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connected by stud bolt adapters to reinforced concrete shallow foundations
embedded in a sandy soil. Three couples of foundation specimens were tested
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ordinary steel rebars replaced by steel fibers. Additional vertical loads were
added to the small-scale models in order to ensure similarity in terms of
stresses. The test results allowed to (i) characterize the mechanical behavior of
the foundation element considering soil-structure interaction under both ser-
vice and ultimate load conditions, (ii) assess the foundation failure mode,
(iii) highlight the role of each typology of reinforcing bars forming the cage,
and (iv) provide hints for the optimization of these latter.
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1 | INTRODUCTION
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and off-shore wind turbines and farms. As a matter of
fact, their diffusion involves several multi-disciplinary
challenges for the Engineering community,' related to
the growing demand for higher towers carrying larger
rotors having recently overcome 160 m diameter.> Higher
tower heights are associated with significantly larger
actions on the system, implying an increase in complexity
in both mechanical and structural design. For an opti-
mized structural design of the towers,>* crucial becomes
the study of the foundation system, despite statistically
only a minor number of reported collapse cases was asso-
ciated to inadequacy of foundations.>® Especially refer-
ring to wind turbines with steel mast, their foundation
system has to sustain cyclically applied large horizontal
forces and overturning moments induced by wind load
with contemporary moderate vertical load. Two types of
foundation systems are mostly employed for onshore
towers”’®:  truncated-conical shallow foundations,®°
eventually combined with piles,"* or deep monopiles,*
being the former one the most common solution. The
connection of the steel mast of tubular towers with the
reinforced concrete foundation is usually bolted, where
either large steel rings or stud bolt adapters are alterna-
tively employed.”® Shallow foundations are usually
reinforced by (i) radial and circumferential top and bot-
tom rebar layers resisting longitudinal and transverse
bending moments, (ii) tall stirrups resisting shear,
(iii) additional rebars resisting local bursting and punc-
hing actions and (iv) top and bottom meshes allowing for
splicing of the radial reinforcement. The reinforcing cage
is massive (Figure 1), with subsequent important labor,
time, and economic effort. Thus, its optimization may
increase the competitiveness of wind farms with respect
to different energy production plants. The design of the
cage is often driven by code limitations for minimum
reinforcement ratios (for both shear and bending rein-
forcement). These limitations, originally conceived for
standard structures, are not tailored for massive struc-
tures, such as the foundation elements of wind towers. A
proper foundation  structural design, avoiding
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development of both radial and circumferential
cracks,'*?* significantly reduces maintenance costs and

extends wind tower lifecycle. The dynamics of the towers
is strongly influenced by Soil-Structure Interaction (SSI)
under lateral loads,*2® eventually including seismic
actions,”* although the relative lightness of either
tubular or lattice steel towers makes their seismic perfor-
mance often not critical with respect to the predominant
action induced by wind. Corrective actions to an
unproper structural design of the foundation system are
possible, although complex and invasive.***>

In the framework of a wider experimental/numerical
research program,*®~® in this article the authors present
the results of a series of quasi-static cyclic and monotonic
experimental tests carried out on 1:15 scaled specimens of
wind turbine towers, founded on reinforced concrete cir-
cular shallow footings positioned over granular soil strata.

This experimental activity was aimed at characteriz-
ing the mechanical behavior of the system under:
(i) vertical loads associated with the structure self-weight,
(i) wind-induced cyclic service loads, and (iii) wind-
induced ultimate loads. Failure mechanisms of combined
tower and foundation system are addressed from both a
global (load-displacement and moment-rotation curves)
and a local perspective (cracks development and rein-
forcement yielding), allowing to highlight the safety mar-
gins associated with the current typical design approach
regarding both shear and bending reinforcements. More-
over, the reliability of alternative reinforcement layouts
and solutions was also experimentally addressed. In partic-
ular, two strategies were envisaged for optimizing the rein-
forcing cage: (i) the removal of all vertical tall stirrups,
including those placed for shear reinforcement out of the
central area of the mast and those placed in correspon-
dence of the rings for load distribution and (ii) the stirrup
removal along with the replacement of 50% of both radial
and circumferential rebars with metallic fibers dispersed in
the concrete matrix. Both strategies may lead to relevant
saving of material consumption and, especially the latter
solution, of assemblage time and labor.

FIGURE 1
cages of reinforced concrete shallow

Typical reinforcement

foundations for onshore wind turbine
towers: (a) top view and (b) side view
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(a) Real prototype (b) Small scale model
Section A-A Section A-A
Section B-B Section B-B
F L1, 1 70.5 i LTI 1 70.035
3/ A A 11.65 0'2]6‘ A 10.11
[ ] 10.85 [ ] 10.055
5.55 0.37
19 127
FIGURE 2 Geometry of (a) real prototype and (b) scaled foundation specimens (units: m)

The experimental results are instrumental for both
tuning simplified design approaches and calibrating/
validating numerical models able to investigate further
loading situations, reinforcement solutions and soil con-
ditions, which are however not tackled in the present
article.

2 | EXPERIMENTAL PROGRAM

The experimental tests, carried out at the Laboratory of
Material, Structure and Construction Testing (LPMSC) of
Politecnico di Milano in its large testing facility
(GIMED), were performed on small-scale models rep-
roducing real scale 85 m-tall wind turbine towers
supporting 3.5 MW aerogenerators founded on
truncated-conical shallow footings with a diameter of
19 m (Figure 2a). The connection between tower and
foundation is ensured by posttensioned high-strength
threaded studs.

In order to properly simulate the real behavior of the
soil-foundation-tower assembly under horizontal loads,
while finding the best compromise to fit the specimen in
the laboratory facility, models geometrically scaled down
by a factor 1 = 15 were built and tested (Figure 2b).
Balancing the needs to minimize the distortion from the
full similitude according to the Theory of Models,* and
to employ traditional materials which could simulate the
nonlinear behavior of the equivalent full-scale ones
under the complex multi-axial stress history induced by
the test sequence, (i) concrete was cast by employing
aggregates with maximum diameter of 12 mm; (ii) steel
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FIGURE 3 Geometric reinforcement ratio of (a) real prototype

and (b) scaled model of foundation

reinforcing bars had 5 mm diameter; and (iii) metallic
fibers, where employed, had diameter of 0.16 mm. The
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reinforcement cage of the small-scale model foundation
was arranged to attain geometric reinforcement ratios
similar to the real prototype, as shown in Figure 3.
Unavoidable small deviations were introduced due to the
discretization of the reinforcement cage.

The loading system was designed on the basis of one
predefined wind-induced Ultimate Limit State (ULS)
Design Load Condition (DLC), selected among the most
severe of a typical set. The load values associated with
the considered DLC are listed in Table 1. In the proto-
type, the ratio of base overturning moment M (at the
mast-foundation interface) and base horizontal shear
load H at ULS (Myrs/Hyrs) is equal to 74 m (considering
wind load acting on both aerogenerator and mast). Scaled
down, it becomes 74 / 15 = 4.93 m. The point of applica-
tion of the concentrated horizontal force in the test was
placed at this height from the base of the small-scale
model mast. The operation of geometrical scaling is asso-
ciated with a reduction in vertical stresses associated with
gravity load (1 times lower than in the real prototype).
Additional masses were then designed and installed to
ensure similarity in terms of vertical stresses.

TABLE 1 Design loads and scaling strategy
Muyrs  Huws Muws/Huts Vs
kNm kN m kN
Real prototype 81,450 1100 74.0 21,320
Scaled model 24.1 49 4.9 94.8
Scaling factor ()  ® A2 A A2

I!I-‘iiilll' &

2.1 | Small-scale model description

As previously mentioned, the foundation specimens, geo-
metrically scaled by 1 (geometry shown in Figure 2b),
had a diameter D = 1.27 m. Six foundations, made by
three couples of nominally identical specimens, were
manufactured in a precast concrete plant (Figure 4):
(i) the real prototype foundation is reproduced by the
model specimens FO1-1 and FO1-2 (the reinforcement
cage layout is represented in Figure 5); (ii) all stirrups
were removed in FO2-1 and FO2-2; (iii) all stirrups and
50% both radial and circumferential reinforcements were
replaced by metallic fibers dispersed in the concrete
matrix in FO3-1 and FO3-2.

The foundation, embedded at a scaled depth of
0.185 m from the ground surface, was positioned on a
1.5 m thick dry sand stratum. The employed granular
material, fine Ticino sand with a grain diameter ranging
in between 0.1~1.0 mm, was contained in a 3.64 m diam-
eter cylindric pool. The overall pool sizes were chosen
after a series of ad hoc preliminary numerical analyses,
whose results (not reported for the sake of brevity)
showed that this geometry, under the considered loading
conditions, is not affected by boundaries, due to the high
localization of the stress in the soil associated to the pre-
dominant bending component of the load applied.

The tower mast is a steel pipe with a welded flange
base ring. Its external diameter (273 mm) is approximately
A times smaller than the real one (4 m) whereas its thick-
ness (20 mm) is about seven times larger with respect to
the theoretical scaled value. This choice is justified by the

FIGURE 4 Fabrication process of foundation specimens: (a) FO1 assembled cage; (b) FO2 assembled cage; (c) FO3 assembled cage;
(d) FO1-1 specimen after demoulding; (e) unbonded posttensioning cage; (f) top detail of FO1 cage; and (g) side detail of FO1 cage
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FIGURE 5

aims of: (i) avoiding mast damage during tests (as the anal-
ysis of its response falls beyond the scope of this investiga-
tion), (ii) limiting the elastic deformation of the mast, in
order to apply a larger rotation to the foundation system
given the jack stroke, and (iii) adding a contribution to the
increase of vertical loads, necessary, as was previously
mentioned, for ensuring stress similarity.

The connection between foundation and tower mast
was made by means of threaded bar studs. After the mast
temporary installation and the hardening of a high-strength
nonshrinking mortar, poured to fill the gap between mast
base ring and concrete foundation, the threaded bars were
posttensioned along their whole length thanks to the instal-
lation of debonding sleeves. For this operation, a mechanical
torque wrench was employed, after calibration needed to
have similar pre-stress in both model and prototype.

2.2 | Material properties

Concrete class C30/37 was prescribed for all foundation
specimens. The mix composition is specified in Table 2 for
each specimen. Table 3 collects the results of compressive
tests on cubic concrete specimens cast together with the
foundations and Brazilian tests on cylindrical core concrete
specimens extracted from the tested foundations. The
results of these tests highlighted that the actual mean com-
pressive and tensile strengths of concrete resulted higher

fib L
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Reinforcement details of scaled foundation specimen type FO1

TABLE 2 Concrete mix design (values in kg/m?>)
Components Mix FO1 Mix FO2 Mix FO3
Cement 52,5 R 260 320 320
Calcareous filler 100 80 80
Sand 0/3 mm 450 450 450
Sand 4/12 mm 1320 1320 1320
Superplasticiser 4.8 7.5 7.5
Water 160 175 175
Fiber OL13/0.16 - - 70
Total 2295 2353 2423

than those expected from a concrete class C30/37. Table 3
also reports the results of both flexure and compressive
tests on prismatic mortar specimens. The results of flexure
tests on prismatic notched fiber-reinforced specimens®’ car-
ried out according to EN 14651:2004* confirm the rela-
tively large tensile strength of the concrete and show a
postcracking behavior corresponding to a class 2B, lower
than the expected 3C (fib Model Code 2010™). This is
mainly due to the use, adopted for scaling needs, of small
fibers spread into normal concrete. The average R,, and
standard deviation oy values of residual flexural tensile
strength were equal to 3.48 and 0.63 MPa, respectively, for
a crack mouth opening displacement of 0.5 mm, and to
2.15 and 0.39 MPa, respectively, for 2.5 mm.



6 ﬁ b LAGO ET AL.
TABLE 3 Experimental properties of concrete and mortar (d = diameter, L = length, units: mm)
Material Strength Test type Quantity  Age (days) R,,(MPa) o4 (MPa)
Concrete—mix FO1 Compression Crushing Cube 10 x 10 x 10 cm® 6 63 58.5 2.00
Tension Brasilian on Core Sample d75 L66 1 387 6.05 -
Concrete—mix FO2 Compression Crushing Cube 10 x 10 x 10 cm® 16 89 55.5 2.55
Tension Brasilian on Core Sample d75 L66 1 191 5.11 -
Concrete—mix FO3 Compression Crushing Cube 10 x 10 x 10 cm® 8 108 55.8 2.32
Tension Brasilian on Core Sample d75 L66 1 188 8.01 -
Mortar Compression Crushing Cube 4 x 4 x 4 cm® 12 58 74.9 3.52
Tension Flexure on Prism 16 x 4 x 4 cm® 6 58 11.5 1.05
VERTICAL CROSS SECTION L= il (@ seeLpool FIGURE 6 Setup cross-section,
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Two groups of steel @5 rebars of grade B450A were
supplied and employed. The earlier supplied group,
employed for the installation of strain gauges and there-
fore representative of the monitored strains, was charac-
terized by the mean yield stress and ultimate strength
values (from standard tensile testing) of 538 and
596 MPa, respectively, whereas the later supplied group,
employed for all other noninstrumented reinforcements,
was characterized by a mean yield stress and a ultimate
strength of 621 and 651 MPa, respectively.

The M6 threaded bars protruding from the founda-
tion, needed to connect the foundation with the S355
steel tower mast, were made of steel class 10.9.

Finally, concerning the foundation soil, standard
300 mm diameter plate compressive tests were carried
out in different locations close to the position of the foun-
dation after the soil deposition. From the virgin branch
of vertical stress-settlement curves, the estimated secant
Young modulus for stress values in between 50 and
100 kPa (the average vertical stress value at the
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(a)

FIGURE 7
PTFE (Teflon) sheets; and (d) hydraulic jack

TABLE 4 List of instrumentation
Instr. ID  Type FO1-1 FO1-2
DTO01-04 LVDT 40 mm X X X
DTO05 LVDT 40 mm X X
DTO06 LVDT 300 mm X X X
DTO07 RVDT 750 mm X X X
DT08 LVDT 40 mm X
LCo1 Load Cell 10 kN X X X
SG01-08 Strain Gauge 3 mm X X X
SG09-12 Strain Gauge 3 mm X X
SG13-20 Strain Gauge 3 mm X X
SG21-22 Strain Gauge 3 mm X
SG23-26 Strain Gauge 3 mm X
PS01-08 Pressure Sensor 4.45 kN

foundation base corresponding to Vyps in Table 1 is
75 kPa) is equal to 15.3 MPa.

2.3 | Experimental setup

The experimental setup is described in detail in Figure 6.
It is composed by the granular soil stratum (#2 of
Figure 6), placed in the cylindrical pool (#1 of Figure 6),
the foundation (#3 of Figure 6) and the mast (#4 of
Figure 6). As previously mentioned, to ensure similarity
in terms of vertical stresses both at the levels of the
tower-foundation joint and of the foundation-soil inter-
face, additional weights (Figure 7a,b) were positioned
on the backfill granular material, above the foundation
(one 1.54 t concrete ring and two 2.50 t steel rebar coils,

FO2-1

bl -
CEB-FIP

Additional elements: (a) positioning of the concrete ring; (b) positioning of rebar coils; (c) restraining beams with double

FO2-2 FO03-1 ©FO3-2 Error (%) Note

X X X +0.2 Vertical
+0.2 Vertical

X X X +0.01 Horiz. control

X X X +0.2 Horizontal
+0.1 Horizontal

X X X +0.05 Control

X X X +0.3 On radial bars
+0.3 On circ. bars
+0.3 On shear bars

X X X +0.3 On radial bars

X X X +0.3 On circ. bars

X +3 Below foundation

#5-7 of Figure 6) and at the top of the mast (a 1.04 t
steel weight over a 0.5 t steel cap, #8-9 of Figure 6).

The horizontal load was imposed by means of a
hydraulic jack (#10 of Figure 6 and Figure 7d), installed
on a stiff reaction frame (#11 of Figure 6) and regulated
by a servocontrolled oil pump. To avoid lateral
unintended deviations of the displacement applied by the
jack, connected with double spherical hinges to both
reaction frame and mast, two restraining beams (#12 of
Figure 7c), coated by PTFE sheets to minimize friction,
were installed over both reaction frame and auxiliary por-
tal frame (#13 of Figure 6).

The instrumentation, comprising displacement trans-
ducers (DT in Figure 6), load cell (LC in Figure 6), strain
gauges (SG in Figure 6), and pressure sensors (PS in
Figure 6) is described in detail in Table 4.
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FIGURE 8

Process of assemblage of the setup: (a) cylindric pool assemblage, base waterproofing and installation of the instrument

bases; (b) assemblage of the pluviation system; (c) LVDTs installed prior protection and view of the top pluviation system with distribution

net; (d) view of the pluviation system from the side; (e) aerial particle protection system with confinement sack and high flow rate fans; (f)

sand distribution operations; (g) view of the pool after deposit; (h) pouring of high-strength nonshrinking mortar in mold above foundation;

(i) posttensioning of the flanged joint after mortar hardening and mold removal with dynamometric wrench; and (j) view of the tower base

after backfill soil distribution

Type Phase Description TABLE 5 Test phases
Vertical Vo1 Installation of the concrete ring element
Vo2 Installation of the first rebar coil
Vo3 Installation of the second rebar coil
Vo4 Installation of the top cap with steel mass
Cyclic Co1 Single pseudo-static cycle from 0-0.62 to 0-0.62
HULS (30 kN)
C02 1000 cycles from 0.41 (2.0 kN) to 0.82 Hyyg (4.0
kN); frequency range 0.10-0.22 Hz
Cco3 Single pseudo-static cycle 0.62-0.00 to 1.00-0.62
Huyts
Co4 1000 cycles from 0.41 (2.0 kN) to 0.82 Hyyg (4.0
kN); frequency range 0.10-0.22 Hz
C05% 200 cycles from 0.06 (0.3 kN) to 0.67 (3.3 kN)
Hyys; frequency range 0.10-0.22 Hz
Monotonic Mo01 Monotonic pseudo-static load from residual displ.

at 0 kN to maximum jack stroke and unload

#Only for specimens FO2 and FO3.

24 | Preparation of the model

The sand stratum was deposited by using a large
pluviation system, consisting in an external steel frame
supporting plates with 4 mm diameter holes distributed
in regular grids with 50 mm spacing, to ensure repeat-
ability. The sand was deposited from the fixed height of
1850 mm above the strong floor of the laboratory. A
suspended plastic grid sheet with 3 mm opening was

placed below the pluviation system to increase both
sand relative density and deposition homogeneity. The
embedded vertical LVDTs were installed before soil
deposition. After the pluviation system removal, the
sand appeared satisfactorily distributed. After the com-
pletion of the series of tests on a foundation specimen,
the top 1 m thick sand stratum was removed and re-
deposited up to the level of the foundation bed after re-
installation of the pluviation system. Subsequently, the
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FIGURE 10 Typical results of test CO1 with single initial cyclic
load application (specimen FO2-1)

foundation was directly positioned over the sand after
proper leveling.

The tower mast was then assembled and the high-
strength mortar was poured. After mortar hardening, in
order to have the same pre-stress of the real prototype,
the threaded bars were posttensioned with the help of a
dynamometric torque wrench. The backfill soil was later
deposited manually.

Pictures of the whole preparation process are col-
lected in Figure 8.

2.5 | Loading phases
As described in detail in Table 5, the tests consist in three
subsequent phases:

(1) In this phase, the foundation response under
purely vertical loads is investigated. Four vertical load
increments (V01-V04), associated with the installation of
the additional masses (Figure 7), were applied (Table 5)
and the corresponding settlements were measured by
means of transducers DT01-04 (Figures 6 and 8).

(2) Five series of cyclic horizontal loads (C01-CO5 of
Table 5), aimed at investigating the system response
under service conditions, were directly applied by the
hydraulic jack. The frequency value range was selected
according to the limitations of the experimental setup,
being it sufficiently low to simulate a quasi-static system
response.

The first series (C01) consisted in a single cycle car-
ried out up to a load of 0.62 times the design one. Then
1000 cycles in between 0.41 and 0.82 times the design
load were applied (series C02) to investigate the trend of
progressive accumulation of permanent rotation. Subse-
quently, (series C03) a single cycle, carried out up to the
design load, was then imposed to compare the mechani-
cal response of first loading with unloading-reloading.
This was followed by the further repetition of the previ-
ous 1000 cycles (C04) to investigate postpeak-load stabil-
ity. Finally, 200 cycles with load amplitude varying in
between 0.06 and 0.67 times the design load (C05) were
carried out to investigate the response under wider cyclic
load variation.

(3) A final monotonic push-over under horizontal dis-
placement (M01) was carried out up to maximum stroke
of the actuator (equal to 300 mm) aimed at investigating
the system behavior close to failure.

3 | EXPERIMENTAL RESULTS

Strains measured on both radial and circumferential rein-
forcements during both vertical (V01-V04) and cyclic
(C01-C05) loading were negligible (i.e., always lower
than 2 x 10~°), implying that the foundation is practi-
cally undeformed and uncracked during these stages, and
that nonlinear response is limited to the soil. For the
sake of brevity, only results obtained from a single test
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Behavior of the tower-foundation-soil system under cyclic loading in service range: (a) initial state, (b) application of

lateral load, (c) state after unloading, and (d) behavior under cyclic application of the lateral load

(FO2-1), although also representative of all other, are dis-
cussed in the following. In contrast, cracks in the founda-
tion and subsequent strain demand in the instrumented
reinforcement were detected from monotonic tests. In
this load phase, the system response is dominated by the
interaction of foundation and soil nonlinearities.

3.1 | Vertical load tests

As previously anticipated, in this section only the results
relative to specimen FO2-1 are discussed. The results of
the other specimens are similar, apart from specimen
FO1-1. Due to environmental conditions during transpor-
tation to the laboratory, prior to the execution of this
series of tests the sand was not completely dry during
deposition and, thus, relative density was found out to be
slightly lower with respect to the further tests.

The total vertical settlement ({) under a single vertical
load (V) application (Figure 9a, corresponding to phase
V02) can be decomposed as the sum of (i) an almost
instantaneous contribution at load application, and (ii) a
delayed contribution due to time needed for the
rearrangement of the sand grain sub-structure.** To be
noted that the latter contribution tends to be asymptotic
and stabilizes after a time range limited to only
about 2 min.

The maximum settlements measured in test phases
V01-V04 (circles) are plotted in Figure 9b. The initial
(nonnull) value of V corresponds to the self-weight of
foundation, steel tower and the backfill soil. The experi-
mental points relative to phases V01-V04, tend to be
aligned with the slope associated with the classical solu-
tion for rigid circular shallow foundations on an elastic
halfspace®® (dashed line of Figure 9b):

DE

V=
1—12

g (1)

where the Poisson ratio v is set to 0.25, while E is
imposed to be equal to the secant soil stiffness value (50—
100 kPa range) estimated from the results of the previ-
ously cited plate tests. Small deviations from linearity
suggest a slightly stiffening trend with the load.

The quasi-linear load-settlement curve indicates that
the final load value is significantly smaller with respect
to the bearing capacity under vertical centered loads. In
this case, the ULS vertical load value (Vg of Table 1) is
approximately equal to 1% of the bearing capacity under
vertical loads, estimated by means of the expression pro-
posed by Meyerhof.**

3.2 | Cyclic load tests

The results relative to test CO1 (Table 5) are plotted in
Figure 10 in the M-6 plane, being M the applied moment,
and @ the base rotation calculated as follows:

3ET

0= (6—6.) /1y = (5—7-11) iy @)

being & the top displacement measured by DTO07
(Figure 6), &, the elastic deformation of the steel mast, [,
the distance of DTO07 to the base of the foundation, h the
height of the mast up to loading point and EI the elastic
bending stiffness of the steel tube. In this case, second-
order effects are negligible, and therefore, M is calculated
as the horizontal load (H) multiplied by the lever arm
between the base of the foundation and the jack axis (I).
The results highlight that the system response is
nonlinear from the early stages of the loading process.
The initial loading branch (A-B) is significantly softer
than the unloading (B-C) and the reloading (C-D) bra-
nches, suggesting the accumulation of irreversible strains
in the soil. The unloading-reloading branch is associated
with a hysteresis loop. The inversion in sign in the



LAGO et L. ﬁb | n
CEB-FIP
a
@
30 [
__ o5
S
=z
=
€20
@
€
<]
= 15
7
10 -
5L
L Il Il Il Il Il Il Il I}
0.5 00 0.5 1 1.5 2 2.5 3 3.5 4
Rotation [mrad]
Number of cycles
(C) 0 100 200 300 400 500 600 700 800 900 1000
(b) 0 : : : : : : : : : ‘
3r Measured data Number of cycles
Measured values for H=3kN _oyA00 101 102 103 104 105 106 107 108 109 110
25 g
—_— % og
€ g
2t £ g
= £ 0.85
o g 0.5+ %
£ 15F GE.) E 09
c o
K] <
5 z 8
i _ o
g 2 ©
: AAAAA-e
0s EANANN Ea
T >
O BIARATARVATRIAY
0?00 101 102 103 104 105 106 107 108 109 110
05 ‘ ‘ ‘ : : Number of oycles : . Measured data
0 100 200 300 400 500 600 700 800 900 1000 Measured values for H=3kN
Number of cycles 15+
FIGURE 12 Typical results of test C02 with 1000 load cycle repetition (specimen FO2-1): (a) hysteresis, (b) trend of accumulation of

irreversible rotation through cycles, and (c) trend of accumulation of mean vertical settlement through cycles

rotation increments is delayed with respect to the inver-
sion in sign in moment increments. Analogously to what
previously commented, this is due to the time necessary
for sand sub-structure rearrangement to occur.*’

For the sake of clarity, a schematic representation of
the system response in the first loading-unloading-
reloading cycle is sketched in Figure 11 (Figure 1la-d
represent the system configuration at points A, B, C, D of
Figure 10, respectively).

The results of cyclic tests C02 (Table 5) denote a pro-
gressive accumulation of both irreversible rotations and
vertical settlements (Figure 12). This ratcheting process is
characterized by a stabilization of the system response,
that is, a progressive reduction in the accumulation rate.

During tests C03 (Figure 13a), the response is practi-
cally linear up to the maximum load value imposed in
the previous tests (ABC Figure 13a). For larger H values,
the response becomes nonlinear and irreversible rota-
tions develop (CD Figure 13a). Even if the maximum M
value coincides with the ULS one (Table 1), strains in the
reinforcements (both radial and circumferential) were
negligible for all the foundations tested, implying that
nonlinearities are only due to the soil mechanical
behavior.

The subsequent loading phases C04 (Figure 13b) and
CO05 (Figure 13c) are characterized by a different ampli-
tude (1.0 and 1.5 kN, respectively) and mean (3.0 and 1.8
kN, respectively) values. In both cases, accumulation in
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rotations is practically negligible, implying that the sys-
tem reached a plastic adaptation regime.

3.3 | Monotonic displacement tests up to
setup limit

All the displacement-controlled monotonic tests (M01 of
Table 5) were conducted until the attainment of the max-
imum stroke of the jack, equal to 300 mm (6% of drift
ratio). The initial state of the structural assembly and its
deformed state in correspondence of the maximum drift
are compared in Figure 14. It is worth noting that the
crane is connected to the top of the assembly for safety
reason only, the sling being loose during the entire test
execution.

In this case, for the calculation of M, second-order
effects associated with the masses positioned at the top of

the mast could not be considered negligible. They were
introduced according to the following equation:

M:H'l+lé'(V*'d*+V**'d**)’ (3)
b

being V* the weight of the top steel mass and V** the
weight of the top steel cap, respectively, whereas d” and
d” the distance of their center of mass from the bottom
of the foundation.

For the sake of clarity, the results relative to one sin-
gle test (FO2-1) are discussed firstly. In particular, the
results are plotted in the M-0 plane in Figure 15a,
whereas radial and circumferential strain gauge measure-
ments are plotted versus the base rotation € in
Figure 15b,c, respectively. Finally, in Figure 15d strain
gauges position is shown, together with the observed
crack pattern at the end of the test.
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FIGURE 14 Picture of full assembly (a)
during monotonic test MO1 (specimen
FO3-2) at (a) beginning and (b)
maximum drift

The initial @ value is not null, due to the accumula-
tion of irreversible displacement in the foundation soil
during the cyclic tests. The results in the M-6 plane seem
to be practically linear up to the maximum load applied
in the previous cyclic loads (O-A in Figure 15a, up to
H = 49 kN and M = 24.1 kNm). For these load values,
circumferential strains are very small, while radial ones
are practically null. After this first stage, the response in
the M-6 plane becomes remarkably nonlinear (A-B),
radial strain gauges measurements progressively increase,
while circumferential ones are still negligible.

At point B, for increasing 6 values, a sudden reduc-
tion in M value is observed. This temporary softening is
associated with a very sharp increase in strains of SG2
(Figure 15b), SG23,25,26 (Figure 15¢) and with a moder-
ate increase in strains of both SG1 and SG2 (Figure 15b).
All these measurements suggest the opening of crack 1 of
Figure 15d (developing in between SG1,4 and SG2,5),
later visually detected, after the extraction of the founda-
tion specimen from the soil. From point B to C, due to
the static redundancy of the system, an increment in M is
observed. At point C, a second softening occurs
(Figure 15a). This second jump is likely to be associated
with the formation of the second crack (Figure 15d), as
also detected by the sharp increase in measurements of
SG3 and SG6 (Figure 15b). Even in this case, the system
is not at failure, as the global response hardens until
point D, where the maximum value of M is obtained.
From C to D, strains in SG3 and SG6 become remarkably

fih L

(b)

large (higher than 0.2%), suggesting the radial rebar
yielding. Moreover, remarkable strains are measured
even by SG21 and SG22 (Figure 15b), almost not acti-
vated for lower M values. A faint softening mostly attrib-
utable to second-order effects is observed until point E,
corresponding to the jack maximum stroke.

Finally, the unloading stage (E-F) is characterized by
a progressive increase in stiffness. The final stiffness of
the system is noticeably lower than the initial one and
very large values of irreversible rotations (Figure 15a)
and residual strains (Figure 15b,c) are evident at point F
(Figure 15a).

For the sake of completeness, displacements of DT01
and DTO04, recorded during the monotonic test, are plot-
ted in Figure 16 (points A-F corresponds to points A-F of
Figure 15a). The curve corresponding to DTO01 is always
characterized by negative (upward) displacements. The
final point of this curve is associated with detachment of
the foundation from the LVDT, implying that the founda-
tion detaches from the soil, too. The readings by DT04
clearly show the accumulation of irreversible (down-
ward) displacements.

Further insights concerning the above-described
mechanisms are provided by the readings of the pressure
sensors. To be noted that the pressure values over soil
measured by pressure sensors are influenced by the simi-
larity between reading surface of the sensor and sand
grain dimensions and, hence, the absolute values of the
obtained readings are to be only qualitatively considered.
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FIGURE 16 Evolution of vertical displacements at the
foundation base during monotonic loading (specimen FO3-2)

Nevertheless, their trend is explicative. Referring to the
alignment parallel to the load direction (Figure 17a), as
soon as after 2 mrad of mean rotation, the foundation
lifted off the two pressure sensors closer to the jack posi-
tion (PSO01 and PS02), with the third (PS03) located over
the foundation center of gravity also lifting off after
around 15 mrad, in the range of the formation of the first
flexural crack. At the same time, the front pressure sen-
sors (PS04 and PS05) detected an increase in vertical
stress, with PS04 detecting a maximum stress value at
about 25 mrad of rotation, followed by a softening branch
associated with the further displacement of the resultant
towards the edge, as indicated by the contemporary
increase of the reading of the outer sensor PS05. The edge
instrument (PS06), too close to the foundation boundary,
did not detect any relevant amount of stress. In the
unload phase, due to the accumulation of irreversible
rotations, PS04 measured again the maximum stress, but
associated to the much higher rotation of 40 mrad, after
which it decreased due to the further recentering of the
resultant towards the center, as noticed by the increment
of stress in the inner instrument (PS03), which came
back into contact with the foundation soon after the dis-
placement inversion. Referring to the transverse align-
ment located at 400 mm from the center (Figure 17b—
PS04, PS07, and PS08), the different pressure trends indi-
cate a progressive loss of stiffness of the foundation ele-
ment, mainly caused by cracking.

The behavior of the soil-foundation system is summa-
rized by the sketches reported in Figure 18: (i) as previ-
ously mentioned, at the beginning of the test phase,
residual deformations are present (Figure 18a), (ii) the
increase in both M and H induces the accumulation of
additional irreversible strains in the foundation soil
(Figure 18b, corresponding to branch A-B of Figure 15a),
(iii) for sufficiently large M and H values, cracks
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formation of plastic hinges (B-D of Figure 15a) imply a
severe reduction in the foundation-soil contact area, and
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therefore, the progressive localization of both stresses
and strains in the soil close to the foundation edge
(Figure 18c), (iv) finally ultimate conditions are reached
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(Figure 18d) and (v) the progressive stiffening during the
unloading is associated with both cracks closure and with
the increase in contact area. The difference in the slope of
initial loading (O-A of Figure 15a, almost elastic) and final
unloading branches of the M- curve is due on one side to
the damage of the foundation and, on the other side, on
the accumulation, even during unloading, of irreversible
strains in the soil*® causing an evolution of the foundation
geometrical configuration (second-order effects).

The results of all monotonic tests M01 are plotted in
Figure 19 in terms of H-5 and M-6. All the curves present
very similar initial (during loading) and final (during
unloading) slopes. For all the cases considered, both ulti-
mate horizontal force (ranging from 6.0 to 7.6 kN) and
moment values (ranging from 32 to 40 kNm) are larger
than the corresponding (scaled) ULS load ones (4.9 kN and
24.1 kNm, Table 1). The lowest ultimate load value is
obtained for test FO1-1, the first performed. In that case, as
was previously mentioned, the deposited soil had a certain
degree of moisture due to environmental conditions during
transportation to the laboratory. For this reason, the soil
relative density (and therefore, bearing capacity) was
slightly lower for the first specimen with respect to the next
ones. Even if foundation specimens are identical couples, a
slight dispersion in the results can be observed, but the dif-
ference with respect to the average value is always lower
than 10%, which may predominantly be attributed to the
imperfections of the manual leveling of the sand prior to
the installation of the foundation. Despite the reinforce-
ment arrangements in the foundation specimens are

Radial flexure mechanism

Section A-AlV

Bottom radial

—
steel bars H

FIGURE 21 Interpretation of the crack pattern observed
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significantly different, the ultimate values of H and M are
similar, implying that, from a practical point of view, the
three reinforcement systems can be considered equivalent.

In all monotonic curves (Figure 19) sudden local
downward spikes, associated with progressive formation
of cracks, are evident.

The crack patterns at the end of the test reported in
Figure 20, highlight a combination of horizontal cracks
developed in the lower foundation face running almost
orthogonal to the load direction, and radial slicing cracks
propagated on the edge of the foundation opposite to the
point of load application (Figure 21). The former ones are
due to bending, and the latter ones are due to radial
inclined struts developed in the foundation. The com-
pressive force (C) transferred by the struts is equilibrated
by tensile forces (T) in circumferential rebars (Figure 21).
It is worth noting that flexural cracks at the top of the
foundation were never detected.

The crack patterns for foundations FO1 and FO2
(with and without stirrups) are similar, without revealing
shear cracks or shear-related failure modes. This is also
confirmed by the practically null values of strains mea-
sured by strain gauges installed on stirrups in specimens
FOL1. In these cases, two main flexural cracks developed.
By interpreting the strain gauge measurements as per
Figure 15, in all cases the first flexural crack opened in
the proximity of the foundation center, with further flex-
ural cracks eventually opening towards its edge.

In case of FO3, despite the presence of the fibers, a
single well-defined crack developed. In both FO3-1 and
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Cut specimens in 16 cm wide central slices with

FO3-2 the crack width was significantly larger with
respect of those of FO1 and FO2, implying the addition
of fibers was less effective than the half of radial and cir-
cumferential reinforcement removed, at least in terms of
crack diffusion.

This can be justified by (i) the relatively low strength of
the concrete matrix associated with the very short fibers
employed and (ii) the heterogeneous distribution of fibers.
In fact, as shown in Figure 22, containing pictures of the
slices of one of each foundation typology after cutting of a
central 160 mm wide slice parallel to the load direction,
several fiber clots were present in the foundation, due to
the large quantity and very small dimension of fibers.

In Figure 22 the typical diffusion of the cracks along
the depth of the foundation element, with vertical flex-
ural cracks inclining towards the foundation center at the
top due to the interaction with shear, is shown. For all
foundation specimens, cracking did not develop inside
the central foundation cylinder in correspondence of the
foundation-tower joint.

4 | CONCLUSIONS

The experimental evidence under service load range
highlights that, for the cases investigated, the reinforced
concrete foundation elements are not subject to damage
or any irreversible process. On the contrary, cyclic wind-
induced lateral loads cause the accumulation of

irreversible strains in the foundation soil, associated with
a progressive accumulation in irreversible rotations and,
even if vertical loads are kept constant, irreversible verti-
cal settlements. These accumulations, however, are
asymptotic, that is, rotation and settlements are accumu-
lated at a progressively decreasing rate, implying that the
system reaches a plastic adaptation regime.

Under ultimate load conditions, all the reinforcement
solutions analyzed are characterized by similar behavior
and strength, remarkably higher than the design load,
and they are therefore to be considered practically equiv-
alent from a structural performance point of view. The
observed failure mode for all the foundation specimens is
characterized by the contemporary development of
cracks in the foundation element with moderate yielding
of the radial reinforcement, and attainment of the soil
bearing capacity in a highly localized area relatively close
to the border of the foundation. This combined failure
highlights how soil-structure interaction affects the foun-
dation bearing capacity.

The crack patterns observed were similar through all
the tests, with the formation of main horizontal flexural
cracks orthogonal to the load direction at the bottom of the
foundation and slicing vertical cracks due to the formation
of inclined compressive struts. The softening behavior
shown by bending tests of fiber-reinforced concrete speci-
mens carried out to characterize the material negatively
affected the behavior of the third reinforcement system,
characterized by the half of radial and circumferential rein-
forcement, preventing the propagation of diffuse cracks in
the foundation. This was due to the combination of a rela-
tively weak concrete matrix and small fibers employed for
scaling reason, not allowing for the full development of the
expected postcracking behavior, which is however seen in
favor of safety for the tested specimens. Nevertheless, the
adoption of metallic fibers in partial replacement of tradi-
tional steel rebars for wind tower foundations appears a
smart and promising option to be pursued.

The outcomes of the experimental activity suggest that
a relevant optimization of the foundation reinforcements,
associated with time, labor and material savings, can be
promisingly achieved. It is worth mentioning that the
absence, necessary for scaling reason, of large aggregates in
the concrete mix led to relatively large concrete tensile and
shear strength, which may have limited the development
of the crack pattern. To investigate this aspect, the authors
carried out a series of numerical analyses aimed at rep-
roducing the experimental results*’ and they are currently
investigating the response of full-scale prototypes, by
checking the eventual development of alternative failure
modes related to either shear or local stress concentrations
in the central area of the foundation.
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