
Incontro Annuale dei Ricercatori di Geotecnica 2018- IARG 2018 

Genova, 4-6 Luglio 2018 

 

P. Ghasemi, S. Cuomo, M. Calvello, M. Martinelli  

SIMULATION OF STATIC LIQUEFACTION IN A SLOPE BY MPM AND 

HYPOPLASTIC MODEL 

Pooyan Ghasemi 

University of Salerno  

pghasemi@unisa.it 

Sabatino Cuomo 

University of Salerno 

scuomo@unisa.it 

Michele Calvello 

University of Salerno 

mcalvello@unisa.it 

Mario Martinelli 

Deltares, Delft, The Netherland 

mario.martinelli@deltares.nl 

Abstract 

The paper deals with the capability of the Material Point Method (MPM) in simulating retrogressive failure for a 

very loose coarse-grained material. To this aim, a well-documented reduced-size slope experimental test 

(Eckersley, 1990) is considered. The case study clearly shows the onset of static liquefaction, a retrogressive 

failure and rapid flow-like motion with a flat final ground surface. A hypoplastic constitutive model is used to 

simulate the liquefiable behaviour of the material. In order to calibrate the model parameters, an automatic 

optimization method suggested by Cuomo et al. (2018) is adopted. The results of the numerical analyses are in 

appropriate agreement with the experimental evidence, and also allow some general considerations about the 

potential use of MPM combined with an advanced constitutive model to simulate a complex physical process. 

1. Introduction 

Slope instability may include the formation of multiple and successive shear bands, progressive or 

retrogressive slides, soil static liquefaction and large runout propagation. The role played by static 

liquefaction for the evolution of slope instabilities in flow-like landslides and the modelling of 

landslide propagation have been extensively investigated in the literature (Cascini et al., 2010; Pastor 

et al., 2014; among others).  

Nowadays MPM offers a comprehensive tool to have a global understanding of complex phenomena, 

including multiple processes. Yet, detailed datasets from the field are still difficult to obtain and only 

few examples of instrumented sites are in the literature. On the other hand, reduced-scale tests are 

becoming popular as they provide new opportunities to deepening the knowledge on slope instability. 

Such laboratory slope experiments are useful to investigate the features of landslide propagation, 

which is a challenging issue from a scientific point of view and deserves attention for landslide risk 

mitigation. In this paper a well-instrumented laboratory experiment (Eckersley, 1990) selected as a 

benchmark for material point method simulation of a retrogressive slope instability combined to soil 

liquefaction. In order to reproduce the liquefiable behavior of material, a hypoplastic constitutive 

model was selected, because it can consider the influence of the pressure level, soil relative density 

and possible rotation of stress paths.  
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2. Case study  

Eckersley (1990) provided one of the very first contributions about a comprehensive observation (in a 

reduced-scale slope) of slope deformations, retrogressive failure, build-up of pore water pressure after 

failure, and propagation of the failed material up to rest along a gentle profile. The slope was brought 

to failure by water seepage from a lateral boundary towards the toe of the slope. The slope was 1 m 

tall, composed of Northwich coking coal and constructed in a glass-sided tank. Inclination of the 

ground surface was 36° and the floor was extended to 1.5 m beyond the slope toe. The material ranged 

from fine sand and silt to gravel characterized by a specific gravity of Gs ≈ 1.34, a grain size D10 = 

0.06 - 0.3 mm, and a unit weight of  = 1.34 kN/m
3
, which close to typical values of organic soils 

(Mesri and Ajlouni, 2007) and other materials involved in flowslides (Eckersley, 1985). The minimum 

and maximum void ratios were emin = 0.21 and emax = 1.23, respectively. Thus, the material is 

characterized by high compressibility and hydraulic conductivity. Among the conducted experiments, 

experiment No.7 was selected as a benchmark for MPM simulation of static liquefaction. In this paper, 

the outcomes of this experiment would be explained and compared with MPM simulation results in 

the next sections. The initial geometry of the slope along with water table at the onset of failure is 

depicted in Fig.1  

 

 

Figure 1. Initial geometry of slope and employed sensors (modified from Eckersley, 1990). 

 

3. Calibration of constitutive model by inverse analysis 

A hypoplastic constitutive model was selected here to properly consider the influence of the pressure 

level, soil relative density and possible rotation of stress paths; the latter being related to the large 

displacements in the failure and post-failure stages. The fundamentals of hypoplasticity were 

developed by Kolymbas (1985), and the later model proposed by Gudehus (2004) was herein used. 

The model employs 8 main material parameters and 5 secondary parameters. The 8 main parameters 

are: the friction angle at critical state (c); two parameters (hs, n) controlling the normal compression 

line (NCL) and the critical state line (CSL), respectively; the critical void ratio at zero stress (ec0); the 

maximum void ratio at zero stress (ei0); the minimum void ratio (ed0); a parameter (controlling the 

dependency of the peak friction angle on relative density; a parameter () for the dependency of the 

soil stiffness on relative density. Concerning the other 5 parameters: mR is controlling the initial, at 

very small strain, shear module upon 180
o 
strain path reversal and in the initial loading; mT controls the 

initial shear module upon 90° strain path reversal; R relates to the size of the elastic strain range; r 

and x are used to control the rate of degradation of the stiffness with strain. The void ratio (ep) at a 

given mean isotropic stress (p) is related to both the values of the void ratios at that stress level 

(critical ec, maximum ei and minimum ed) and the void ratio at zero stress (ep0), as follows (Bauer, 

1996): 

Water table at the onset of failure

Plywood floor

Gravel filled wire cage

Pore water pressure sensors 
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Model calibration was performed through the minimization of an objective function, i.e. a measure of 

the error between the experimental data and the model predictions. The Species-based Quantum 

Particle Swarm Optimization (SQPSO) algorithm was used. This technique formerly designed to 

calibrate simultaneously a large number of parameters and to increase the likelihood of finding the 

global optimum (Hosseinnezhad et al., 2014), has been recently applied for estimating the hypoplastic 

model parameters of a reference sand (Cuomo et al., 2018). However, in this study, six (out of eight) 

main model parameters, namely c, sh , n, ec0, ei0 and ed0 were derived directly from the experimental 

results, prior information or from literature (Wegener and Herle, 2014). The parameters values for R 

and x are allocated in a way that the numerical instability of simulation would be decreased.  

For the other 2 main model parameters (, and the 3 remaining secondary parameters (mR, mT, r), 

the inverse algorithm was applied under the following assumptions: i) small strain stiffness is 

controlled by parameters mR, mT, and r; ii) mT is equal to the maximum value between 1.0 and 0.5 mR. 

Three undrained traxial tests with different initial void ratios, representing the contractive behaviour 

upon shearing, were taken into the account. The match between the soil response and the prediction of 

the hypoplastic model was analysed with reference to two curves ( aq  ) and ( ap  ) for each test, 

being a  the axial strain. The observations for each curve varied from 14 points (test NP-05) to 18 

points (test NP-02, test NP-13). Globally, 100 observations were used, each weighted considering a 

coefficient of variation equal to 0.05. The objective function was defined as a kind of sum of weighted 

squared error in which the obtained error calculated for each curve is normalized by the maximum 

value of observation taken from that objective curve. For more information see Cuomo et al (2018b). 

The optimization was carried out through 80 iterations, not specifying a starting value of the 

parameters. Figure 3 shows the satisfactory matching between the experimental data and the results of 

the constitutive model achieved with the optimised estimates of the soil parameters. The final 

estimated parameters values are reported in Tab. 1. 

 

Table 1. Estimated values of the parameters for the hypoplastic constitutive model. 

c  hs (kPa) n ec0 ei0 ed0   

40 93.27 0.08 0.93 1.23 0.21 0.38 1.05 

mR mT R r x    

2.23 1.11 4.0e
-4

 0.12 1.0    

 

Figure 2. Simulations versus observations of CIU tests (from Cuomo et al., 2018a). 

0

10

20

30

40

50

60

0.00 0.02 0.04 0.06 0.08 0.10

D
e
v
ia

to
ri
c
 s

tr
e
s
s
 (
k
P

a
)

Axial strain (-)

a)

0

10

20

30

40

50

60

0.00 0.02 0.04 0.06 0.08 0.10

P
o

re
 w

a
te

r 
p

re
s
s
u
re

 (
k
P

a
)

Axial strain (-)

b)

0

10

20

30

40

50

60

70

0 20 40 60 80

D
e
v
ia

to
ri
c
 s

tr
e
s
s
 (
k
P

a
)

Mean ef fective stress (kPa)

CSL

Observed NP-02

Observed NP-05

Observed NP-13

Simulated NP-02

Simulated NP-05

Simulated NP-13

c)



Incontro Annuale dei Ricercatori di Geotecnica 2018- IARG 2018 

Genova, 4-6 Luglio 2018 

P. Ghasemi, S. Cuomo, M. Calvello, M. Martinelli 

4. Description of MPM model 

The initial condition of the MPM modelling was the phreatic line observed at the first failure of the 

slope during the experiment. The slope was modelled as an upper dry part lying over a saturated one. 

The upper dry part of the slope was simulated by a 1 layered - 1-phase material, whereas the saturated 

one was simulated by a 1 layered - two-phase material including solid skeleton and water . The 

plywood floor was simulated by a linear elastic material. Above the floor a frictional contact algorithm 

was adopted using a Mohr-Coulomb criterion (Bandara and Soga, 2015), with a friction coefficient 

equal to 0.5 as reported from the experiment documentation (Eckersley, 1990). The wire cage at the 

rear of the slope was simulated by a linear elastic material. A static water pressure was applied as 

boundary condition for the saturated layer to simulate the water pressure imposed from the reservoir. 

The presence of suction was not considered in the MPM simulations for the sake of simplicity. The 

computational mesh was composed of 4-node unstructured tetrahedral elements, and 4 material points 

were initialized in each element. The typical length of the element was 0.05 cm; the mesh included 

13,062 elements. 

 

 

Figure 3. Geometry and spatial discretization of the computational domain (from Ghasemi et al., 2018). 

 

The initial effective stress and pore water pressures were computed from a preliminary static 

simulation considering the water table of the 1
st
 Stage, and setting to zero the velocity for the liquid 

phase over the slope surface. These fixities were removed as the simulation started. The initial static 

simulation was performed using a non-associative Mohr-Coulomb model, with friction angle equal to 

 = 40°, nil cohesion c’ = 0, Poisson ratio of  = 0.33 and Young modulus equal to E = 1,000 kPa, and 

dilatancy angle of  = 0°. Then, the model was switched to hypoplastic and the equilibrium was 

verified with another static calculation. This approach was employed to mitigate the numerical 

difficulties caused by the initial low-stress levels in the hypoplastic model. The list of constitutive 

parameters was obtained from calibration on the results of triaxial tests. 

 

5.  Comparison of experiment and MPM outcomes 

Figure 4 compares the simulation outcome with the experimental ones in terms of three various time 

stages. According to the experiment results, the slope failure started by shallow sliding in the zone of 

the saturated coal. The 1st Stage comprised two fairly distinct shallow slides over a 4 s period, each 

extending rapidly uphill by slipping of the overstepped dry coal face. In the 2nd Stage a 0.2 m thick 

slab, comprising the whole face, failed moving the previous debris ahead. In the 3rd Stage, a deep 
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compound slide initiated, pushing the previously failed material horizontally, with the whole mass 

decelerating and coming to rest (Fig 4a). On the other sides, MPM model of slope shows proper 

agreement with aformentioned observed results so that the general failure, state geometery and 

propagation mechanism were well reproduced. For example, the retrogressive slides involving static 

liquefaction were well captured in the simulation. The evolution of the effective stress is related to the 

onset and development of static liquefaction. First, liquefaction starts at the toe of slope, where stress 

levels are the lowest ones. Then, mean effective stress reduces in the middle part of the slope, and 

finally at the rear. The contouring of the mean effective stress (p’) is reported in Fig. 4b at different 

times to indicate how much and where the localized shear bands with low value of p’ evolved inside 

the slope during the large deformations process. 

 

 

Figure 4. a) Experimental results: failure and post-failure stages (modified from Eckersley, 1990); b) simulation 

results: mean effective stresses during the three slope instability stages (from Cuomo et al., 2018a). 

6. Discussion on static liquefaction 

In order to investigate the simulated liquefiable behaviour of material, the state variable of particle P1, 

i.e. mean effective stress and void ratio, were tracked over the simulation time. The results show that, 

in a first stage, the void ratio remained almost constant and the mean effective stress reduced slightly 

without vanishing completely (Fig. 5). At time equal to 1.0 s, the void ratio started decreasing and the 

declining rate of effective stress changed. The point at which the void ratio started to change and the 

dramatic drop in stress initiated could be considered an instability point. Afterwards, the mean 

effective stress decreased rapidly and the material liquefied when the stress became zero. 

It should be underlined that the slight reduction of mean effective stress before the instability point 

was due to the changes in the geometry of the slope that happened in the previous failure stages. 

Another important insight was the fact that the particle did not reach the critical state, i.e. the situation 

in which void ratio and critical void ratio converge, until time equal to 1.3 s, which is quite far from 

the initiation of liquefaction and instability. This clearly proved the distance between the instability 

and failure states of the material.  
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Figure 5. Point P1 tracked over time: current and critical void ratios; mean effective stress  

(from Cuomo et al., 2018c) 

7. Conclusions  

A modelling example of laboratory slope test was provided to show the capability of MPM to 

reproduce complex slope evolution scenarios. Particularly, a progressive-retrogressive failure 

including soil liquefaction and a fast large runout propagation problem were satisfactorily simulated, 

inverse analysis was used to determine parameters value of used constitutive model from triaxial tests, 

and those parameters were then used for the MPM model of the boundary value problem. Similar to 

what had been observed through the experiment, the material showed contractive behavior upon 

shearing; subsequently, static liquefaction occurred. Therefore, the retrogressive failure caused by 

liquefaction in the coarse-grained material was addressed and successfully simulated by material point 

method. Moreover, the results show that the combination of MPM and hypoplasticity was able to well 

address this complex slope evolution process. 
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