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Macroelement approaches for geotechnical 
problems: a promising design framework? 

Andrea Galli* 

Summary
Macroelement approaches in Geotechnical Engineering have been developed since late ’80 of the past century with the aim of 

getting a simplified – yet accurate – description of the mechanical response of shallow foundations to complex loading histories. 
The key concept is to define a macroscopic interpretative tool for a soil-structure interaction problem, which is inherently a complex 
multiscale problem. From that starting point, a number of successive extensions to other foundation typologies and geometries, and 
modifications towards more and more complex constitutive assumptions have been introduced, making nowadays the “macroele-
ment” concept a very versatile and efficient approach. Despite such an important development at the scientific and research level, 
macroelement theories do not yet represent standard interpretative and design frameworks for geotechnical engineers, albeit the 
implementations of such simplified generalized constitutive relationships would imply substantial benefits, mainly in terms of re-
duction of computational effort. In the paper, after a brief recall of the main steps in the macroelement theory’s developments, some 
field applications to large real scale soil-structure interaction problems as well as to possible extensions to advanced modelling issues 
will be presented. By taking advantage of such critical discussion, the paper is intended to fruitfully contribute to the development 
of a “macroelement perspective” which – at author’s feeling – could be largely beneficial not only for design purposes but, more in 
general, for the scientific transfer of geotechnical expertise. 

Introduction 

Geotechnical problems for Civil Engineering 
applications are very often characterized by a high 
complexity degree, mainly owing to (i) the non-line-
ar and irreversible mechanical behaviour of the soil 
or soft rocks involved, (ii) the hydromechanical cou-
pling effects (or, more in general, the thermo/hy-
dro/chemo coupling effects), (iii) the spatial dis-
tribution and time variability of the loads, (iv) the 
complex geometry of real boundary value problems. 
Such problems are in general studied by defining the 
mechanical response at the local scale of the Repre-
sentative Element Volume (REV) of soil, and by inte-
grating its constitutive rule on the entire domain. In 
this perspective, Soil-Structure Interaction problems 
(SSI) are even more complex, since they introduce 
into the system an additional “characteristic scale”, 
determined by the dimension of the structure itself. 
The macroscopic scale of the structure (where the 
engineering interest is in general focused on, typical-
ly with reference to the load-settlement relationship 
with respect to the “far field” condition) and the lo-

cal REV scale, on their turn, can even be related in 
general to higher and lower scales, respectively, as 
the mega scale of the entire system where the struc-
ture is built in (e.g. a slope), and the micro scale of 
the contact laws at each grain-to-grain contact point 
(Fig. 1a), thus making the SSI problem inherently 
multiscale. 

SSI problems, moreover (as each geotechnical 
problem), are in general multiscale even with re-
spect to time, since different modelling approach-
es can be assumed depending on the ratio among 
the characteristic times of the loading history and of 
the soil domain. Typical examples are those related 
to consolidation processes where, depending on the 
ratio between the imposed loading rate and the sys-
tem consolidation time, different approaches (e.g. 
drained or undrained), can profitably be adopted. 
Similarly, in the fields of Transportation Engineering 
or Industrial Engineering, where design loads are 
very often characterized by evident dynamic compo-
nents (e.g. traffic loads on infrastructures or dynam-
ic loads for vibrating machines), simple generalized 
creep models are usually employed to estimate the 
evolution of structural settlements at the macroscop-
ic scale. Given the above mentioned large variety of 
applications, it is evident how an improvement in 
modelling SSI problems would potentially generate 
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important positive outcomes in many Civil Engineer-
ing applications. 

Despite the large amount of theoretical, numer-
ical and experimental works published in these last 
decades, SSI problems still represent an open issue 
for many geotechnical applications and a challeng-
ing problem for designers, since standard design 
approaches can hardly deal with such complex and 
multiscale problems. On the other hand, commer-
cial numerical codes, although more and more accu-
rate, often require important computational resourc-
es and advanced theoretical skills, so that they can 
hardly be considered as standard design tools, espe-
cially in the preliminary phases of the design process. 

In this perspective, where direct and time-saving 
applicability to real engineering problems is a funda-
mental issue, macroelement approaches often repre-
sent a possible alternative modelling option. The key 
point is to provide a description of the SSI in terms 
of generalized stress and strain variables, i.e. by lump-
ing soil stress distributions at the soil-structure inter-
face into the resulting force components (vertical, 𝑉, 
and horizontal, 𝐻) or moments (𝑀), and soil strain 
fields into kinematic variables, representing struc-

a)

b)

ture displacements (vertical, 𝑣, and horizontal, 𝑢) 
or rotations (𝜃) with respect to the far field bounda-
ry. Macroelement approaches allow then to upscale 
the problem from the local scale (where a numer-
ic integration over the spatial domain is required, 
once a proper constitutive relationship is assigned to 
each REV, equilibrium and compatibility equations 
are fulfilled and boundary and initial conditions are 
prescribed) to the macro scale of the structure with 
its surrounding soil. In other words, an ad hoc “gen-
eralized” incremental constitutive relationships is in-
troduced, relating the abovementioned generalized 
stress and strain variables. The structure and the soil 
interacting with it are then considered as a unique 
“macro”element, whose behaviour is fully described 
by means of only few degrees of freedom (Fig. 1b). 

In the following, several examples of macroele-
ment approaches will be briefly recalled, ideally fol-
lowing three lines of interest: (i) geometry of the 
problem, (ii) constitutive assumptions and (iii) ap-
plication to real case studies. Rather than providing 
a comprehensive state of the art on Macroelement 
models for various kinds of SSI problems, the pa-
per is aimed at critically revising, after more than 30 
years since its first definitions, the engineering appli-
cability of such models and at providing possible sug-
gestions about innovative fields. If diffusely adopted 
in the design practice, at Author’s feeling this could 
potentially represent a valid and economically con-
venient example of Scientific Transfer in Geotechni-
cal Engineering. 

2. Foundations 

The response of foundations to applied loads 
is a core field of application of geotechnical exper-
tise, and traditional solutions for computing foun-
dation settlements under known stress distributions 
(e.g. those based on simple linear elasticity models, 
BOUSSINESQ, 1885, or on semi empirical approaches 
like the well-known methods of BURLAND and BUR-
BIDGE, 1984; SCHMERTMANN, 1970; SCHMERTMANN et al., 
1978; BERARDI and LANCELLOTTA, 1991 and others), al-
ready achieved the idea of upscaling the description 
of the system from the local REV scale towards the 
abovementioned structural scale. The key concepts 
making the difference between such techniques and 
the so-called macroelement approaches, involve at 
least three points: 
– the aim of fully describing the behaviour of 

the system not only with reference to exercise 
loads, but even in its ultimate (limit) condition, 
through the definition of a proper failure criteri-
on expressed in terms of generalized stress varia-
bles; 

– the capability of capturing the effects of com-
bined loading components acting on the foun-

Fig. 1 – a) ideal schematic view of a multiscale SSI pro-
blem; b) conceptual upscaling process from the local to 
the macro scale. 
Fig. 1 – a) rappresentazione schematica di un problema 
multiscala di interazione terrento-struttura; b) processo 
concettuale di upscaling. 
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dation, and of the coupling effects arising among 
them; 

– the formulation of a comprehensive generalized 
constitutive rule, capable of taking into account 
complex loading histories. 
With respect to shallow strip footings, character-

ized by a width 𝐵 and embedded at a depth D be-
low a horizontal ground surface, NOVA and MONTRA-
SIO [1991] defined for example the set of the three 
generalized stress variables as the aforementioned, 
V, H and M loads acting on the foundation. The cor-
responding work-conjugate kinematic variables are 
represented by 𝑣, 𝑢 and , respectively (Fig. 2a). An 
analytical description of the failure criterion was in-
troduced in the generalized stress space by interpo-
lating the failure points obtained in experimental 
results on small scale 1g prototype systems on sand 
(Fig. 2b, where a picture of the experimental setup 
and of a section of the interpolating domain in the 
plane V-H are shown). By introducing three non-di-
mensional loading variables =V/VM, h=H/ VM and 
m = M/BVM (where VM represents the bearing ca-
pacity of a shallow foundation under pure vertical 
load), the failure criterion can be represented by an 
axisymmetric surface with respect to  axis (Fig. 2c) 
of equation: 

 h2 + m2 – 2 (1 – )2 = 0,  (1) 

where parameters 𝜇, 𝛽 and 𝜓 govern the shape of the 
failure domain in the loading space. 

In its original version, this macroelement model 
assumed a simple rigid-plastic constitutive rule with 
isotropic strain hardening, relating the increment of 
the generalized dimensionless stress 

 to the increment of its 
generalized work-conjugate strain  
The constitutive relationship between  and  is fully 
described once a yielding locus f (V,H,M,VC) = 0, 
characterized by the same shape of the failure crite-
rion but with a reduced size VC   with respect to VM, a 
plastic potential g and a hardening rule are intro-
duced, and the classic consistency condition is step-
wise enforced. Starting from this point, several ex-
tensions have been proposed, moving towards direc-
tions (i), (ii) and (iii) synthetically outlined in the 
Introduction. BUTTERFIELD and GOTTARDI [1994] and 
BUTTERFIELD et al. [1997], for example, studied the in-
fluence on the failure criterion of positive and nega-
tive values of 𝐻 and 𝑀, working in conjunction (±H, 
±M ) or in opposition (±H, ∓M), respectively, and 
proposed to introduce a rotation of the failure con-
dition in the M–H plane (Fig. 2d). More recently, 
GOTTARDI et al. [1999], CREMER et al. [2001; 2002], 
HOULSBY and CASSIDY [2002], BIENEN et al. [2006], 
GOUVERNEC [2007a and b], GRANGE [2008], GRANGE et 
al. [2008] extended the macroelement formulation 
to general planar loading conditions and to 3D prob-

lems (e.g. an isolated foundation), where general-
ized stress and strain variables are characterized by 
more than 3 components (Fig. 2e), even in case of 
offshore embedded foundations on sand. MARTIN 
and HOUSLBY [2000; 2001] studied the effect of com-
bined loading on spudcan foundations on clay, both 
by means of experimental test and numerical analy-
ses. CRÈMER et al. [2001] accounted even the possible 
development of geometrical effects and complex in-
teraction mechanisms, remarkably affecting the 
overall behaviour, like e.g. the detachment of the 
foundation from the underlying soil for highly ec-
centric loads (uplift effect). An additional failure cri-
terion was then introduced in the generalized stress 
space, as schematically shown in figure 2f with refer-
ence to a simplified view of 3 d.o.f. only. The possibil-
ity of accounting even geometrical effects is one of 
the most important consequences of the adopted 
upscaling framework: with respect to classical model-
ling approaches (based on a description of soil be-
haviour at the local level), in macroelement ap-
proaches geometrical variables actually play the role 
of generalized constitutive parameters, directly af-
fecting the global mechanical response. In this per-
spective, PISANÒ et al. [2016] have recently proposed 
a macroelement model for shallow foundations ac-
counting for the change in geometry, namely repre-
sented by the increase in the embedment of the 
foundation base with respect to ground level. GALLI 
and DI PRISCO [2011; 2014], numerically investigated 
the influence of the ground level inclination on the 
shape and rotation of the failure criterion in the gen-
eralized stress space (Fig. 2g), with the aim of ex-
tending the applicability of macroelement approach-
es to the design of stabilizing structures for potential-
ly unstable slopes (an example of a real case study is 
provided in DI PRISCO et al., 2010). LI et al. [2014], on 
the basis of a wide series of 3D numerical analyses, 
specifically conceived a macroelement for deep 
foundations (i.e. single pile; Fig. 2h), thus further ex-
tending the applicability of such approach to other 
geometries than the traditional shallow foundations. 

1.1. Advanced constitutive modelling 

As briefly mentioned in the Introduction, in the 
last twenty years Macroelement models for shallow 
foundations have bene significantly improved with 
respect to the constitutive hypotheses too (direction 
(ii) of the Introduction), overcoming the limitations 
of the classic elastoplastic approaches. In this per-
spective, DI PRISCO et al. [2003] proposed the Shallow 
Foundation Cyclic Model (SFCM) accounting for 
the cyclic behaviour of the system. In particular, SF-
CM adopted a bounding surface approach, by allow-
ing the model to develop plastic strains even within 
the yielding surface. A new elastic domain (repre-
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Fig. 2 – a) sketch of a shallow strip footing; b) small scale experimental setup and definition of the failure condition in the 
𝑽-𝑯 plane (modified from NOVA and MONTRASIO, 1991); c) 3D representation of the failure condition in the dimensionless ge-
neralized stress space; d) rotation of the failure domain in the 𝑴-𝑯 plane (after BUTTERFIELD and GOTTARDI, 1994); e) 5 d.o.f. 
isolated circular foundation; f) representation of the uplift failure criterion in the generalized stress space (GRANGE, 2008); 
g) failure domain for an inclined foundation on an inclined ground (GALLI and DI PRISCO, 2011); h) definition of the failu-
re domain in the 𝑽-𝑯 and 𝑴-𝑯 planes for an isolated pile and view of the FE mesh adopted in the analyses (modified from 
LI et al., 2014). 
Fig. 2 – a) rappresentazione schematica di una fondazione superficiale; b) apparato sperimentale in piccola scala e definizione della 
condizione di rottura nel piano 𝑽-𝑯 (modificato da NOVA and MONTRASIO, 1991); c) vista tridimensionale della condizione di rottura 
nello spazio degli sforzi generalizzati; d) rotazione del dominio di rottura nel piano 𝑴-𝑯 (da BUTTERFIELD and GOTTARDI, 1994); e) 
definizione dei 5 gradi di libertà per una fondazione circolare (da GRANGE, 2008); f) rappresentazione del criterio di sollevamento nello 
spazio degli sforzi generalizzati (da GRANGE, 2008); g) dominio di rottura per una fondazione su terreno inclinato (GALLI and DI PRISCO, 
2011); h) definizione del dominio di rottura nei piani 𝑽-𝑯 and 𝑴-𝑯 per un palo isolato e vista della mesh ad elementi finiti utilizzata per 
le analisi numeriche (modificato da LI et al., 2014). 

a)

c)

e)

g)

b)

d)

f)

h)
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sented by a cone surface, with its vertex in the ori-
gin of the axes) was introduced, and a modified flow 
rule was defined. Purely reversible strain increments 
are possible only for generalized stress states Q with-
in the elastic cone; for states of stress lying on the 
cone surface, plastic strain increments are instead 
computed depending on the distance  between the 
current state of stress Q and an image state of stress I 
on the yielding surface, once a convenient mapping 
rule () with respect to the cone centre A is defined 
(Fig. 3a) 

   (2) 

where the gradient of the plastic potential 𝑔 and 
the plastic multiplier  are computed in the image 
point 𝐼. Model SFCM was numerically tested vs 
horizontal cyclic tests at constant vertical load (800 
kN/m), for a shallow foundation 2m wide over a 
homogenous midloose dry sand stratum (unit 
weigh 𝛾=15 kN/m3, friction angle 𝜙 = 30° dilatancy 
𝜓=0°; Fig. 3b), run by means of traditional finite el-
ement approach (further details are presented in DI 
PRISCO et al., 2006a). An advanced strain-hardening 

rule, with mixed kinematic/isotropic hardening (DI 
PRISCO, 1993, and labelled as “DP”) was employed in 
the FE analysis to model the soil mechanical behav-
iour. SFCM model proved a relatively good accura-
cy in reproducing the shape and the dimension of 
the cycles both in case of increasing and constant 
amplitude of the imposed horizontal cycles (Fig. 3c 
and d, respectively). Nevertheless, owing to the 
adopted isotropic hardening of the yielding surface 
of the SFCM model, inaccurate horizontal displace-
ment and excessive vertical settlement accumula-
tion were reproduced, without any stabilization 
(Fig. 3e). Despite such limitations, SFCM model 
was fruitfully employed to reproduce the stiffness 
degradation and damping increase of the founda-
tion as a function of cycle amplitude, at different 
levels of applied vertical load (Fig. 4a and b, respec-
tively; PAOLUCCI et al., 2007). These abaci are the ba-
sis for the application of Direct Displacement Based 
Design methods [DDBD; PRIESTLEY et al., 2007], 
where non-linear dynamic analyses of structures are 
performed by iteratively adopting equivalent 
1 d.o.f. foundation systems; examples of applica-
tion to the seismic assessment of multi-span tall 

c) e)d)

b)a)

Fig. 3 – a) SFCM model; b) view of the finite element mesh employed in the numerical analyses; c-d) comparison between 
the load-displacement curves in horizontal cyclic tests with increasing and constant amplitude, respectively; e) comparison 
of vertical and horizontal settlement accumulation for horizontal loading cycles at constant amplitude (modified from DI 
PRISCO et al., 2006). 
Fig. 3 – a) modello SFCM; b) mesh ad elementi finiti utilizzata nelle analisi; c-d) confronto tra le curve carico-spostamento in prove cicliche 
orizzontali ad ampiezza crescente e costante; e) confronto tra le curve di spostamento in direzione orizzontale e verticale ottenute con i due 
approcci per cicli ad ampiezza costante. Modificato da DI PRISCO et al., 2006. 
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bridges are provided in PETRINI et al., [2009], ŞADAN, 
[2009]; ADHIKARI et al., [2010]; (Fig. 4c). In the field 
of dynamic applications, several works have been in 
particular developed since late ’90 with specific ref-
erence to the seismic behaviour of shallow founda-
tion on sands [PAOLUCCI 1997; PAOLUCCI and PECKER, 
1997; PAOLUCCI et al., 2008; SHIRATO et al., 2008; 
CHATZIGOGOS et al., 2009; FIGINI, 2010; FIGINI et al., 
2012], especially taking into account non-linearity 
in SSI problems. GRANGE [2008] extensively studied 
the case of shaking table tests on a scaled structure 
(1/3 of the real one) with direct foundation on 
sand (Fig. 5a), subject to a prescribed dynamic in-
put (Fig. 5b, PGA=0.33g). The work was part of sev-
eral European research projects (see e.g. ECOEST 
PREC8, 1996) and proved the good accuracy of the 
adopted macroelement model both in reproducing 
the fundamental frequencies of the structure and 

the global time response of the system (in Fig. 5c 
and d a comparison is shown between experimental 
and numerical data). 

A specific application of a macroelement ap-
proach to dynamic problems was proposed by DI PRI-
SCO and VECCHIOTTI [2006] with reference to rock 
boulder impacts on soft soil strata. The Authors de-
veloped a viscoplastic version of the model called 
BIMPAM (standing for “boulder impact model”), 
based on the concept of delayed plasticity and capa-
ble of taking into account the geometrical effect of 
the evolution of the boulder-soil contact area along 
with the penetration into the granular layer. The key 
concept is to combine several rheological elements 
in order to reproduce in a simple way the complex 
mechanism involving the penetration of the boulder 
and the dissipation of the energy. A simple 1D ana-
logue is sketched in figure 6a (ideally valid only in 

a)

c)

b)

Fig. 4 – a-b) variation of stiffness and damping properties of the foundation as a function of cycle amplitude for different 
levels of applied vertical load (from PAOLUCCI et al., 2007); c) application of DDBD to a multi-span bridge in Turkey (ŞADAN, 
2009). 
Fig- 4 – a-b) curve di decadimento della rigidezza e aumento dello smorzamento per fondazioni superficiali in funzione dell’ampiezza del 
ciclo e per differenti valori di carico verticale (da PAOLUCCI et al., 2007); c) applicazione del metodo DDBD ad un viadotto in Turchia 
(modificato da ŞADAN, 2009). 
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case of a vertical impact of a boulder on a horizontal 
isotropic granular layer) where an elastic spring and 
a viscous damper (representing the response of the 
granular layer and the wave dissipation) are put in 
series to a viscoplastic slider (representing the pen-
etration of the boulder into the soil) and to a plas-
tic slider (modelling the possible superficial sliding 
of the block). The viscoplastic slider is governed by 
a macroelement law, accounting for the possible in-
clination of the granular layer through a rotation of 
its interaction domain (Fig. 6b). By solving the dy-
namic motion equation of the boulder under pre-
scribed initial conditions (i.e. the direction of impact 
and the initial velocity of the block), it is possible to 
describe the trajectory of the boulder during the en-
tire impact phenomenon in terms of vertical punch-
ing depth and horizontal displacement (Fig. 6c). 
From an Engineering point of view, one of the major 

outcomes of the BIMPAM model is the possibility to 
evaluate the velocity components of the boulder at 
the end of the impact, i.e. to verify the possible re-
bound of the rock and the restitution coefficients, 
defined as the ratio between the input and output 
velocity components both along the normal (“N”) 
and tangential (“T”) directions (Fig. 6d). Tradition-
al trajectory analyses for rockfall defence are based 
exactly on these coefficients, which are commonly 
derived from empirical observations. The BIMPAM 
model would instead provide an objective and me-
chanically based estimation of such coefficients, and 
their results have been extensively employed by CAL-
VETTI and DI PRISCO [2008] for the definition of some 
guidelines for the design of sheltering structures. 

More recently, SALCIARINI and TAMAGNINI [2009] 
introduced a hypoplastic version of the macroele-
ment constitutive rule bypassing the classic strain de-

b)a)

c) d)

Fig. 5 – a) scaled prototype structure for the shaking table test; b) seismic input; c) moment-rotation curve of the foundation 
element; d) comparison between measured and computed foundation rotation values (from GRANGE, 2008). 
Fig. 5 – a) modello in scala impiegato nelle prove su tavola vibrante; b) input sismico; c) curva momento-rotazione nell’elemento di fonda-
zione; d) confronto tra i valori di rotazione in fondazione misurati e calcolati (da GRANGE, 2008). 
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composition into an elastic (reversible) and a plas-
tic (irreversible) part. No precise yielding criterion 
is defined, and a continuous evolution of the plastic 
part along with the loading and unloading phases 
is assumed, governed by an “internal displacement” 
vector 𝛿, mimicking the concept of “intergranular 
strain” introduced by NIEMUNIS and HERLE [1997] for 
hypoplastic constitutive models for granular materi-
als. The internal displacement 𝛿 is a function of the 
previous loading history and stepwise evolves towards 
the imposed displacement rate vector 𝑑. In case 𝛿 is 
aligned with 𝑑, the system response is fully plastic, 
representing the condition of a virgin load (Fig. 7a); 
when, on the contrary, the imposed displacement 
rate is opposite with respect to 𝛿 (as it happens, e.g., 
for a sudden inversion in the loading direction), the 
response is fully elastic (Fig. 7b). A continuous varia-
tion of the tangent compliance matrix between these 
two extreme cases is observed for any other gener-
al conditions, depending on the relative position 

of vectors 𝛿 and 𝑑. Such hypoplastic model, charac-
terized by a simpler mathematical structure with re-
spect to classic elastoplastic models, is able to repro-
duce complex non monotonic loading histories, al-
though in cyclic conditions it may overestimate the 
settlement accmulation, without significant stabiliza-
tion (Fig. 7c). Inspired by this hypoplastic approach, 
LI et al. [2016] developed a hypoplastic macroele-
ment model for single pile in sand, thus extending 
the applicability of the macroelement approach and 
bypassing the severe limitations of traditional mod-
els based on the concept of a Beam on Non-linear 
Winkler Foundation (BNWF) often adopted in prac-
tice for pile design. 

In the very recent years, some specific applica-
tions of the macroelement approaches on historical 
towers affected by relevant 𝑃-𝛥 effects [PISANÒ et al., 
2014], or on offshore structures (foundation of wind 
turbines, either on suction caissons or monopoles) 
subject to a dominant cyclic loading action (see e.g. 

a)

c) d)

b)

Fig. 6 – a) ideal 1D rheological representation of BIMPAM model; b) rotation of the interaction domain; c) effect of inclina-
tion impact on the boulder trajectory; d) estimated values of the restitution coefficients (from DI PRISCO and VECCHIOTTI, 2006). 
Fig. 6 – a) rappresentazione ideale 1D del modello BIMPAM; b) rotazione del dominio di interazione; c) effetto della direzione di impatto; 
d) stime dei valori dei coefficienti di restituzione. (da DI PRISCO and VECCHIOTTI, 2006). 
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PAGE et al., 2018, or SKAU et al., 2019) have even been 
proposed, witnessing the progressively increasing in-
terest and awareness of the efficiency of this inter-
pretative framework. 

2.2. Remarks 

As it was conceptually outlined in figure 1b, mac-
roelement approaches derive from an upscaling pro-
cess (i.e., ideally, a spatial integration) of the local 
scale. Each constitutive hypothesis adopted at the 
REV scale is then basically reflected at the macro 
scale too. For example, if the adopted conceptual 
constitutive framework at the REV scale is a simple 
linear elastic rule, the “upscaled” resulting macroele-
ment law will also be linear elastic, with possible non 
linearities deriving from geometrical effects only. As 
a consequence, advanced constitutive issues govern-
ing the behaviour at the local scale (fluid-grain in-
teraction, volumetric behaviour, grain breakage, …) 
can of course be taken into consideration by macroe-
lement models, once their effects on the macro scale 
have been properly described and quantified. The 

brief overview presented in the previous paragraph 
showed that the developments of advanced constitu-
tive rules at the REV scale helped in defining useful 
concepts that can be transferred to the macro-ele-
ment too (e.g. the concepts of interaction domain, 
of plastic potential, of multi-mechanisms plasticity, 
of internal displacement for hypoplastic models, …) 
in order to get accurate results at the macro scale. 
This point is still an open issue for Researchers, and 
a lot of work is still to (and have to) be done, but the 
convincing results, at least at Author’s judgment, dis-
cussed here above should allow to be rather confi-
dent in a promising development. 

In this perspective, it is worth noting that sever-
al aspects, still rather unclear, of SSI problems could 
potentially improve the accuracy of macroelement 
models. GALLI et al. [2015], for example, investigat-
ing the experimental response of smalls scale 1g strip 
foundation (width 𝐵 = 10cm; Fig. 8a) on mid-loose 
dry Ticino sand (𝐷𝑅=40%; 𝛾=14kN/m3, 𝜙′=32°; oth-
er details can be found in the cited paper), point-
ed out the marked path-dependency of the mechan-
ical response of the system in cyclic conditions, with 
particular reference to the inclination of the cycles 

Fig. 7 – a) condition of an incremental fully plastic loading step; b) condition of an incremental fully elastic loading step; c) 
simulation of a horizontal cyclic loading test (modified from SALCIARINI and TAMAGNINI, 2009). 
Fig. 7 – a) condizione di carico incrementale plastico; b) condizione di carico incrementale elastico; c) simulazione di prova di carico ciclico 
(modificato da SALCIARINI and TAMAGNINI, 2009). 

a)

c)

b)
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in the 𝑉-𝐻 plane. For example, during purely hori-
zontal cyclic tests (labelled “CA” in Fig. 8a) the val-
ues of the average stiffness 𝐾𝐻 of horizontal cycles is 
2 to 3 times larger than the corresponding stiffness 
measured in 45° inclined loading tests (“CI”), and 
this difference is particularly evident for vertical ap-
plied load 𝑉0 of about 30% to 40% of the vertical 
bearing capacity 𝑉𝑀. In case of purely vertical cyclic 
tests (“CV”) the difference is even larger, up to one 
order of magnitude (Fig. 8b summarizes the stiffness 
values measured for the first cycle of each series as a 
function of the ratio 𝑉0/𝑉𝑀). The testing conditions 
were chosen in order to be representative of usual 
exercise conditions of existing foundations, whose 
cyclic behaviour (as it is in case of the foundation of 
vibrating machines, working relatively far from their 
ultimate conditions) is very often characterized by 
means of simple elastic approaches, completely ne-
glecting such marked path-dependency. 

A second point of interest regards the inclusion 
of the structural mechanical properties within the 
macroelement law. In the cited macroelement mod-
els, shallow foundations have in fact always been 

considered as rigid structures, so that their geomet-
rical properties only (namely, the width, 𝐵, and the 
embedment depth, 𝐷) affect the generalized consti-
tutive rule. For slender structures, as it is in the case 
of piles, however, structural deformability too plays 
an important role. By means of the same above-
mentioned experimental setup, some ad hoc cy-
clic horizontal tests on single piles with constrained 
head at zero vertical load have also been conduct-
ed by the Author, by exploring in particular the ef-
fect of pile stiffness (Fig. 8c). Two cases of a steel 
pile (𝐸=210GPa) and a plexiglass pile (𝐸=3.4GPa) 
with similar diameter (22 and 30 mm, respectively) 
and the same length (316 mm) installed in a layer 
of mid-loose dry Ticino sand have been compared, 
observing a marked difference of about 4 times in 
the average stiffness value 𝐾𝐻 of the load-displace-
ment cycles (Fig. 8d). In view of defining a macroe-
lement law for piles, this aspect needs to be careful-
ly addressed by introducing the structural stiffness 
(or at least its relative stiffness with respect to soil) 
among the macroelement constitutive parameters. 
The above cited work of LI et al. [2016], for exam-

a)

c)

b)

d)

Fig. 8 – a) overview of the prototype strip foundation and definition of the loading paths; b) stiffness values of the first cycles 
of each series (modified from GALLI et al. 2015); c) small scale steel and plexiglass piles employed in the tests and global view 
of the model; d) load-displacement curves for a steel and a plexiglass pile. 
Fig. 8 – a) vista dell’apparato sperimentale e definizione dei percorsi di carico; b) valori di rigidezza del primo ciclo di ogni serie (modificato 
da GALLI et al., 2015); c) prove sperimentali in piccola scala su pali modello in acciaio e plexiglass; d) curve carico-spostamento per un palo 
in acciaio e in plexiglass. 
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ple, suggests to estimate the pseudoelastic stiffness 
values for the macroelement by taking into account 
pile deformability too. 

3. Applications to boundary value problems 

Macroelement models presented in the previous 
paragraphs, although focused on evident SSI prob-
lems, actually considered only a marginal contribu-
tion of the structure, limited to its geometrical prop-
erties only, since rigid structural elements interact-
ing with soil were in general considered (except for 
the brief final remark of §2.2). In case of real engi-
neering problems, however, where complex deform-
able structures have to be studied, macroelement ap-
proaches can still be employed to model the local 
SSI problem at the level of each foundation (which 
is a sort of “local” Boundary Value Problem, BVP), 

but integrating the response at the global level of the 
entire structure (i.e. the “global” BVP). In the follow-
ing, several examples of such upscaled BVPs will be 
presented, initially with reference to some examples 
of protection of historical heritage and strategic life-
lines, and then to the design approaches for slope 
stabilizing structures. Some considerations to possi-
ble extensions of macroelement concept to “other” 
SSI problems will finally be presented. 

3.1. Protection of historical heritage 

By adopting the aforementioned SFCM model, 
DI PRISCO et al. [2006b] proposed a simplified anal-
ysis of the Noto Cathedral in Eastern Sicily (which 
is a part of the World Heritage List of UNESCO), 
hit by the destructive earthquake of December 13th, 
1990 and collapsed on March 13th, 1996 (Fig. 9a). 

Fig. 9 – a) view of the Noto Cathedral after the collapse of March 13th, 1996; b) simplified 2D frame of the cathedral and 
computed settlement profile; c) loading paths in the 𝑽-𝑯 plane of nodes 1 and 11 (modified from DI PRISCO et al., 2006b). 
Fig. 9 – a) vista della cattedrale di Noto dopo il crollo del 13 marzo 1996; b) telaio 2D semplificato impiegato nelle analisi e profilo di 
cedimento calcolato; c) percorsi di carico nel piano 𝑽-𝑯 per i nodi 1 e 11 (modificato da DI PRISCO et al., 2006b). 

a)

c)b)
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Fig. 10 – a) view of the Azzone Visconti bridge and of its 3D numerical model, together with a schematic view of its original 
and current foundation structure; b) simplified stratigraphy derived from on site tests; c) modal analysis of the structure; d) 
imposed seismic input; e) comparison between normalized stress paths for piers 5 and 6, for both the original and the pre-
sent foundation (modified from ZANI et al., 2019). 
Fig. 10 – a) vista del ponte Azzone Visconti e del modello numerico 3D impiegato nelle analisi, insieme ad uno schema delle fondazioni 
delle pile; b) stratigrafia dell’alveo; c) analisi modale della struttura; d) input sismico; e) confronto tra i percorsi di carico normalizzati per 
le pile 5 e 6, per la fondazione attuale e per la fondazione originale (modificato da ZANI et al., 2019). 

a)

b)

c)

d) e)
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A 2D frame of the structure was modelled, and the 
mechanical interaction of each foundation with the 
soil was reproduced by means of one macroelement 
(Fig. 9b). Each macroelement was assumed to be in-
dependent from the others, with the underlying hy-
pothesis that the soil continuity between the founda-
tions can be disregarded. 

Simple pseudostatic analyses were initially per-
formed, by considering both linear elastic and elas-
toplastic behaviour of the macroelements, in order 
to highlight the influence of soil nonlinearity. Elastic 
stiffness values for the macroelements were calibrat-
ed according with the expressions proposed by GAZE-
TAS [1991], whilst the values of other parameter gov-
erning the SFCM law were calibrated following the 
suggestions of MONTRASIO and NOVA [1997]. The val-
ue of the horizontal pseudostatic coefficient 𝑘ℎ was 
set equal to 0.22, according to site-specific analyses 
proposed by MASSIMINO and MAUGERI [2003]. 

Cyclic pseudostatic analyses were also performed 
and, with the aim of analysing the behaviour of the 
structure under a moderate (but more frequent) 
earthquake scenario, forty horizontal loading cycles, 
characterized by an amplitude of 60% of 𝑘ℎ, were 
imposed. The obtained pattern of permanent settle-
ments for this cyclic analysis is also reported in figure 
9b, whilst two loading histories in the plane 𝑉-𝐻 (cor-
responding with nodes 1 and 11) are shown in fig-
ure 9c. The two foundations experience complete-
ly different loading path, with a progressive increase 
in the vertical load 𝑉 in node 11 and a reduction in 
node 1, this latter potentially reaching a failure con-
dition (despite a relatively high value of the initial 
static safety factor with respect to vertical loads) ow-
ing to the high values of load ratio 𝐻/𝑉. 

Since this example, dating back more than ten 
years ago, the implementation of macroelement 
models into engineering softwares is – at Autors’ 
knowledge – essentially limited to research purpos-
es. Commercial numerical codes, available for civ-
il engineering applications, do not consider in fact 
the possibility to model the soil-foundation interac-
tion by means of consistent generalized constitutive 
rules accounting for non linear behaviour and cou-
pling among the loads components, and they gen-
erally allow to use non-linear uncoupled spring and 
dashpots elements only. For example, MARTINELLI et 
al. [2018] and ZANI et al. [2019] recently presented 
numerical analyses both in static and seismic condi-
tions on a historical masonry arch bridge in the town 
of Lecco (Northern Italy). The bridge (whose orig-
inal construction was dated in 1336-1338) is part of 
the protected historical heritage of the Lombardia 
Region (it is supposed to be a part of the back-
ground of the famous Mona Lisa portrait of Leonar-
do da Vinci; MAGNANI, 2014) and is composed by 10 
piers, for a total length of about 130 m (Fig. 10a). Af-
ter the Second World War (owing to the increasing 

demand of heavy traffic), the original direct founda-
tions of the piers were strengthened by introducing 
5m deep Larssen sheetpiles connected to the pier by 
means of an encasing R/C ring. The riverbed was al-
so lowered of about 2 m in order to facilitate the out-
flow of the water from the lake of Como (a schemat-
ic comparison between the original and the current 
foundation schemes is also sketched in figure 10a). 
The riverbed is composed by alternate layers of fine 
sand, silty sand and sandy gavel, with some thin lay-
ers of clay, down to about 20 meters from the base 
of the piers. A simplified view of the proposed stra-
tigraphy of the riverbed is shown in figure 10b; fur-
ther details can be found in the cited papers and in 
GALLI and MARTINELLI [2016]. The entire bridge was 
numerically modelled by means of a commercial 3D 
finite element code and, given the excessive compu-
tational cost that would have been required to model 
the entire riverbed as a continuum domain (and be-
cause of the lack of an adequate macroelement con-
stitutive law available in the software), SSI was sim-
ply modelled by introducing an equivalent 6 d.o.f. 
spring-dashpot system at each foundation. These sys-
tems were considered independent from each oth-
er (i.e. soil continuity has been disregarded) and cal-
ibrated by adopting a simplified strategy, starting 
from the results of an on-site geotechnical charac-
terization campaign of the riverbed. An equivalent 
vertical stiffness for the entire foundation of the pier 
was firstly estimated by combining the compressibil-
ity of the soil within the sheetpile (element (1) of 
figure 10a, assumed to behave in a quasi-oedometric 
condition) together with the vertical compliance of 
an embedded direct foundation (element (2) of fig-
ure 10a), introduced to model the interaction with 
the underlying soil. Such equivalent vertical stiffness 
value was then employed to estimate consistent stiff-
ness and damping values for the other translation-
al and rotational degrees of freedom of the founda-
tion, following the expressions proposed by PAIS and 
KAUSEL [1988] and again those proposed by GAZETAS 
[1991]. 

By adopting this simplified calibration strategy, 
a preliminary modal analysis was performed (Fig. 
10c), which proved a good accuracy of the model in 
reproducing the natural frequencies of the bridge, 
measured during Ambient Vibration Tests (details 
are reported in the cited paper). Dynamic viscoelas-
tic analyses were then run by adopting a set of sev-
en spectrum-compatible ground motion histories, 
both with reference to the present and the original 
foundations configurations (for the sake of com-
pleteness, one of the employed site-specific seismic 
inputs is plotted in figure 10d, where components 𝑥, 
𝑦, and 𝑧 refer to longitudinal, transversal and vertical 
direction, respectively). The resulting loading paths 
in the normalized ℎ-𝜉 plane of the two most loaded 
foundations (piers 5 and 6) are plotted in Fig. 10e 
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and compared with the normalized failure condition 
of an equivalent Nova-Montrasio macroelement. 
The strengthening interventions realized sixty years 
ago significantly increased the global vertical bear-
ing capacity of the foundation (both for piers 5 and 
6 the average values of 𝜉 have been reduced from 0.4 
to about 0.1, corresponding with an increase in the 
global equivalent static factor of safety from about 
2.5 to 10). However, for these two piers, a less signif-
icant increase is observed in the safety margin with 
respect to limit values of 𝐻/𝑉 ratio, which actually 
correspond with potentially very dangerous mecha-
nisms for such a masonry arch bridge during seismic 
events, since they would induce significant torsion-
al actions on the bridge deck. At that time of course 
the designers were not yet aware of the macroele-
ment concept (and, possibly, seismic risk was not ex-
plicitly taken into consideration, especially in a low 
seismic area like Lecco); but, in the comprehensive 
light of the macroelement framework, the whole 
strengthening intervention could have been signif-
icantly optimized, not only with respect to the de-
sign vertical loads, but also with respect to transver-
sal loads and rocking moments on the foundations. 

These two examples show how the marcoele-
ment concept can also also be considered as a com-

prehensive interpretative framework that can sig-
nificantly address the design choices, even with re-
spect to the different failure mechanisms potentially 
triggered during the considered loading path. This 
would also allow to get a unique and consistent cri-
terion for safety evaluations, bypassing any possible 
inconsistency associated to the definitions of partial 
safety factors for each single failure mechanism. 

3.2. Protection of strategic infrastructures: the case of 
buried pipelines 

A useful example of application of macroelement 
approaches to the protection of particularly relevant 
structures and infrastructures is the study of the inter-
action between active landslides and buried pipelines, 
which very often represent strategic infrastructures for 
the territory. If in figure 1a the considered structure is 
subject to a known set of applied loads for a fixed far 
field condition; in case of buried pipelines crossing 
landslides areas, on the contrary, the loads arise as a 
function of the relative displacement between the soil 
and the pipe, i.e. for an evolving far field condition, 
represented by the soil displacement pattern 𝑼 (Fig. 
11a, where bold characters stand for an array or ma-

a) b)

c)

Fig. 11 – a) displacement based approach for studying pipeline-landslide interaction problems; b) definition of generalized 
stress and strain components for a rigid cross section of an embedded pipe; c) failure domain for the embedded pipe section 
(modified from COCCHETTI et al., 2009a). 
Fig. 11 – a) approccio negli spostamenti per lo studio dell’interazione tra frane e condotte interrate; b) definizione delle variabili generalizzate 
per una sezione di condotta interrata; c) dominio di rottura per una sezione di condotta interrata (modificato da COCCHETTI et al., 2009a).
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trix quantity). The pipeline can then be simply discre-
tized as a series of beam structural elements, connect-
ed to the soil by means of macroelements, lumping 
in each node the soil reactions and subject to a given 
soil displacement pattern 𝑼. Macroelements play in 
this case the role of a sort of “generalized” interface 
elements between the structure and the surrounding 
soil. By imposing the equilibrium between the distri-
bution of loads acting on the pipeline and the distri-
bution of soil reactions, the macroelement constitu-
tive laws can be numerically integrated in order to 
derive the corresponding pipe displacement pattern 
(𝒖) and, depending on the constitutive law assumed 
for the pipelines, the distributions of its internal ac-
tions (further theoretical and numerical details are 
here omitted for the sake of conciseness; interested 
Readers will find specific references in the following). 
This approach is particularly important from a con-
ceptual point of view, since it allows the designers to 
move from traditional load-based design approaches 
for pipelines to a numerically efficient and more con-
venient displacement-based design approach, capable 
of accounting for real on-site monitored data and al-
lowing meaningful evaluations of the performance of 
the system. 

The basic idea is to extend the definition of gen-
eralized stress and strain variables for a section of a 
shallow strip foundation (as it was sketched Fig. 2a) to 
a pipe section of diameter 𝐷, embedded at a depth 𝑧 
below the ground surface (Fig. 11b). The generalized 
stress components are still represented by the verti-
cal, 𝑉, and horizontal, 𝐻, loads exchanged between 
the soil and the pipe section, but in this case the mo-
ment 𝑀 is replaced by the axial drag component 𝑁 
(in other words, concentrated torque actions exert-
ed by the soil on the pipe section are disregarded). 
The corresponding generalized strain components 𝑣, 
𝑢 and 𝑤 represent the relative pipe-soil displacements 
along the three reference directions (Fig. 11b). Start-
ing from the works of CALVETTI et al. [2001; 2004], 
who defined the shape of the failure locus in the 𝑉-𝐻 
plane for a buried pipe section on the basis of micro-
mechanical numerical investigations and small scale 
1g experimental results, GALLI [2005] proposed a 3D 
calibration of the failure locus in the space 𝑉-𝐻-𝑁 
(Fig. 11c; were a dominant coupling effect between 
𝑉 and 𝐻 components is observed). In the cited work 
a simple elastic-perfectly plastic constitutive approach 
was adopted for the macroelements, and the entire 
BVP of a general 3D layout of a buried pipeline sub-
ject to a given landslide displacement pattern was im-
plemented in an ad hoc numerical code. In COCCHET-
TI et al. [2009a and b] the code was validated against 
some 3D benchmark numerical tests of a straight 
pipeline buried in a homogeneous continuous soil, 
and applied to some real scale case studies on com-
plex 3D pipeline layouts. In particular, a 50cm diame-
ter steel pipe (thickness of 1cm, buried at a depth of 

1.5m in a dense sand with 𝛾=16kN/m3, 𝜙′=42°, 𝜓=25°, 
𝐸=11MPa) subject to an imposed transversal horizon-
tal soil displacement of 80cm over a length of 8m was 
considered (Fig. 12a). The comparison between the 
results of a simulation run with a commercial 3D fi-
nite difference code and those obtained by imple-
menting a macroelement approach was shown to be 
very satisfactory both in terms of computed pipeline 
displacement and internal actions. A particular obser-
vation regarding the computed trajectories of the mid 
section of the pipeline during the soil sliding was also 
shown (Fig. 12b), where a non negligible vertical com-
ponent is observed, due to the uplift effect induced 
on the pipe by the horizontal soil displacement. This 
is a very peculiar feature of pipeline-landslide inter-
action problem that cannot be captured if the cou-
pling effect among the loading component in the 𝑉-𝐻 
plane is not properly taken into consideration. 

In the cited paper, several real scale case studies 
of long pipelines affected by active slow landslides 
were also presented, like the one reported in fig-
ure 13a, where a 1600m long steel pipeline (diam-
eter 75cm, burying depth 1.5m) embedded along 
a hill is plotted. The site is well instrumented by 
means of several inclinometers (labelled I1 to I10) 
and extensometer sections (E1 to E12). Monitoring 
data regarding the soil displacement field and the 
internal actions within the pipe (mainly the axial 
force 𝑁) are available for a time window of about 
6 years after a maintenance intervention, consist-
ed in a complete stress release in the pipeline. The 
soil is a fine silty sand, whose preliminary mechani-
cal characterization gave the following parameters: 
𝛾=19kN/m3, 𝜙′=20°, 𝑐′=10kPa, 𝐸=5MPa. This case 
study is particularly interesting because of a partial 
lack in monitoring data, inducing an uncertain es-
timation of the soil displacement profile along the 
pipeline axis (coordinate 𝑆) and labelled as pro-
files (a) and (b) in figure 13b. The numerical mod-
el in this case was employed as an indirect identifi-
cation tool, by comparing the computed values of 
the internal actions to the measured ones, and al-
lowing to identify profile (b) as the most consist-
ent with the monitoring data between the two (Fig. 
13c). The same numerical model can even be em-
ployed to perform extensive, rapid and meaningful 
3D parametrical analyses. Figure 13d, for example, 
summarizes the results obtained by varying, with re-
spect to the estimated values, the cohesion of the 
soil and, for the a fixed cohesion of 𝑐′=10kPa, the 
friction angle of the soil between 15° and 30° (grey 
band in the figure). The results are expressed in 
terms of an equivalent von Mises stress (computed 
for the most loaded pipe section) as a function of a 
displacement amplifier parameter 𝛼, amplifying the 
soil displacement profile (b) until the yielding con-
dition (360MPa) is reached in the critical section. 
Values of 𝛼<1 represent then the previous loading 
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history with respect to the current condition, 𝛼=1 
represents the current estimated working condi-
tion (with an equivalent stress of about 214MPa), 
whilst all the values corresponding to 𝛼>1 represent 
a (consistent) forecast of the future behavior of the 
system. It is evident how the current condition is 
relatively safe with respect to a possible yielding of 
the pipe (the ratio between the yielding stress and 
the current stress is about 1.7), but significantly dif-
ferent safety margins are obtained in terms of allow-
able displacements, with final amplification of 30% 
to 100% of the current displacement amplitude. 
This “displacement-based” safety margin can obvi-
ously be related even to its corresponding time win-
dow, thus getting helpful indications for program-
ming maintenance interventions on the pipeline. 
The parametrical analysis also shows how, for the 
tested case, a reliable characterization of the soil 
cohesion has a larger importance with respect to 
the evaluation of the soil friction angle. 

Given to its numerical efficiency, macroelement 
approaches can then be particularly useful not only 
in traditional design processes (at least in the prelim-
inary dimensioning phase) but even in several differ-
ent fields, ranging from traditional Civil Engineer-
ing application to Civil Protection problems: 

– optimization of the pipeline layout crossing po-
tentially unstable areas; 

– parametrical identification of the landslide dis-
placement pattern 𝑼 with respect to the ob-
served structural behavior; 

– parametrical analysis on the influence of the me-
chanical parameters of the soil (often affected by 
a lack of information), in order to optimize geo-
technical characterization campaigns; 

– identifying future possible critical conditions for 
the structure by adopting a displacement-based 
approach; 

– running real time analyses on the basis of contin-
uous monitoring data acquisition. 
At Author’s feeling, these points show that such 

approach could then be considered also a useful de-
cision-making tool, that can be easily implemented 
and employed even in case of emergency interven-
tions or risk mitigation analyses [COCCHETTI et al., 
2008; NI et al., 2018, and HU et al., 2019]. 

3.3 . Design of slope stabilizing structures 

The possibility of introducing a real (although 
simplified) displacement based design approach is 

a)

b)

Fig. 12 – a) straight steel pipeline buried in a homogenous soil and subject to a horizontal soil displacement; b) trajectory of 
the mid section of the pipe (modified from COCCHETTI et al., 2009b). 
Fig. 12 – a) condotta rettilinea soggetta ad uno spostamento orizzontale del terreno; b) traiettoria della sezione mediana della condotta (mo-
dificato da COCCHETTI et al., 2009b). 
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potentially of very large interest also when the design 
of slope stabilizing structures is concerned. These 
latter are often dimensioned by adopting standard 
Ultimate Limit State approaches (ULS), ideally as-
suming the complete mobilization of the interaction 
force between the structure and the unstable soil 
mass. By adopting a substructuring approach, this in-
teraction force can be thought as a generalized sta-
bilizing action 𝐴 for the unstable soil mass (a force 
in case of translational slides, or a moment in case 
of rotational slides) to be included into the stability 
analysis of the slope, which are usually run by adopt-

ing traditional Limit Equilibrium Methods (LEM). 
An ideal sketch of two stabilizing interventions (by 
adopting stabilizing piles and anchored plates, re-
spectively) are shown in figure 14a, where 𝑊 is the 
weight of the sliding mass, 𝑅 is the mobilized soil 
shear strength along the sliding surface and 𝑼 is the 
soil displacement field. 

Action 𝐴, however, derives from a complex dis-
placement-based SSI problem arising between the 
moving soil and the structure, and, rather than its 
ultimate limit value only, an entire “characteristic” 
curve 𝐴=𝐴(𝑼) should be considered in the analy-

a)

c)

d)

b)

Fig. 13 – a) example of a complex 3D layout of a pipeline along an unstable slope; b) adopted soil displacement profiles; c) 
comparison between the computed and measured values of the axial force (modified from COCCHETTI et al., 2009b); d) pa-
rametrical analyses of the studied site. 
Fig.13 – a) esempio di profilo 3D di una condotta interrata lungo un pendio instabile; b) profili di spostamento del terreno; c) confronto tra 
i valori di azione assiale misurati e calcolati (da COCCHETTI et al., 2009b); d) analisi parametrica sul sito in esame. 
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ses. Neglecting such relationship could potential-
ly lead to unsafe and inconsistent design choices, 
since the ultimate value of 𝐴 may be reached for un-
acceptable amplitudes of soil displacement (ideally 
asymptotic). The curve 𝐴=𝐴(𝑼) reproduces actual-
ly the mechanical behavior of the system for a Ser-
viceability Limit State (SLS) at the macro scale of 
the structure, and it depends on soil and structur-
al properties (i.e. geometry, stiffness and strength), 
on the imposed boundary conditions, on possible 
pre-stressing actions, on the shape and amplitude of 
the soil displacement profile 𝑼. As it is also suggest-
ed in figure 14b, it may be characterized by a duc-
tile or fragile response. In standard ULS approach-
es all these aspects cannot be explicitly considered, 
and they can only be indirectly taken into account 
by means of partial safety factors reducing (without 
a clear mechanical meaning) the ultimate value of 
the action 𝐴. A macroelement approach could sig-
nificantly help in defining the characteristic curve 
for the considered stabilizing system, since it allows 
to directly link the far field soil displacement 𝑼 to 
the loads on the structure, as it was discussed here 
above for the case of buried pipelines. By integrat-
ing the macroelement reactions within the unstable 
soil mass, the action 𝐴 can in fact be stepwise com-
puted. Several examples of characteristic curves for 
slope stabilizing piles (obtained by adopting simple 

P-y curves to describe the local interaction between 
each slice of the pile and the surrounding soil), are 
discussed in GALLI et al. [2011], GALLI and DI PRI-
SCO [2013a]. The use of the characteristic curves in 
slope stability analyses, usually based on limit equi-
librium approaches, allows then the designer to 
move towards the so-called “hybrid” methods, com-
bining an ULS approach for the stability analysis of 
the soil mass with a SLS approach to describe the 
soil-structure interaction. The advantage of hybrid 
methods is that the global safety factor 𝐹𝑆 (or any 
equivalent measure of the safety level) becomes a 
function of the soil displacement 𝑼 (Fig. 14c) and, 
starting from the initial (i.e. pre-intervention) con-
dition of the slope (𝐹𝑆,0), the designer can easily 
evaluate the slope displacement associated to the 
final (post-intervention) condition (𝐹𝑆,𝑑) by adopt-
ing a safe and consistent framework. 

Characteristic curves may also be profitably em-
ployed to define “full” displacement based design 
approaches for slope stabilizing structures, where 
the goal is to describe the time evolution of the soil 
displacement field, by explicitly integrating its mo-
tion equation (Fig. 14d). This allows the designer 
to optimize the design process both in terms of re-
duction of soil displacement rate and of time de-
lay between the intervention and the full function-
ality of the stabilizing system, thus distinguishing 

a)

c)

b)

d)

Fig. 14 – a) sketch of the two slope stabilizing structures; b) definition of the characteristic curves for ductile (i) and fragile (ii) sta-
bilizing systems; c) dependence of the slope safety factor on the slope displacement; d) evolution of soil displacement with time. 
Fig. 14 – a) vista schematica di due interventi di stabilizzazione; b) definizione della curva caratteristica per un sistema duttile (i) e uno 
fragile (ii); c) influenza dello spostamento del terreno sul valore del fattore di sicurezza; d) evoluzione nel tempo degli spostamenti del pendio. 
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between efficient and insufficient interventions by 
adopting on an objective performance-based crite-
rion. In this context, GALLI et al. [2017] proposed 
a comparison among traditional limit equilibri-
um approaches, hybrid methods and full displace-
ment methods for slope stabilizing piles, by show-
ing how the use of the characteristic curves can af-
fect the dimensioning of the design system. GALLI 
and BASSANI [2018] reported instead a full displace-
ment-based case study of the design of anchored 
slope stabilizing piles for a railway embankment on 
an unstable slope (Fig. 15a). The authors showed 
an efficient structural dimensioning, specifical-
ly optimized for the observed slope displacement 
profile, which allowed to significantly reduce the 
length of the piles. They also compared four differ-
ent installation scenarios, focusing on the effects 
of the imposed prestressing force in the ground 

anchors on the reduction of the soil displacement 
rate, both immediately after the installation (Fig. 
15b) and at the end of the design life span of the 
structure (50 years; Fig. 15c). 

In the field of seismic protection of the territo-
ry, moreover, the benefic effect of slope stabilizing 
piles in terms of reduction of coseismic slope dis-
placements has been proved by several works (see 
e.g. ADINOLFI et al., 2015). The concept of character-
istic curve can even be profitably employed in this 
context, taking advantage of the progressive mobi-
lization of the stabilizing action 𝐴 together with the 
accumulation of slope displacement. Disregarding 
such an effect will lead to severe underestimation of 
the final coseismic displacement, or to not even cap-
ture the initiation of the phenomenon, especially in 
low seismicity areas where accurate displacement es-
timations are of major interest (see GALLI and DI PRI-

a)

c)b)

Fig. 15 – a) railway embankment on an unstable slope; b) profiles of soil displacement rate immediately after the installation 
and c) after 50 years (modified from GALLI and BASSANI, 2018). 
Fig. 15 – a) rilevato ferroviario su pendio instabile; b) profili di velocità del terreno immediatamente dopo l’in-tervento e c) 50 anni dopo 
l’intervento (modificato da GALLI and BASSANI, 2018). 
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SCO, [2019], where a simplified Newmark-based nu-
merical approach is discussed). 

3.4. “Other” macroelement problems 

A couple of brief citations can finally be intro-
duced on generalized constitutive rules at the mac-
ro scale. An interesting application of the macroele-
ment concept is presently under investigation with 
respect to the agronomy field, with specific refer-
ence to the stability of trees. For these problems, as 
synthetically described by DATTOLA et al. [2019], the 
definition of a specific macroelement formulation 
can fruitfully improve the understanding of the me-
chanical response of root systems under combined 
actions and complex loading histories (as those giv-
en by wind effects on tall trees), remarkably improv-
ing real time surveying systems for trees. More in 
general, the macroelement conceptual frameworks 
result to be very effective in BVPs involving sever-
al mechanical components. In this case, following 
again a classical substructuring approach, the be-
haviour of each single component can be described 
by means of a generalized constitutive rule, and the 
global mechanical response of the system modelled 
in terms of its generalized governing variables, once 
equilibrium equations and compatibility conditions 
are incrementally enforced among all the compo-
nents. An example was recently proposed by DI PRI-
SCO et al. [2019a and b] with reference to a displace-
ment based approach for the design of earth em-
bankments on soft soil strata, reinforced by means of 

piles or granular columns [DI PRISCO and GALLI, 2011a 
and b; GALLI and DI PRISCO 2013b]. The layer-by-layer 
construction procedure is numerically reproduced 
by studying the average stresses 𝜎𝑐 and 𝜎𝑓 acting on 
the column and on the foundation soil, respective-
ly, for an ideal axisymmetric unit cell of dimension 𝑆 
(composed by the column, the surrounding soil and 
the overlying portion of the embankment; Fig. 16a). 
The evolution of these two stress components dur-
ing the embankment construction are governed by 
the stress redistribution process taking place within 
the embankment (often referred to as “arch” mech-
anism). An ad hoc incremental constitutive relation-
ship can then be introduced, relating the differen-
tial settlements 𝑈𝑑𝑖𝑓𝑓=𝑢𝑓−𝑢𝑐 observed at the top of 
the embankment (between the zones corresponding 
with the foundation soil and the column) which is 
often the engineering parameter of interest for de-
signers, to the generalized loading variable, repre-
sented by the increment in embankment height: 

   (3) 

The term 𝐶𝑑𝑖𝑓𝑓 represents a sort of non-dimen-
sional compliance of the system, depending on col-
umn diameter 𝐷 and spacing 𝑆, on the mechani-
cal properties of the column and of the foundation 
soil, on the embankment mechanical properties, 
and evolving with the change in the system geom-
etry, i.e. the increasing embankment height. Figure 
16b [DI PRISCO et al., 2019b] summarizes the results 
of a parametrical validation campaign of such gen-
eralized macroelement model against 3D numeri-

a) b)

Fig. 16 – a) sketch of an embankment on a piled foundation; b) evolution of normalized differential settlement at the top of 
the embankment as a function of the dimensionless embankment height (modified from DI PRISCO et al., 2019b). 
Fig. 16 – a) schema di un rilevato su pali; b) curve adimensionali di cedimento differenziale in funzione dell’altezza del rilevato per al va-
riare della spaziatura tra i pali (modificato da DI PRISCO et al., 2019b).
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cal simulations for several values of the spacing 𝑆, 
and proves an excellent agreement along the whole 
loading process. In particular, the model captures 
the observed marked change in the behaviour when 
the embankment reaches its “critical” height, above 
which no significant increase in the differential set-
tlements is observed (values have been conveniently 
normalized and the curves are here shown in a di-
mensionless form). 

4. Conclusions 

In the paper several examples of macroele-
ment applications to geotechnical problems were 
discussed, focusing in particular on the advantage 
of providing an efficient upscaling framework for 
SSI problems in civil engineering. In the Literature 
there exist nowadays a large amount of works prov-
ing the well-established theoretical framework sup-
porting the formulation of macroelement models 
(even with respect to advanced constitutive hypoth-
eses) and the validity of such approaches for real 
scale engineering problems, both in terms of accu-
racy and of numerical efficiency. At Author’s expe-
rience, however, they do not still represent a stand-
ard conceptual framework in engineering practice. 
The reason of such limited application is twofold: on 
one hand, the lack of numerical codes implement-
ing macroelement constitutive rules (available codes 
are in fact of main scientific or research purpose), 
despite it could be considered actually as a gener-
alized interface relationships between a structural 
element and the surrounding soil. Commercial en-
gineering codes still model SSI mainly by means of 
simplified interaction elements (like e.g. non-linear 
uncoupled springs) rather than by implementing a 
fully coupled macroelement models. On the other 
hand, macroelement models often require non-trivi-
al calibration procedures, which is of course a crucial 
point for their wide applicability. For example, being 
these generalized constitutive relationships geome-
try-dependent, a change in the geometry or the in-
clusion of additional structural components (e.g. a 
pile in case of a foundation, or a ground anchor in 
case of slope stabilizing walls) would in principle re-
quire a recalibration of the constitutive rule. Calibra-
tions can however be run independently by means 
of 3D numerical analyses at the “local” BVP level of 
each foundation (i.e. the macroscale of each macro-
element), with an evident reduction of the computa-
tional effort with respect to the complete modelling 
of the full BVP at the mega scale. 

Given its high computational efficiency, macro-
element approaches are in principle mainly indicat-
ed whenever a large number of rapid single analy-
ses is required. Typical cases are represented by the 
predimensioning phase of a design process, where 

the main geometrical and mechanical properties 
have to be optimized, often by comparing differ-
ent alternative solutions. Similar needs are required 
by the territorial surveying systems for lifelines net-
works, or the definition of risk mitigation strategies 
against natural hazards, where rapid (and possibly 
real time) calculations of SSI problems are required. 
All these fields would potentially largely benefit of a 
wise application of macroelement approaches. 

Beyond these observations, however, it is worth 
notice that such macroelement approaches are par-
ticularly important on a cultural point of view. They 
represent in fact a powerful interpretative tool, as-
sembling together a description not only of the ul-
timate limit condition of the system (i.e. its failure 
criterion), but even of its prefailure response, thus 
making them suitable to be implemented in com-
plex analyses respecting both equilibrium and com-
patibility conditions (bypassing e.g. the limits of usual 
ULS approaches). Two main consequences could in 
principle be outlined: the availability of an accurate 
description of the prefailure phase at the design lev-
el would allow consistent displacement estimations 
(which often represent a performance measure), 
thus facilitating the introduction of Displacement 
Based Design approaches (DBD). Furthermore, the 
comprehensive description of all the possible failure 
mechanisms in a unique failure criterion accounting 
for the coupling effect among the different loading 
components, gives also the possibility of a meaning-
ful measurement of the safety of the system for each 
given set of applied loads, thus bypassing some limi-
tations of the usual verification criteria based on un-
coupled approaches or on partial safety factors. 

In an engineering perspective, these points 
could potentially (and hopefully?) lead to remarka-
ble improvements of the design process, and repre-
sent an important tool for the diffusion of geotech-
nical competences. 
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L’approccio del Macroelemento per 
problemi geotecnici: un valido supporto 
per la progettazione?

Gli approcci “per Macroelementi” sono stati sviluppati in 
Geotecnica negli ultimi quaranta anni circa con l’intento di 
giungere ad una descrizione semplificata, ma sufficientemente 
accurata, di problemi di interazione tra terreno e struttura. L’idea, 
in particolare per fondazioni superficiali, è di definire un quadro 
interpretativo alla macroscala della struttura, basato su variabili 
generalizzate di sforzo e deformazione e capace riprodurre anche 
storie e combinazioni di carico complesse.

Da allora numerosi sviluppi sono stati proposti, estendendo le 
formulazioni ad altre tipologie di fondazioni e includendo approcci 
costitutivi via via più complessi, tanto che ad oggi gli approcci per 
macroelementi possono certamente essere considerati come un valido 
e versatile strumento di modellazione. Nonostante questi importanti 
e riconosciuti sviluppi a livello scientifico, tali teorie non trovano 
ancora largo impiego nella pratica ingegneristica, sebbene potrebbero 
comportare significativi benefici in termini di riduzione dell’onere 
computazionale, e consentire al contempo l’adozione un quadro 
teorico affidabile e consistente.

Nell’articolo, dopo un breve richiamo ai principali concetti 
teorici sviluppati in questi ultimi decenni, verranno presentate varie 
applicazioni di approcci per macroelementi a differenti problemi di 
interazione tra terreno e struttura, con anche estensioni ad approcci 
costitutivi avanzati ed a problemi in grande scala, quali quelli 
legati alla protezione del patrimonio culturale e di infrastrutture 
strategiche. A parere dell’autore, tali approcci potrebbero non solo 
essere di aiuto nel definire nuovi ed efficienti metodi progettuali utili 
ai professionisti, ma potrebbero anche (e forse soprattutto) costituire 
un felice esempio di trasferimento di competenze scientifiche nel 
campo dell’Ingegneria Geotecnica.


