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a b s t r a c t

Helical anchors are commonly used in Brazil for guyed transmission towers subjected to static and cyclic
wind loads. In most cases, these anchors are installed in tropical residual soil, a micro-structured material
in which the shear strength is provided by soil bonding. During installation of a helical anchor, as the
helical plate moves downward into the ground, the soil penetrated is sheared and displaced. Conse-
quently, in this type of soil, anchor installation affects the soil shear strength significantly associated with
a bonded structure. However, the cyclic responses of helical anchors in this type of structured soils are
rarely reported. To address this problem, tests were conducted in a Brazilian residual soil to investigate
the monotonic, cyclic and post-cyclic performances of single-helix anchors. Field tests used two
instrumented single-helix anchors installed in this typical residual soil of sandstone, which is frequently
observed in large areas in the southern Brazil. The testing results indicate that the disturbance caused by
the anchor installation affected the monotonic uplift performance markedly. The results of cyclic loading
tests also show no significant degradation of helix bearing resistance and reduced displacement
accumulation with increasing load cycles. This is perhaps due to the soil improvement caused by pre-
vious loading, which then increases the stiffness response of the anchor.
� 2019 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

In Brazil, one of the main challenges is the electricity trans-
mission demand. The Brazilian National Interconnected System
(SIN) for generation and transmission of electricity includes
approximately 129,000 km of transmission lines crossing various
sites of different geotechnical conditions. In this context, the use of
helical anchors to support guyed transmission towers has increased
markedly in recent years, although a significant number of towers
have been installed in areas of tropical residual soils.

In most countries across theworld, residual soils occur generally
in tropical regions, where heavy rainfall and warm temperatures
are favourable to chemical weathering, which results in deep
residual soil profiles (Townsend, 1985). Mineralogical content and
structure are the two major properties that can lead to distinctive
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
by-nc-nd/4.0/).
characteristics of residual soils (Wesley, 2009). The term ‘structure’
refers to as the inter-particle bonding and cementation of residual
soil in undisturbed condition. Causes of inter-particle bonding
include relics of parent rock, recrystallization of minerals during
weathering, and precipitation of salts from pore water (Mitchell
and Sitar, 1982). Inter-particle bonding provides a component
of strength and stiffness that are eliminated or destroyed by
remoulding the soil in its undisturbed condition. Therefore, the
changes in the structure of residual soils caused by anchor instal-
lation may play an important role in the uplift responses of helical
anchors.

Kulhawy (1985) stated that significant disturbance does occur
within the cylindrical zone penetrated by the helical anchor during
installation. Soil structure alterations caused by installation of he-
lical anchors in different soils have been extensively discussed (e.g.
Nagata and Hirata, 2005; Wang et al., 2010; Tsuha et al., 2012;
Weech and Howie, 2012; George and Clemence, 2013; Bagheri
and El Naggar, 2015; Lutenegger and Tsuha, 2015; Pérez et al.,
2018). The effect of helical anchors on the uplift capacity of high-
ly porous structured residual soil (of diabase rock) was investigated
experimentally in Tsuha et al. (2016). Their results demonstrated
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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that the installation of single- and multi-helix helical anchors
caused significant breakdown of natural soil bonding and conse-
quently reduced uplift capacity was noticed. To the authors’
knowledge, this is one of few studies that have examined the static
performances of helical anchors in a tropical residual soil. Unfor-
tunately, no studies on the cyclic and post-cyclic responses of
helical anchors in tropical residual soils have been published in the
time of writing, although application of helical anchors in Brazil is
mainly used as foundation reinforcement of guyed transmission
towers, for which the cyclic wind load is the major design load. For
this, the current investigation studied the cyclic and post-cyclic
performances of single-helix anchors in a tropical residual soil of
sandstone, through conducting a series of monotonic and cyclic
field load tests, in order to provide useful information on the design
of anchors for guyed towers in residual soils.

1.1. Past studies on the cyclic performances of helical anchors

The loading and unloading cycles experienced by helical an-
chors during their service life in guyed towers can modify the soil
characteristics around the anchor, mainly in the zone of disturbed
soil above the helix. Consequently, the helical anchor performance
may change with wind loading cycles.

Cerato and Victor (2009) conducted full-scale cyclic tests on
helical anchors, and observed that triple-helix anchors exhibited
low displacement accumulation under cyclic loading carried out
after the seating load. The triple-helix anchors were installed with
the top helix at depths of 16.5D and 18D (D is the helix diameter) in
a layer of silty clay with sand, subjected to cyclic loading with a
maximum cyclic load (Qmax) up to 50% of the predicted uplift ca-
pacity (QT). On the other hand, the double-helix anchor installed in
a sand layer with the top helix at depth of 13.8D showed continuous
displacement accumulation for at least 1 � 106 load cycles varying
from 0.11QT to 0.22QT (cycles with frequency of 3 Hz for 100 h).
Buhler and Cerato (2010) noticed that the cyclic load amplitude
(Qmaxe Qmin) has a greater influence rather thanQmax on the helical
anchor response at loads significantly less (w50%) than the
predicted QT.

Newgard et al. (2015) observed significant displacement accu-
mulation followed by complete anchor pullout, during cyclic model
tests on shallow single-helix anchors in sand. In their tests, the
helical anchormodels were subjected to a very lowminimum cyclic
load (Qmin) and large cyclic load amplitude of up to 0.6QT. The
shallow helix embedment depth (between 3D and 5.6D) and low
Qmin may have contributed to the flow of sand toward the void
created beneath the helical plate due to the increasing cyclic up-
ward movement, which led to decrease in horizontal stress around
the helix and degradation of the helix uplift resistance. In contrast,
Schiavon et al. (2017) observed decrease (but not cease) in the rate
of displacement accumulation and no sudden pullout for a number
of tensile load cycles carried out on helical anchormodels in sand at
7.4D of helix depth (H), in a centrifuge test. While Newgard et al.
(2015) tested the anchor models between 1155 and 9506 load
cycles, respectively, for 3D and 5.6D helix depths, with cyclic load
amplitude ofw0.58QT, Schiavon et al. (2017) carried out cyclic tests
with 300, 1000 and 2000 load cycles for cyclic load amplitudes of
0.68QT, 0.58QT and 0.4QT, respectively. Although fewer cycles have
been conducted in Schiavon et al. (2017), displacement accumula-
tion regime and cyclic pullout seem to be significantly influenced
by helix depth (H), cyclic load amplitude and minimum cyclic load
(Qmin).

Fahmy and El Naggar (2016) investigated the cyclic response of
anchors previously subjected to bothmonotonic and cyclic loads. In
full-scale tests on single-helix anchors with tapered shaft in sand
with silt, a detrimental effect was observed on anchor cyclic
performance due to the prior monotonic uplift loading. Larger cy-
clic displacement was the result of decrease in the confining
pressure acting on the shaft and the likely gap opening and soil
cave-in below the helical plate (Fahmy and El Naggar, 2016). In
addition, Fahmy and El Naggar (2016) observed significant accu-
mulated displacement for the helical anchor re-tested at greater
cyclic loading amplitude.

Costa (2017) conducted five series of tests on two triple-helix
anchors installed in sand with the bottom helix at depths of 7.1D
and 7.9D, respectively, in Northeast Brazil, each test series having
50 cycles with different cyclic load amplitudes. Greater displace-
ment accumulation was observed approximately in the first 10
cycles of all series, due to the disturbed condition of the soil above
the helical plates (installation effect). The first load 10 cycles
changed the soil density, and thus increased soil stiffness. For the
cyclic test with Qmax ¼ 0.77QT, the rate of displacement accumu-
lation showed an increasing trend with cycles, having a notably
large displacement accumulation for the last cycles and a clear
trend upon anchor pullout.

Schiavon et al. (2018) evaluated the influence of two cyclic
loading series with different cyclic load amplitudes via centrifuge
tests. The helical anchor model subjected to a sequence of lowe

high cyclic load amplitude exhibited nearly 40% greater accumu-
lated displacement than that under the highelow cyclic load
amplitude. According to Cerato and Victor (2009), a cyclic pre-
loading programme for anchor should be implemented in order
to properly seat the anchors and ensure the desired lifetime
performance.

1.2. Past studies on the post-cyclic performances of helical anchors

Trofimenkov and Mariupolskii (1965) observed that the influ-
ence of one-way cyclic loading on helical anchors depends on the
soil properties. For anchors in medium-hard clays, the post-cyclic
capacity was about 70%e80% of the values obtained in pre-cyclic
tests. In contrast, the post-cyclic capacity of helical anchors in
saturated sand was approximately 60%e70% of the pre-cyclic
ultimate capacity.

From reduced tests on 1g-scale models in clay, Narasimha Rao
and Prasad (1991) observed that cyclic loading with Qmax up to
0.3QTe 0.4QT causedmainly elastic displacements, and no apparent
reduction was observed with respect to the uplift capacity with
Qmax values up to 0.55QT. For greater Qmax (¼0.7QTe0.8QT), a
decrease in the uplift capacity of approximately 8%e34% was
observed. In addition, Narasimha Rao and Prasad (1991) suggested
that the cyclic behaviour of deep anchors seems to be better than
that of shallow anchors.

According to the past researches on plate anchor models under
cyclic loading, Clemence and Smithling (1984) reported that helical
anchor models in sand experienced degradation of anchor capacity
with increasing cycle number. Although stress cell measurements
showed increase in horizontal stress during installation, the anchor
movement during cyclic loading caused relaxation of horizontal
stresses, which explains the degradation of uplift capacity.

The post-cyclic monotonic loading results presented by
Newgard et al. (2015) also showed degradation of ultimate capacity
of shallow helical anchor models in sand. For cyclic tests with cyclic
load amplitude (Qmax e Qmin) of approximately 0.21QT and 0.52QT,
the reduction in the post-cyclic monotonic capacity was 12% and
26%, respectively.

On the other hand, Cerato and Victor (2009) proposed that cyclic
loading at relatively high cyclic load/static uplift capacity ratios
(from 0.25 to 0.4) may increase considerably the helical anchor
uplift capacities. Centrifuge tests conducted by Schiavon et al.
(2017) showed no degradation of post-cyclic monotonic capacity



Fig. 2. São Carlos location.
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for helical anchormodels in sand subjected previously to cyclic load
amplitude between 0.4QT and 0.68QT. On the contrary, the anchor
model subjected to greater cyclic load amplitude (0.68QT) previ-
ously showed a post-cyclic capacity of 5% greater than the
pre-cyclic monotonic value. After five series of cyclic tests with 50
load cycles, in which the helical anchor was subjected to Qmax up to
0.51QT, Costa (2017) observed greater monotonic capacity and
significantly stiffer response. For an upward displacement equiva-
lent to 10% of the mean helix diameter, the post-cyclic uplift ca-
pacity was 7%e40% greater than that of the helical piles tested only
monotonically. Schiavon et al. (2018) observed that the most sig-
nificant degradation of post-cyclic capacity occurred for helical
anchors that exhibited stable cyclic response in cyclic load test
(accumulated displacements < 0.1D after 1000 cycles). Therefore,
they suggested that the design of helical anchors subjected to cyclic
loading should take into account both the displacement accumu-
lation regime and the post-cyclic capacity degradation.
2. Testing programme

Two single-helix anchors were installed and subjected to a set of
full-scale load tests at the Experimental Foundations Site of the São
Carlos School of Engineering, University of São Paulo, Brazil. The
anchors had the shaft instrumented with strain gauges just above
the helix in order to separate the helix bearing and shaft resistance.

During the lifetime of a guyed transmission tower, the
maximum wind load is less frequently observed (few or sparse
occurrence). In addition, in periods between two events of the
maximum load, cyclic loading of lower amplitude normally occurs.
Therefore, to simulate a scenario in which the helical anchor is
subjected to single ultimate load cycles combined with a series of
intermediate low-amplitude load cycles, the single-helix anchor
termed as 1CHAwas subjected to a set of monotonic (ultimate load
cycle) and cyclic uplift tests (Fig. 1). On the other hand, the anchor
termed as 1MHA was submitted solely to monotonic load tests
(series of ultimate load tests). The aim of these tests was to
distinguish the influence of a prior ultimate load cycle and of a prior
cyclic loading with different amplitudes on the post-cyclic uplift
capacity of the anchor.
2.1. Testing site

The testing site is located at São Carlos City, the central region of
the state of São Paulo, Southeast Brazil (Fig. 2). São Carlos City lies on
the Upper JurassiceLower Cretaceous sandstones and Cretaceous
migmatites, approximately 230 km far from São Paulo City
(the largest city in Brazil). Above these rocks, Mesozoic sandstones
and conglomerates and Cenozoic sediments cover thewhole region.
Fig. 1. Cyclic test programme for anchor 1CHA.
The typical geotechnical-geologic profile of the experimental
site includes a reddish clayey sand stratum originating from
Mesozoic sandstones, overlaid by a 6 m thick brown clayey sand
layer originating from Cenozoic sediments. Weathering in local
conditions induced soil laterisation, which resulted in a very porous
and collapsible material in superficial layer. A line of quartz pebbles
and limonite is found separating the two soil layers. The ground-
water table depth (GWT) varies seasonally between 9 m and 12 m.

Fig. 3 illustrates the soil horizontal variability at the experi-
mental site, which was plotted from the results of standard pene-
tration and cone penetration tests (SPT and CPT). At the helix depth
(15 m), NSPT (N60) values are found to vary between 5 and 15 blows/
(30 cm), while qc values vary between 2 MPa and 3.3 MPa. This
figure also illustrates the installation depth of the helical anchors
tested in the current work.

2.2. Single-helix anchors

The lead section of the two identical single-helix anchors tested
in this work was composed of a tubular steel shaft with external
diameter of 101.6 mm and wall thickness of 7.1 mm, and a helical
bearing plate with diameter of 305 mm, plate thickness of 12.5 mm
and a pitch of 75 mm (Fig. 4). The helical anchors were instru-
mented with strain gauges oriented in Wheatstone full bridge to
measure the axial force in a shaft section 250 mm above the helix.
The strain gauges were unidirectional polyamide based model, the
bondable type with a nominal resistance of 350 U, which are made
out of designed steel.

The cables connecting the instrumented section to the data
acquisition systemwere placed inside the anchor shaft. The hole to
pass the cables as well as the circuit after adequate isolation was
both sealed with adhesive joints. A split steel sleeve was used to
cover the instrumentation to prevent damage using internal rubber
rings and adhesive joints.

The instrumented sections of both anchors were calibrated
using a load cell with the capacity of 500 kN and resolution of
0.02 kN, a hydraulic actuator attached to a manual hydraulic pump,
and a steel reaction frame (Fig. 5). Data acquisition was performed
using a portable data acquisition system, recording the electrical
signals of both load cell and instrumentation.
2.3. Anchor installation

Each helical anchor was installed into the ground by applying
mechanical torque at the anchor top with a hydraulic torque motor
mounted on a backhoe loader. The installation torque was moni-
tored with a digital torque indicator, as illustrated in Fig. 6. The



Fig. 3. Soil profile at the experimental site of the University of São Paulo at São Carlos, Brazil, after Giacheti et al. (2006a, b) (adapted).

Fig. 4. Instrumented lead section of the helical anchors tested (dimensions in mm).
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anchors were installed to a helix embedment depth of 15 m
(as indicated in Fig. 3). Fig. 6 shows the equipment used for the
helical anchor installation and the torque indicator in detail.

Results of torque readings are presented in Fig. 7 and are
compared with the values reported by Tsuha (2007). Tsuha (2007)
tested two double-helix anchors with smaller shaft diameter
installed at the same site at an embedment depth of 14.4 m. Fig. 7
shows that the two identical helical anchors tested in the current
investigation (1MHA and 1CHA) presented very similar results of
installation torque along the depth, indicating that these anchors
were installed in the same soil conditions and, for this reason, the
results from tests on both anchors can be reliably compared.
Fig. 5. Calibration of the instrumented lead section.
2.4. Load test setup

The monotonic and cyclic load tests in tension were performed
using a hollow hydraulic jack with 450 kN capacity, and a reaction
beam composed of two 2.7 m long steel I-beams W530 � 92 cen-
tred over the anchor and resting on wood cribbing. A threaded rod
was used to connect the hydraulic jack to an adapter attached to the
shaft top. The applied tensile load was measured with a 500 kN
capacity load cell. The measurements of both load cell and instru-
mented section were registered every 15 s with the same portable
data acquisition system used for calibration of the instrumented
Fig. 6. Installation of an instrumented helical anchor at the test site.



Fig. 7. Results of installation torque obtained in the current investigation and those in
Tsuha (2007).

Table 1
Programme of load tests performed on the anchors 1MHA and 1CHA.

Test No. 1CHA 1MHA

Test Type of test Test Type of test

1 1M-test Monotonic 1M-test Monotonic
2 1C-test Cyclic 2M-test Monotonic
3 2M-test Monotonic 3M-test Monotonic
4 2C-test Cyclic 4M-test Monotonic
5 3M-test Monotonic 5M-test Monotonic
6 3C-test Cyclic e e

7 4M-test Monotonic e e

8 4C-test Cyclic e e

9 5M-test Monotonic e e
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sections. The anchor head displacements were monitored using
four dial gauges with a resolution of 0.01 mm attached to two
independent reference beams, and the readings were recorded
every 30 s. Fig. 8 shows the load test setup.
Fig. 8. Load te
2.5. Load test procedure

The anchor designated as 1CHA was tested monotonically and
cyclically. Firstly, the anchor 1CHA was subjected to a monotonic
tensile load test, and then, 4 cyclic and 4 monotonic tests were
performed in an alternate fashion. Such a test strategy was used to
evaluate whether cycling affects the monotonic post-cyclic behav-
iour of the helical anchor installed in this particular site of residual
soil. After the load tests on anchor 1CHA, 5 monotonic tensile
load tests were performed on the reference anchor 1MHA for
comparison purposes. These comparisons between the monotonic
tests results of 1CHA and 1MHA show the effect of a previous cyclic
loading on the anchor monotonic response related to the total
capacity, in terms of helix bearing and shaft resistances. Table 1
summarises the loading tests carried out on both the instru-
mented helical anchors.

Prior to the monotonic tests, a seating load of 4 kN was applied
to the anchors to eliminate slacks in the couplings of the shaft
extension segments. The monotonic load tests were conducted
st setup.



Fig. 10. Results of 1M-test performed on anchors (a) 1MHA and (b) 1CHA.

Fig. 9. Loading path and parameters of cyclic tests.
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according to the Brazilian standard NBR-12131:2006 (2006). The
load was applied in increments of 5% of the estimated ultimate
uplift capacity by maintaining the loading for 5 min for each
loading step (time interval accepted for special cases such as
foundations of transmission towers). The loading stage continued
up to an anchor head displacement equal to or greater than 0.1D.

An unloading stage was conducted following the loading stage
for every monotonic load test. The unloading stage is a part of the
load test procedure standardised by NBR-12131:2006 (2006). At the
end of the unloading stage, permanent and recoverable
displacements are possible to be separated, thereby providingmore
information on the anchor behaviour. In addition, for the anchor
CHA1, the unloading stage is required to make the applied load
reach the initial value (Qmin) for the cyclic test that follows.

The unloading stage was divided into 5 steps. The time step in
the unloading stage was similar to that in the loading stage, except
for the last unloading step, which wasmaintained for 60min. In the
last unloading step, the applied load is reduced up to 10% of the
ultimate tensile load of the first monotonic test (QT1), which also
corresponds to the minimum load for the cyclic tests (Qmin).

The loading path and parameters used to define the cyclic tests
are illustrated in Fig. 9. The cyclic tests followed an approximately
linear loading path, whose characteristics are listed in Table 2. In
this table, QT1 is the ultimate load in 1M-test, QT2 is the ultimate
load in 2M-test, QT3 is the ultimate load in 3M-test, and QT4 is the
ultimate load in 4M-test. All the cyclic load tests were carried out
with the same Qmin, which corresponded to 0.1QT1 for the anchor
1CHA. The applied load was recorded every 25 s, and the anchor
head displacement was measured twice per cycle (at Qmax and
Qmin).
3. Results and discussion

3.1. Monotonic load-displacement response

Fig. 10 presents the load-displacement response of the first load
test performed on both anchors 1MHA and 1CHA. Despite the
seating load applied before the load test, the displacement was
significantly larger in the first load increment for both anchors.
Table 2
Characteristics of the cyclic load tests on the anchor 1CHA.

Cyclic test Qmin (kN) Qmax (kN) Number of cycles Period (s)

1C-test 9.8 (0.1QT1) 19.5 (0.2QT1) 50 60
2C-test 9.8 (0.06QT2) 39 (0.25QT2) 50 60
3C-test 9.8 (0.05QT3) 58.6 (0.32QT3) 50 60
4C-test 9.8 (0.05QT4) 103.5 (0.49QT4) 50 60
Similarly, Cerato and Victor (2009) reported the results of full-scale
load tests with a significant anchor movement at the initial loading
step that corresponded to 0.1QTe0.2QT. According to Cerato and
Victor (2009), this large anchor movement observed in the tests
cannot be ascribed solely to the slack in the couplings, since each
coupling had a tolerance of approximately 16 mm. This important
initial displacement may have been the consequence of excessive
disturbance on the soil mass above the helix during installation.

Fig. 10 shows that, in the following loading steps, the load-
displacement response exhibited an approximately linear behav-
iour with an indicative of a plunging failure at a load corresponding
to a displacement of 0.1D approximately. The last loading step
(100 kN for both tests) induced an upward displacement of
37.74 mm (0.124D) and 32.31 mm (0.106D) for 1MHA and 1CHA,
respectively.

In the present work, the ultimate uplift capacity is assumed as
the applied load causing anchor head displacement to equal 0.1D
(30 mm). According to Lutenegger (2008), this method eliminates
subjectivity in any graphical interpretation of a load-displacement
curve and takes a value of load at a reasonably large relative
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displacement to ensure plastic failure in most soils. In Brazil, guyed
cable anchors are usually assumed to fail for permanent displace-
ments exceeding 0.1D. Moreover, the standard IEC 60826: 2017
(2017) suggests 50 mm as the failure limit for guyed anchors.

The values of ultimate uplift capacity in the 1M-test (QT1) were
89.1 kN and 97.6 kN for anchors 1MHA and 1CHA, respectively. The
peak shaft resistance (Q e Qh, where Qh is the helix uplift bearing
capacity, and Q is the applied load) occurred approximately at
displacements of 0.11d and 0.18d (d is the shaft diameter) for 1MHA
and 1CHA, respectively. Thereafter, a decrease was noticed for both
anchors, but more evident for 1MHA. The helix bearing response in
both tests was evaluated by analysing the instrumentation data of
the shaft section above the helix, which was considered as the load
resisted by the helix bearing. Fig. 11a shows the helix bearing
resistance normalised by the applied load on the anchor head (Qh/
Q) at the loading stage. With increasing loading, both anchors
exhibited similar mobilization trend, although the anchor 1MHA
showed greater helix bearing capacity. At failure, the helix bearing
capacity of anchor 1MHA was 77.2 kN (0.87QT1), while the anchor
1CHA showed 60.3 kN (0.62QT1). Low shaft resistance and, conse-
quently, significant helix bearing resistance are attributed to the
destruction of the soil structure around the shaft during anchor
installation. In addition, the steel sleeve to protect the strain gauge
instrumentation may have further disturbed the soil around the
shaft, which may cause a decrease in the shaft-soil contact.
Fig. 11. Helix bearing resistance normalised by the applied load (Qh/Q) at (a) loading
and (b) unloading stages.
At the unloading stage, negative shaft friction and residual
stresses at the helix were observed in both tests, with greater
residual stresses for anchor 1MHA (Fig. 10). During the tensile
loading stage, both skin friction and helix bearing resistances are
acting downward to withstand the anchor uplift. But when the
tensile load decreases at unloading stage, the bearing soil above the
helix pulls the anchor back down, and at the same time, the anchor
shaft recovers a portion of elastic elongation. These two compo-
nents of rebound cause enough downward displacement to reverse
the direction of skin friction in order to act upward, at least in the
upper portion of the anchor shaft (Briaud and Tucker, 1984).
Therefore, equilibrium is achieved when the skin friction shear
stresses have reversed themselves in order to equilibrate the soil
reaction forces acting on the helix.

Fig. 11b shows that the load in the instrumented section rec-
ognised as Qh is greater than the applied load on the anchor head
(Q) at the unloading stage. This means that a portion of the soil
reaction force acting on the helix during the loading stage remains
locked-in (residual stresses) at the unloading stage.

The pre-cyclic results were compared with the results of ulti-
mate uplift capacity calculated by analytical and torque correlation
methods. The analytical approaches chosen to predict the ultimate
uplift capacity are the bearing plate model (Meyerhof and Adams,
1968), the approach proposed by Murray and Geddes (1987) and
modified by Bagheri and El Naggar (2013), and the approach
proposed by Pérez et al. (2018).

The bearing plate model assumes that soil failure occurs in a
limited zone above the helix. The helix bearing capacity is calcu-
lated with the breakout factor Fq (Eq. (1)), which is expressed as a
function of soil friction angle and helix embedment depth. Different
proposals for Fq values can be found in the literature (e.g. Meyerhof
and Adams, 1968; Mitsch and Clemence, 1985; Murray and Geddes,
1987; A.B. Chance Co., 2004). In the current study, Fq was deter-
mined based on the proposal of A.B. Chance Co. (2004) for helical
anchors, which is an empirical modification of Meyerhof (1951)’s
bearing capacity factors.

QT ¼ Qh ¼ Ahs
0Fq (1)

where Ah is the projected area of helix, and s0 is the effective
vertical stress.

The approach proposed by Murray and Geddes (1987) and
modified by Bagheri and El Naggar (2013) considered that failure
develops along an inverted truncated cone-shaped surface above
the helix. The anchor uplift capacity (Eq. (2)) is composed of a first
component due to the shear resistance developed along the failure
plane plus soil weight within the influence zone of failure (Eq. (3)),
and a second component due to soil weight above the influence
zone of failure (Eq. (4)).

Qh ¼ Q 0
h þ Q 00

h (2)

Q 0
h ¼ g0AhH

0 þ2g0AhðH0Þ2�
1þ2H0

½tan qþK tanð40 �qÞ�
�

(3)

D 3D

Q 0
h ¼ g0ðH � H0Þ p ð0:5Dþ H0 tan qÞ2 (4)

where H is the helix embedment depth; H’ is the height of influence
zone in deep anchor behaviour, which is equal to 5D for bottom
helix (or single-helix anchor); Q 0

h is the helix uplift bearing
component due to the shear resistance developed along the failure
plane plus soil weight within the influence zone of failure; Q 00

h is
the helix uplift bearing component due to soil weight above the
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influence zone of failure; K is the lateral earth pressure coefficient,
which is assumed as passive lateral earth pressure coefficient (Kp)
for anchors in dense sand (using residual friction angle), and as
active lateral earth pressure coefficient (Ka) for anchors in loose
sand; f0 is the internal friction angle of soil; g 0 is the effective unit
weight of soil; and q is the angle between failure surface and
the vertical, which is 22.5� þ f0/4 for anchors in dense sand, and
22.5 e f0/4 for anchors in loose sand.

Based on the observations of centrifuge tests and numerical
modelling, the approach proposed by Pérez et al. (2018) assumed
that the helix uplift bearing capacity (Qh) corresponds to the
mobilised shear resistance at the interface between the undis-
turbed soil and disturbed soil cylinder of 2.5D in length formed
above the helix:

Qh ¼ g0
�
H � h0

2

�
Ku tan40

cvpDh0 (5)

where h0 is the length of the shear failure zone, which was assumed
as 2.5D by Pérez et al. (2018); Ku is the lateral earth pressure co-
efficient in uplift proposed by Meyerhof and Adams (1968); and
40

cv is the constant volume friction angle of soil.
In addition, the contribution of skin friction resistance to the

anchor uplift capacity was estimated using Eq. (6) (Kulhawy, 1991).
In the current study, the interface friction angle between the shaft
and disturbed soil (d) was considered equal to 10� (Tsuha et al.,
2007).

Qs ¼ Ps

ZH

0

Kus
0 tan d dz (6)

where Ps is the perimeter of shaft, Qs is the skin friction capacity,
and z is the depth.

The torque correlation method was presented in Hoyt and
Clemence (1989). The uplift capacity of helical anchors can be
estimated with the torque correlation factor KT using the average
installation torque (Tavg) measured at the final distance of pene-
tration equal to 3D. For round shaft anchors in the diameter of
89 mm, Hoyt and Clemence (1989) proposed to use KT ¼ 23 m�1,
and 9.8 me1 for 219 mm diameter. Perko (2009) suggested using
KT ¼ 16m�1 for anchor shafts of 114 mm diameter. From a database
of 30 load tests on multi-helix anchors with d z 100 mm installed
in different sites in Brazil, Mosquera et al. (2016) found average KT
values of 12.8 me1 and 20.1 me1 for multi-helix anchors installed in
clayey and sandy soils, respectively.

The soil properties used in estimation of anchor uplift capacity
were obtained from previous research (Giacheti et al., 2006a). The
internal friction angle of soil was determined with Mayne (2006)’s
CPT correlation. Table 3 summarises the field results and pre-
dictions with the analytical methods. In general, the three methods
Table 3
Summary of field results and predictions of the analytical methods.

Anchor Tavg (kN m) KT (m�1) Qh (kN) Qs (kN)

1CHA 8.16 12 60.3 e

1MHA 8.09 11 77.2 e

Bearing plate model e e 189.5 e

Bagheri and El Naggar (2013) e e 208.3 e

Pérez et al. (2018) e e 89.1 e

Kulhawy (1991) e e e 65.2a/27.3b

a Skin friction capacity calculated separately from the bearing plate model using
Eq. (6) and Ku values proposed by Mitsch and Clemence (1985).

b Skin friction capacity calculated using Eq. (6) and Ku equal to the Rankine’s
active lateral earth pressure coefficient (Ka).
overpredicted the helix bearing capacity. Better agreement was
obtained with the method proposed by Pérez et al. (2018), which
overpredicted the helix bearing capacity (48% and 13% for anchors
1CHA and 1MHA, respectively).

Both the bearing plate model and Bagheri and El Naggar (2013)’s
approach resulted in significantly large helix bearing capacity. The
over-estimation induced by the two approaches may indicate that
the ultimate uplift capacity given by the 0.1D failure criterion does
not correspond to the ultimate limit state. That is, if an additional
load increment was applied, the anchors could not exhibit an
asymptotic trend of displacement increase and, therefore, this
behaviour would not characterise the ultimate limit condition
established in both the bearing plate model and Bagheri and El
Naggar (2013)’s approach. In addition, the over-estimation
induced by both methods may be indicative of severe soil distur-
bance around the anchor caused by the installation of anchor, which
also explains the low values of shaft and helix bearing resistances.

Better prediction of the shaft resistance was obtained using Ku
values equal to the Rankine’s lateral active earth pressure coeffi-
cient (Ka) rather than using the Ku values calculated with Mitsch
and Clemence (1985)’s recommendation.

The KT values found for 1CHA (12 m�1) and 1MHA (11 m�1) are
lower than the value proposed by Mosquera et al. (2016) for sandy
soils (20.1 me1), but close to the value for clayey soils (12.8 me1).
Perko (2009) suggested the KT value of 16 m�1, which is reasonably
close to the values obtained in the current study. Although the
average values of final torque lie within the range reported in the
literature for single-helix anchors, the low KT values are an indi-
cator of the destruction of soil structure caused by the anchor
installation. This means that a portion of soil strength due to the
bonding structure is lost because of the helix penetration. Conse-
quently, the helix bearing capacity in tension has only a portion of
the installation torque, i.e. the amount of torque required to break
the soil structure is not as low as the bearing capacity of the
disturbed soil above the helix after installation.

3.2. Cyclic loading on anchor 1CHA

The results of both cyclic and subsequent monotonic load tests
are presented in the same order in which the tests were conducted
(chronological order). In addition, monotonic uplift tests were
conducted on this anchor after each cyclic test. Fig. 12 presents the
results of the four cyclic tests performed on the anchor 1CHA. The
post-cyclic testing results will be discussed in Section 3.3.

Fig. 12a, b presents the results of the cyclic test carried out after
the first monotonic uplift test on the anchor 1CHA (1C-test). The
cyclic parameters of Qmin ¼ 0.1QT1 and Qmax ¼ 0.2QT1 were desig-
nated for the 1C-test to verify the potential for anchor capacity
increase due to low-intensity cyclic loading, which corresponds to a
typical service condition of load intensity in guyed tower anchors.
Due to the monotonic load test conducted previously (1M-test), the
cyclic loading caused only very small displacements (around 0.1D)
at each cycle along with negative (downward) displacement
accumulation (Fig. 12a).

Fig.12b shows a decrease inQh during cycling (around 17% at the
end of cycles), indicating that the direction of shear forces at the
shaft-soil interface fluctuates between upward and downward
depending on the magnitude of the force applied to the anchor. No
degradation of helix bearing resistance was observed for numbers
of cycles carried out due to improvement of the soil above the helix
caused by the loading applied during the 1M-test. Thus, the
decrease in Qh is probably due to the reversal of skin friction, which
leads to positive friction. As the reversal of skin friction occurs, the
anchor rebound is no longer prevented, which makes the anchor
accumulate negative displacement (downward).



Fig. 12. 1CHA cyclic test results: (a, b) 1C-test; (c, d) 2C-test; (e, f) 3C-test; and (g, h) 4C-test.
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After 2M-test, a second cyclic test (2C-test) was carried out with
load amplitude of 0.19QT2 (29 kN), and Qmax corresponding to
0.25QT2 (QT2 is the ultimate load in 2M-test). Fig. 12c shows that
negligible displacement is accumulated with cycles, and Fig. 12d
indicates a slight decrease in the maximum value of Qh (approxi-
mately 12% decrease). Also in Fig. 12d, the minimum value of Qh is
observed to be greater than the minimum value of the applied load
(Qmin), indicating that both negative skin friction and residual
stresses at the helix still occur.

Fig. 12e, f shows that the 3C-test (Qmin ¼ 0.05QT3 and
Qmax ¼ 0.32QT3, where QT3 is the ultimate load in 3M-test) had
negligible influence on the anchor performance. After an accumu-
lated upward displacement of 0.62 mm at the first cycle, the anchor
remained stable without displacement accumulation. In addition,
no evident degradation of helix bearing resistance was noticed. The
reason for the absence of displacement accumulation with cycles is
likely the soil improvement above the helix caused by previous
monotonic loading, which tends to stiffen the anchor response
increasingly.

The percentage of load carried by helix bearing was less in the
3C-test than that in the 2C-test. While the 2C-test measured a
maximum Qh/Q of 94%, the 3C-test showed a maximum Qh/Q of
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71%, which indicates that: (i) the helix bearing reached its ultimate
capacity, and (ii) the positive shaft friction resistance showed po-
tential to further mobilisation. Moreover, Fig. 12f shows that Qh
values were less thanQ throughout the 3C-test, which suggests that
the direction of shear forces at the shaft-soil interface no longer
changes with cycles.

Fig. 12g, h presents the results of the 4C-test, which was
conducted with cyclic loading parameters of Qmin ¼ 0.05QT4 and
Fig. 13. Results of the monotonic tensile load tests: (a) 1M-te
Qmax ¼ 0.49QT4 (QT4 is the ultimate load in 4M-test). Although
the cyclic test was conducted with load amplitude 92% greater
than that in the previous cyclic test, the anchor performance
was similar. The first load cycle caused 1.5 mm of accumulated
displacement in 4C-test, but no increase in accumulated
displacement was observed in the subsequent cycles. In addi-
tion, negligible degradation of helix bearing resistance was
noted.
st, (b) 2M-test, (c) 3M-test, (d) 4M-test, and (e) 5M-test.



Fig. 14. Monotonic load-displacement responses plotted according to the movement
history of each anchor.

Fig. 15. Measured load in the instrumented section above the helix plotted according
to the movement history of each anchor.

Fig. 16. Skin friction plotted according to the movement history of each anchor.
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3.3. Post-cyclic monotonic response

The results of anchor 1MHAwere taken as a benchmark since no
cyclic load tests were performed on this anchor. The cyclic perfor-
mance of anchor 1CHA was influenced by the preceding ultimate
monotonic load, as shown in the previous section. In contrast, the
cyclic loading was shown to have little or negligible influence on
the monotonic response of anchor 1CHA.

The load-displacement response of the 1M-test differed signif-
icantly from that of the following monotonic tests for both anchors
1MHA and 1CHA (Fig. 13). However, this difference cannot be
attributed to the influence of cycling because both anchors 1MHA
and 1CHA showed similar shape of the load-displacement response
in the subsequent monotonic test (2M-test). The approximately
linear shape of the load-displacement response of the first mono-
tonic test (1M-test) is the result of the volumetric strain of the soil
in the zone above the helix, which is accompanied by large anchor
displacement and increases in strength and stiffness. On the other
hand, the load-displacement response of the subsequent mono-
tonic test (2M-test) exhibits a stiffer linear portion with little
displacement up to the load value applied in the previous load test
approximately, which represents recompression behaviour
(Fig. 13b).

The 2M-test showed differences in the behaviour of Qs and Qh

for both anchors (Fig. 13b). While anchor 1MHA exhibited a peak
and then decreased for Qs, no post-peak decrease was noticed for
anchor 1CHA in 2M-test. At failure, greater Qh for anchor 1MHA
(0.91QT) than that for anchor 1CHA (0.72QT) was observed.

For the following monotonic load tests (3M-test, 4M-test
and 5M-test), three different trends were noticed in the load-
displacement response: a first linear portion starting from zero
up to an upward displacement between 0.03D and 0.04D, followed
by a nonlinear portion up to around 0.07D upward displacement,
and then an indicative of plastic failure with asymptotic trend
(Fig. 13cee). As in 2M-test, no clear influence on the post-cyclic
ultimate capacity caused by the cyclic loading could be inferred,
although the greater ultimate uplift capacity observed for 1CHA
Table 4
Summary of the results of the monotonic uplift load tests.

Test 1MHA 1CHA

QT (kN) Qh (kN) Qs (kN) QT (kN) Qh (kN) Qs (kN)

1M-test 89.1 77.2 11.9 97.6 60.3 37.3
2M-test 154 140 14 154 111.3 42.7
3M-test 204 181 23 186 131.9 54.1
4M-test 180 151.5 28.5 210 129 81
5M-test 217 156.7 60.3 241 131.1 109.9
than that for 1MHA in both 3M-test and 4M-test may suggest that
some capacity increase was caused by the load cycles.

Concerning the effects of applying a single ultimate load cycle
on the anchor ultimate capacity, i.e. a monotonic load test, no ul-
timate capacity degradation was noticed for both anchors 1MHA
and 1CHA at a subsequent monotonic test. Each time when the
anchors were re-tested monotonically, the ultimate load capacity
was greater. When the load-displacement responses were plotted
according to the movement history, each monotonic test appeared
to continue once the preceding test was completed, sometimes
with some capacity increase for anchor 1CHA (Fig. 14). Table 4
summarises the results of the monotonic load tests on both
anchors 1MHA and 1CHA.

Figs. 15 and 16 show Qh and Qs in all monotonic tests according
to the movement history, respectively. At failure, both Qh and Qs
increased with each monotonic test (Table 4), although a slightly
greater increase in Qh was observed for the anchor subjected only
to monotonic loading (1MHA). In contrast, greater increase in Qs
was noticed for the anchor that experienced cyclic loading (1CHA).
Moreover, Figs. 12b, d, f, h and 16 suggest that both negative skin
friction and residual stresses at the helix are reduced after a series
of cyclic loading.

4. Conclusions

Monotonic, cyclic and post-cyclic tensile load tests were per-
formed on two instrumented single-helix anchors installed in re-
sidual tropical soil. The post-cyclic test results were compared with
those of a benchmark anchor subjected only to monotonic load
tests. The main findings of the current study are listed as follows:
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(1) Values of torque correlation factor KT in the current study are
significantly lower in comparison with values obtained with
single-helix anchors of similar dimensions. This is because
the installation torque is a function of undisturbed soil (shear
strength associated with the undisturbed bonded structure),
and the uplift capacity depends on the disturbed soil.

(2) The soil improvement above the helix caused by previous
monotonic loading increased the anchor axial stiffness.
Consequently, plastic deformations in the zone above the
helix were minimised, no displacement accumulation
occurred at any cyclic test, and only elastic displacements
were observed.

(3) The influence of cyclic loading on the post-cyclic capacity
could not be clearly observed in all post-cyclic tests. In
comparison with the benchmark anchor, only after cyclic
tests with larger amplitude (3C-test and 4C-test), some in-
crease in the post-cyclic capacity was observed. This increase
in capacity is mainly attributed to the increase in the shaft
resistance since similar helix bearing capacity was observed
for the three last monotonic tests on anchor 1CHA.

(4) Although both helix bearing and shaft resistances increased
due to previous monotonic tests, the cyclically tested anchor
exhibited greater increase in shaft resistance. On the other
hand, a slightly greater increase in helix bearing resistance
was noticed for the anchor subjected only to monotonic
loading.

(5) From a design point of view, the current study indicates that
the soil disturbance by the anchor installation has a major
influence on the initial stiffness of the tested anchors in re-
sidual soil. Therefore, results from theoretical prediction
methods should be used with caution since displacements
larger than 0.1D were experienced by the anchors without
characterising the ultimate limit state. In addition, a rapid
monotonic loading procedure up to the predicted uplift ca-
pacity can reduce the cyclic displacement accumulation of
helical anchors in residual soils. However, a site-specific field
validation campaign should be conducted.
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