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Physical modelling of a single-helix anchor in sand under cyclic loading

J.A. Schiavon & C.H.C. Tsuha

Department of Geotechnical Engineering, University of Sdo Paulo, Sdo Carlos, Brazil

A. Neel & L. Thorel

Earthworks and Centrifuge Laboratory, GERS Department, IFSTTAR, Bouguenais, France

ABSTRACT: Uniaxial tensile monotonic and cyclic loading tests have been conducted on a single-helix an-
chor model installed in very dense dry Hostun sand, in the IFSTTAR centrifuge. The experiments comprised
different cyclic load amplitudes with maximum load up to 78% of the monotonic tensile resistance, and 2000
cycles maximum. The results contribute to clarify the effect of the number of cycles and of the load amplitude

on the anchor performance.

1 INTRODUCTION

Helical anchors are frequently used in Brazil as
guyed anchors for transmission line towers. In this
case, the anchors are subjected to cyclic loading,
from both wind and temperature variation, therefore,
it is mandatory for the design to consider the effect
of the cyclic loadings on the anchor behaviour.

The anchor performance under tensile cyclic load-
ing is dependent on the cyclic load amplitude, Qcyclic;
the mean load, Qmean; the period of one cycle, T; and
the number of cycles. These parameters of a cyclic
loading are described in Figure 1.
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Figure 1. Cyclic loading parameters.

Two phenomena related to cyclic axial loading
may influence the behaviour of helical anchors: a)
the cyclic degradation of shaft friction and plate
bearing resistance; b) the accumulation of permanent
displacement with increasing the number of load cy-
cles. Previous studies have reported that cyclic load-
ing causes degradation on the anchor performance in
both coarse-grain and fine-grain soils. However,

Clemence & Smithling (1984) reported that repeated
loadings of low to medium amplitude improved the
stiffness of the soil-anchor system. This stiffness in-
crease can be attributed to the action of the cyclic
loading on the soil above the anchor plate, which
was previously disturbed by the anchor installation
(Victor & Cerato 2008).

Poulos (1988) proposed a stability diagram to
evaluate the response of regular piles under cyclic
loading: the axis are Qcyciic/Qr versus Qmean/Qr, Where
Qs is the monotonic ultimate resistance in tension. In
this diagram, the pile response under different condi-
tions of cyclic loading is classified into three zones:
stable; unstable and meta-stable. Thus, it is neces-
sary to perform several different combinations of cy-
clic tests to build the stability diagram of a pile in a
particular soil type. To address this need, centrifuge
model tests can be a valuable experimental method
to investigate the behaviour of piles and anchors un-
der cyclic loading, since parametric studies can be
performed with relatively low-cost compared to full-
scale tests. Therefore, this paper presents the find-
ings of a preliminary model study on the helical an-
chors response to axial cyclic loading in sand. For
this purpose, three cyclic tests with similar pre-load
(Qpre = Qmin) and different cyclic load amplitude
(Qcyelic) were performed in a centrifuge to simulate
the wind loading on guyed towers.

2 TESTING PROGRAM

The work described here was carried out in the
IFSTTAR beam centrifuge. Both model anchor in-
stallations and load tests were performed under 10xg
centrifuge acceleration.



2.1 Model anchor

Since the uplift capacity of a single-helix anchor is
composed of shaft and helix bearing resistances, an
appropriate model scale is necessary to avoid grain
size effects influencing the results of the anchor re-
sponse. However, no scaling laws for helical anchor
models are proposed in the literature. In this case,
the recommendations of previous studies about scale
effects on plate model anchors and on regular model
piles in sand seem to be reasonable to be applied in
centrifuge modelling of helical anchors.

The prototype behaviour should be reproduced by
using a minimum ratio of the rod diameter to the av-
erage soil grain-size (d/dso) and of the helical plate to
the average soil grain-size (D/dsp). In this work, the
recommendations reported by Garnier et al. (2007)
were adopted to choose appropriate shaft and helix
diameters for the model anchor.

The single-helix model anchor used in the present
investigation was made of steel, with a one-pitch he-
lix of 33 mm diameter (D), with a pitch of 2.5 mm,
welded to the shaft of 10 mm diameter, d (Figure 2).

Helical anchors are usually installed into the
ground using a rotation rate ranging from 5 to
20 RPM, to provide a continuous and smooth ad-
vance into the soil (Chance, 2012). For the model
anchor installation of this study, a rotation rate of
5.3 RPM was applied to the anchor head, simultane-
ously with an axial penetration rate of one helix
pitch per revolution.

The model anchor was installed into the sand con-
tainer with a helix embedment depth of 7.4 times the
helix diameter (D), corresponding to the test system
limit.

Figure 2. Helical model anchor.

2.2 Sand sample

The HN38 Hostun sand was used as soil model, with
minimum dry density of 1.185 g/cm?, maximum dry
density of 1.554 g/cms3, the average grain-size (dso)
equals to 0.12 mm and the coefficient of uniformity
(Cu) equals to 1.97.

By means of the air pluviation technique, the dry
sand was deposed inside a rectangular strongbox
with 120 cm in length, 80 cm in width and 36 cm in
depth. The sand density could be controlled by the
drop height and flow rate of the sand, and by the hor-
izontal speed of the automatic hopper. For this study,

those parameters were adjusted in order to provide a
relative density (Dy) equals to 99%. Three calibrated
boxes were placed at the bottom of the strongbox be-
fore the pluviation to verify the achieved dry density.

2.3 Experimental procedure

The installation of the helical anchor model was per-
formed in flight at 10xg, for each cyclic test. After
the installation, the cyclic loading was performed ac-
cording to the cyclic parameters selected for each
test. The parameters needed to describe the cyclic
loading in tension are: (a) the mean load, Qmean; (b)
the cyclic load (or the half load amplitude), Qcyclic;
(c) the load frequency, f; and (d) the number of cy-
cles, N. The cyclic loading was applied according to
a sine function with f=1Hz (T = 1 s) in model
scale.

The cyclic pre-load (Qpre) is the minimum load
that the model anchor is submitted during the cyclic
loading, defined as Qmean — Qcyciic. In this study, the
three tests were performed with a unique tensile pre-
load to simulate a pre-loaded helical anchor used for
guyed towers during its service life. Table 1 presents
the parameters used for the three cyclic loading tests.

Table 1. Cyclic load tests parameters

Number of

Test Qpre Qmean Qcyclic Cycles (N)
1 0.220Q; 0.32Q;  0.10Qr 2000

2 0.220Qr 0.36Q;  0.15Q 2000

3 0.22Qr 050Q;  0.280Qr 1000

The test procedure, from the sample preparation to
the cyclic testing in flight, is described below:
a) The sand sample is reconstituted by air pluviation.
b) The sand sample is embarked in the centrifuge
swinging basket.
c) The servo-controlling system is installed over the
strongbox (Figure 3).
d) Three consecutives stabilization cycles of centrif-
ugation, with three minutes duration and 10xg cen-
trifuge acceleration are performed.
e) The model anchor is installed in flight.
f) Three minutes of waiting after model installation.
g) The pre-tensile load is applied.
h) Three minutes of waiting after applying pre-
tensile load.
i) The cyclic loading is performed.
J) The anchor pull-out test is carried out with a load-
ing rate of 0.3 mm/s.
k) The centrifuge is stopped for repositioning the
servo-controlling system to the next anchor test.
I) items e) to k) are repeated for the following test.



brushless motor

torquemeter
(not used)

servo-jack

Figure 3. Strongbox and servo-controlling system.

3 RESULTS

Three cyclic tests have been performed on three dif-
ferent anchor tests (one cyclic test per anchor). Be-
fore the cyclic loading test campaign, a monotonic
pull-out test was carried out to determine the mono-
tonic uplift capacity and to define the cyclic load
amplitude for each test. In addition, a second pull-
out test was conducted on the same model anchor
following the first monotonic test intending to com-
pare the load-displacement responses from both
monotonic tests.

3.1 Monotonic pull-out tests

The load-displacement response of the monotonic
pull-out is presented in Figure 4. Two different
trends can be observed in the portion before the peak
load in this figure: a linear zone from zero to around
0.03D of vertical displacement, followed by a non-
linear behaviour until a vertical displacement around
0.2D. An ultimate load (Q1) of 93 kN in prototype
scale (assumed as the maximum load registered in
the load test) was attained after 54.6 mm (0.16D) of
anchor head displacement, in prototype scale. At
0.1D of vertical displacement, the measured tensile
load was 89 kN (prototype scale), a relative small
difference comparing to the ultimate peak value.
After 400 mm of vertical displacement in proto-
type scale, the model anchor was unloaded and
showed 6.7 mm of recoverable displacement. Then,
a second tensile load test was performed to investi-

gate the monotonic behaviour after large displace-
ments. Figure 5 compares the load-displacement re-
sponses of both pull-out tests. The initial portion of
both curves is similar until around 50% of the ulti-
mate load of the first test (Qr), equivalent to the ser-
vice load condition for a safety factor of 2. Unlike in
the first test, the non-linear second portion of the
curve preceding the peak load was not observed in
the second test. The effect of a prior tension loading
with large displacements reduced the anchor pull-out
capacity to 65% of the initial value. In this case, the
anchor failure occurred at a vertical displacement of
0.04D.
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Figure 4. Monotonic load-displacement response.

C 7 100
1t z
‘ s =
0.8 r 1 g
r ~ ~ AT N P
d’_ 06 [ /‘/\//U\J \Jf\/"v V‘u/ v\ l\// g 60 %
-~ [ 1 c
(o4 [ 1 Q
04 [[ 140 3
i . S
02 K first test _ 20 g
— ——-second test a

0 T T T O T T T T T T T T T I O T 1 0
0 005 01 015 0.2 0.25
Vertical displacement x D!

Figure 5. Anchor response to consecutive tests.

The soil disturbance under the helix due to un-
loading and pull-out was not evaluated in this work.
Mosquera et al. (2015) present photographs of the
dry sand mass around a single-helix anchor model
with 40 mm helix diameter after the installation and
after the tension load test. Mosquera et al. observed
that the sand mass under the helix was pressed down
after the anchor installation. After an uplift dis-
placement of 0.2D (8 mm in model scale), a gap be-
low the helix was observed with no occurrence of
sand movement toward this gap. In this case, the
load-displacement response is controlled by the
properties of disturbed soil above the helix. Thus,
negligible influence of the soil properties bellow the
helix is assumed for the case of one-way tensile
load.



3.2 Cyclic loading

The maximum downward force applied to the
model anchor head during the installation varied be-
tween 63 KN and 70 KN (in compression), in proto-
type scale. The vertical displacements were moni-
tored from the end of each model installation to the
beginning of the cyclic loading (item f to h described
in section 2.3). This displacement trajectory com-
prises a portion induced by the relief of the compres-
sion load applied to the model head during the in-
stallation. A second portion of the displacement
trajectory is due to the application of the pre-tensile
load. To apply the pre-tensile load after the end in-
stallation, the vertical displacements of the anchor
model head in prototype scale was 5.4 mm in Test 1,
5.0 mm in Test 2 and 4.8 mm in Test 3.

The cyclic loading of each test was performed af-
ter the anchor installation. No prior loading was ap-
plied to the model anchor before the cyclic test (ex-
cept the pre-tensile load). Three different amplitudes
of cyclic loading were investigated, using the same
pre-load value (Qpre).

Due to a configuration error in programming the
servo-controlling system, the cyclic loading started
in advance, resulting in a slope of the applied load in
the firsts 12 and 50 cycles of the Test 2 and Test 3,
respectively.

Figure 6 presents the three different load-
displacement response of the anchor under cyclic
loading. The displacements observed in the first cy-
cle are larger and differ significantly from the fol-
lowing cycles. The difference in the first cycle oc-
curs because this cycle corresponds to the very first
loading on the disturbed sand above the helix. This
result indicates that the anchor initial stiffness is re-
duced due to the sand disturbance above the helical
plate caused by the anchor installation.

Amongst the three tests, only Test 3 reached an-
chor displacements greater than 0.1D (33 mm in pro-
totype scale). The accumulated vertical displacement
after 1000 cycles was 6.8 mm (0.02D) in Test 1,
14.7 mm (0.04D) in Test 2, and 35.3 mm (0.11D) in
Test 3 in prototype scale. For Tests 1 and 2, the cy-
clic loading was carried out until 2000 load cycles,
and the accumulated vertical displacements at the
end of the cyclic tests were 8.7 mm and 18.0 mm in
prototype scale, respectively.

In Figure 7, two different displacement accumula-
tion responses are identified. The three tests exhibit-
ed a bi-linear relationship of the vertical displace-
ment to the logarithm of the number of cycles.
However, the intersection point of the bi-linear curve
was not the same for all tests. The sharp change oc-
curred after few cycles for tests with greater cyclic
load amplitudes. In Test 1, for example, the dis-
placements accumulation changes after 400 cycles,
approximately. In Test 2, this transition is observed
around 100 cycles, and around 20 cycles in Test 3.
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Figure 6. Cyclic tests load-displacement responses.
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Figure 7. Normalized vertical displacements vs number of cy-
cles.

In this study, an unstable cyclic response was
identified when the accumulated anchor head dis-
placement increase rapidly, leading to accumulated
displacements equal or greater than 0.1D with less
than 100 cycles (Tsuha et al., 2012). Therefore, none
of the three tests exhibited unstable response.

The stable cyclic response was recognized for
cases in which the head displacement accumulates
slowly, and do not achieve the 0.1D value after 1000
cycles. The cyclic loadings did not cause accumulat-
ed displacements greater than 0.1D after 1000 cycles
and after 2000 cycles for Tests 1 and 2. Therefore,
cyclic loadings with Qmax = 0.5Qt or less did not
lead to the failure caused by cumulative displace-
ments.

On the other hand, the cyclic loading of the Test
3, with Qmax = 0.8Q, showed accumulated dis-
placements greater than 0.1D after 480 cycles, corre-
sponding to a meta-stable response (cumulative dis-
placements attain 0.1D among 100 and 1000 cycles).
Despite this, in this same Test 3, the anchor head
displacements exhibited no significant growth after
1000 cycles, reaching a cumulative displacement of
11% of the helix diameter after 2000 cycles.

For all the tests, the rate of displacement accumu-
lation was more significant over the first 100 cycles.
This accumulation occurs because the soil above the
helical plate is disturbed due to the installation pro-
cess, and the anchor stiffness may increase due to the
soil densification above the plate caused by the cy-



clic loading. The stiffness increase contributes to the
anchor cyclic stability, and prevents the cyclic failure
of the model anchor under cyclic loading with large
values of Qmax.

4 CONCLUSIONS

Three different cyclic load tests on a single-helix an-
chor in dry sand were performed using a geotech-
nical centrifuge. The results of this investigation
have indicated a bi-linear relationship of the anchor
displacement to the logarithm of the number of cy-
cles. In addition, the tested single-helix anchor has
shown cyclic stable response for cyclic amplitudes
(2Qcyciic) up to 30% of the ultimate tensile load (Qr),
with a pre-load Qpre around 0.2Qr.
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