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1. Introduction

This paper summarises the contents of a keynote 
lecture delivered during the VII CNRIG 2019, the 
Italian National Congress of the Researchers active 
in Geotechnical Engineering. It focuses on the inter-
play between sustainability in geotechnical engineer-
ing and the research outcomes in the specific field 
of constitutive modelling of soils. If, on one hand, 
the role of sustainability in engineering in general, 
and in geotechnical engineering in particular, has al-
ready been explored in the scientific literature (e.g. 
BASU et al., 2014; PANTELIDOU et al., 2012), no such a 
focus has been put on the specific contribution of 
the research in constitutive modelling for a more 
sustainable geotechnics. This manuscript aims at tak-
ing some steps along this direction.

The structure of the paper reflects the above aim. 
In its first part, the definition of sustainability is re-
called, briefly focusing on the consistencies and con-
flicts between environmental, economics and develop-
ment-related issues. These concepts are framed with-
in the civil engineering context, bringing in the more 

specific notions of reliability and resilience, which are 
further specialised to the geotechnical field, identify-
ing the necessary ingredients for a modern definition 
of sustainable geotechnical engineering.

The following step is that of linking sustainable 
geotechnical engineering concepts to the specific re-
search aspect of constitutive modelling of the soil be-
haviour. This objective is first attempted by illustrat-
ing the outcomes of the analyses of two boundary 
value problems, which clearly show that a slight im-
provement in the constitutive assumptions can lead 
to a rather more realistic, instructive and sustainable 
representation of reality. Both investigated cases re-
ly on basic (elastic or linear elastic-perfectly plastic) 
or slightly more advanced (Cam-clay like) constitu-
tive models, thus not representing the outcomes of 
the front-line of the research on the selected topic. 
Nevertheless, they help highlighting how constitu-
tive modelling can enhance our predictive capabil-
ities with reference to the reliability of an earth dam 
under construction or the resilience of a tunnel sub-
jected to an earthquake.

The following sections are devoted to the discus-
sion of some specific issues related to more recent 
advances in plasticity-based constitutive modelling of 
soils. At this scope, a brief introduction is first pro-
posed to outline two of the main features successful-
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ly accounted for in the last three decades in consti-
tutive models for soils, in general, and clays, in par-
ticular: structure, and its degradation, and anisotro-
py, and its evolution. Both these ingredients, once 
accounted for in advanced constitutive models, have 
led to a substantial increase in the number of mod-
el parameters: nonetheless, in the provocative opin-
ion proposed here, this is a false problem, once a 
well-defined calibration strategy is provided for each 
of them. A far more subtle and underestimated 
problem is represented by the increased number of 
internal variables, controlling the evolving character 
of the soil behaviour. These scalar or tensorial enti-
ties, which include, for example, those controlling 
the dimensions, positions or distortions of the – of-
ten more than one – yield-like surfaces, should be 
first initialised whenever the model under study is 
used to carry out a numerical simulation. This is easi-
er when reproducing the response of single element 
tests, while often becomes cumbersome when setting 
up the numerical analysis of a boundary value prob-
lem, as each single internal variable must be initial-
ised at every location of the deposit. The scientific 
literature does not always provide clear indications 
on how to proceed in this sense, while it can easily 
be proved that different assumptions in terms of ini-
tialisation can lead to noticeably different results, ob-
viously for the same problem under study analysed 
adopting the same set of parameters.

Along this line, a first example is outlined where 
the construction of an embankment on a 15 m deep 
structured clayey deposit is analysed by a 2D finite ele-
ment (FE) analysis, adopting an advanced constitutive 
model for the foundation soil. While the same set of 
parameters is adopted in each analysis, two different 
assumptions are made on the profile with depth of the 
initial dimension of the bounding surface, this latter 
being controlled by the interplay between the depo-
sition stages of the clay and its gain of interparticle 
bonding due, for example, to percolation of calcium 
carbonate. The results clearly confirm that different 
initialisation assumptions lead to rather different pat-
terns of deformation of the embankment.

The discussion is then extended to plastic aniso-
tropy and its evolution in terms of rotation/distor-
tion of the yield surfaces: once again, the problem 
is that of establishing a procedure to initialise the 
related internal variables when dealing with a whole 
deposit of natural clay. A new promising approach 
is discussed, based on a relatively limited number 
of laboratory tests complemented by a novel inter-
pretation of Cross-Hole in situ tests, polarised to ob-
tain direct profiles of the elastic stiffness anisotropy 
(e.g. CLAYTON, 2011). To illustrate this approach, var-
ious experimental investigations carried out on dif-
ferent natural clayey deposits have been re-analysed 
adopting a mathematical tool based on the combi-
nation of a well-known constitutive model for plastic 

anisotropy, that of DAFALIAS and TAIEBAT [2013], and 
a recently published anisotropic hyperelastic formu-
lation [HOULSBY et al., 2019; AMOROSI et al., 2020a]. 
Both models account for anisotropy via second or-
der fabric tensors: an experimental-based relation-
ship between the elastic and plastic fabric tensors is 
proposed and then used to link these two evolving 
internal variables, providing a mean to obtain quan-
titative indications on the degree of rotation/distor-
tion of the yield surface simply by detecting the elas-
tic anisotropy.

In the final part of the paper some conclusions 
are addressed, based on the outcomes emerged in 
the previous sections.

2. Sustainability in geotechnical engineering

A system is considered sustainable if it can sur-
vive and retain its functionality over time. When 
the system under study coincides with whole plan-
et earth, the above definition naturally leads to the 
complex interplay between social, economic and en-
vironmental aspects that characterise the dynam-
ics of its evolution [BASU et al., 2015]. Figure 1 sum-
marises the three elements mentioned above, also 
known as three Es, whose mutual interactions con-
trol the development of our system: making the lat-
ter sustainable requires minimising inconsistencies, 
or conflicts, related to these interactions. Examples 
of conflicts are the unbalanced distribution of wealth 
(Economics versus Equity), the economic growth re-
lated to an industrial activity and its negative envi-
ronmental impact (Economics versus Environment) 
or the implications of the intense exploitation of nat-
ural resources in developing countries in terms of 
global environmental effects (Environment versus 
Equity). When the above concepts are related to en-
gineering activities, what outlined in figure 1 must 
be enriched by including this new ingredient, lead-
ing to the four Es scheme of figure 2: new sources of 
complexity emerge, such as those related to the con-
flict between redundancy and profitability of a de-
sign scheme (Engineering versus Economy) or those 
stemming from the possible generation of pollution 
as a consequence of an engineering application (En-
gineering versus Environment).

Focusing on civil and, more specifically, geotech-
nical engineering applications, the balance of the 
four Es should necessarily lead to reliable and resil-
ient design solutions. In this context, the reliability of 
a structure is the measure of its safety against specif-
ic limit states, such that its performance under those 
conditions can be defined at the design stage, ra-
tionally accounting for the various uncertainties that 
characterise the problem under study. On the other 
hand, resilience of a structure is  its ability to return 
towards the original state after a disruptive event, as 
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an earthquake or any other natural hazard. As clearly 
discussed in BASU et al.[2015], geotechnical engineer-
ing, being a specialised discipline, cannot provide a 
solution to the whole sustainability issue, but can of-
fer remarkable contributions towards a more sustain-
able design approach. This because it enters the ear-
ly stage of any civil engineering project, when the key 
decisions on its development are being discussed, pro-
viding a direct link to the specific site where the struc-
ture is meant to be built. For the above, geotechnical 
engineering can actively take part to the sustainable 
development of a project, minimising its environmen-
tal and financial impact and enhancing its social ac-
ceptability, while adopting reliable and resilient-based 
analysis and design approaches.

In the past, most engineering analyses were car-
ried out adopting analytical approaches, necessari-
ly based on oversimplified constitutive modelling as-
sumptions, as, for example, linear elasticity or per-
fect plasticity, depending on the problem under 
study. Nowadays, the analysis of a non-trivial geotech-
nical engineering problem is typically performed us-
ing numerical approaches, as the finite element of fi-
nite difference one, in which the multiphase non-lin-
ear and dissipative behaviour of soils can be more re-
alistically accounted for by appropriate constitutive 
laws. This has opened a wider range of solutions to 
be explored, often leading to more sustainable out-
comes, in the sense previously defined.

3. Constitutive modelling and sustainability: 
applications to boundary value problems

 In the following, reference is made to two spe-
cific cases, one related to the analysis of the staged 
construction of an earth dam and the other to that 
of the seismic performance of a tunnel. Those ex-
amples share one aspect of interest for this work: in 
both cases a more conventional solution, based on 
simplified constitutive assumptions, is first examined 

in terms of design implications, to then introduce 
slightly more advanced constitutive hypotheses that 
lead to a substantial modification of the design sce-
narios, whose impact in terms of sustainability is dis-
cussed.

3.1. Reducing the economic and environmental impact of 
the construction of an earth dam

This first example is inspired by a real case histo-
ry, involving the design of a 33 m high zoned earth 
dam located in the northern part of the Apulia re-
gion (Italy). A plane view and a section of the dam 
are shown in figure 3 and 4, respectively. A specific 
geotechnical investigation was carried out at the site: 
it consisted of 10 core drilling boreholes, extend-
ed to a maximum depth of 18 m from the ground 
surface, retrieving 27 undisturbed samples, comple-
mented by 9 CPT tests carried out in the first 10 m. 
The longitudinal section of figure 5 illustrates the 
subsoil geotechnical model, where a 10 m thick up-
per layer of alluvial deposits, mainly constituted by 
clayey soils characterised by different percentages of 
sand and silt, is followed by a thin intermediate lay-
er of sandy gravel and a deeper bedrock layer of stiff 
overconsolidated Pliocene clay, which extends well 
below the maximum investigated depths. The water 
level is located at an average depth of 5.5 m. Figure 
6 summarises the main outcomes of the geotechni-
cal investigation while figure 7 gathers together the 
results of the CPT tests, as interpreted to define the 
undrained shear strength profile in the alluvial de-
posit. This latter figure shows that the CPT cone re-
sistance exhibits an initial increment with depth, fol-
lowed by a constant trend, related to the presence 
of an overconsolidated soil of higher consistency as 
compared to what observed in the following 7 m, 

Fig. 2 – Four Es of sustainability in civil engineering (modi-
fied from BASU et al., 2015).
Fig. 2 – I quattro elementi della sostenibilità in ingegneria civile 
(modificata da BASU et al., 2015). 

Fig. 1 – Three aspects and conflicts of sustainable deve-
lopment (modified from BASU et al., 2015).
Fig. 1 – I tre elementi e relativi conflitti dello sviluppo sostenibile 
(modificata da BASU et al., 2015).
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where the cone resistance significantly decreases re-
vealing a softer, only slightly overconsolidated, por-
tion of the alluvial deposit characterized by a an av-
erage undrained shear strength cu = 68 kPa.

Such a low value of undrained strength plays a 
crucial role in the analysis of the stability of the dam 
at the end of the construction stage: adopting the 
limit equilibrium approach [MORGERSTERN and PRICE, 
1967] with reference to the non-circular failure sur-
face illustrated in figure 8, results in a factor of safe-
ty lower than 1, i.e. unstable conditions. Under com-
parable geotechnical and geometrical conditions, a 
similar outcome led the designers of a nearby exist-
ing dam to opt for a radical – though typical – solu-
tion, implying the complete excavation of the alluvi-
al soft layer down to the stiff clayey deposit.

The very large economic and environmental im-
pact of such a drastic solution has triggered the in-
terest in analysing the case study following an alter-
native approach, in which the dam sits directly on-
to the alluvial deposit which, in turn, benefits of the 
staged construction of the embankment in terms of 
increased available strength [AMOROSI et al., 2006; 
AMOROSI and BOLDINI, 2015]. The proposed, more 
advanced, approach consists in the use of a non-lin-
ear effective stress-based 2D finite element analysis 
in which the whole sequence of the staged construc-
tion could be realistically simulated, accounting for 
all the hydromechanical couplings occurring below 
the embankment, such as the generation of excess 
pore water pressures, ∆u, and their partial dissipa-
tion (Fig. 9). The key ingredient of the analysis is 

the constitutive assumption for the alluvial deposit: 
a Cam-Clay family model [AMOROSI et al., 2008] was 
adopted at the scope, capable of realistically repro-
ducing the increase of available shear strength due 
to the isotropic hardening of the material as induced 
by the construction-related effective loading. The ref-
erence construction sequence adopted in the analy-
ses is illustrated in figure 10. For the sake of brevity, 
details on the constitutive model and the calibration 
of the parameters are not reported here but can be 
found in AMOROSI and BOLDINI [2015]. The distribu-
tion of excess pore water pressure at the end of the 
dam construction is shown in figure 11 along a verti-
cal section through the core. Excess pore water pres-
sure mainly develops in the stiff clay bedrock layer, 
given its relatively low permeability and its depth as 
compared to the width of the embankment. In con-
trast, in the alluvial layer the presence of the drain-
ing gravel at its base together with the relatively high-
er permeability lead to a significant dissipation of ∆u 
already during the dam construction.

The effective stress path of a point located in the 
alluvial layer at 7.5 m below the ground level under 
the core is reported in figure 12. It indicates an evo-
lution of the yield surface and a non-negligible cor-
responding increase in available shear strength. The 
analysis converges towards equilibrium conditions 
without displaying any collapse mechanism in all the 
simulated stages. Consistently with the above results, 
the evolution of the equivalent undrained shear 
strength of the alluvial deposit exhibits a substantial 
increase during the construction stages, achieving a 

Fig. 3 – Plan view of the dam site and complementary geotechnical investigation.
Fig. 3 – Vista in pianta della diga con indicazione dell’indagine geotecnica.
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final value of about 170 kPa. This latter leads to a fac-
tor of safety equal to 1.91 when adopted within lim-
it equilibrium analyses of the same surface sketched 
in figure 8.

In summary, improving the analysis approach 
from the traditional limit equilibrium one, based on 
perfect plasticity, to the more advanced one, based 
on isotropic hardening plasticity, allows to reliably 

Fig. 4 – Main section of the zoned dam.
Fig. 4 – Sezione maestra della diga zonata.

Fig. 5 – Outline of the geotechnical model.
Fig. 5 – Schema del modello geotecnico di sottosuolo.

Fig. 6 – Summary of the physical and geotechnical parame-
ters adopted for each foundation stratum.
Fig. 6 – Sintesi dei parametri fisici e meccanici adottati per 
ciascuno strato.

Fig. 7 – Detail of the undrained shear strength profile in 
the alluvial deposit.
Fig. 7 – Dettaglio del profilo della resistenza non drenata nel 
deposito alluvionale.
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evaluate the proposed solution which results as far 
more sustainable than that adopted in the past un-
der similar circumstances, both in terms of econom-
ic and environmental impact.

3.2. Improving our ability to assess the seismic resilience 
of a tunnel

The second example is that of an ideal, though 
realistic, circular tunnel in a soft clayey soil deposit 
subjected to an earthquake, analysed along its trans-
versal section [AMOROSI and BOLDINI, 2009].

When tackling this class of problems, standard 
engineering practice still relies on elastic solutions 
(e.g. WANG, 1993; PENZIEN and WU, 1998) to evaluate 
the seismic-induced loads, which are assumed to act 
in the lining only during the seismic event, thus ne-
glecting any post-earthquake effect on the system. In 
particular, for the so called “no slip” case (i.e. assum-
ing absence of relative displacements between the 
lining and the soil during the earthquake, thus lead-
ing to more conservative results) the Wang’s equa-
tions read:

  (1)

  (2)

in which the maximum increments of the hoop 
force ∆Nmax and bending moment ∆Mmax in the 
transverse direction of the tunnel lining are ex-
pressed as a function of the mobilised undrained 
soil Young’s modulus Eu, the corresponding Pois-
son’s ratio u (here assumed equal to 0.5 consist-
ently with the expected undrained conditions dur-
ing the seismic excitation), the tunnel radius r, the 
maximum shear strain max at the depth of the tun-
nel and the two lining response coefficients K1,2 
which account for the relative stiffness between the 
surrounding soil and the lining. The mobilised Eu 
and max should be defined adopting a decoupled 
approach, i.e. running a site response analysis un-
der free-field conditions incorporating the expect-
ed non-linear behaviour of the soil deposit. The 
above solutions, obtained under quasi-static condi-
tions, assume that both soil and lining behave elas-
tically. As such, just after the earthquake the initial 
static configuration is regained, apparently indicat-
ing a fully resilient performance of the soil-struc-
ture system: this conclusion is falsified by the out-
comes of real case histories, often characterised by 
permanent displacement-related damage occur-
ring in the structure (e.g.: HASHASH et al., 2001; YAS-
HIRO et al., 2007). This issue has stimulated the nu-
merical exercise here proposed: based on a finite 
element direct approach, for the same soil depos-
it, tunnel and earthquake characteristics, a first se-
ries of analyses were carried out assuming linear vis-
co-elastic behaviour for both the soil and the lin-
ing, aiming at reproducing the analytical solutions 
by Wang under comparable constitutive hypothe-
ses, to then introduce plasticity in the soil deposit 
and, furthermore, also in the structural elements, 
to more realistically take into account the role of 
irreversibility during and after the earthquake ap-
plication. The soil deposit under study is charac-
terised by a thickness of 60 m. Its initial shear stiff-
ness Go profile is illustrated in figure 13a, while 13b 
plots the non-linear dependency of the mobilised 
shear stiffness ratio G/Go and of the damping ra-
tio D with the shear strain amplitude . The soil is 
assumed as normally consolidated, with water table 
at the ground surface. Its main physical properties 
and mechanical parameters are: IP = 44 %,  = 17 
kN/m3, K0 = 0.6, G0= variabile, ’ = 0.25, D0 = 1 %, 

Fig. 8 – Failure surface assumed in the limit equilibrium analysis at the end of the construction stage.
Fig. 8 – Superficie di scorrimento assunta per l’analisi all’equilibrio limite a fine costruzione.

Fig. 9 – FE analysis: model domain and its discretisation.
Fig. 9 – Analisi agli elementi finiti: dominio e discretizzazione 
spaziale.
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c’ = 0, ’ = 24°. A 10.10-m diameter circular tunnel, 
located at 15-m depth, was selected as the refer-
ence underground structure. The lining is assumed 
to be composed by 0.50-m thick precast concrete 
segments characterised by the following linear vis-
co-elastic parameters: Young’s modulus El = 38 GPa, 
Poisson’s ratio l = 0.25, damping ratio Dl = 5%.

For the sake of brevity, here the results of a single 
acceleration time history are illustrated, with refer-
ence to the Kalamata (Greece) event occurred dur-
ing the 13.XI.1986. The original seismic signal was 
scaled to a maximum acceleration of 0.35 g.

Figure 14 shows the results of a preliminary lin-
ear-equivalent site response analysis in terms of 
profiles of the mobilised max and G/Go. Those re-
sults were then adopted to either directly evaluate 
– by equations 1 and 2 – the maximum variation of 

hoop force ∆Nmax= ± 473 kN/m and bending mo-
ment ∆Mmax= ± 802 kNm/m acting in the tunnel lin-
ing during the earthquake, or to define the mobi-
lised stiffness and damping profile to be used as in-
put data in the dynamic stages of the FE analyses. 
Those latter were carried out by the 2D version of a 
commercial code, reproducing all the key stages of 
the problem: the initialisation of the effective stress 
state, the excavation of the tunnel under undrained 
conditions up to a volume loss of about 0.4 %, typ-
ical of mechanised tunnelling activities, followed 
by a consolidation stage, the simulation of the time 
history of the earthquake under undrained condi-
tions and the final consolidation stage. Figure 15 il-
lustrates the mesh adopted for the analyses. All the 
static stages of the analyses were characterised by the 
assumption of elastic perfectly plastic behaviour of 

Fig. 10 – Sequence of construction phases assumed in the analysis.
Fig. 10 – Sequenza delle fasi costruttive assunta nell’analisi.
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the soil, irrespectively of the hypotheses holding for 
the dynamic stages. This was aimed at reproducing 
the same pre-seismic conditions for all the dynamic 
analyses. Further details on the analyses are not dis-
cussed here but can be found in Amorosi and BOLDI-
NI [2009] and in AMOROSI et al. [2010].

The distribution of the predicted hoop force N 
and bending moment M prior to and after the earth-
quake, as well as their minimum and maximum en-
velopes during the seismic event, are shown in fig-
ure 16 for the visco-elastic deposit and visco-elastic 
lining. The results are reported as a function of the 
angle θ, also shown in the figure and defined positive 
in counter-wise direction. In this case the results ob-
tained by the dynamic FE analysis in terms of ∆N and 
∆M during the event are very close to those obtained 
by the analytical solutions, confirming that corre-
sponding visco-elastic hypotheses lead to similar re-
sults, irrespectively of the substantial differences in 
the approach of analysis (quasi-static versus dynam-
ic). A more realistic scenario is obtained introduc-
ing plasticity in the soil behaviour: the results of fig-
ure 17a refer to this case, where elastic-perfectly plas-
tic soil response holds also during the shaking stage. 
The good news is that a less intense magnitude of the 
seismic-induced hoop forces and bending moments, 
as compared to the elastic one, was predicted during 
the seismic stage, possibly due to the irreversibility-in-

duced dissipative character of the surrounding soil, 
at the cost of the permanent accumulation of dis-
placements and distortions of the structure, comple-
mented by a substantial increase of the post-seismic 
static loads acting in the lining. This radical change 

Fig. 11 – Profile of the excess pore water pressures indu-
ced at the end of the construction along the vertical axis 
of the dam.
Fig. 11 – Profilo delle sovrappressioni interstiziali indotte al 
termine della costruzione lungo l’asse verticale della diga.

Fig. 12 – Stress path and evolution of the yield domain of 
a point located in the lower portion of the alluvial deposit.
Fig. 12 – Percorso tensionale ed evoluzione del dominio di 
snervamento per un punto posizionato nella porzione inferiore 
del deposito alluvionale.

Fig. 13 a, b – a) profile of the small strain shear stiffness 
with depth; b) normalised shear modulus reduction curve 
and variation of the damping ratio with shear strain.
Fig. 13 a, b – a) profilo con la profondità della rigidezza a 
taglio a piccole deformazioni; b) curva della degradazione 
della rigidezza a taglio normalizzata e variazione del fattore di 
smorzamento con l’ampiezza della deformazione di taglio.
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in the outcomes of the analyses is further enhanced 
by considering the lining as a visco-elasto-plastic ma-
terial, i.e. adding plasticity to the lining too: the re-
sults of this final case, illustrated in figure 17b, indi-
cate a further reduction in the peak stresses acting 
within the lining during the shaking stage, still at the 
cost of an increased post-seismic loading conditions 
as compared to the static pre-earthquake one.

In brief, improving the analysis approach from 
the traditional elasticity-based one to a slightly more 
advanced one, adding perfect plasticity to the soil 
and the lining constitutive models, allows to predict 
in a far more realistic way the structural consequenc-
es of an intense earthquake hitting an underground 
infrastructure, leading to a more scientifically sound 
assessment of the post-earthquake state of the tunnel 
and its related resilience.

4. Advanced constitutive modelling: some 
achievements and open issues

The two examples discussed above have shown 
how a slight improvement in the constitutive mod-

elling hypotheses can provide a deeper insight in-
to the mechanics of two different geotechnical 
boundary value problems, leading to more sustain-
able engineering solutions. Adopting the defini-
tions provided by MUIR WOOD [1990], the consti-
tutive models employed in the two case histories 
should be considered as either “childern’s mod-
els”, in the case of the tunnel, or “student’s model”, 
for the dam analysis: although relatively simple, 
they allow to account for patterns of soil behaviour 
that play a key role in those case studies, shading 
some light into their fundamental mechanics. De-
velopments beyond “student’s models” lead to the 
so-called advanced models, which allow to take in-
to account various specific features of the soil be-
haviour, thus enhancing our predictive capability 
in engineering applications.

Limiting the discussion to clayey soils, the last 
decades have seen a number of advanced constitu-
tive models being proposed in the scientific litera-
ture, aimed at reproducing some of their key fea-
tures as: early non-linearity, dependence on both 
geological and recent stress histories, enhanced 
initial stiffness and strength induced by bonding 
between aggregate of particles, bond-degradation 
due to accumulation of irreversible strain, stress-in-
duced anisotropy, related to the current state of 
stress, and fabric-related anisotropy induced by 
previous plastic strain history (e.g.: KAVVADAS and 
AMOROSI, 2000; ROUAINIA and WOOD, 2000; LIU 
and CARTER, 2002; BAUDET and STALLEBRASS, 2004; 
GRAMMATIKOPOULOU et al., 2006; YU et al., 2007; 
GALAVI and SCHWEIGER, 2009; BELOKAS and KAVVADAS, 
2010; BOLDINI et al., 2019): these features come at 
the cost of a larger number of parameters to be 
calibrated and internal variables to be initialised. 
To clarify this last drawback, it is worth discussing 
two pioneering contributions provided by DAFALI-
AS [1986] and GENS and NOVA [1992] which repre-
sent key advances in modern soil constitutive mod-
elling.

The paper by DAFALIAS [1986] proposes an ex-
tension of a classical Cam-Clay-like critical state 
soil mechanics model (i.e. a student’s model) to 
account for plastic strain-induced anisotropy, in-
troducing a rotational hardening rule which con-
trols the evolution of the distortion and orienta-
tion of the yield surface, as sketched in figure 18. 
The yield surface f, which coincides with the plas-

Fig. 14 a, b – 1D linear equivalent visco-elastic analysis: a) 
profile of the mobilised shear strain; b) normailsed shear 
stiffness with depth.
Fig. 14 a, b – Analisi 1D visco-elastica lineare equivalente: a) 
profilo della deformazione di taglio mobilitata; b) rigidezza a 
taglio normalizzata con la profondità.

Fig. 15 – FE model.
Fig. 15 – Modello agli elementi finiti.
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tic potential g, assumes the following mathematical 
expression in the triaxial invariant effective stress 
space:

 (3)

in which the geometry of the surface depends on the 
parameter M and on the hardening variables pc, the 
well-known pre-consolidation pressure, and , which 
controls the newly introduced distortion of the sur-
face. The evolution of this latter is controlled by the 

rotational hardening law, which was originally for-
mulated as:

  (4)

stating that the infinitesimal increment of the rota-
tional hardening variable occurs at a rate c when plas-
tic volumetric strain cumulates (i.e. the plastic multi-
plier L > 0) to progressively saturate towards the ref-
erence value 0, which is controlled by the current 
orientation of the stress path via the expression:

Fig. 16 – Results of the FE analysis assuming visco-elastic behaviour for both the soil and the lining.
Fig. 16 – Risultati dell’analisi agli elementi finiti assumendo un comportamento visco-elastico per il terreno e per il rivestimento.

Fig. 17 a, b – Results of the FE analysis assuming: a) visco-elasto-plastic behaviour for the soil and visco-elastic one for the li-
ning; b) visco-elasto-plastic behaviour for both the soil and the lining.
Fig. 17 a, b – Risultati delle analisi agli elementi finiti assumendo: a) comportamento visco-elasto plastico per il terreno e visco-elastico per 
il rivestimento; b) comportamento visco-elasto-plastico sia per il terreno, sia per il rivestimento.
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  (5)

At the element level, the proposed formulation 
permits to realistically reproduce features as those 
plotted in figure 19, illustrating the evolution of the 
shape of the yield domain of Bothkennar clay as a 
function of the imposed consolidation stress path 
direction [JARDINE and SMITH, 1991]: all at the cost 
of two more parameters c and x to be added to the 
standard Modified Cam-Clay ones.

In fact, the new formulation also requires the 
initialisation of two internal state variable prior to 
run any analysis, both depending on the previous 
stress-strain history experienced by the material 
in situ: the pre-consolidation pressure pc, whose 
identification can be carried out by interpreting 
standard isotropic compression tests or oedome-
ter ones, and the initial distortion of the surface 
, which should be identified by a careful probing 
aimed at detecting the initial shape of the yield 
surface. This latter requires a rather time-con-
suming testing programme, to be carried out on 
a number of intact samples, retrieved at the same 
depth of the deposit, which should be subjected 
to controlled triaxial stress path probing starting 
from the in situ stress state, to detect the yielding 
conditions along different directions. This activity, 
when extended to a whole clay deposit, should be 
reiterated on samples retrieved at different depths, 
making the process of initialisation of the newly 
introduced internal variable , which possibly var-
ies with depth, far more complex than the one re-
quired to calibrate the two new parameters c and x, 
typically constant throughout the deposit. In oth-
er terms, the use of this model, and of all those 
derived from it (e.g. WHEELER et al., 2003, DAFALIAS 
and TAIEBAT, 2013), in the analysis of boundary val-
ue problems is limited by the required non-trivial 
initialisation procedure to be adopted at the de-
posit level, which often inhibits its employment in 
geotechnical engineering applications.

Let’s now discuss the key features of the pioneer-
ing conceptual framework proposed by GENS and 
NOVA [1992], which has inspired the subsequent for-
mulation of several constitutive models accounting 
for the effects of structure and its degradation. The 
Authors introduce the effect of bonding in a hard-
ening plasticity framework by a homothetic increase 
of the dimension of the yield domain with respect 
to the unbonded one, this latter being controlled, 
in a standard fashion, by the previous stress histo-
ry experienced by the soil. Figure 20 shows the suc-
cessive yield surfaces for increasing degrees of bond-
ing, whose dimension is controlled by the scalar pa-
rameter pc0; the figure also plots the yield surface 
A which corresponds to the unbonded state of the 
material, for a pre-consolidation pressure equal to 
pc. The ratio pc0/pc expresses the amount of bond-

ing b  : once plastic strains occur, a debonding process 
is triggered such that the ratio reduces towards the 
unity based on the expression:

  (6)

This pattern is proposed to be controlled by a 
scalar damage variable h, based on a simple negative 
exponential function:

  (7)

in which the evolution of the damage is expressed as 
a function of the absolute deviatoric and volumetric 
plastic strain increments  via the hardening 
function:

  (8)

When casted into an existing constitutive mod-
el, as the one originally proposed by Nova [1988], 
the above framework proves to be very effective in 
reproducing the typical behaviour observed in ex-
perimental tests carried out on structured soil spec-
imens, as illustrated in figures 21 and 22 with ref-
erence to isotropic and triaxial compression tests, 
respectively.

Even in this case, when switching from single el-
ement tests to a geotechnical boundary value prob-
lem, the most difficult task is not that of calibrating 
the newly introduced parameters (as, for example 
h1 and h2 of equation 8), but, rather, the initialisa-
tion of the internal variable pc0 at each depth of the 
involved soil deposit: in fact, this variable does no 
longer solely depend on the stress history experi-
enced by the material, but is also – often substan-
tially – affected by the bonding processes that oc-
cur during the geological life of the deposit, which 
can be more difficult to be inferred based on stand-
ard geotechnical investigations. In detail, structure 
might results as a consequence of different phe-
nomena, as for example percolation of calcium car-
bonate or weak lithification processes, which might 
occur at different stages of the geological evolution 
of the deposit and can be characterised by rather 
different rates, as such potentially leading to a wide 
variety of bonding profiles with depth for the same 
soil deposit. It can thus be concluded that, similar-
ly to what emerged above for the anisotropy effects 
described by the Dafalias’s model, the use in engi-
neering applications of the whole class of models ac-
counting for structure and debonding is still limited 
by the required non-trivial internal variable initiali-
sation procedure to be adopted at the deposit level, 
thus inhibiting their employment in standard prac-
tice [AMOROSI et al., 2008].

In the following, the above limitations are first 
discussed with reference to the ideal example of the 
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construction of an embankment on a structured 
clayey soil deposit, aiming at providing an insight 
into the effect of bond distribution with depth on 
the results, to then illustrate an innovative simplified 
strategy to initialise the internal variable accounting 
for plastic anisotropy, as the one introduced by DA-
FALIAS [1986], based on direct in situ dynamic meas-
urements.

4.1. Structured clays: the role of bond profile with depth 
on the performance of an embankment

Here the ideal case of the construction of a 6 m 
high embankment on a 15 m deep soft structured 
clayey deposit is analysed by a 2D FE approach, 
adopting for the foundation soil an advanced con-
stitutive model accounting for early irreversibili-
ty and bond degradation. While the same set of pa-
rameters is adopted in each analysis, two different 
assumptions are made on the profile with depth of 

Fig. 18 – Rotated/distorted yield surface (modified from 
DAFALIAS, 1986).
Fig. 18 – Superficie di snervamento ruotata/distorta (modificata 
da DAFALIAS, 1986).

Fig. 20 – Successive yield surfaces for increasing degree of 
bonding (modified from GENS and NOVA, 1993).
Fig. 20 – Differenti superfici di snervamento al crescere dei 
legami tra i grani (modificata da GENS e NOVA, 1993).

Fig. 19 – Effect of the imposed consolidation path direction on the yield domain of Bothkennar clay (modified from JARDI-
NE and SMITH, 1991).
Fig. 19 – Effetto della direzione del percorso di consolidazione sul dominio di snervamento dell’argilla di Bothkennar (modificata da 
JARDINE and SMITH, 1991).
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the initial dimension of the bounding surface, this 
latter being controlled by the interplay between the 
deposition stages of the clay and its gain of interpar-
ticle bonding as induced, for example, by calcium 
carbonate percolation. The results are discussed in 
terms of settlements, horizontal displacements and 
volumetric strain contours at the foundation depos-
it, aiming at highlighting the significant role played 
by the initial bonding profile on the performance of 
this geotechnical structure.

The geometry of the problem and a sketch of 
the adopted mesh are displayed in figure 23. The 
analyses were carried out simulating the staged con-
struction of the embankment under drained plane 
strain conditions. The employed constitutive model 
is a simplified version of the Model for Structured 

Soils (MSS) proposed by KAVVADAS and AMOROSI 
[2000], implemented in a commercial finite ele-
ment code by an explicit integration scheme based 
on a sub-stepping algorithm. The model is charac-
terised by two surfaces (Fig. 24), a small yield one, 
whose motion in the stress space is controlled by a 
kinematic hardening rule via two parameters (, ), 
and an external bounding surface, characterised by 
a dimension controlled by the internal scalar varia-
ble pc, which evolves based on the following isotropic 
hardening rule:

  (9)

This evolution equation combines a standard 
Cam-Clay hardening rule, in the first term of the 
right side of the equation, to a negative exponential 
function of the (absolute) volumetric plastic strain 

. This leads to an interplay between the often op-
posed tendencies to an increase of the dimension of 
the surface due to the first term, as controlled by the 
well-known compressibility parameters , and a de-
crease of its size triggered by the volumetric plastic 
strain-induced debonding process, whose rate and 
asymptotic response are controlled by the parame-
ters . Though differently formulated, equation 9 
leads to volumetric debonding patterns similar to 
those obtained by equations (6   -   8) of the pioneering 
formulation by GENS and NOVA [1993]. In the MSS 
model the dimension of the bounding surface, i.e. 
the value of pc, depends on the previous stress history 
of the material as combined with the bonding and 
debonding processes occurred in the meanwhile: as 
such pc is the key internal variable to be initialised at 
different depths of the deposit prior  to proceed with 
the numerical analysis of any engineering boundary 
value problem. The model also includes a tensorial 
internal variable, geometrically corresponding to 
the centre L of the inner yield surface, which is sen-
sitive to the recent stress history of the material and, 

Fig. 21 – Isotropic consolidation curves for soils with incre-
asing degree of structure (modified from GENS and NOVA, 
1993).
Fig. 21 – Curve di compressione isotropa per terreni caratterizzati 
da grado di struttura crescente (modificata da GENS e NOVA, 
1993).

Fig. 22 – Drained triaxial simulations on a structured soil (modified from GENS and NOVA, 1993).
Fig. 22 – Simulazioni di prove triassiali drenate su terreni strutturati (modificata da GENS e NOVA, 1993).
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as such, should be initialised consistently with it. In 
the following, for the sake of simplicity, this latter in-
ternal variable has been assumed to initially coincide 
with the lithostatic effective stress acting at each 
depth of the clay deposit.

Table I summarises all the parameters adopted 
in the numerical analyses. They are assumed to be es-
timated based on a unique sample, ideally retrieved 
in the structured clay deposit at a depth of 10 m and 
subjected to the triaxial probing tests illustrated in 
figure 25, resulting in pc = 132 kPa.

Following KAVVADAS et al. [1993], two different 
scenarios are considered in terms of interplay be-
tween the clay deposition and the bonding forma-
tion: the first one assumes that bonding occurs on-

ly after the clayey stratum had already been fully 
deposited, while concurrent deposition and bond-
ing processes characterise the second case (Fig. 26 
a,b). Both scenarios are compatible at 10 m depth, 
where the single ideal sample is assumed to be avail-
able.

The results of the two analyses are first illus-
trated in terms of surface settlements: figure 27 
indicates that beneath the embankment larger 
vertical displacements are obtained in the case 
of post-depositional bonding scenario, while this 
trend is reversed beyond the tip of the structure. 
Figure 28 plots the profiles of the horizontal dis-
placements with depth as extracted along a vertical 
section, located 6 m off the embankment, through 
the soft clay deposit: both the shapes and the max-

Fig. 23 – Geometry and mesh of the investigated problem.
Fig. 23 – Geometria e mesh del problema studiato. 

Fig. 24 – Yield and bounding surfaces of the MSS model 
(modified from KAVVADAS and AMOROSI, 2000).
Fig. 24 – Superfici di snervamento e limite del modello MSS 
(modificata da Kavvadas e Amorosi, 2000).  

Fig. 25 – Results of ideal triaxial probing tests carried out 
on a sample retrieved at a depth of 10 m.
Fig. 25 – Risultati di prove triassiali ideali, a percorso di 
carico controllato, eseguite su un campione prelevato a 10 m di 
profondità.

Tab. 1 – MSS model parameters for the structured clayey deposit.
Tab. 1 –  Parametri del modello MSS per il deposito di argilla strutturata.

Material   2G/K c   v v

Structured clay 0.16 0.02 0.92 0.816 (⇒'cv = 25.4°) 0.1 2.0 7 17.5
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imum values of the curves are influenced by the as-
sumption adopted in terms of initialisation of the 
internal variable pc with depth. Finally, figure 29 
plots the different contours of volumetric strain 
as obtained in the clay deposit by the two analyses: 
in the post-depositional scenario larger volumet-
ric strains cumulate just below the embankment, 
as that portion of the deposit experiences larger 
destructuring processes given its lower apparent 
(i.e. structure-induced) overconsolidation ratio as 
compared to the other scenario. In fact, the oppo-
site is true for to the concurrent deposition and 
bonding scenario, in which larger volumetric plas-
tic strains cumulate at the base of the deposit.

It can be concluded that the initialisation of 
the internal variable controlling the amount of 
bonding affecting a structured soil deposit plays 
a paramount role in the predictions of the be-
haviour of any geotechnical structure interact-
ing with it. No simple strategy is available to infer 
what occurred to a natural clayey deposit in its 
geological history in terms of bonding formation: 
several rather different scenarios are possible. As 
such, the only reasonable way to tackle this prob-
lem is by carrying out an adequately extended ex-
perimental programme, carefully retrieving in-
tact samples at different depths to perform lab-
oratory experiments aimed at directly detecting 
the initial amount of bonding by probing the soil 
specimens, similarly to what illustrated in figure 
25. In particular, when dealing with soft struc-
tured clayey deposits as the one discussed here, 
it seems not advisable to, alternatively, use at the 
scope in situ tests as, for example, the CPT, since 
the amount of straining induced by the penetra-
tion of the equipment might causes substantial 
destructuring processes, biasing the interpreta-
tion of the results.

4.2. Anisotropic clays: a new simplified procedure to in-
itialise the distortional hardening variable profile with 
depth

As previously discussed, the use of anisotropic 
hardening plasticity models, as the pioneering one 
proposed by DAFALIAS in 1986, in FE analyses of geo-
technical boundary value problems not only implies 
the calibration of the related material parameters 
but also requires the initialisation, throughout the 
whole clayey deposit, of the tensorial internal vari-
able describing the distortion/rotation of the yield 
surfaces, i.e. the amount of plastic anisotropy charac-
terising the material at each location of deposit. This 
activity can be rather time consuming, as in most cas-

Fig. 26 – a) Post-depositional bonding; b) Concurrent de-
position and bonding.
Fig. 26 – a) legami tra i grani generati dopo la deposizione; b) 
legami tra i grani generati contestualmente alla deposizione.

Fig. 27 – Surface settlements.
Fig. 27 – Cedimenti superficiali.

Fig. 28 – Profiles of the horizontal displacements with 
depth along a vertical section located 6m off the em-
bankment.
Fig. 28 – Profili degli spostamenti orizzontali lungo una sezione 
verticale disposta a 6 m di distanza dall’estremità del rilevato. 
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es necessitates of specific laboratory probing tests 
to be carried out on samples retrieved at different 
depths.

What proposed here is a new procedure which 
allows to first estimate the profile with depth of the 
internal variable accounting for the distortion/rota-
tion of the yield surface, based on more straightfor-
ward in situ shear wave propagation tests. This pro-
cedure, which is still under validation, is based on a 
relatively simple idea: both elastic and plastic aniso-
tropy are the macroscopic manifestation of the mi-
croscopic directional characteristics of the material, 
as those stemming from the orientational patterns 
of the aggregates of particles of a clay sample. As 
such, elastic anisotropy should reflect the direction-
al microstructural features of the material which, in 
turn, also affect the plastic anisotropy behaviour con-
trolling the distortion/orientation of the yield do-
mains. The key to solve the initialisation problem is 
in finding out the quantitative link between the elas-
tic and plastic anisotropy, so that once one of them 
is known, the other can be calculated based on this 
relationship. This issue is discussed in detail in AMO-
ROSI et al. [2020b], while here it is only summarised 
to highlight the possible benefits and limitations of 
the methodology.

More in detail, the proposed approach was 
stimulated by the experimental results discussed 
in MITARITONNA et al. [2014], in which a reconsti-
tuted clay was first lightly compressed in a conso-
lidometer, under K0 conditions, to then experi-
ence extended virgin radial stress paths, illustrat-
ed in figure 30, imposed by a stress-controlled tri-
axial system equipped with bender elements fitted 
to the mid-height of the soil specimen and polar-
ised along two different planes (vertical and hori-
zontal). This experimental set up allowed the Au-

thors to propagate shear waves within the mate-
rial, picking up the arrival time and then evalu-
ating the two different shear components of the 
elastic stiffness Ghh and Ghv, whose ratio Ghh/Ghv 
was adopted as a scalar indicator of the degree of 
elastic anisotropy of the soil. Figure 31 shows that 
the anisotropy ratio smoothly evolves according to 
the orientation of the imposed virgin stress path: 
this indicates that the plastic strain-induced evo-
lution of the irreversible behaviour of the materi-
al, which leads to distorted/rotated yield domains, 
consistently affects the elastic anisotropy of the 
specimens. The Authors also corroborated these 
observations looking at the microscale of the soil, 
by analysing vertical thin sections of the clay, sam-
pled at the end of each test, by Scanning Electron 
Microscope, confirming that the degree of orien-
tation of the particle aggregates was evolving con-
sistently with the direction of the imposed stress 
path and the corresponding evolving values of the 
anisotropy ratio.

To back-analyse these experimental evidences, 
AMOROSI et al. [2020b] have adopted a constitutive 
model whose formulation was obtained by combin-
ing a recently proposed anisotropic hyperelastic one 
[AMOROSI et al., 2020a], in which anisotropy is account-
ed for by a second order fabric tensor named B (sub-
jected to the constraint trB = 3), with the anisotrop-
ic hardening-based formulation discussed in DAFALIAS 
and TAIEBAT [2013], in which the orientation of the 
distorted/rotated yield surface in the stress space is 
accounted for by the traceless fabric tensor β, as in 
DAFALIAS [1986]. The missing term, linking B to β is 
suggested as follows, based on the experimental evi-
dence:

  (10)

Fig. 29 – Volumetric strain contours at the end of construction: a) post-depositional bonding; b) concurrent deposition and 
bonding.
Fig. 29 – Distribuzione delle deformazioni volumetriche al termine della costruzione: a) legami tra i grani generati dopo la deposizione; b) 
legami tra i grani generati contestualmente alla deposizione.

a) b)
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in which I is the second order identity tensor,  is the 
intensity of the plastic anisotropy fabric tensor, 

, and ω is a scalar parameter which can be 
correlated to the plasticity index of the clay under 
study (Fig. 32). The above formulation has first been 
validated against the experimental data discussed 
above, leading to sufficiently accurate back-predic-
tions of the observed behaviour, as illustrated in fig-
ure 33.

It can be demonstrated that under axisymmetric 
stress-strain conditions and coaxiality of B and the 
stress and strain tensors, as in the laboratory condi-
tions of MITARITONNA et al. [2014], the measurement 
of the ratio Ghh/Ghv allows to fully characterise the 
tensor B and, thus, the anisotropic elastic character 
of the soil. Once the elastic fabric tensor is known, 
so is its plasticity counterpart β, as the two are linked 
by equation 10. This procedure can be extended to 
the clay deposit scale, provided the above axisym-
metry and coaxiality hypotheses hold: in this case, 
the measurement of the profile of the anisotropy ra-
tio Ghh/Ghv can be carried out in situ by properly 
set Cross-Hole tests, as those discussed by CLAYTON 
[2011].

Along the above line, the validation of the for-
mulation has been extended to a set of natural 

Fig. 30 – Virgin radial stress paths imposed in the TX sy-
stem (modified from MITARITONNA et al., 2014).
Fig. 30 – Percorsi tensionali radiali di compressione vergine 
imposti nell’apparecchiatura triassiale (modificata da 
MOTARITONNA et al., 2014).

Fig. 31 – Evolution of the elastic anisotropy ratio along the virgin radial stress paths (modified from MITARITONNA et al., 2014).
Fig. 31 – Evoluzione del rapporto di anisotropia elastica lungo i percorsi radiali di compressione vergine (modificata da MOTARITONNA et 
al., 2014).

Fig. 32 – Dependence of the parameter ω on the plasticity index (modified from AMOROSI et al., 2020b).
Fig. 32 – Dipendenza del parametro  dall’indice di plasticità (modificata da AMOROSI et al., 2020b).
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clays for which the elastic anisotropy was known, 
based on shear wave propagation tests carried out 
either in situ or in laboratory, as well as the plas-
tic one, as detected by carefully probing a number 
of soil specimens sampled at the same depth. The 
outcome of this validation is summarised in figure 
34, where the points refer to the probing exper-
iments while the lines sketch the distorted yield 
surfaces as inferred based on the shear wave prop-
agation tests: the comparisons indicate that the 
proposed approach might represent a promising 
alternative tool to efficiently carry out the initial-
isation of the β internal variable in a clay deposit, 
provided the above assumptions of axisymmetry 
and coaxiality ho ld.

5. Conclusions

Nowadays, large civil engineering projects are 
developed and assessed based on different crite-
ria, among which sustainability is becoming one of 
the most relevant. In this context, the adoption of 
sustainable practices should not only be perceived 
as a mere requirement but might also represent a 
strategic tool to generate competitive advantage for 
those who implement them [IOANNOU and SERAFEIM, 
2019].

The related question is then: how geotechnical 
engineering can contribute to this process? One pos-
sible answer can be found in the innovative ingredi-
ents that characterise this discipline, as for example 
those related to new technological developments, 
which impact the construction stage, or the theoret-
ical ones, whose effects typically influence the anal-
ysis and design stages. Among those latter develop-
ments is constitutive modelling, which represents a 

key tool to enhance our predictive capabilities, lead-
ing to more sustainable design approaches, which 
imply more reliable and resilient structures. In this 
paper some of the advantages and limitations relat-
ing constitutive modelling and sustainability in geo-
technical engineering have been discussed.

In the first part two typical boundary value 
problems were illustrated: the construction of an 
earth dam on an alluvial deposit and the transverse 
behaviour of a tunnel subjected to an earthquake. 
They showed how a relatively small improvement 
of the constitutive assumptions, as compared to 
what usually adopted in standard practice, can re-
sult in a deeper insight into the mechanics of the 
problems, leading to more sustainable design solu-
tions.

The promising scenario represented by these 
two cases suggests how large would be the gain in 
the quality of the predictions if more advanced 
constitutive models were adopted, as those now-
adays available to describe complex features of 
soil behaviour as, for example, structure degrada-
tion or plastic strain-induced anisotropy. Unfortu-
nately, those formulations entail at least two draw-
backs: the substantial increase of model parame-
ters and that of internal variables. In the discus-
sion proposed in this paper, the first issue is not 
considered as a proper limitation, once a well-de-
fined calibration strategy is provided for each 
of the parameters, nor is the classical argument 
on the physical meaning of the parameters, as it 
should be defined in light of the theory behind 
the formulation of the model (in other words, if 
the model is formulated in a theoretically sound 
way, each of its ingredients will have a mechanical 
meaning). Conversely, the main, and often sub-
tle, real drawback of many advanced constitutive 
models is in the large set of scalar or tensorial in-
ternal variables accounting for the evolution of 
the state of the material, which include, for ex-
ample, those controlling the dimension, position 
or distortion of the yield or bounding surface in 
plasticity-based formulations. In fact, whenever 
the constitutive model is adopted in the numer-
ical analysis of a real boundary value problem, 
those variables must be first initialised at each lo-
cation of the domain. This process poses several 
problems, not always thoroughly discussed in the 
scientific literature, which have been analysed in 
the second part of this manuscript, specifically fo-
cusing on clayey structured and anisotropic natu-
ral soils. In general, the initialisation procedure 
requires a detailed laboratory experimental char-
acterisation of the internal variables as observed 
on undisturbed samples retrieved at different 
depths of the soil deposit: here, it has been ob-
served that this intense and rather time-consum-
ing activity can be reduced when aimed at detect-

Fig. 33 – Back-prediction of the evolution of the elastic ani-
sotropy ratio along the virgin radial stress paths (modified 
from AMOROSI et al., 2020b).
Fig. 33 – Previsione a posteriori della evoluzione del rapporto 
di anisotropia elastica lungo i percorsi radiali di compressione 
vergine (modificata da AMOROSI et al., 2020b).



23

APRILE - GIUGNO 2020

THE CONTRIBUTION OF CONSTITUTIVE MODELLING TO SUSTAINABLE GEOTECHNICAL ENGINEERING: EXAMPLES…

ing the rotational hardening internal variables, 
i.e. the degree of distortion of the yield surfaces 
at different depth, following a recently proposed 
procedure based on in situ Cross-Hole dynamic 
measurements.

In summary, it can be concluded that advanced 
constitutive modelling, which has already proven 
effective at the element level, will allow a systemat-
ic improvement of our predictive capability in real 
boundary problems, once the initialization proce-
dures of the related internal variables will be ad-
equately defined at the soil deposit scale. At that 
stage, more reliable numerical solutions will be 
available, leading to a wider diffusion of these ad-
vanced tools, thus facilitating the path towards a 
more sustainable geotechnical engineering. All 
this can only be achieved by an aware and cultured 
approach to numerical analyses, which should al-
ways be fed by a detailed and accurate evaluation 
strategy of the related model parameters and inter-
nal variables.
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THE CONTRIBUTION OF CONSTITUTIVE MODELLING TO SUSTAINABLE GEOTECHNICAL ENGINEERING: EXAMPLES…

Il contributo della modellazione 
costitutiva all’ingegneria geotecnica 
sostenibile: esempi e questioni aperte

Sommario
In questo articolo si esamina il ruolo della modellazione costitutiva 

dei terreni nel contesto di una moderna ingegneria geotecnica orientata 
alla sostenibilità. In esso, prendendo a riferimento la letteratura 
scientifica disponibile, sono inizialmente proposte le definizioni e le 
relazioni tra gli elementi che caratterizzano la sostenibilità, quanto 
declinata nel contesto dell’ingegneria civile e, più in particolare, in 
quella geotecnica, per poi focalizzare l’attenzione sul tema specifico 
del ruolo della modellazione costitutiva, attraverso alcuni esempi 
caratterizzati da crescente livello di complessità. 

In dettaglio, vengono per primi discussi i risultati delle analisi di 
due problemi al finito, uno relativo alla costruzione per fasi di una 
diga in terra e l’altro al comportamento di una galleria durante e 

dopo un evento sismico inteso, che mostrano chiaramente come un 
leggero incremento di complessità nelle ipotesi costitutive possa dare 
luogo a risultati ben più realistici, tali da supportare l’adozione di 
soluzioni ingegneristiche più sostenibili.  

La seconda parte dell’articolo è dedicata alla discussione 
di questioni specifiche relative ad alcuni recenti progressi nella 
modellazione costitutiva dei terreni coesivi naturali: in particolare, 
quelli volti a tener conto dei cosiddetti effetti di struttura, quali ad 
esempio la cementazione tra i grani e la degradazione meccanica 
della stessa, ed a quelli di anisotropia e relativa evoluzione. A 
tal scopo vengono illustrati alcuni quadri di riferimento oggi ben 
consolidati, basati sulla teoria della plasticità con incrudimento, per 
tener conto di struttura e anisotropia delle argille, evidenziandone i 
possibili vantaggi e limiti in analisi numeriche di problemi al finito 
di ingegneria geotecnica. Emerge che sono necessari ulteriori sforzi di 
ricerca per definire procedure efficaci di inizializzazione – a livello di 
intero deposito di terreno – delle, spesso numerose, variabili interne 
che caratterizzano le moderne leggi costitutive oggi disponibili in 
letteratura.


