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Abstract  9 

 10 

Full understanding the interaction mechanisms between flow-like landslides and the impacted 11 

protection structures is an open issue. In fact, while researchers have used several approaches, 12 

from experimental to numerical, it is true that the adequate assessment of the hydromechanical 13 

behaviour of the landslide body requires both a multiphase and large deformation approach. 14 

This paper firstly proposes a conceptual framework for a specific type of protection structure, namely 15 

a rigid barrier fixed to the base ground. Two different approaches are proposed: i) an advanced 16 

hydro-mechanical numerical model based on Material Point Method is tested in simulating the whole 17 

complex landslide-structure-interaction mechanism(s), ii) a more simplified empirical model is casted 18 

to estimate the impact force and the time evolution of kinetic energy. The calibration and validation 19 

of the empirical formulation are pursued, respectively, based on the MPM numerical results, and 20 

referring to a large dataset of field evidence for the peak impact pressure. Finally, the performance 21 

of the newly proposed empirical method is compared to the methods available in the literature and 22 

its advantages are outlined.  23 

 24 
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 27 
List of abbreviations 28 
 29 𝑎1 (−)  coefficient of the power law 30 𝑎2 (−)  coefficient of the power law 31 𝐚𝐿 (𝑚/𝑠2) liquid acceleration  32 𝐚S (𝑚/𝑠2)  solid acceleration  33 𝐵 (𝑚)  greater base of the barrier 34 𝑏 (𝑚)  smaller base of the barrier 35 𝐛 (𝑘𝑃𝑎) body force vector  36 𝑐′(𝑘𝑃𝑎) effective cohesion 37 𝑑 (𝑚)  distance between landslide and barrier 38 𝐃 (𝑘𝑃𝑎)  tangent stiffness matrix 39 d𝑝𝐿  (𝑘𝑃𝑎) excess pore pressure 40 d𝝈′(𝑘𝑃𝑎) increment of effective stress   41 𝐸 (𝑘𝑃𝑎) Young modulus of soil  42 𝐸𝑘,1 (𝑘𝐽) kinetic energy of the landslide 43 



𝐹1 (𝑘𝑁/𝑚) contact force along the base of the flow 44 𝐹2 (𝑘𝑁/𝑚) impact force along the side of the barrier 45 𝐹3 (𝑘𝑁/𝑚) contact force along the smaller base of the barrier  46 𝐹𝑝𝑒𝑎𝑘,𝑑𝑦𝑛 (𝑘𝑁/𝑚) dynamic peak impact force 47 𝐹𝑝𝑒𝑎𝑘,𝑠𝑡𝑎𝑡 (𝑘𝑁/𝑚) static peak impact force 48 𝐹𝑟 (−)  Froude number 49 𝒇𝑑  (𝑘𝑃𝑎) drag force vector 50 𝒈 (𝑚/𝑠2) gravity vector 51 𝑘 (𝑚2)  intrinsic permeability 52 𝑘𝑠𝑎𝑡 (𝑚/𝑠) saturated hydraulic conductivity 53 𝐊L (𝑘𝑃𝑎) elastic bulk modulus of the liquid  54 ℎ (𝑚)  flow heigth 55 𝐻 (𝑚)  barrier heigth 56 
LSI  Landslide-Structure-Interaction 57 𝐿1 (𝑚)  flow length  58 𝐿2 (𝑚)  length of barrier’s lateral side 59 
MPM  Material Point Method 60 𝑚1 (𝑘𝑔) landslide mass 61 𝑛 (−)  porosity  62 𝑝𝐿  (𝑘𝑃𝑎) liquid pressure 63 𝑡 (𝑠)  time 64 𝑡0 (𝑠)  initial reference time 65 𝑡𝑖𝑚𝑝 (𝑠) time related to LSI beginning 66 𝑡𝑓 (𝑠)  final time of LSI 67 𝑇1 (𝑠)  time related to the peak impact force  68 𝑇2 (𝑠)  final time of impact phase 69 𝑉1 (𝑚3) volume of the mixture 70 𝑉𝑓,𝐻𝐿  (𝑚3) volume retained by the barrier 71 𝑉𝐿 (𝑚3) liquid phase volume 72 𝑉𝑆 (𝑚3) solid phase volume 73 𝐯𝐿 (𝑚/𝑠) liquid velocity vector 74 𝐯S (𝑚/𝑠) solid velocity vector 75 𝐯1 (𝑚/𝑠) landslide velocity 76 𝑥 (𝑚)  horizontal Cartesian coordinate 77 𝑦 (𝑚)  vertical Cartesian coordinate  78 𝛼(−)  dynamic impact coefficient 79 𝜏 (−)  ratio between T1 and T2  80 𝛽 (°)  angle between lateral side and base of the barrier 81 Δ𝑎𝑆,𝑐𝑜𝑛𝑡𝑎𝑐𝑡 change in solid phase acceleration induced by the contact formulation  82 Δ𝑎𝐿,𝑐𝑜𝑛𝑡𝑎𝑐𝑡 change in liquid phase acceleration induced by the contact formulation 83 Δ𝑡𝑐𝑟 (−)  critical time step 84 𝛿 (°)  contact friction angle between flow and barrier 85 𝜺 (−)  strain vector 86 𝜅 (−)  static impact coefficient 87 𝜇𝐿  (𝑘𝑃𝑎 ∙ 𝑠) liquid dynamic viscosity 88 𝜐 (−)  Poisson’s ratio 89 𝜌𝐿  (𝑘𝑔/𝑚3) liquid density  90 𝜌𝑚 (𝑘𝑔/𝑚3) density of the mixture 91 𝜌𝑆 (𝑘𝑔/𝑚3) solid density  92 𝜎 (𝑘𝑃𝑎) total stress tensor of the mixture  93 �̇� (𝑘𝑃𝑎/𝑠)  Jaumann stress rate matrix  94 𝝈𝑛 (𝑘𝑃𝑎) normal stress 95 𝜑′ (°)  internal friction angle 96 𝜓 (°)  dilatancy angle 97 



1 Introduction 98 

 99 

 The interaction of flow-like landslides with rigid walls, obstacles, protection structures and, more 100 

recently, single building or cluster of buildings have been investigated by a variety of numerical tools. 101 

The massive use of numerical methods is related to the inner complexity of Landslide-Structure-102 

Interaction (LSI) mechanisms, which are related to: i) the hydro-mechanical features of the impacting 103 

flow, ii) the geometry of the structure, and iii) initial and boundary conditions for the specific LSI 104 

problem. Applications of Discrete Element Method (DEM) has been reported by Leonardi et al. 105 

(2016), Calvetti et al. (2017) and Shen et al. (2018). However, a number of continuum mechanics 106 

models based on Eulerian methods (Moriguchi et al. 2009), Lagrangian particle-based methods such 107 

as Smoothed-Particle Hydrodynamics (SPH), Particle Finite Element Method (PFEM), Finite 108 

Element Method with Lagrangian integration points (FEMLIP), Material Point Method (MPM), 109 

(Idelsohn et al. 2006; Bui and Fukagawa 2013; Cuomo et al. 2013; Ceccato et al., 2018) have been 110 

also applied. Some coupled Eulerian-Lagrangian methods (Qiu et al. 2011; Jeong et al. 2019) have 111 

been also used. Recently the solid-fluid hydro-mechanical coupling and the role of the interstitial fluid 112 

in the LSI mechanisms have been considered. For instance, the impact behaviour of saturated flows 113 

against rigid barriers was simulated through MPM analyses, with a satisfactory correspondence with 114 

the experimental centrifuge test results (Cuomo et al., 2021). Most of these approaches are very 115 

recent, and still need comprehensive validation combined with more efforts to reduce the 116 

computational cost, which is very high once realistic simulations are pursued.  117 

 A more traditional approach is based on: i) direct observation of impact of flow-like landslides 118 

against barriers, and ii) correlation of the achieved measurements.  119 

 The measurements available in the literature have been mostly obtained in reduced-scale flume 120 

tests (Hübl et al., 2009; Armanini et al., 2011; Canelli et al., 2012; Ashwood and Hungr, 2016; Vagnon 121 

and Segalini, 2016), or in some cases in full-scale flume experiments (De Natale et al., 1999; 122 

Bugnion et al., 2012). For instance, the interpretation of a wide set of reduced-scale laboratory 123 

experiments on dry granular flows allowed Faug (2015) to propose a so-called phase-diagram based 124 

on (i) Froude number (Fr) and (ii) obstacle height relative to the flow depth (H/h). The diagram 125 

comprises four LSI mechanisms: a) Dead zone (i.e. gradual accumulation of material behind the 126 

obstacle): this is the case of relatively slow flows (Fr <≈ 1) impacting relatively small obstacles 127 

(H/h ≈ 1); b) Airborne jet (forming downstream of the obstacle): this stands for rapid flow (Fr ≫ 1) 128 

and obstacle height low; c) Standing jumps (propagating downstream of the obstacle with steady-129 

state conditions): for rapid flow (𝐹𝑟 ≫ 1); d) Bores (a granular jump hits the obstacle and propagates 130 

upstream of it): in the case of a rapid flow (𝐹𝑟 ≫ 1) hitting a wall spanning the entire width of the flow 131 

(𝐻/ℎ ≫ 1) with unsteady conditions. However, the interstitial water may largely contribute to 132 

change/regulate the landslide-structure interaction mechanism(s), and new insights will be proposed 133 

in this paper. 134 



 135 

 136 

Figure 1. Interaction diagram for a flow impacting an obstacle (adapted from Faug, 2015) 137 

 138 

 In general, the reduced-scale laboratory tests have been extensively used to derive and validate 139 

the empirical formulations most commonly used to assess the peak impact pressure in the design of 140 

protection measures against landslide (Schield et al., 2013; Scotton and Deganutti, 1997; Arattano 141 

and Franzi 2003; Hübl et al., 2009; Proske et al., 2011; Bugnion et al. 2012; Canelli et al. 2012; He 142 

et al. 2016; Song et al., 2021). The existing empirical methods can be classified into three groups: 143 

(i) hydro-static methods, which require only flow density and thickness for evaluating the maximum 144 

impact pressure; (ii) hydro-dynamic methods, based on flow density and the square velocity of the 145 

flow; (iii) mixed methods, that accounts for both the static and the dynamic components of the flow. 146 

The weak point is that the empirical formulations greatly depend on empirical coefficients which are 147 

difficult to estimate in the practical applications due to their wide range of variation. Common to those 148 

approaches are the following assumptions: (i) the impact load is assumed to be totally transferred to 149 

the structure without any dissipation during the impact, and (ii) the size, stiffness and inertial 150 

resistance of the artificial barrier are not considered (Vagnon and Segalini, 2016). These 151 

assumptions generally lead to safe assessment of the peak impact force but with large 152 

overestimation of the barrier design. Hence, enhancements will be proposed in this paper on both 153 

these topics. 154 

 The present work investigates the impact mechanisms of flow-like landslides against artificial 155 

barriers in full-scale realistic scenarios. A Conceptual Model of Landslide-Structure-Interaction (LSI) 156 

is firstly proposed. Then, two methods are evaluated in this paper: (i) a Material Point Method 157 

approach is used to analyse the hydro-mechanical interaction of saturated flows with different types 158 

of barriers, (ii) an empirical method is casted to evaluate the peak impact horizontal force and 159 

reduction in kinetic energy of the flow. The new empirical formulation is calibrated with a set of 160 

numerical MPM results and validated with a large dataset of field evidence of impact problems. Then, 161 



the novel empirical formulation is compared with those from the literature and its potential and 162 

limitations are discussed. 163 

 164 

2 A conceptual framework for Landslide-Structure-Interaction (LSI) 165 

 166 

 The proposed conceptual model for Landslide-Structure-Interaction (LSI) considers a flow-like 167 

landslide mass that impacts against a barrier fixed to the base ground (Fig. 2). The landslide body 168 

has the following features: unitary width, length 𝐿1, depth ℎ, density of the mixture 𝜌𝑚, initial uniform 169 

velocity 𝑣1,0, pore-water pressure 𝑝𝐿 and friction angle along the base ground equal to tan 𝜑𝑏. The 170 

barrier is typically represented by a reinforced concrete vertical wall or by an embankment with a 171 

steep inclined face at the impact side. For the sake of generality, here below we consider that the 172 

barrier is trapezoidal shaped, with the geometric characteristics being as follows: greater base 173 𝐵, smaller base 𝑏, height 𝐻, inclination of the impacted side 𝛽.  174 

 The LSI problem is described through the following timelines: initial configuration (𝑡0), landslide 175 

propagation (𝑡0 < 𝑡 < 𝑡𝑖𝑚𝑝), impact of the landslide front (𝑡𝑖𝑚𝑝), time of the peak impact force (𝑇1), 176 

start of the inertial stage (𝑇2), end of LSI (𝑡𝑓). Before the landslide reaches the barrier (𝑡0 < 𝑡 < 𝑡𝑖𝑚𝑝), 177 

i.e., during the propagation stage, the LSI problem is governed by the basal frictional force F1 (Eq. 178 

1), which acts along the bottom of the flow (𝐿1) and controls the reduction in flow velocity, resulting 179 

in a decrease of the impact forces. Once the flow starts to interact with the barrier (𝑡𝑖𝑚𝑝 < 𝑡 < 𝑇2), 180 

additional stresses (mostly orthogonal to the impacted surface, hence horizontal in many 181 

applications) are produced at the impacted side of the barrier. Many studies (e.g., Cui et al., 2015; 182 

Song et al. 2017) demonstrated that the total impact force-time history can be simplified as a 183 

triangular force impulse, usually with a rise time (𝑇1) much shorter than the decay time (𝑇2 − 𝑇1).  184 

 According to the Newton's Third law of motion, the mutual impact forces (F2) between the 185 

landslide and the barrier are equal and opposite. Such mutual stress makes: (i) the flow to decelerate 186 

and (ii) the barrier to slip along the base and to deform itself, as shown in Fig. 2. The evaluation of 187 

the impact forces applied on the inclined side of the barrier (𝐿2) is fundamental to design the 188 

structural characteristics of the barrier (Eq. 2). It is worth noting that the flow may overtop the barrier 189 

during the impact, generating an additional force F3 on the structure (Eq. 3), mainly dependent on 190 

the flow-barrier frictional contact (tan 𝛿). 191 

 Once the action F1, F2 and F3 are known, the stability of the barrier can be determined through 192 

the evaluation of the constraint reactions by solving the equilibrium of forces and moments. In this 193 

way, it is possible to assess the ultimate strength to which the foundation systems must be designed, 194 

or to understand what resistance must be mobilized at the base, so that the barrier does not move. 195 

The latter option can be put into practice by placing a layer of soil material suitable to give an 196 

assigned frictional resistance to the base of the barrier. 197 



 198 

 𝐹1(𝑡) = ∫ (𝜌𝑚 − 𝜌𝐿)𝑔ℎ(𝑥, 𝑡) tan 𝜑𝑏 𝑑𝑥𝐿1(𝑡)0  (1) 199 

 𝐹2(𝑡) = ∫ (𝜌𝑚 − 𝜌𝐿)𝑎(𝑡)ℎ(𝑥, 𝑡)𝑑𝑥𝐿20  + ∫ 𝑝𝐿(𝑥, 𝑡)𝑑𝑥𝐿20  (2) 200 

 𝐹3(𝑡) = ∫ (𝜌𝑚 − 𝜌𝐿)𝑔ℎ(𝑥, 𝑡) tan 𝛿 𝑑𝑥𝑏0  (3) 201 

 202 

 203 

Figure 2. Conceptual scheme for Landslide-Structure-Interaction (LSI) 204 

 205 

3 MPM parametric analysis of Landslide-Structure-Interaction (LSI) 206 

 207 

3.1 Governing equations and input data 208 

 209 

 It is quite difficult to propose a standard landslide configuration as initial condition since it must 210 

represent the shape of the flow in a certain moment of its propagation stage. As known, this 211 

configuration strongly depends on the flow-path topography and on the geomorphological conditions 212 

that can vary from site to site. However, many studies have demonstrated that the front is often 213 

higher than the rear portion due to friction with the ground topography (Iverson, 1997; Thouret et al., 214 

2020). For this reason, the chosen initial configuration of the landslide is characterized by a 45°-215 

inclined front and a tail of length equal to three times the flow height. To consider different flow 216 

volumes, an 𝑖 number of squares have been placed between the head and tail portions. Given this 217 

shape, the landslide as the same volume of an equivalent rectangular with the same height ℎ and a 218 

length 𝐿𝑚 = (2 + 𝑖) ∙ ℎ, and unitary width (Fig. 3).  219 

 The flow and barrier are modelled through the single-point MPM formulation, respectively with 2-220 

phase and 1-phase, both described in the Appendix 1. For the barrier it is assumed: non-porous 221 

material, the base fixed to the ground and rigid behaviour. This last hypothesis relates to the 222 

construction mode typically used for such barriers (Cuomo et al., 2019). To schematize the problem 223 



in a realistic way, the build-up of excess pore pressure in the flow material during the impact is 224 

considered as well as the hydro-mechanical coupled behaviour and the yielding of the flow material. 225 

 The influence of different impact scenarios on the dynamics and kinematics in a LSI problem have 226 

been investigated. The geometric features of both the landslide and the barrier are summarized in 227 

Table 1. It is worth noting that the case of an infinite wall is that considered in the literature empirical 228 

models. The mechanical properties of the saturated flow mass and the friction angle at the contact 229 

with the barrier are reported in Table 2. The numerical MPM analyses evidently allow the 230 

simultaneous simulation of flow propagation and flow-structure interaction. The flow is a saturated 231 

mixture with hydrostatic distribution of initial pore-water pressure. Although simplified, the landslide 232 

scheme resembles its main characteristics such as velocity, impact height, non-zero interstitial 233 

pressures and elasto-plastic behavior. The computational unstructured mesh is made of 20,515 234 

triangular 3-noded elements with dimensions ranging from 0.20 to 1.00 m. The landslide is assumed 235 

as approaching the barrier with a fixed geometric configuration and constant velocity, until LSI starts. 236 

 The phase diagram proposed by Faug (2015) for granular flow-structure interaction is here used 237 

here to predict the type of impact mechanism expected for each scenario (Table 3). The Froude 238 

number is here calculated as 𝑣0𝑠𝑒𝑛𝛽/√𝑔ℎ, considering the inclination 𝛽 of the impacted side of the 239 

barrier. For practical applications, this could be useful to preliminary assess the potential efficiency 240 

of the barrier in intercepting the propagation of the flow under different impact conditions. 241 

 242 

 243 

Figure 3. Geometric schematization of the problem in the numerical model 244 

 245 

Table 1. Geometric features for different scenarios 246 

ID 
𝐿1 (𝑚) 𝐿𝑚 (𝑚) 𝑖 (−) ℎ (𝑚) 𝑉1 (𝑚3/𝑚) 

𝑣0,1 (𝑚/𝑠) 

𝛽 (°) 𝑑 (𝑚) 𝐿2 (𝑚) 𝐵 (𝑚) 𝑏 (𝑚) 𝐻 (𝑚) 
1 21.00 15.00 3 3.00 45.00 10 60 3.00 6.95 11.00 4.00 6.00 

2 21.00 15.00 3 3.00 45.00 20 60 3.00 6.95 11.00 4.00 6.00 

3 21.00 15.00 3 3.00 45.00 10 90 3.00 ∞ - - ∞ 

4 47.00 45.00 43 1.00 45.00 10 60 3.00 6.95 11.00 4.00 6.00 

 247 



Table 2. Mechanical properties 248 

Flow-like landslide Barrier 𝜌𝑚  (𝑘𝑔/𝑚3) 
𝜌𝑠  (𝑘𝑔/𝑚3) 

𝑛 (−) 
𝐾0  (−) 

𝜑′ (°) 
𝑐′ (𝑘𝑃𝑎) 

𝐸′ (𝑀𝑃𝑎) 
𝜈 (−) 𝑘𝑠𝑎𝑡  (𝑚/𝑠) 

𝜇𝐿  (𝑃𝑎𝑠) 
𝐾𝐿  (𝑀𝑃𝑎) 

𝜌 (𝑘𝑔/𝑚3) 
tan(𝛿) (−) 

1800 1300 0.5 0.66 20 0 2 0.25 10-4 10-3 30 2000 0.29 

 249 

Table 3. Expected impact mechanism  250 

ID 
𝐹𝑟 (−) 

𝐻/ℎ (−) 
Impact mechanism* 

1 1.59 2.0 Standing jump 

2 3.19 2.0 Airborne jets 

3 1.84 ∞ Bores 

4 2.76 6 Bores 

* from the application of the diagram proposed by Faug (2015) 

 251 

3.2 Numerical MPM results 252 

 253 

 Selected results are shown in Figures 4-5, where the spatial distribution of pore-water pressure 254 

is illustrated at different time instants of the propagation stage for all scenarios of Table 1. During 255 

the impact, the initial liquid pressure (< 30 𝑘𝑃𝑎) changes over time, with the maximum value in the 256 

first instants of the impact process (𝑡 = 1 𝑠) and later diminishing down to nil in some cases. 257 

However, the maximum value of pore water pressure (𝑝𝐿,𝑚𝑎𝑥) is dependent on the type of barrier. In 258 

fact, comparing an infinite wall (Fig. 4a) with a fixed artificial barrier (Fig. 4b), it follows that 𝑝𝐿,𝑚𝑎𝑥 is 259 

higher in the first case, where the overtopping is not allowed and the impacted area of the barrier is 260 

larger than for the artificial barrier (𝑡 = 1 𝑠). At 𝑡 = 2 𝑠, the flow overtops the wall (Fig. 4a) or goes 261 

beyond the barrier forming a prolonged jet (Fig. 4b). Liquid pressure is decreasing, indicating that 262 

we are in the decay zone of the impact force diagram. Subsequently (4 𝑠 < 𝑡 < 6 𝑠), the flow loses 263 

more and more energy and falls downwards (similarly, in both cases). The expected impact 264 

mechanism, as assessed from the use of the diagram by Faug (2015), is confirmed in both the cases. 265 

For the infinite vertical wall, the impact mechanism resembles the bores regime since a granular 266 

jump (named “bore”) is formed which heads upstream of the wall. For the embankment barrier, the 267 

impact mechanism is the standing jump, which is similar to the bores regime but here a part of the 268 

incoming flow is able to overtop the barrier, forming a jet with very low energy. 269 

 Different flows are also considered to investigate other impact mechanisms (Fig. 5). High flow 270 

velocities induce large values of 𝑝𝐿,𝑚𝑎𝑥, which reaches 260 kPa (Fig. 5a). In this case, the expected 271 

impact mechanism is an airborne jet (Table 3) and it is confirmed very well from the numerical 272 



simulation. A very prolonged jet with high energy is formed after the impact, thus the amount of 273 

material that is retained by the barrier is much smaller than the standing jump case. Completely 274 

different is the case of a shallow flow (Fig. 5b), where the flow hits the obstacle and propagates 275 

upstream in unsteady conditions (bores regime). The flow has a very low reduction in kinetic energy, 276 

however the flow does not overtop the barrier.  277 

 Overall, the cases 1, 2 and 4 suggest a clear link between pore-water pressures at impact and 278 

the amount of overtopping flow mass, where larger pore-water pressures facilitate the overtopping 279 

of the barrier. This finding is also confirmed by previous experimental research (Song et al., 2017; 280 

Zhou et al., 2018). 281 

 Fig. 6 shows the landslide-structure interaction from both a dynamic and kinematic point of view. 282 

The peak of the horizontal and vertical components of the impact force (𝐹2,𝑥 and 𝐹2,𝑦, respectively in 283 

Fig. 6a) are quite different in all cases. In particular, the forces have a clear peak for case 1, 2 and 284 

3, with higher values as the velocity increases and as the impacted side gets steeper. Conversely, 285 

case 4 does not show any distinct peak, where the impact forces are very limited. 286 

 The temporal variation of the forces 𝐹3 and 𝐹4 (defined in Fig. 2) are also illustrated in Fig. 6b. 287 

The frictional force above the barrier (𝐹3) is caused by the overtopping volume. In fact, the highest 288 

value is in case 2, where the retained volume is the smallest. This force can also have a negative 289 

sign when the flow goes upstream, instead of flowing beyond the barrier. However, for what concerns 290 

the global momentum balance of the barrier, the contribution of 𝐹3 is negligible compared to the 291 

frictional force at the base of the barrier 𝐹4.  292 

 For the sake of simplicity, the flow basal frictional force 𝐹1 is assumed equal to zero in all cases, 293 

by means of a smooth contact. 294 

 The kinetic energy of the incoming flow (𝐸𝑘1) is plotted in Fig. 6. In order to make a more 295 

comprehensive comparison, the curves are normalized by the initial kinetic energy of the flow (𝐸𝑘1,0). 296 

The curves of cases 1, 2 and 3 show a sudden reduction, reaching the minimum value at 297 

approximately 𝑡 ≅ 2 𝑠 and, after that, the energy increases again as the formed jet takes the 298 

downward direction. This means that, during the flow, the kinetic energy is transformed to potential 299 

energy. In particular, for 𝑡 > 2 𝑠 all the trends are very different, since the curves represent the kinetic 300 

energy of the overcoming jet (especially for cases 1 and 2) combined with the energy of the reflecting 301 

flow (especially for case 3). The behavior of case 4 is completely different: it is characterized by a 302 

slower and constant reduction of the energy as the impact mechanism does not induce the formation 303 

of any jet. 304 



 305 

Figure 4. Pore-water pressure distribution for: (a) infinite wall (case 3); (b) artificial barrier (case 1) 306 

 307 

Figure 5. Pore-water pressure distribution for different flows:  308 

(a) v0=20 m/s (case 2); (b) H/h=6 (case 4) 309 



  310 

Figure 6. Impact forces and kinetic energy of the flow different scenarios 311 

 312 

4 A novel empirical method 313 

 314 

4.1 Formulation 315 

 316 

 In a simplified approach, the landslide mass is here schematized as an equivalent solid-like body, 317 

rectangular, with mass 𝑚1, length 𝐿1, depth ℎ, unitary width, density 𝜌𝑚, initial velocity 𝑣1,0 and it is 318 



supposed to be completely stopped by the barrier (i.e., 𝑣1(𝑇2) = 0). The latter is assumed as fixed 319 

to the base ground and indefinitely high, thus all the landslide volume is supposed to be retained by 320 

the barrier.  321 

 Based on the previous studies (Hungr et al., 1984; Scotton and Deganutti, 1997; Kwan, 2012), 322 

the peak lateral force 𝐹𝑝𝑒𝑎𝑘 (Eq. 4) exerted by the flow on the obstacle is calculated by the sum of a 323 

dynamic component 𝐹𝑝𝑒𝑎𝑘,𝑑𝑦𝑛 (Fig. 7a) and a height-dependent static component 𝐹𝑝𝑒𝑎𝑘,𝑠𝑡𝑎𝑡 (Fig. 7b), 324 

as reported in Eqs. 5-6, respectively. 325 

 326 𝐹𝑝𝑒𝑎𝑘 = 𝐹𝑝𝑒𝑎𝑘,𝑑𝑦𝑛 + 𝐹𝑝𝑒𝑎𝑘,𝑠𝑡𝑎𝑡   (4) 327 

 328 𝐹𝑝𝑒𝑎𝑘,𝑑𝑦𝑛 = 𝛼𝜌𝑚𝑣1,02 ℎ (5) 329 

 330 𝐹𝑝𝑒𝑎𝑘,𝑠𝑡𝑎𝑡 = 12 𝜅𝜌𝑚𝑔ℎ2 (6) 331 

 332 

 333 

Figure 7. Schematic of the impact problem in the proposed empirical model 334 

 335 

 The empirical coefficient 𝛼 has a wide range of values, ranging from 0.4 to 12 (Vagnon et al., 336 

2020), while the empirical static coefficient 𝜅 ranges from 9 to 11 as reported by Armanini (1997) or 337 

in the range 3-30 as observed by Scheidl et al. (2013) for 𝐹𝑟 < 3. This static coefficient is suggested 338 

to be assumed equal to 1 (Ng et al., 2021) for saturated flows that are fluidized due to the increasing 339 

pore pressure inside the landslide. In this paper, the value of 𝛼 is calibrated based on the MPM 340 

simulation of a selected set of realistic cases. 341 

 The landslide kinetic energy during the impact process is derived from its velocity variation over 342 



time until the impact process finishes (𝑇2). The impulse theorem (Eq. 7), where the impulse of the 343 

impact force is equal to the variation of linear momentum, the link between the impact pressure and 344 

velocity variation is obtained (Eq. 8). It is worth noting that the size of the impacted area (equal to ℎ 345 

in a 2D simplification) is eliminated, being on both sides of the equation. It is implicitly assumed that 346 

the dynamic pressure is constant with the depth thus independent of ℎ (Fig. 7a). 347 

 Since the time-trend of the impact pressure is a piecewise function, the equations system reads 348 

as in Eq. 9. This means that Eq. 8 is transformed into Eq. 10.  349 

 350 𝐼 = ∫ 𝐹𝑇20 (𝑡)𝑑𝑡 = ∫ 𝑚10𝑣1,0 𝑑𝑣  (7) 351 

 352 ∫ 𝑝𝑇20 (𝑡)𝑑𝑡 = ∫ 𝑚10𝑣1,0 𝑑𝑣  (8) 353 

 354 

𝑝(𝑡) = {𝑝𝑝𝑒𝑎𝑘𝑇1 𝑡                                                             0 < 𝑡 < 𝑇1𝑝𝑝𝑒𝑎𝑘 − 𝑝𝑝𝑒𝑎𝑘,𝑑𝑦𝑛(𝑇2−𝑇1) (𝑡 − 𝑇1)                        𝑇1 < 𝑡 < 𝑇2  (9) 355 

 356 ∫ 𝑝𝑇10 (𝑡)𝑑𝑡 + ∫ 𝑝𝑇2𝑇1 (𝑡)𝑑𝑡 = ∫ 𝑚10𝑣1,0 𝑑𝑣  (10) 357 

 358 

 The reduction in landslide velocity is obtained from Eq. 11, by solving the integrals in Eq. 10 and 359 

replacing the term 𝑝(𝑡) with Eq. 9. Thus, the flow velocity over time (Eq. 12) and the corresponding 360 

kinetic energy (Eq. 13) can be computed.  361 

 362 

Δ𝑣1(𝑡) = { 1𝑚1 ∙ 𝑝𝑝𝑒𝑎𝑘𝑇1 (𝑡22 )                                                              0 < 𝑡 < 𝑇11𝑚1 [𝑝𝑝𝑒𝑎𝑘(𝑡) − 𝑝𝑝𝑒𝑎𝑘,𝑑𝑦𝑛(𝑇2−𝑇1) (𝑡22 )]                 𝑇1 < 𝑡 < 𝑇2    (11) 363 

 364 

 365 

 𝑣1(𝑡) = 𝑣1,0 − Δ𝑣1(𝑡)  (12) 366 

 367 𝐸𝑘,1(𝑡) = 12 𝑚1 𝑣12(𝑡)   (13) 368 

 369 

 The impact period 𝑇2 is obtained by using the impulse theorem, since the integral over time of the 370 

impact force (i.e., the impact impulse) is equal to the variation of linear momentum of the landslide 371 

(Eq. 14). The impulse of the impact force can be rewritten in terms of impact pressure, and its 372 

formulation is reported in Eq. 15. Once known 𝑇2 through Eq. 16, 𝑇1 can be achieved in Eq. 17 by 373 

fixing the ratio 𝜏 = 𝑇1/𝑇2 (for example from experimental evidence). The description of the impact 374 



dynamics is complete. 375 

Summing up, the model primary unknown is 𝑇2, while the quantities 𝛼, 𝜅 and 𝜏, must be 376 

calibrated/assessed. 377 

 378 ∫ 𝐹𝑇20 (𝑡)𝑑𝑡 = 𝑚1𝑣1,0  (14) 379 

 380 ∫ 𝐹𝑇20 (𝑡)𝑑𝑡 = ∫ 𝑝𝑇20 (𝑡)ℎ𝑑𝑡 = 12 (𝑝𝑝𝑒𝑎𝑘 + 𝑝𝑝𝑒𝑎𝑘,𝑠𝑡𝑎𝑡 − 𝜏𝑝𝑝𝑒𝑎𝑘,𝑠𝑡𝑎𝑡)ℎ𝑇2  (15) 381 

 382 𝑇2 = 2𝑚1𝑣1,0(𝑝𝑝𝑒𝑎𝑘+𝑝𝑝𝑒𝑎𝑘,𝑠𝑡𝑎𝑡−𝜏𝑝𝑝𝑒𝑎𝑘,𝑠𝑡𝑎𝑡)ℎ     (16) 383 

 384 𝑇1 = 𝜏 𝑇2 (17) 385 

 386 

 Some examples are shown in Fig. 8 to highlight the effect of 𝛼, 𝜅 and 𝜏 on impact force and kinetic 387 

energy trend over time. The input quantities of the model are: 𝐿1 = 15 𝑚;  ℎ = 3 𝑚; 𝜌𝑚 =388 1800 𝑘𝑔/𝑚3; 𝑣1,0 = 10 𝑚/𝑠. High values of 𝛼 result in large peak forces, short impact time 𝑇2 and 389 

rapid decrease of the kinetic energy of the flow. This means that 𝛼 can be interpreted as a measure 390 

of system deformability, since the decreasing of 𝑇2 with 𝛼 means that the system is more stiff.  391 

 The empirical coefficient 𝜅 has similar behaviour compared to 𝛼, since high values of 𝜅 result in 392 

large peak forces and short time 𝑇2. However, the coefficient 𝜅 has a minor influence on the system 393 

response compared to the coefficient 𝛼 (as evident in Fig. 8); for this reason, the static component 394 

of the impact force will be disregarded in this study and only the coefficient 𝛼 will be used for the 395 

assessment of the impact scenario.  396 

 Finally, the ratio 𝜏 governs the occurrence of the peak time, and thus the shape of the impact 397 

force trend. In terms of flow kinetic energy dissipation, the higher the ratio 𝜏, the steeper the 398 

dissipation trend up to T1 and the slower the energy reduction between T1 and T2. In a sense, the 399 

parameter 𝜏 can be interpreted as a measure of the impulsiveness of the impact loading. 400 

 401 



  402 

Figure 8. Dependence of the impact force and landslide kinetic energy on some model parameters  403 

 404 

4.2 Calibration 405 

 406 

 The calibration of the empirical model principally focuses on the evaluation of the empirical 407 

coefficients 𝛼 and 𝜏.  408 

 The parameter 𝜏 is obtained by imposing the equivalence between T1 calculated from Eq. 17, and 409 

T1 obtained from the MPM simulations. 410 

 The coefficient 𝛼 relates to relevant features of the flow such as the grain size distribution, the 411 

barrier type and the flow-structure interaction mechanism such as the formation of vertical jet-like 412 

wave at the impact (Canelli et al., 2012). As reported in the literature, this parameter can vary in a 413 

wide range (between 0.4 and 12), often leading to an excessive overestimation of the design impact 414 

load. However, many authors (Hubl et al., 2009; Proske et al., 2011; Scheidl et al., 2013; Cui et al., 415 

2015; Vagnon, 2020) developed a power law relationship between the coefficient 𝛼 and the Froude 416 

number (𝐹𝑟), as reported in Eq. 18. 417 

 418 𝛼 = 𝑎1𝐹𝑟𝑎2 (18) 419 

 420 

 The evaluation of the coefficients 𝑎1 and 𝑎2 requires at least two numerical simulations with 421 

different Froude number. Apart from cases 1, 2 and 3 of Table 1 (case 4 is neglected due to the 422 



impossibility of identifying a unique peak value), other data-sets are used for the calibration of the 423 

model (as reported in Table 4), spanning over different values of soil porosity 𝑛, flow thickness ℎ, 424 

flow volume 𝑉1, initial velocity 𝑣1,0 and the inclination 𝛽. The best fit values are 𝑎1 = 1.781 and 𝑎2 =425 −0.515 (Fig. 9). The results show a good fitting with the 𝛼 − 𝐹𝑟 curve for all the impact scenarios, 426 

and it is relevant that also the trend over time of the impact force is reproduced quite faithfully (Fig. 427 

9). It entails that the peak impact pressure can be consistently obtained from the following equation: 428 

  429 

 𝑝𝑝𝑒𝑎𝑘 = 1.781𝐹𝑟−0.515𝜌𝑚𝑣1,02   (19) 430 

 431 

 Besides achieving a good correspondence with the impact forces, the trend of flow kinetic energy 432 

was computed (Eq. 13) for the impact scenarios, giving for instance better agreement for the case 1 433 

than the case 2. In the latter case, this is explained by the fact that high energy of the flow produces 434 

a more elongated jet, which cannot be reproduced by a simplified empirical method. The flow kinetic 435 

energy computed via empirical method is always lower than that computed through MPM (apart from 436 

Set III). This is mostly linked to the simplifying hypothesis of neglecting the static component of the 437 

impact force. However, it is a safe approximation, to be considered acceptable in the practice. 438 



 439 

Figure 9. Calibration of the empirical model through the MPM simulations (cases in Tables 1 and 4) 440 

 441 

Table 4. Selected parameters for the calibration of the empirical model through MPM simulations 442 

 Flow type landslide Barrier 

 𝑛 (−) ℎ (𝑚) 𝑉1 (𝑚3/𝑚) 𝑣1,0 (𝑚/𝑠) 𝛽 (°) 

Set I 0.3 3 45 (𝑖 = 3) 10 60 

Set II 0.5 3 45 (𝑖 = 3) 15 60 

Set III 0.5 3 63 (𝑖 = 5) 10 60 

Set IV 0.5 3 45 (𝑖 = 3) 10 80 

Set V 0.5 4 48 (𝑖 = 1) 10 60 

 443 

4.3 Validation 444 

 445 



 The impact scenarios used in the above-mentioned analyses are firstly used to compare the 446 

output of the proposed empirical method with the numerical results for the most relevant quantities 447 

in a LSI analysis (Fig. 10). Based on the above calibration, the values of 𝐹𝑝𝑒𝑎𝑘 and 𝑇1 computed 448 

through the empirical method (Eq. 5 and Eq. 17, respectively) fit very well the MPM numerical results 449 

for all the scenarios. On the other hand, as a first validation of the method, it is observed that the 450 

impact period 𝑇2 (computed from Eq. 16) is only slightly overestimated by the empirical method 451 

especially for those cases with higher velocities. In these cases, the empirical method is not able to 452 

consider the amount of material which overtops the barrier. In fact, as the mass 𝑚1 decreases, this 453 

material no longer contributes to the variation of the linear momentum of the landslide (Eq. 7), 454 

therefore a lower value of 𝑇2 is expected from Eq. Only if the empirical equation is applied to the 455 

condition of the indefinite wall (case 3), where the overtopping of the barrier is not allowed, then the 456 

empirically-computed time 𝑇2 perfectly matches the MPM outcome. In this case, even the other 457 

calculated quantities correspond to those obtained from MPM since the indefinite wall most resemble 458 

the basic assumptions of the empirical model. 459 

For the evaluation of the flow kinetic energy at the peak impact force time, i.e. 𝐸𝑘,1(𝑇1), the empirical 460 

formulation provides lower values than MPM for the cases with 𝑣1,0 > 10 𝑚/𝑠 ,while there is an 461 

appreciable matching for the other cases. This is mainly caused by the inability of the simplified 462 

proposed method to consider the hydro-mechanical coupling and large deformations within the flow, 463 

which play a crucial role during the interaction with the obstacle. 464 

  465 



       466 

 Figure 10. Comparison of MPM and proposed empirical model 467 

 468 

 The proposed empirical method is more thoroughly validated towards the interpretation of a large 469 

dataset of real observations of flow-type landslides, achieved through a permanent monitoring 470 

station. The field dataset from Hong et al. (2015) includes thickness, density, channel width, volume 471 

of discharge, velocity and impact forces recorded in real time during debris flow events.  472 

 The data are relative to 139 historical events that took place between 1961 and 2000 in the 473 

Jiangjia Ravine basin, located in the Dongchuan area of Yunnan Province in China (Zhang and 474 

Xiong, 1997; Kang et al., 2007; Hong et al. 2015). The bulk density ranges from 1600 to 2300 kg/m3 475 

with fluid concentration ranging from 0.15 to 0.6. The dataset is well suited for the validation purpose 476 

as wide ranges of the relevant features are considered such as: 𝑣1,0 = 3 − 14 𝑚/𝑠, ℎ = 0.2 − 2.7 𝑚, 477 𝑉1 = 269 − 1.75 ∙ 106 𝑚3 and 𝑝𝑝𝑒𝑎𝑘 = 14 − 435 𝑘𝑃𝑎.   478 

 The impact pressure is calculated through the calibrated power law (Eq. 19). The results are 479 

reported in Fig. 11 and show a very good correspondence with the field data, being the difference 480 

much less than 10% for most of the cases. In particular, the empirical model predicts quite well the 481 

peak of impact pressure for low values but showing some dispersion for values higher than 150 kPa. 482 

The statistical distribution of the error, obtained as the difference between the computed value and 483 



the measured value, shows that the median value is 7.18 kPa and the 90th percentile value is 36.67 484 

kPa. The application of the numerical MPM model to such a large field data-set is beyond the scope 485 

this paper, while it could be a future development. 486 

 487 

 488 

Figure 11. Application of the proposed empirical model to the large field dataset (139 cases) 489 

collected by Hong et al. (2015). 490 

 491 

5 Discussion 492 

 493 

 A comparison between the presented methods is necessary to assess their strengths and 494 

weaknesses for analyzing Landslide-Structure-Interaction. 495 

 MPM is an advanced numerical method and has proved to be reliable in predicting the impact 496 

force trend over time (Cuomo et al., 2021). Moreover, unlike field evidence or laboratory tests, the 497 

numerical results provide additional features, through the computation and time-space tracking of 498 

different quantities, such as stress, strain, pore pressure, solid and liquid velocities, which cannot be 499 

easily monitored or obtained in the field. 500 

 Particularly focusing on LSI, MPM has many advantages. Primarily, it allows considering all such 501 

important aspects of the saturated flows, i.e. hydro-mechanical coupling and large deformations 502 

during propagation and impact. The accurate knowledge of the impact mechanism and so the 503 

evolution of flow depth and velocity is crucial for the design of mitigation countermeasures. For 504 

example, the accurate estimate of the length of the vertical jet must prevent that the retaining 505 

structure is overtopped by the flow, thus being ineffective. However, MPM suffers from some 506 

limitations, such as the high computational cost and until now the difficulty of being available in 507 

engineering practice.  508 



 Empirical methods are more immediate and easier to use than MPM, since they provide an 509 

estimate of the impact quantities considering only the flow density, thickness and velocity as input 510 

and thus they could be preferable in the assessment of the LSI problems for design purposes. 511 

 The proposed empirical method is hence compared to some empirical formulations available in 512 

the scientific literature (Fig. 12). The chosen empirical formulations are those of Hübl and Holzinger 513 

(2003), Armanini et al. (2011), Cui et al. (2015) and Vagnon (2020), all included in the mixed models. 514 

 The large dataset used for the comparison includes 139 debris flow cases (from Hong et al. 2015) 515 

already considered in paragraph 4.3. The proposed empirical model reports the highest 516 

correspondence among the real data and the computed values, with a contained dispersion of the 517 

results. The empirical models of Armanini et al. (2011) and Vagnon (2020) are also acceptable with 518 

a low dispersion of the calculated values but with a high overestimate of 61% and 35%, respectively. 519 

The formulations proposed by Hübl and Holzinger (2003) and Cui et al. (2015) are, in contrast, 520 

characterized by a quite relevant variability of the achieved results. 521 

 Summing up all the outcomes, the MPM-based empirical model predicts very well all such 522 

important quantities related to the LSI problem, although with some discrepancy of the results for 523 

very high velocities. 524 

 525 

 526 

Figure 12. The proposed empirical method compared to some literature empirical methods  527 

 528 

 529 

6 Conclusions 530 

 531 

 The present paper proposed a conceptual framework and a numerical MPM model to analyse the 532 

impact of flow-like landslides against artificial barriers, focusing not only on the evaluation of the 533 

peak impact forces but also on the kinematics of the landslide during the whole impact process. 534 



 The conceptual framework for the Landslide-Structure-Interaction (LSI) problem was firstly 535 

introduced to better focus the main variables that govern the dynamics of the impact process. This 536 

framework has been then implemented inside the proposed methods: numerical (MPM) and 537 

empirical. 538 

Specifically, parametric MPM analysis has been conducted to highlight the wide range of impact 539 

scenarios that can occur considering all the main features of LSI, such as the hydro-mechanical 540 

coupling, the soil large deformations and the presence of multi-materials. 541 

Then, a calibration of the new proposed empirical method was performed using the MPM 542 

outcomes was conducted. It was possible to derive a new 𝛼 − 𝐹𝑟 power law relationship to derive 543 

the peak impact pressure. This formulation is different from those in the literature, which are typically 544 

calibrated on small-scale laboratory tests, thus giving an excessive overestimation in predicting the 545 

impact load that may results in a large increment of costs for structure construction. 546 

Finally, the empirical method was validated referring to a vast dataset of real field evidence 547 

collected at Jiangjia Ravine (China). The achieved results are encouraging, showing a high 548 

correspondence between the output of the proposed empirical formulation and the measured field 549 

data. However, the estimated power law for the empirical model can lead to an underestimation of 550 

peak pressures for values larger than 350 kPa, so it must be used with caution. Nevertheless, also 551 

the available literature methods are applied to the same database, and thus the advantages of the 552 

new method are outlined. 553 

In conclusion, the models proposed in this study show a good capability to predict the impact 554 

dynamics and kinematics. Further research may be directed to an enhancement of the proposed 555 

empirical model considering the amount of material that can overtop the barrier, giving more accurate 556 

results for the analysis of the LSI problem. 557 
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Appendix 1. Material Point Method model equations 689 

 690 

The Material Point Method (MPM) is an enhancement of the Finite Element Method (FEM), and 691 

it is very well suited for large deformation problems. The continuum body consists of several 692 

Lagrangian points (named material points, MPs), which carry all the physical properties of the 693 

continuum such as stress, strain, density, momentum, material parameters and other state 694 

parameters. The MPs move across a background mesh, which covers the domain where the material 695 

is expected to move, and it is used to solve the governing equations without storing any permanent 696 

information. 697 

A saturated porous medium is schematized as a solid phase which represents the solid skeleton, 698 

whereas the liquid phase fills the voids among the grains. Each MP represents a volume of the 699 

mixture 𝑉, given by the sum of the solid V𝑆 and liquid V𝐿 phases volumes. The behaviour of a 700 

saturated porous medium is here described using only one set of MPs, in which the information 701 

about both the solid and liquid constituents is stored. The interaction between phases (solid and 702 

liquid in a saturated soil) can be tacked through the two-phase single-point formulation (Jassim et 703 

al., 2013; Ceccato et al., 2018), where the liquid and the solid acceleration fields (𝐚𝑆 − 𝐚𝐿 formulation) 704 

are the primary unknowns (Fern et al., 2019). 705 

The velocity field of solid and liquid phases are both used, but the material points move 706 

throughout the mesh with the kinematics of the solid skeleton. The equations to be solved concern 707 

the balance of dynamic momentum of solid and liquid phases, the mass balances, and the 708 

constitutive relationships of solid and liquid phases. The accelerations of the two phases are the 709 

primary unknowns: the solid acceleration 𝐚𝑆, which is calculated from the dynamic momentum 710 

balance of the solid phase (Eq. A1), and the liquid acceleration 𝐚𝐿, which is obtained by solving the 711 

dynamic momentum balance of the liquid phase (Eq. A2). The interaction force between solid and 712 

liquid phases is governed by Darcy’s law (Eq. A3). Numerically, these equations are solved at grid 713 

nodes considering the Galerkin method (Luo et al., 2008) with standard nodal shape functions and 714 

their solutions are used to update the MPs velocities and momentum of each phase. The strain rate 715 �̇� of MPs is computed from the nodal velocities obtained from the nodal momentum. 716 

 717 



𝑛𝑆𝜌𝑆𝐚𝑆 = ∇ ∙ (𝜎 − 𝑛𝑝𝐿𝐈) + (𝜌𝑚 − 𝑛𝜌𝐿)𝐛 + 𝐟𝑑 (A1) 718 

 719 𝜌𝐿𝐚𝐿 = ∇𝑝𝐿 − 𝐟𝑑 (A2) 720 

 721 𝐟𝑑 = 𝑛𝜇𝐿𝑘 (𝐯𝐿 − 𝐯𝑆)  (A3) 722 

 723 

The resolution of solid and liquid constitutive laws (Eqs. A4-A5) allows calculating the increment 724 

of effective stress  𝑑𝝈′ and excess pore pressure 𝑑𝑝𝐿, respectively. The mass balance equation of 725 

the solid skeleton is then used to update the porosity of each MP (Eq. A6), while the total mass 726 

balance serves to compute the volumetric strain rate of the liquid phase (Eq. A7) since fluxes due to 727 

spatial variations of liquid mass are neglected (∇𝑛𝜌𝐿 = 0). 728 

 729 d𝝈′ = 𝐃 ∙ d𝜺 (A4) 730 

 731 

d𝑝𝐿 = 𝐊𝐿 ∙ d𝜀𝒗𝒐𝒍 (A5) 732 

 733 𝐷𝑛𝐷𝑡 = 𝑛𝑆∇ ∙ 𝐯𝑺 = 𝟎 (A6) 734 

 735 𝐷𝜀𝑣𝑜𝑙𝐷𝑡 = 𝑛𝑆𝑛 ∇ ∙ 𝐯𝑺 + ∇ ∙ 𝐯𝑳 (A7) 736 

 737 

In the two-phase single-point formulation the liquid mass, and consequently the mass of the 738 

mixture, is not constant in each material point but can vary depending on porosity changes. Fluxes 739 

due to spatial variations of liquid mass are neglected and Darcy’s law is used to model solid-liquid 740 

interaction forces. For this reason, this formulation is generally used in problems with small gradients 741 

of porosity, and laminar and stationary flow in slow velocity regime. However, this formulation proves 742 

to be suitable for studying flow-structured-interaction (Cuomo et al., 2021). The water is assumed 743 

linearly compressible via the bulk modulus of the fluid 𝐊𝐿 and shear stresses in the liquid phase are 744 

neglected. 745 

The current MPM code uses 3-node elements which suffer kinematic locking, which consists in 746 

the build-up of fictitious stiffness due to the inability to reproduce the correct deformation field (Mast 747 

et al., 2012). A technique used to mitigate volumetric locking is the strain smoothening technique, 748 

which consists of smoothing the volumetric strains over neighbouring cells. The reader can refer to 749 

Al-Kafaji (2013) for a detailed description. 750 

Regarding the critical time step, the influence of permeability and liquid bulk modulus must be 751 

considered as well (Mieremet et al., 2016). In particular, the time step required for numerical stability 752 

is smaller in soil with lower permeability (Eq. A8). 753 



Δ𝑡𝑐𝑟 = 𝑚𝑖𝑛 ( 𝑑√(𝐸+𝐊𝐿/𝑛)/𝜌𝑚 ; 2(𝜌𝑚+(1/𝑛−2)𝜌𝐿)𝑘𝑠𝑎𝑡𝜌𝐿𝒈 )  (A8) 754 

 755 

 756 

The sliding modelling of the flowing mass on the rigid material is handled by a frictional Mohr-757 

Coulomb strength criterion. The contact formulation was used to ensure that no interpenetration 758 

occurs, and the tangential forces are compatible with the shear strength along the contact. The 759 

reaction force acting on the structure at node j was calculated as in Eq. A9. 760 

 761 𝐹𝑗(𝑡) = 𝑚𝑗,𝑆𝛥𝑎𝑆,𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝑚𝑗,𝐿𝛥𝑎𝐿,𝑐𝑜𝑛𝑡𝑎𝑐𝑡 (A9) 762 

 763 

The terms  Δ𝑎𝑆,𝑐𝑜𝑛𝑡𝑎𝑐𝑡 and  Δ𝑎𝐿,𝑐𝑜𝑛𝑡𝑎𝑐𝑡 are the change in acceleration induced by the contact 764 

formulation, for both solid and liquid phase, and 𝑚𝑖,𝑆 and 𝑚𝑖,𝐿 are the corresponding nodal masses. 765 

The total reaction force is the integral of the nodal reaction forces along the barrier. 766 

 767 


