evaluated from the velocity of propagation of the 1D

impact wave CD. This procedure is rigorous when the

behaviour is elastic, but can be applied also to the

unbonded case, provided that the elasto-plastic stiffness is

employed.

Analysing data of Figs. 3, 4 (bonded material) and

Figs. 6, 7 (purely frictional material) CD are equal to

230 m/s and 140 m/s, respectively.

Considering that the bulk density of the material is q
= 1.43 t/m3 (see Table 1), the equivalent macroscopic

confined stiffness of the bonded mass is therefore:

ED ¼ qC2
D ¼ 75:6 ffi 76 MPa ð3Þ

The impact of a deformable body with such elastic

properties would generate an impact stress:

rx ¼ qCDu0 ¼ 2:9 MPa ð4Þ

which is in good agreement with the numerical results

(Fig. 4). This stress corresponds to a normalised impact

force f* = 78, which is in very good agreement with the

numerical results (Fig. 10a, b).

Following the same approach used for the bonded mass,

the equivalent macroscopic confined stiffness of the

unbonded mass would be ED= 28.03 % 28 MPa, and the

corresponding a normalised impact force f* = 45, which is

in very good agreement with the numerical results

(Fig. 10a, b). In terms of impulse, the elastic model

(I* = 7200) matches very well the numerical results

obtained with the bonded material. The elastic model

overestimates, as expected, the impulse obtained in the

numerical simulation performed without bonds. In fact, the

purely frictional mass undergoes a smaller momentum

variation, because rebound velocity is smaller than impact

velocity.

As a conclusion, the deformable body model seems to

be both qualitatively and quantitatively appropriated for

describing the confined impact of a bonded granular mass,

provided that the equivalent stiffness is evaluated accord-

ing to the observed impact wave velocity.

4 Numerical results: inclined front

4.1 Free surface flow, frictional material

The last series of simulations is performed by considering

impacts where the front inclination a is between 30� and

80�. From a qualitative point of view, all these simulations

share a similar behaviour. As a reference, the results

obtained with a = 40� will be shown and qualitatively

discussed in the following. Sect. 4.2 is devoted to the

quantitative analysis of all impacts with inclined front.

The evolution of impact force with time in the case of

inclined front and free surface is shown in Fig. 12 for

a = 40�. The trend is quite irregular and is characterised by

an initial increase until a peak is reached. In the following

phases, the impact force tends to decrease, although sec-

ondary peaks are recorded. The overall duration of the

impact is much longer than that in the case of vertical front,

Fig. 14 Effect of front inclination a. Evolution of impact force with time; a a = 60–90�, b a = 30–60�



and the maximum impact force is much smaller. In terms

of energy components, the observed trend is qualitatively

similar to that observed for the vertical front. However, the

maximum amount of stored elastic energy never exceeds

5% of the impact energy, in agreement with the fact that

the impact force is much smaller than in the vertical front

impact (see Sect. 4.2).

The evolution of the field of contact forces provides

clarifying insights for explaining this behaviour (Fig. 13).

Three mechanisms are competing and determine the

irregular trend observed in the impact force evolution with

time: the wave propagation, the buckling and the pro-

gressive increase in the impact area, since the front parti-

cles do not hit the obstacle at the same time at which the

force network regenerates. As a result, neither impact force

nor contact forces within the mass go to zero during impact

evolution with time (see also Sect. 4.2). Synthetically, each

peak observed in the force–time curve is associated with a

buckling phenomenon due to the compressive wave prop-

agation within the soil mass.

From a purely qualitative point of view, it is also evident

that in the case of inclined front, the impact is much more

disordered, and the overall behaviour tends to be qualita-

tively more similar to that of a fluid.

4.2 Parametric analysis and theoretical
discussion

The factors affecting the maximum value of impact force

(f �MAX) were studied in a previous paper (Calvetti et al. [7])

where an appropriate design formula was proposed (Eq. 1

of this paper). However, as discussed in Sect. 1, impacts

are dynamic phenomena and also the evolution with time

of impact force should be considered for the design of

protection works or the evaluation of vulnerability of

existing structures.

Fig. 15 Evolution of energy components; a elastic energy; b dissipated energy; c kinetic energy; d gravitational energy



The evolution of impact force with time is shown in

Fig. 14 for all considered front inclinations (a = 30�–90�).
The following trends are observed for a decrease in the

front inclination: (i) the maximum impact force decreases

(Calvetti et al. [7], and Fig. 16a); (ii) the time instant when

the maximum impact force attained is progressively

delayed (Fig. 16b); (iii) secondary peaks become more

relevant with respect to the first one; the number of relevant

secondary peaks increases; the oscillation of the impact

force between two peaks becomes smaller.

All impacts are characterised by a similar final evolu-

tion: major oscillations of the impact force disappear at

t* = 600 and all curves converge to a common trend,

irrespectively of the initial front inclination. Then, f*

slowly decreases, and a residual force equal to 1.5 is

attained for t* = 900.

The evolution of energy components with time is shown

in Fig. 15. The maximum values of Eel and Egrav are

approximately 10% of the impact energy, E0. The main

energy exchange mechanism is therefore that Ekin is pro-

gressively transformed into Ef, i.e. dissipated by friction.

As a consequence, the trends of Ef and Ekin are clearly

connected and both exhibit a peculiar plateau for a = 80�
and 90�. This corresponds to the instant of time at which

the contact force network is completely disrupted

(t* = 100, see Fig. 9), and as a consequence, no energy

dissipation can occur. The plateau tends to disappear for

shallower inclinations, i.e. when the mechanism of pro-

gressive impact at the front becomes more relevant and

regenerates the force network. In fact, for a B 70�, the
minimum impact force never nullifies.

At the end of the impacts, kinetic energy is zero in all

cases and the initial energy has been either dissipated or

transformed into gravitational energy. Ef is about 90% of

the impact energy, and only slightly decreases with the

front inclination. Egrav is about 10% of the impact energy,

and only slightly increases with the front inclination (which

exactly compensates the differences in term of dissipated

energy).

The trend of Eel is qualitatively very similar to that of

the impact force (Figs. 14 and 15a). The connection

between these variables is quantitatively confirmed by the

data of Fig. 16. Not only f �MAX is strictly correlated with

EelMAX (Fig. 16a), but also the time instants corresponding

to EelMAX and f �MAX are very close to each other (Fig. 16b).

In fact, the maximum of the impact force corresponds to

the development of force chains within the granular mass,

and for this reason, it is related to the maximum value of

storage of the elastic energy. Figure 16b also quantitatively

shows that the time interval before the maximum force is

attained and decreases with front inclination.

5 Conclusions

In this paper, the impact of a granular mass on a rigid

obstacle is analysed from both a micromechanical and

global (macroscopic) point of view.

The correlation between macroscopic variables (impact

force) and local information (contact forces, particle

velocities) allows to highlight the mechanisms responsible

for the complex macroscopic behaviour. In particular, three

concurring (in part competing) processes have been put in

Fig. 16 Effect of front inclination. a Correlation between maximum elastic energy and maximum impact force (front inclination in the labels);

b time at peaks of impact force and stored elastic energy



evidence: the propagation of compression and no-tension

waves within the mass; the buckling effect; the increase in

the contact area between the mass and the obstacle. Impact

geometry has a clear effect on the mutual relevance of

these three factors, and it also determines qualitatively

different deformation processes which are similar to that of

a solid for confined impacts and vertical fronts, and to that

of a fluid for inclined fronts. In terms of maximum impact

force, these considerations justify the need for the formula

previously introduced by the authors, where both solid

body and hydrodynamic components are included with a

relative importance depending on the mentioned factors.

The elastic body model is both qualitatively and quan-

titatively suitable only when the unrealistic case of con-

fined impact and bonded material is considered. This model

can also be used for confined impacts of a purely frictional

mass, provided that the equivalent stiffness is evaluated on

the basis of the observed (elasto-plastic) impact wave

velocity, but some noticeable discrepancies arise, in terms

of impact duration and overall impulse.

If the flow is not confined, the elastic model is not

suitable: the dissipated energy is much larger than the

stored elastic energy, at any time instant during the impact.

In fact, the elastic body model contains only information

required for describing wave transmission, which is just

one of the three highlighted processes.

From a design point of view, the results integrate the

formula that was previously introduced for f �MAX, by adding

information about the time evolution of the impact force. In

particular, results show that the time duration of impacts

and the residual value of the impact force are almost

unaffected by the front inclination. On the contrary, the

time at peak of the impact force is clearly decreasing with

front inclination.
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