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Introduction
Safe design of shallow strip footings subjected to cyclic loads 

still represents an open issue in engineering research. Cyclic 
loads on a foundation may induce the activation of different 
complex mechanisms governing the overall response. Literature 
research works stress the important role played, among others, by 
founda-tion rocking and uplift (Makris and Roussos 2000), by coupling 
effects among load components (Georgiadis and Butterfield 1988), and 
by settlement accumulation mechanisms, essentially due to the 
occurrence of soil ratcheting at the micromechanical level (Alonso-
Marroquín and Herrmann 2004). Such nonlinear and in-

elastic effects (Paolucci 1997; Faccioli et al. 2001; Gazetas et al. 
2003, 2007; Gajan et al. 2005; Gajan and Kutter 2008; Paolucci et 
al. 2008; Chatzigogos et al. 2009) are not necessarily detrimental, 
but they can even be beneficial for the foundation, for example, 
when seismic actions are considered, since they conveniently 
reduce the ductility demand on the superstructure and, in 
principle, may allow design of the foundation as a seismic 
isolator (Pecker 1998; Pecker and Pender 2000; Kawashima et al. 
2007; Anastasopoulos et al. 2010).

A reliable modelling of the soil–foundation interaction under 
cyclic loading for engineering purposes (design or verification) 
requires an account of all the aspects previously described
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Experimental setup

Testing equipment
A view of the experimental setup is illustrated in Fig. 1a. It 

consists of a parallelepiped wooden bin (90 cm wide, 40 cm high, 
and 20 cm deep) filled with sand and hosted in a rigid steel frame 
composed of 12 H-shaped beams. The front and rear 90 cm walls of 
the bin are made of 15 mm thick tempered glass to reduce the 
shear stresses at the soil wall interface (a friction angle of about 
5°–7° for a glass–sand interface is usually acknowledged; see e.g., 
Tatsuoka and Haibara 1985). Two steel frames per side are also put 
outside, parallel to the glass walls, to increase overall stiffness and 
prevent any out-of-plane displacement during test execution, thus 
allowing the assumption of plane-strain conditions when running 
the test. The small-scale prototype foundation consists of a rigid 
stainless steel plate (100 mm wide, 195 mm long, and 30 mm thick)

Fig. 1. (a) Global view of experimental equipment: sand bin, model
foundation, and loading steel frame; (b) detail of foundation
prototype placed above sand layer and of its connection to
horizontal guide rails; (c) definition of static and kinematic variables
for macroelement.

through the most adequate constitutive relationships. Nonethe-
less, the commonly experienced great difference between the typ-
ical dimension of the foundation and the significant volume of 
soil interacting with the structure, especially when dealing with 
seismic aspects, makes classical finite element method almost 
cost ineffective because of the huge number of elements and de-
gree of freedom required which, in their turn, demand for a high 
computational effort.

In late 1980s, a significant overcoming contribution was the 
development of the innovative and alternative “macroelement 
approach” framework (Nova and Montrasio 1991). The behaviour 
of the soil–foundation system is described in terms of generalized 
stress–strain variables, defined on a unique “macroelement” com-
posed of the foundation together with the surrounding soil. In 
the last two decades, several models have been developed to 
analyti-cally describe the generalized constitutive relationship 
for a macroelement, based on different theoretical approaches 
(e.g., classical strain-hardening elastoplasticity, hypoplasticity, 
multi-mechanism models) and accounting even for complex 
loading paths and real geometries (Cremer et al. 2001, 2002; Le 
Pape and Sieffert 2001; Pecker 2002; Grange et al. 2009; Gajan and 
Kutter 2009). Beyond a validation or a critical discussion of such 
model-ling approaches, this paper aims at providing a 
contribution to the analysis of the mechanical behaviour of 
shallow foundation subjected to vertical and horizontal cyclic 
loads through labora-tory small-scale tests, thus extending the 
result published by di Prisco et al. (2003).

In the last 30 years, a large number of experimental and theo-
retical works investigated the effect on foundations of rocking 
cyclic loads (Bartlett 1979; Taylor et al. 1981; Butterfield and 
Gottardi 1994; Allotey and El Naggar 2003, 2008; Pender 2007; 
Harden and Hutchinson 2009), but less data are available on the 
mechanical response under combined vertical and horizontal cy-
clic loads. Such loading paths are, however, representative of a 
wide range of applications, for instance, the design of the founda-
tion of vibrating machines, shallow embedded linear structures 
(e.g., buried pipelines), ground anchor plates, rail–sleeper–ballast 
systems, or, in general, structures whose loading system is charac-
terized by very low eccentricity.

In the following discussion, both the development of the exper-
imental apparatus and the investigation of the observed response 
to several cyclic loading paths are presented. The experimental 
results will be specifically interpreted in the light of the macro-
element concept in terms of the average stiffness and of the en-
ergy damped in each cycle, as well as in terms of the 
accumulation of permanent displacements during cycling. The 
observed results would still need to be quantitatively validated on 
other types of soil and foundation sizes and shapes; nevertheless, 
the results can be considered of general validity, at least 
qualitatively, provided that soils at a similar relative density to 
the soil chosen in this work are considered. Far from claiming to 
have exhaustively in-vestigated the proposed subject, the main 
goal of this paper is to stimulate the debate in the scientific 
community by putting in evidence some issues that have not yet 
been completely under-stood nor interpreted in the 
comprehensive theory of the macro-element.

Finally, in the perspective of a displacement-based design ap-
proach (Priestley et al. 2007; Calvi and Sullivan 2009), the present 
paper can then provide a contribution to take explicitly into ac-
count some aspects that are currently disregarded, such as the 
evolution of stiffness and damping with the increasing number of 
cycles, as well as the coupling effect among the different load 
components.



theless, this lack of detail was judged to be of minor importance in 
the framework of the presented experimental activity with re-
spect to the very good reproducibility of the soil preparation pro-
cedure, which nominally guarantees the same initial conditions 
for all the experimental tests presented hereafter.

The first test series consists of nine monotonic loading tests 
(test type “MN”) performed with the primarily aim of defining the 
failure condition of the system in the generalized stress space
V–H. In these tests, the vertical load is increased up to a value V0 
and then kept constant while the horizontal load is monotoni-
cally increased up to failure. The second test series groups cyclic 
tests along the vertical direction (test type “CV”). It was performed 
by varying the vertical load of an amplitude �V, around the aver-
age value V0, at zero horizontal load (H0 = 0, with a ratio �H/�V = 
0; Fig. 2a). Two further series (test types “CA” and “CS”) were
performed by increasing the vertical load up to V0 and then by 
applying a cyclic horizontal load with maximum amplitude �H
around the average value H0, with both series considering stress 
reversal (cyclic symmetric load, tests CS, with H0 = 0) or not (cyclic 
asymmetric load, tests CA, with H0 = �H/2), as depicted in Figs. 2b, 
2c. Among the tests of type CA, an asymmetric test was performed 
by considering only a partial unloading of the system, with a 
reduced amplitude of the cycles (85% of � H; Fig. 2b). The fifth 
series of tests (test type “CI”) was performed by imposing, after an
initial monotonic load up to the values V0 and H0, a cyclic varia-
tion of both V and H, approximately under the condition �H/�V = 
1 (Fig. 2d). All the tests were performed in quasi-static conditions, 
i.e., the loading rate was assumed to be sufficiently low to prevent 
any dynamic effect (frequencies of cycles are lower than 10−2 Hz, 
with a loading rate of about 1 kPa/min). The details of the loading 
paths are summarized in Table 2.

Results of experimental tests

Horizontal monotonic load (test type MN)
The load–displacement curves (H–u) relative to the horizontal 

loading phase for MN tests, plotted in Fig. 3a, show a ductile 
behaviour characterized by a rather well-defined plateau for each 
test. These limit values of the loads allow the definition of a locus 
in the V–H plane (Fig. 3b) that can be analytically interpolated by 
means of the expression (Nova and Montrasio 1991):

(1) f � H � �V�1 �
V

Vm
�0.95

� 0

Parameters � and Vm (representing the initial steepness of the
V–H curve near the origin and the bearing capacity of the founda-
tion under pure vertical loads, respectively) have been calibrated
by means of a least square procedure on the nine failure points,
obtaining � = 0.59 and Vm = 5.28 kN/m. Rather than providing an
operational method for calibrating these parameters, the aim of
this section was primarily to easily obtain a limit condition for the
system to design meaningful cyclic loading paths in the following
sections.

Table 1. Geotechnical characterization of Ticino
River sand.

Property Value

Specific gravity, Gs 2.67
Average grain size, D50 (mm) 0.55
Uniformity coefficient, UC 1.6
Minimum unit weight, �min (kN/m3) 13.65
Maximum unit weight, �max (kN/m3) 16.67
Minimum void index, emin 0.578
Maximum void index, emax 0.927
Friction angle at critical state, �cv

′ (°) 34.6

directly placed on the top sand surface. Vertical (V) and horizontal 
(H) forces are applied by means of two stainless arms, and the 
corresponding vertical (v) and horizontal (u) displacements are 
recorded. Rotational settlement (�) is prevented, since the entire 
loading system is rigidly connected to a carriage moving on two 
rigid rails (Fig. 1b). For the sake of simplicity, the overturning 
moment (M) is assumed to be negligible (Fig. 1c). A realistic rough 
interface between the soil and the foundation is also reproduced 
by gluing a thin layer of sand at the surface of the steel plate in 
contact with soil.

Load control system
The loads are applied by means of two double-acting Bellofram 

(Marsh Bellofram Group of Companies, Newell, West Virginia) air 
cylinders, allowing the control of the amplitude and direction of 
the force by means of the pressure difference between two inter-
nal chambers, the front and the rear chambers. In both cylinders, 
the air pressure of the rear chamber is regulated by a control 
valve, whilst the air pressure in the front chamber is controlled by 
a long-term stable manually driven pneumatic regulator. The 
manual regulator allows to accurately set the convenient front 
chamber pressure between 15 and 600 kPa (0.05 kPa sensitivity) at 
the beginning of the test and then to keep it constant. According 
to the desired loading history, the actions are applied by control-
ling the current intensity of the proportional valve circuit corre-
sponding to a pressure interval between 2 and 400 kPa in the 
range 4–20 mA.

Data acquisition system
The displacements of the rigid model foundation are recorded 

by two 0/50 mm estensimetric displacement transducers, with an 
estimated average precision (standard deviation after calibration) 
of ±0.05 mm. Loading systems are equipped with one load cell for 
each loading direction (horizontal load cell allows the measure-
ment of an applied force up to 960 N with an estimated precision 
(standard deviation after calibration) of ±1.5 N, whilst vertical load 
cell has a 1960 N capacity with an estimated precision (standard 
deviation after calibration) of ±0.5 N). Each air pressure line is 
electronically controlled and constantly monitored by a 0/1000 kPa 
pressure transmitter with an estimated precision (standard devi-
ation after calibration) of ±2 kPa. To improve measurement reli-
ability of all transducers, a low-noise power supply has been 
designed in conjunction with the 16-bit analog-to-digital con-
verter for handling monitoring data. The whole system, both at 
data recording and Bellofram rear chambers pressure-regulation 
sides, is controlled through a user interface developed in the Lab-
VIEW environment. Current regulation for the pressure chamber 
is obtained by means of a 12-bit digital-to-analog converter (pe-
ripheral component interconnect (PCI) interface) allowing an 
overall precision of ±5 kPa.

Experimental program
The experimental program consists of five test series designed 

to investigate the mechanical behaviour of a small-scale shallow 
strip foundation on sand subjected to combined horizontal and 
vertical loads. Each test was performed on a virgin system, by 
completely reconstituting the sand layer within the test box. The 
sand layer was obtained by filling the box with Ticino sand, whose 
mechanical properties are listed in Table 1, as derived from several 
literature data (Bellotti et al. 1996; Montrasio and Nova 1997; 
Fioravante 2000; Yamashita et al. 2000; Santamarina and Cho 2001). 
A pluviation method has been properly calibrated to obtain an 
average relative density of about 40% at the beginning of the test, 
corresponding with an average dry unit weight � d = 14.7 kN/m3 

(Farshchi 2014). The authors are aware that this procedure allows 
only having an estimation of a “global average” of the unit weight 
of the deposited sand, without giving any local description of its 
three-dimensional spatial distribution within the test box. Never-



In Fig. 3c, the displacements of the foundation measured during 
the horizontal loading stage are plotted in the plane v–u, where v 
is the total vertical settlement, positive in the case of downward 
movements and accounting even for the initial vertical loading

phase. All the tests show an increment in vertical settlement v
during the horizontal load, independently of the value of the
applied load V0. This result seems to be consistent with the fact
that the sand was prepared in a loose state, which is mainly

Fig. 2. Loading paths: (a) cyclic vertical; (b) cyclic horizontal asymmetric; (c) cyclic horizontal symmetric; (d) cyclic inclined asymmetric.

Table 2. Details of loading paths for experimental tests.

Vertical
load (kN/m) Horizontal load (kN/m)

Test type Note Label V0 �V H0 �H Period, T (s) No. of cycles

MN Monotonic mn01 0.75 — Increased up to failure — — —
mn02 1.20 — Increased up to failure — — —
mn03 1.65 — Increased up to failure — — —
mn04 2.00 — Increased up to failure — — —
mn05 2.40 — Increased up to failure — — —
mn06 2.80 — Increased up to failure — — —
mn07 3.00 — Increased up to failure — — —
mn08 3.60 — Increased up to failure — — —
mn09 4.00 — Increased up to failure — — —

CV Cyclic vertical cv01 0.73 0.55 0 0 180 61
cv02 1.27 0.78 0 0 240 48

CA Cyclic asymmetric,
complete unloading

ca01 1.90 0 0.18 0.35 120 66
ca02 1.90 0 0.25 0.50 180 95
ca04 4.00 0 0.28 0.55 180 134

Cyclic asymmetric,
partial unloading

cp01 1.85 0 0.25 0.36 120 45

CS Cyclic symmetric cs01 1.90 0 0 0.76 210 49
cs02 2.10 0 0 1.13 360 142
cs03 4.00 0 0 0.72 240 58

CI Cyclic inclined ci02 1.58 0.57 0.29 0.58 180 40
ci03 2.79 0.53 0.33 0.55 180 86
ci04 3.77 0.51 0.33 0.55 180 50



Fig. 3. (a) Load–displacement curves along horizontal direction; (b) generalized stress paths in V–H plane and trace of interaction locus;
(c) trajectories of foundation in v–u plane during horizontal loading phase.



(2) 	 �
dv
du

which represents the incremental settlement ratio, expressing 
the amount of vertical settlement for a unit horizontal displace-
ment increment of the foundation. It appears from Fig. 3c that the 
values of� are rather constant during the horizontal loading, 
making reasonable the assumption of a main dependence on the
applied vertical load V0, well described by the following linear 
relationship (obtained from a least square fitting procedure on 
the measured values):

(3) 	 � 0.92
 � 0.28 with 
 � V0/Vm

The values of the fitting parameters of this linear interpolating 
function are of course dependent on the type of soil and on foun-
dation size and shape (and exploring such dependency could be a 
suggestion for further experimental research on this subject), but 
the importance of eq. (3) consists in providing an experimental 
basis for defining the plastic potential of the macroelement con-
stitutive rule. The value of� in fact links together the increments 
of the two kinematic variables of the system, and in the perspec-
tive of upscaling the constitutive relationship from the level of a 
representative soil volume element to the level of the foundation, 
it plays then at the macroelement level the same role as the dila-
tancy at the level of the representative soil element volume (and 
the symbol� was chosen to explicitly suggest this analogy). The 
term� can then be strictly related to the generalized plastic flow 
direction of the macroelement: within the framework of the clas-
sical strain-hardening plasticity (see e.g., Zienkiewicz et al. 1999); 
for example, if the elastic part of the generalized strain is ne-
glected with respect to the plastic part (as it was assumed even in 
the original paper from Nova and Montrasio 1991), the incremental 
settlement ratio� directly coincides with the plastic flow direc-
tion; alternatively, if the elastic part is taken into consideration 
(either by means of theoretical expressions or by means of the 
empirical relationships, e.g., those provided hereafter in this pa-
per to characterize the stiffness in cyclic conditions), the plastic 
flow direction can be estimated for each loading step by subtract-
ing from the total settlement increment the amount of the corre-
sponding elastic part. A deeper discussion and some comparison 
with other findings are presented in the section “Ratcheting in 
vertical direction and settlement ratio”.

Cyclic tests
Each cyclic test has been analyzed in terms of three parameters 

defined for each direction of loading (subscripts H and V refer to 
horizontal and vertical directions, respectively): the average stiff-
ness KV or KH, computed as the ratio between the loading ampli-
tude at each cycle and the difference between the maximum 
displacement and minimum displacement (vmin) in that cycle; the 
maximum displacement vmax or umax at the end of the cycle; 
the dissipated energy, EV or EH, computed as the work done by the 
system from the time tn (corresponding to the initiation of the 
unloading phase for the nth cycle) until the time tn + T, where T is 
the period of the cyclic load:

(4) EV � �
tn

tn�T

V dv and EH � �
tn

tn�T

H du

The definition of the quantities are schematically shown in
Fig. 4 with reference to the vertical component of a generic nth
cycle. In the following discussion, the net settlement (vmax – v1) or
(umax – u1) will be considered, i.e., the difference, for each direc-
tion, between the maximum settlement at the end of the nth cycle
and the settlement at the end of the first cycle, v1 or u1.

For each test, the trends of the three characterizing parameters
will be plotted as a function of the number of cycles Ncyc, and the 
following interpolating functions (inspired by the work of 
Stewart 1986, Lin and Liao 1999, and Leblanc et al. 2010) will be 
employed to fit the experimental data (expressed hereafter only 
for the ver-tical direction, but similar for the horizontal one, by 
replacing subscript V with subscript H):

(5)
KV

KV,1
� 1 � � (log10 Ncyc)

n

(6)
EV

EV,1
� (Ncyc)

�b

(7)
vmax � v1

B
� cyc (log10 Ncyc)

m

where KV,1 and EV,1 represent the stiffness and the dissipated en-
ergy corresponding with the first cycle, respectively; B = 100 mm is
the foundation width; and �, n, b,	 cyc, and m are the fitting pa-
rameters.

Vertical cycles (test type CV)
Two cyclic vertical tests were performed at two different aver-

age vertical loads V0 (test cv01 and cv02; Table 2), remarkably 
lower than the estimated failure value Vm = 5.28 kN/m; the corre-
sponding load–displacement curves are reported in Fig. 5a, whilst a 
detailed view of the cyclic phase of test cv02 is plotted in Fig. 5b (the 
results of test cv01 are very similar from a qualitative point of view, 
and they have not been reported here for the sake of brev-ity). The 
average stiffness, the dissipated energy, and the net cu-mulated 
vertical settlements are plotted versus the number of cycles in Fig. 
6, and interpolated by means of eqs. (5)–(7), with parameters values 
reported in Table 3.

Although the data show a nonnegligible scatter, an increasing 
trend in stiffness (Fig. 6a) and an important decay in the damped 
energy (Fig. 6b) are evident. Apparently, the overall trends are not 
affected by the value of the vertical load V0, nor by the cycle 
amplitude � V, since parameters 
, n, b are the same for both tests, and only the stiffness and dissipated 
energy of the first cycle show

Fig. 4. Definition of mechanical parameters characterizing a
generic loading cycle along vertical direction.

characterized by a remarkable compacting volumetric response. 
The trajectories in the plane v–u can be described by means of 
their local steepness



significant differences. The vertical settlement accumulation 
shows in both cases a quadratic dependence on log10(Ncyc).

Horizontal asymmetric cycles (test type CA)
The imposed load paths of the cyclic asymmetric tests are re-

ported in Fig. 7a, together with the failure locus previously cali-
brated, and the load–displacement curve for the test ca04 is 
plotted in Fig. 7b (the load–displacement curves of the other tests 
are qualitatively very similar, and they have not been reported 
here for the sake of brevity). The loading path for tests ca01 and 
ca02 are almost perfectly superimposed, since they have been 
performed at the same vertical load V0.

The cycle number increase induces a progressive accumulation 
of displacement in the horizontal direction, with a pronounced 
saturation effect. The characteristic quantities for each cycle (i.e.,
KH, EH, and the net cumulated vertical settlement vmax – v1) are 
shown in Figs. 8a–8c, and interpolated by means of eqs. (5)–(7). 
From the experimental data in Fig. 8a it can be inferred that, 
differently from what has been observed for CV tests, the average 
stiffness in horizontal direction KH is linearly dependent on 
log10(Ncyc). Nevertheless, it is worth noting that in case of partial 
unloading–reloading cycles, the increase in KH with Ncyc is much 
more evident (= 2.25 for cp01 tests, versus  � 1 for the other tests). 
Figure 8b, moreover, allows the inference that a partial unloading–
reloading cyclic path influences the dissipation of the energy, by 
inducing a more rapid decay (b = 0.6, instead b = 0.3/0.4). Even the 
evolution of vertical settlement (Fig. 8c) appears to be significantly 
affected by the loading path, and different values of the fitting 
parameters are estimated (see Table 4). In particular, the 
dependence on log10(Ncyc) is slightly less than quadratic,

and the amplitude of the net vertical settlement is larger than for
CV tests (parameter cyc is 3–5 times higher).

The kinematic of the system can be studied again by consider-
ing the trajectory of the foundation in the plane v–u. Its perma-
nent displacements are described by the net cumulated horizontal
displacement (umax – u1) versus the net cumulated vertical settle-
ment (vmax – v1), which geometrically represent the envelope of

Fig. 6. Evolution of (a) average stiffness, (b) damped energy, and
(c) net cumulated vertical settlement during cycling (solid lines
represent best-fit interpolation according to eqs. (5)–(7), respectively).

Table 3. Values of best-fit interpolating parameters for cyclic vertical
tests.

Test KV,1 (MPa) � n EV,1 (J/m) b cyc m

cv01 18 1 2 0.028 0.5 1.1 × 10−3 2
cv02 25 1 2 0.045 0.5 1.1 × 10−3 2

Fig. 5. (a) Load–displacement curves; (b) detail of cyclic phase of test 
cv02.



the u–v curve of the foundation (Fig. 8d). Analogous to what has
been done for the monotonic tests, an incremental settlement
ratio for cyclic condition can be defined:

(8) 	cyc �
dvmax

dumax

Even for the cyclic tests, the values of this cyclic incremental 
settlement ratio are relatively constant during the cyclic phase, 
and are quite different for the four tests. A relationship between 
cyc and can be inferred from experimental data: in general, cyc 
tends to increase for increasing values of the applied vertical load
V0 and for increasing amplitude �H of the cycles (cyc– relation-
ship for these tests will be shown later in the text). The values of 
all the interpolating parameters are listed in Table 4.

Horizontal symmetric cycles (test type CS)
The generalized stress paths of the three horizontal cyclic sym-

metric tests performed are plotted in Fig. 9a. A load–displacement 
curve is reported in Fig. 9b for test cs02 (the curves corresponding 
with the other tests have not been plotted, being almost similar 
from a qualitative point of view). The shapes of the cycles are quite 
regular, and it is worth noting that they do not show the well-
known S-shaped behaviour usually observed in rocking cyclic 
tests (Paolucci et al. 2008), i.e., no reduction in stiffness takes 
place when the horizontal loading increment changes in sign. 
This result (apparently unexpected, if compared with usual cyclic 
rocking tests on shallow foundations) is due to the kinematic 
constraint on the rotation (� = 0), so that no reduction of the 
soil–foundation contact area is possible, and no uplift of the foun-

Fig. 8. Evolution of (a) average stiffness, (b) damped energy, (c) net 
cumulated vertical settlement (values of best-fitting parameters are 
listed in Table 4), and (d) net cumulated horizontal displacement 
during cycling.

Fig. 7. (a) Imposed cyclic load paths; (b) horizontal 
load–displacement curve of test ca04.



dation can arise. An important stiffening effect is present, as it is
shown in Fig. 10a, where it is again evident that KH has a linear 
dependence on log10(Ncyc). Different from symmetric tests results
(Fig. 8a), the values of  are not equal for the three tests, meaning 
that, in this case, the applied vertical load V0 and the amplitude of 
cycles � H influence the evolution of KH. The values of the dissi-
pated energy EH during cycles (Fig. 10b) show a marked decay, 
characterized approximately by the same parameter b, but by 
very different values of EH,1.

A significant stabilization of the horizontal displacement dur-
ing cycling can be noticed, since the values of umax appear to be 
almost constant after the first 8–10 cycles; consequently, the 
value of the incremental settlement ratio cyc tends rapidly to 
infinity, and it has not been explicitly evaluated in this analysis. 
Moreover, an important accumulation of vertical settlement is 
present (Fig. 10c), increasing with the amplitude �H of the cycles 
(test cs02 has larger values of settlement with respect to the other 
two tests). Such accumulation is much more important than that 
observed in the case of purely vertical tests (the values of 
parameter cyc are approximately one order of magnitude larger 
than that found for CV tests), although the dependence on 
log10(Ncyc) is lower than

quadratic. Table 5 summarizes the values of all the interpolating 
parameters defined in eqs. (5)–(7) for the data plotted in Fig. 10.

Inclined asymmetric cycles (test type CI)
Three tests were performed by cyclically varying both V and H 

under the condition �H/�V �  1 (Fig. 11a) around an average load 
state defined by V0 and H0. The corresponding load–displacement 
curves along horizontal and vertical directions do not show any 
significant qualitative difference with respect to those already 
plotted for the previous tests (and therefore they have not been 
represented here). For the sake of completeness, all the best-
fitting interpolating functions have been reported in Figs. 11b–11g. 
Although the curves are very similar from a qualitative point of

Test KH,1 (MPa) � n EH,1 (J/m) b cyc m 	cyc

ca01 2.5 1 1 0.02 0.3 3.0 × 10−3 1.65 2.22
ca02 2.5 1 1 0.07 0.4 4.0 × 10−3 1.5 1.72
ca04 2.5 1 1 0.07 0.4 5.0 × 10−3 1.5 3.32
cp01 2.2 2.25 1 0.045 0.6 2.6 × 10−3 1.7 1.37

Fig. 9. (a) Imposed cyclic load paths; (b) horizontal
load–displacement curve of test cs02.

Fig. 10. Evolution of (a) average stiffness, (b) damped energy, and
(c) net cumulated vertical settlement.

Table 4. Values of best-fit interpolating parameters for asymmetric 
cyclic horizontal tests.



view to those already presented for other test types, the values of 
the corresponding fitting parameters (listed in Tables 6 and 7) are 
remarkably different. The main point to be highlighted is that the
values of the vertical stiffness at the first cycle (KV,1) are reduced 
by approximately 1/4 with respect to those observed for pure 
vertical
cycles (CV tests), and the dissipated energy (EV,1) increased by 
about one order of magnitude. These results suggest that, for a 
foundation interacting with loose sand, the mechanical response 
of the system during cycling is highly affected by the loading 
direction, and any calibration obtained for a single ratio �H/�V 
cannot be extended to other values of �H/�V.

Finally, even in this case, a constant value of the cyclic incre-
mental settlement ratio parametercyc can be estimated for 
each test, and once again an increase incyc with V0 is observed 
(Fig. 12d).

Discussion of experimental results
The large number of experimental results presented earlier in 

the text can be fruitfully interpreted by critically discussing the 
values of the best-fitting parameters of the interpolating func-
tions defined in eqs. (5)–(7), together with the analysis of the 
obtained values of the incremental settlement ratio both in 
monotonic and cyclic conditions. The goal of this section is not to
provide confident trends with respect to = V0/Vm, but, as it will 
be deeply discussed in the following text, to meaningfully 
compare the results obtained from the different test types, thus 
stressing the influence of the stress paths on the mechanical 
behaviour of the system.

Average cycle stiffness
Figure 12a summarizes the first cycle vertical stiffness KV,1 and 

horizontal stiffness KH,1 for the various tests as a function of the 
normalized average vertical load. As already pointed out, KV,1 is 
largely affected by loading direction, since the values obtained for 
CV tests (�H/�V = 0) are 4–5 times larger than those obtained for 
CI tests (�H/�V �  1). This effect is essentially due to the coupling 
between the horizontal and vertical loads, and it can be justified 
by the increase in vertical settlement (which is expected to be 
clearly evident in loose sand) due to the presence of the 
horizontal
load. On the contrary, the values of the horizontal stiffness KH,1 
appear to be mainly affected by the horizontal stress reversal, 
rather than by the loading direction or by the normalized vertical 
load (values obtained from CA tests are 3–5 times larger than 
those obtained from CS tests). These considerations clearly put in 
evidence how the stress path strongly influences the stiffness and 
damping properties of the system, but in different ways with 
respect to the two different analyzed loading components (verti-
cal and horizontal) of the cycles. From a design point of view, it 
then derives that the average stiffness of a preloaded shallow 
foundation must be chosen very carefully, depending on the ex-
pected loading paths even at a low number of cycles, i.e., when 
the behaviour of the system is generally supposed to be elastic 
and the coupling between the loading components is usually 
neglected.

As far as the evolution of the stiffness along cycling is con-
cerned, and in particular when parameter n is considered, it is 
possible to observe that in the case of vertical cycles (CV tests) or 
horizontal cycles (CA or CS tests) the values are rather constant 
and equal to 2 and 1, respectively. On the contrary, when cyclic 
inclined loads are considered (CI tests), these values remarkably

increase up to 3.5 and 2, respectively. Consequently, although the
initial average stiffness of the cycles is reduced by the load incli-
nation, its increase along cycling is much more rapid than in case
of pure vertical (or horizontal) loading cycles. This result can be
explained by considering the compacting volumetric response of
the loose sand under cyclic shear loads, which locally creates a
denser soil volume below the foundation, progressively inducing
a stiffer subgrade reaction. Finally, by considering the parameter
�, it can be mainly observed that its value for the vertical compo-
nent of the cycles is not largely affected by the direction of loading
nor by the value of the applied vertical load V0 (for CV tests and for
the vertical component of the CI tests, the values of � are very
close to 1), whilst the value of � for the horizontal component of
the cycles is largely affected by the loading direction (the values of
� for the CA tests are close to 1, whilst the values computed for the
horizontal part of the CI tests are close to 2). Moreover, the results
show that in case of cycles characterized by a partial unloading
(�H < H0), the value of � is remarkably larger than twice the values
corresponding with cycles characterized by a complete unloading–
reloading (�H = H0).

Energy dissipated during cycling
In Fig. 12b, the values of the dissipated energy at the first cycle 

are summarized as a function of the normalized average vertical 
load. For the vertical component of the cycles, the inclination of 
the loads in CI tests induces an increase of about one order of
magnitude in EV,1 with respect to the values measured in CV tests. 
Again, as already described, the results concerning the horizontal 
component of the cycles are mainly affected by the stress reversal 
rather than by the loading direction or the vertical load: the
values of EH,1 for CS tests are approximately 10 times larger than 
those obtained from CA tests, and they increase with � H. It can 
finally be noted that a partial unloading–reloading cycle signifi-
cantly modifies even the values of the energy dissipation by re-
ducing it with respect to those measured in the corresponding 
tests with complete unloading. The values of the parameter b of 
eq. (6), representing the decay of energy dissipation along cycling, 
assumes values between 0.3 and 0.6 (the higher the values, the 
more rapid the decay); as a general consideration, it is possible to 
observe that the vertical component of the cycles is characterized 
by a more rapid decay of dissipated energy with respect to the 
horizontal component, and that, for the latter, reduction is faster 
for symmetric cycles (CS tests) than for asymmetric cycles (CA 
tests).

Ratcheting in vertical direction and settlement ratio
The evolution of vertical settlement with the number of cycles

is described by eq. (7), depending on parameters m and cyc. The 
parameter m appears not to be very largely affected by the direc-
tion of loading, and an average value of 1.5 can be assumed as 
representative for all test types, except for the pure vertical tests 
(CV tests) for which a value m = 2 has been clearly observed. On 
the contrary, parameter cyc is strongly affected by the loading 
path, as summarized in Fig. 12c. It is evident how the combined 
effect of horizontal and vertical loads (CI tests) induces more 
rapid vertical settlement accumulation than in the case of simple 
vertical or horizontal cycling. Similarly, it can be inferred that 
stress reversal in horizontal cycles induces a more rapid vertical 
settlement. In this case, an increase in the cycle amplitude � H 
will also cause an increase in the value of cyc. The normalized 
vertical load does not significantly affectcyc, except for the case 
of inclined load (CI tests), when a nonnegligible decreasing trend 
can be observed for increasing values of.

Moreover, as it appears from the results plotted in Fig. 12d, the 
incremental settlement ratio exhibits a marked increase with the 
increase of. In particular, for MN and CI tests, linear trends are 
well recognized and interpolating models are also given. The in-
cremental settlement ratio appears to be even largely dependent

Test KH,1 (MPa) � n EH,1 (J/m) b cyc m

cs01 0.8 1.9 1 0.34 0.6 1 × 10−2 1.7
cs02 0.5 2 1 1.7 0.6 2.5 × 10−2 1.2
cs03 1.3 1.8 1 0.2 0.6 1 × 10−2 1.7

Table 5. Values of best-fit interpolating parameters for symmetric 
cyclic horizontal tests.



Fig. 11. (a) Imposed load paths in cyclic inclined asymmetric tests; (b, c) evolution of stiffness and damped energy for vertical component of 
cycles; (d, e) evolution of stiffness and damped energy for horizontal component of the cycles; (f) evolution of net vertical settlement;
(g) displacements of foundation and corresponding incremental settlement ratio values.



on the type of loading, since the values ofcyc are 2–10 times 
larger (depending on the test type, CI or CA, i.e., on the loading 
inclination) than in monotonic conditions, and tend to decrease 
for increasing values of the horizontal cycle amplitude �H.

Finally, on a modelling point of view, it is worth noting in Fig. 
12d that the observed values of remarkably differ in all cases 
from the values ofnorm that could be analytically computed if eq. 
(1) was assumed as the yielding condition for the macroele-ment, 
and if an associate flow rule was introduced.

Conclusions
The mechanical behaviour of a small-scale strip foundation on 

a loose sand deposit, subjected to combined vertical and 
horizontal cyclic loads, has been experimentally investigated. The 
results have been interpreted within the framework of the 
macroele-ment theory, highlighting the evolution of the average 
stiffness, the damped energy, and the cumulated settlements 
during cy-cling. Rather than simply proposing new empirical 
interpolating functions, the aim of this paper was to focus on 
some aspects of the behaviour of the system that are still quite 
unknown. The discussion of the values of the proposed fitting 
parameters is, according to the authors, a convenient way to 
summarize the complexity of the mechanical response of the 
system using a few measurable quantities, and to stimulate 
further experimental and theoretical research in this field. 
Although the results still need to be quantitatively validated by 
means of large-scale experimental data, the presented results can 
qualitatively derive some signifi-cant conclusions. It has been 
observed that the loading path has a dominant effect on the 
investigated parameters (up to one order of magnitude) and 
cannot be disregarded when an accurate quan-titative description 
of the mechanical response of the system is required, even at a 
low number of cycles. In particular, when the vertical component 
of the cycles is considered, the response ap-pears to be mainly 
affected by the direction of the cyclic load (indicated by the ratio �
H/�V). The evolution of these quantities along cycling has 
generally a nonlinear logarithmic dependence on the number of 
cycles whose steepness, again, depends on the ratio � H/�V. On 
the contrary, when the horizontal component of the cycles is 
considered, the mechanical response appears to be mainly 
affected by the amplitude of the cycles and by the possible stress 
reversal rather than by the direction of cyclic loading or by the 
average vertical load. Finally, it is worth noting that even the 
kinematic response is highly affected by the loading path: cyclic 
conditions imply an increase of the settlement ratio parameter, 
and the normality rule cannot be considered an acceptable as-
sumption to obtain accurate quantitative results from a 
macroele-ment modelling approach. The newly introduced 
incremental settlement ratio parameter can be of large interest 
with respect to this point, since it provides a direct experimental 
validation of the assumed plastic potential function. It can then 
be underlined

Fig. 12. Influence of loading path on parameters describing
mechanical response of system: (a) average cycle stiffness and
(b) energy dissipation at first cycle (filled markers: vertical direction;
empty markers: horizontal direction); (c) vertical settlement
accumulation; (d) values of incremental settlement ratio.

Test KV,1 (MPa) � n EV,1 (J/m) b cyc m 	cyc

ci02 5 0.8 3.5 0.4 0.55 0.0092 1.6 0.920
ci03 5 0.8 3.5 0.4 0.55 0.0072 1.65 1.265
ci04 5 0.8 3.5 0.4 0.55 0.0050 1.8 1.684

Table 7. Values of interpolating parameters for cycles
along horizontal direction in CI tests.

Test KH,1 (MPa) � n EH,1 (J/m) b

ci02 1.4 1 2 0.17 0.5
ci03 2.4 0.4 2 0.1 0.4
ci04 2.7 0.4 2 0.05 0.3

Table 6. Values of interpolating parameters for cycles along vertical 
direction in CI tests.
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