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Sommario 

The paper deals with a methodology to calibrate a constitutive model for a large database of experimental tests, 

which also considers the variability of the physical and mechanical soil properties. The tested material is a 

pyroclastic soil originated from the Somma-Vesuvius volcano. An elastoplastic strain-hardening constitutive 

model proposed by Buscarnera and di Prisco (2013) was used simulate its mechanical behaviour in simple shear 

condition in saturated or unsaturated regimes, as well as upon the transition from unsaturated to saturated. Based 

on the variability of the soil properties, five different confidence levels (and their boundary values) were identified 

for each variable. A sensitivity analysis was carried out to allow the identification of the mechanical properties 

which most impacted the performance of the constitutive model. An optimization procedure was adopted and a 

single set of constitutive parameters obtained, which provided satisfactory simulation of the hydro-mechanical 

simple shear soil response under several saturation condition and failure mechanisms. 

1. Introduction 

In landslide susceptibility analysis, a relevant issue is the proper modelling of the complex mechanisms 

that regulate the failure and post-failure stages. For this reason, experimental and numerical tools are 

highly needed to identify the material properties responsible for such dramatic failures, as well as to 

estimate the regional landslides susceptibility (Cascini et al., 2010; Lizárraga et al 2017, 2018).  One of 

the typical examples is the case of shallow landslides, which are frequently triggered by rainfall in 

pyroclastic soil deposits in Southern Italy. At the REV scale (Representative Element of Volume), the 

in-situ stress-strain conditions, before and at failure, have been investigated through simple shear device 

(Cuomo et al., 2015, 2016), which closely approximates the strain-stress paths being the principal 

(stress/strain) axes free to rotate. Recent developments extended the potential of simple shear to partially 

saturated soils, with the suction that is usually controlled/measured using the axis translation technique 

and the tests that can be carried out at constant suction or at constant volume. To numerically elaborate 

the observed soil behaviours, advanced constitutive models in the simple shear stress space are required, 

also capable to deal with the hydro-mechanical coupling. However, constitutive models are normally 

formulated in triaxial conditions, like the Barcelona Basic model (Alonso et al., 2010), the Wheeler-

Sivakumar model (Wheeler et al., 1995) and the Modified Pastor-Zienkiewicz model (Pastor et al., 

1990). A model extension to simple shear stress states required the mathematical generalization from 

the space of stress invariants and the manipulations of stress tensor to consider the stress rotation. In this 

paper, an elastoplastic strain-hardening constitutive model proposed by Buscarnera and di Prisco (2013) 

intends to numerically reproduce the soil responses under simple shear conditions incorporating 

experimental evidences.  
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2. Constitutive model  

The constitutive model here used was already published in previous papers (Moscariello et al., 2020, 

2021), but hereafter is briefly recalled. The Bishop effective stress (Alonso et al., 2010; Bishop, 1959; 

Sun et al., 2007) is adopted: 

𝜎′ = 𝜎 − 𝑢𝑎 + 𝑆𝑟𝑒𝑠   (1) 

where 𝜎 is the total stress, 𝑢𝑎 is the pore air pressure, 𝑠 is the suction, 𝑆𝑟𝑒 is the effective degree of 

saturation following the van Genuchten retention model (1980), defined as:  

 

𝑆𝑟𝑒 =
𝑆𝑟−𝑆res

1.0−𝑆res
= [1 + (𝛼𝑣𝑔𝑠)

𝑛𝑣𝑔
]−𝑚𝑣𝑔 (2) 

where 𝑆r is the current degree of saturation, and 𝑆res is the residual degree of saturation, and 𝛼𝑣𝑔, 𝑛𝑣𝑔 

and 𝑚𝑣𝑔 = 1 − 1/𝑛𝑣𝑔 are shape parameters of the water retention curve. For coarse-grain materials like 

pyroclastic soils, a frictional relation is often used to define the yielding conditions: 

𝑓 = 𝜏 − 𝜂𝑌𝜎′   (3) 

where 𝜂𝑌 is the stress ratio at yielding, 𝜏 is the shear stress, and 𝜎′ is the effective normal stress.  

A porosity-dependent flow rule is adopted by enhancing the dilatancy function proposed by Lagioia et. 

al. (1996) with the concept of state parameter ψ (Been et al., 1985; Li et al. 2000), expressed as: 

𝐷 =
d𝜀𝑝

d𝛾𝑝 = 𝜇𝑔(𝑀𝑔
∗ − 𝜂) (

𝛼𝑔𝑀𝑔
∗

𝜂
+ 1) , 𝑀𝑔

∗ = 𝑀𝑔exp(𝑚𝑔𝜓)         (4) 

where 𝜀 and 𝛾 are the normal and shear strain with the superscript 𝑝 representing their plastic parts, 𝜇𝑔, 

𝑚𝑔, and 𝛼𝑔 are shape parameters of the dilatancy function and 𝑀𝑔 is the critical stress ratio governed 

by the friction angle 𝜑 (i.e., 𝑀𝑔 = tan𝜑).  

In the dilatancy law, 𝜓 quantifies the distance between current state and the critical state line (CSL) in 

the n – log(σ’) space. This distance is estimated in tems of difference between the current porosity n and 

the critical state porosity ncs: 

𝜓 = 𝑛 − 𝑛𝑐𝑠(1 + 𝑏𝑠) (5) 

where b parameter reflects the effect of the suction on the CSL.  

The plastic part of the normal and the shear strain are computed as: 

d𝜀𝑝 = Λ
𝐷

√1+𝐷2
,    d𝛾𝑝 = Λ

1

√1+𝐷2
 (6) 

where Λ is the plastic multiplier derived from the consistency condition. Shear-hardening is captured 

through the following strain-hardening law:  

d𝜂𝑌 = (𝑀𝑝 − 𝜂𝑌)
1

𝜆
d𝛾𝑝  (7) 

where 𝜆 is a hardening constant and it assumes 𝑀p = 𝑀g for simplicity. Finally, the elastic response is 

modeled through pressure-dependent hypoelasticity with the Young’s modulus 𝐸 and shear modulus 𝐺 

 

Fig 1. Schematics of the suction-dependent critical state conditions and consequent changes in dilatancy. 
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expressed as:  

𝐸 = 𝐸𝑟 (
𝜎′

𝜎𝑟
)

𝑛𝐸

,    𝐺 = 𝐺𝑟 (
𝜎′

𝜎𝑟
)

𝑛𝐺

 (8) 

where 𝑛𝐸 and 𝑛𝐺 are constant power law coefficients; 𝐸r and 𝐺r are the values of the elastic moduli at 

the reference stress 𝜎r (normally being 1 kPa).  

3. Calibration procedure 

Data from triaxial and shear tests performed on remoulded specimens characterized by saturated and 

unsaturated conditions were used to calibrate the model parameters. Five confidence intervals were 

identified, based on the statistical distribution of the experimental data, to comply the variation of soil 

properties associated with SWRC, dilatancy, and shear strength. The intervals correspond to 10% 25%, 

50%, 75%, and 95% of probability that a new observation lies within an interval which has as geometric 

centre axes the curve fit. The complete list of model calibrations’s outcomes is given by Moscariello et 

al. (2021), here the calibration procedure is summarized and the main results presented. 

Most of the parameter were calibrated fitting the experimental data and the numerical outputs of the 

equation detailed in the previous section. The parameters related to the SWRC were calibrated using 

two wetting tests under simple shear conditions (Fig. 1). Specifically, the SWRCs were extracted 

considering only the part at constant and low shear strain (γ≈0.05). 

The wetting tests adopted were those performed at constant normal stress (30 and 50 kPa) and constant 

shear stress (34 and 51 kPa), with the suction zeroed at a fixed rate of 0.1 kPa/h.  

The elastic parameters (𝐸𝑟, 𝐺𝑟, 𝑛𝐺 and 𝑛𝐸) were obtained by fitting the Eq. 9 with the experimental data 

obtained from the triaxial tests in drained condition on saturated specimens. 

The critical state parameters 𝑁𝑐𝑠 and 𝜆𝑐𝑠 were constrained using the 𝑛 − 𝑙𝑜𝑔𝜎′ plane. However, the 

confidence intervals couldn’t be properly identified because none of the TX, DS and SS tests fully 

reached the critical state. Therefore, the CSL was approximately evaluated by assuming that the Critical 

State was reached at large deformations (e.g. for TX tests it was supposed that CSL was reached at axial 

strain equals to 40%). For the SS tests, the CSL was defined by extrapolating the experimental results 

for an extra 5% of shear strain. Here, according to previous works (Moscariello et al., 2020), the 

parameters at critical state are 𝜆𝑐𝑠 = 0.031 and 𝑁𝑐𝑠 = 0.78.  

On the other hand, the results obtained in TX, DS and SS tests allow calibrating the parameter 𝑀𝑔, and 

the dilatancy parameters which are related to the friction angle 𝜙. For each test, negligible cohesion was 

assumed, thus the friction angle was computed as tan𝜙 = 𝜏/𝜎′ using the stress values at failure. The 

confidence levels were identified for 𝜙 in the 𝜙 − 𝜎′ plane and an exponential law in that plane was 

identified:  

𝜙 = 𝜙0 + 𝑐1exp(𝑐2𝜎′)  (9) 

where 𝜙0, 𝑐1 and 𝑐2 are model constants and 𝜎′ is the effective normal stress. 𝑀𝑔 was estimated through 

the outcome of Eq. 9, while The parameters 𝜇𝑔, 𝛼𝑔 and 𝑀𝑔
∗ were evaluated by fitting the measured 

dilatancy with the Eq. 4a, while 𝑚𝑔 was obtained through the reversal formula of the Eq. 4b, 𝑚𝑔 =

(
1

𝜓
) 𝑙𝑛 (

𝑀𝑔
∗

𝑀𝑔
) (Fig. 2). Finally, the hardening parameter (𝜆) was determined through a trial-and-error 

procedure, being 0.06, and then adjusted using the sensitivity analysis and an optimization procedure.  

The calibration of the model parameters through experimental data outlined how the variability in soil 

properties influences the choice of the optimal constitutive parameters. Thus, two further steps were 

carried out to improve the model performance. A sensitivity analysis based on the confidence levels was 

carried out estimating the influence of the variation in soil properties on the model predictions. The 

sensitivity analysis was carried out to investigate the impact of the changes in friction angle, dilatancy 

and hardening parameters on model performances. The sensitivity analysis outlined that the parameters, 

which largely influenced the model performance under saturated and unsaturated condition, were those 

related to shear strength, i.e. the friction angle. The choice of friction angle parameters influenced the 

model performances in terms of magnitude of the maximum shear stress and normal strain both in 

saturated and unsaturated condition. The hardening parameter also conditioned the model performances 

in τ-γ and ε-γ planes, but increasing λ value, the point of maximum curvature of the τ-γ curve was shifted 



Incontro Annuale dei Ricercatori di Geotecnica 2021 – IARG2021_online 

Moscariello, Cuomo, Chen, Buscarnera   

 

towards smaller shear strain values. This parameter played a significant role in the wetting tests in simple 

shear condition. This can be attributed to the low stress strain and stress shear reached upon the shearing 

stage. 

The latter step was carried out through the Optimization Toolbox of Matlab, which uses an iterative 

procedure, searching a set of input parameters that minimizes the difference between the model outcome 

and the experimental data. This difference was estimated at selectted shear strain (γ) and in terms of 

shear stress (τ), normal strain (ε), and degree of saturation (Sr). The error function and its feature were 

detailed in Moscariello et al. (2021), and here only the results are showed in table 2. 

 

Table 1: List of the test adopted to calibrate the model (data from Bilotta et al., 2005, 2008, Moscariello et al., 

2018). 

Test type Condition Test ID. 𝑠 (kPa) 𝜎 − 𝑢𝑎 (kPa) 𝜎′ (kPa) 

Simple Shear 

sat SSP0115 0.0 100.0 100.0 

sat SSP0315 0.0 76.0 76.0 

sat SSP0215 0.0 50.5 50.5 

unsat SSRPSF03a 27.5 97.0 120.1 

unsat SSRPSF03b 14.7 75.4 138.6 

unsat SSRPSG23 25.0 50.0 73.0 

unsat SSRPSG24 25.0 100.0 118.9 

Direct Shear 

sat TASNRS21 0.0 9.0 9.0 

sat TASNRS22 0.0 20.0 20.0 

sat TASNRS23 0.0 29.0 29.0 

sat TASNRS25 0.0 39.0 39.0 

sat TASNRS24 0.0 54.0 54.0 

sat TASNRS26 0.0 59.0 59.0 

sat TASNRS29 0.0 69.0 69.0 

sat TASNRS28 0.0 79.0 79.0 

sat TASNRS27 0.0 104.0 104.0 

sat TASNRS31 0.0 133.0 133.0 

sat TASNRS32 0.0 135.0 135.0 

unsat TAL0608 25.0 73.4 73.4 

unsat TAL0808 45.0 50.0 50.0 

unsat TAL1008 60.0 89.3 89.3 

Test type Condition Test ID. 𝑠 (kPa) 𝑝 − 𝑢𝑎 (kPa) 𝑝′ (kPa) 

Triaxial 

sat BIS2206 0.0 100.0 100.0 

sat BIS2306 0.0 100.0 100.0 

sat BIS2406 0.0 100.0 100.0 

sat BIS2606 0.0 50.0 50.0 

sat BIS2706 0.0 200.0 200.0 

sat BIS2806 0.0 30.0 30.0 

sat BIS2906 0.0 30.0 30.0 

 

 

Fig 2. Calibration of the Soil Water Retention curves interpolated using van Genuchten retention model. Note -/+ 

indicates the lower/upper boundary of the studied confidence level. 
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Fig 3. Calibration of dilatancy parameters through two direct shear tests performed on saturated (SSP0115) and 

unsaturated (SSRPSG24) specimens (Moscariello et al., under review). 
 

Table  2: Parameter variations obtained through sensitivity analyses and optimization procedure.  

 

Category Symbols Unit  - 

Plasticity 𝛼𝑔 -  0.0 

 𝑚𝑔 -  0.994 

 𝜇𝑔 -  0.22 

 𝑏 1/kPa  0.02 

 𝜆 -  0.06 

shear strength 𝜙0  ∘  35.67 

 𝑐1 -  15.40 

 𝑐2 1/kPa  0.022 

 

The optimization procedure allowed obtaining a single set of constitutive parameters, which provided 

satisfactory simulation of the hydro-mechanical soil response in simple shear condition under several 

saturation condition and failure mechanisms. 

4. Model performances 

Both the simple shear saturated and unsaturated tests, and the simple shear wetting tests were simulated 

using the unified optimized parameters reported in Table 2.  

The general agreement between the experimental results and the constitutive modelling is discussed 

with reference to τ-γ and ε-γ planes for simple shear saturated and unsaturated tests, and with reference 

to γ-s and ε-s planes for the simple shear wetting tests. 

  

Fig 4. Comparison between measurements and numerical results of a simple shear test in saturated and 

unsaturated condition obtained using the calibrated parameter set proposed in Table 2. 
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Fig 5. Comparison between measurements and numerical results of wetting test in simple shear 

condition obtained using the calibrated parameter set proposed in Table 2. 
 

The best numerical simulations in both the planes simultaneously considered were obtained for SSP0315 

(saturated), and SSRPSG14 (wetting test).  The trend of volumetric behaviour was also captured for 

SSRPSG23 (Fig. 4), but slight differences can be observed at shear strain higher than 30%. Some 

differences were also observed at low shear strain for SSP0315 and SSRPSG23 tests (Fig.4 and 5). 

5. Conclusions 

The simple shear response of air-fall volcanic (pyroclastic) soils under both saturated and unsaturated 

conditions was interpreted through an elastoplastic constitutive model with hydraulic-hardening and 

porosity-dependent critical state. The calibration was performed using a large data set of experimental 

results, i.e. triaxial test, direct and simple shear tests in saturated and unsaturated regime. The model 

performances were improved through a sensitivity analysis and an optimization procedure. The 

proposed procedure allowed a single set of constitutive parameters to be obtained, which provided 

satisfactory simulation of the hydro-mechanical soil response in simple shear condition under several 

saturation condition and failure mechanisms. However, the model was calibrated and validated on three 

failure mechanisms but for the same soil. Thus, further investigations could enlarge the application of 

the calibration and optimization proposed procedure also to other soils.    
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