Rev. IBRACON Estrut. Mater., vol. 14, no. 6, e14612, 2021

IBRACON Structures and Materials Journal
Revista IBRACON de Estruturas e Materiais SCiE O

IBRACON ISSN 1983-4195  ismj.org

ORIGINAL ARTICLE

Load transfer on instrumented prestressed ground anchors in
sandy soil

Transferéncia de carga em ancoragens protendidas instrumentadas em solo
arenoso

Alex Micael Dantas de Sousa®
Yuri Daniel Jatoba Costa®

Luiz Augusto da Silva Floréncio®
Carina Maria Lins Costa®

*Universidade de Sao Paulo — USP, Escola de Engenharia de Sao Carlos, Departamento de Engenharia de Estruturas, Sao Carlos, SP, Brasil
*Universidade Federal do Rio Grande do Norte — UFRN, Departamento de Engenharia Civil, Natal, RN, Brasil
‘Universidade Federal do Rio de Janeiro — UFRJ, Departamento de Engenharia Civil, Rio de Janeiro, RJ, Brasil

Received 09 January 2021 Abstract: This study evaluates load variations in instrumented prestressed ground anchors installed in a bored
Accepted 08 April 2021 pile retaining wall system in sandy soil. Data were collected from instrumentation assembled in the bonded

length of three anchors, which were monitored during pullout tests and during different construction phases
of the retaining wall system. Instrumentation consisted of electrical resistance strain gauges positioned in five
different sections along the bonded length. Skin friction distributions were obtained from the field load
measurements. Results showed that the skin friction followed a non-uniform distribution along the anchor
bonded length. The mobilized skin friction concentrated more intensely on the bonded length half closest to
the unbonded length, while the other half of the bonded length developed very small skin friction. The
contribution of the unbonded length skin friction to the overall anchor capacity was significant and this should
be accounted for in the interpretation of routine anchor testing results. Displacements applied to the anchor
head were sufficient to mobilize the ultimate skin friction on the unbonded length, but not on the bonded
length. Performance of loading-unloading stages on the ground anchor intensified the transfer of load from
the unbonded length to the bonded length. Long-term monitoring of the anchor after lock-off revealed that the
load at the anchor bonded length followed a tendency to reduce with time and was not significantly influenced

by the retaining wall construction phases.
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Resumo: O presente estudo avalia as variagdes de carga em ancoragens protendidas instrumentadas,
instaladas em uma estrutura de contengdo composta por estacas escavadas em solo arenoso. Os dados foram
coletados a partir de instrumentagdo disposta no trecho ancorado de trés ancoragens, monitoradas durante
ensaios de arrancamento e¢ durante diferentes etapas construtivas da conten¢do. As ancoragens foram
instrumentadas com extensometros elétricos de resisténcia em cinco segdes distintas posicionadas ao longo
do trecho ancorado. Distribui¢des de atrito lateral foram obtidas a partir das medi¢des de carga em campo. Os
resultados revelaram uma distribui¢do nio uniforme do atrito lateral ao longo do trecho ancorado. O atrito
lateral mobilizado concentrou-se mais intensamente na metade do trecho ancorado mais proxima ao trecho
livre, ao passo que uma parcela muito pequena de atrito lateral foi mobilizada na outra metade do trecho
ancorado. A contribuigdo do atrito lateral no trecho livre para a capacidade de carga da ancoragem foi
significativa, o que deve ser levado em consideragdo na interpretagdo dos resultados de ensaios de rotina em
tirantes. Os deslocamentos aplicados na cabeca da ancoragem foram suficientes para mobilizar o atrito lateral
ultimo no trecho livre, porém néo no trecho ancorado. A execugdo de estagios de carga-descarga na ancoragem
contribuiu para intensificar a transferéncia de carga do trecho livre ao trecho ancorado. O monitoramento de
longo-prazo da ancoragem apds incorporagdo do carregamento revelou que a carga no trecho ancorado seguiu
uma tendéncia de redugdo ao longo do tempo, ndo tendo sido significativamente influenciada pelas etapas

construtivas da contengao.
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1 INTRODUCTION

Prestressed bond-type grouted anchors are structural elements in which the load is transferred to the ground from a
steel tendon bonded to grout. The design of ground anchors can be based on field load tests [1], [2], semi-empirical
models [3], [4] and numerical models [5], [6]. Most usual solutions for the design of the bonded length of ground
anchors consist of semi-empirical methods [3]-[7], [8]. Although practical for routine applications, semi-empirical
methods lose accuracy beyond their range of calibration, which can result in uneconomical design projects due to the
high safety factors required to balance the uncertainties and errors involved.

A way to boost the growth of more rational semi-empirical methods for prestressed ground anchor design is to
encourage studies involving monitoring of ground anchors in the field. However, most publications to date on stabilized
slopes and excavations have focused on soil-nailing systems by developing reduced-scale physical models and
numerical studies [9], [10]. A limited number of publications on the behavior of prestressed ground anchor in the field
is available. Among the scarcely documented investigations, just a few include results from instrumented ground
anchors [5], [6], [11]-[13]. Most available studies involve anchors in clayey soils [14]-[16] and rocks [17]-[19], while
anchors in granular soils are more unusual.

Additionally, while ground anchor monitoring has typically focused on the total applied load on the anchor head,
investigations on load variations along the anchor bonded length have been virtually overlooked. Particularly,
improvement of design solutions for ground anchors can be achieved by assessing load and skin friction variations
along the anchor’s bonded and unbonded lengths in the field [3]-[7], [20], [21].

The purpose of this paper is to evaluate the load-transfer behavior of prestressed ground anchors installed in a
retaining wall system composed of spaced bored piles in a sandy soil profile. Data were collected from the instrumented
bonded length of three anchors, both during pullout tests and during different construction phases of the retaining wall.
The contribution of the anchor unbonded length to the anchor bearing capacity and the variations of load on the anchor
bonded length are evaluated. Skin friction values estimated from the field results are compared to values obtained from
theoretical methods.

2 BACKGROUND

2.1 Brief description of design methods for ground anchor pullout capacity estimation

Empirical and semi-empirical methods for estimating the ultimate pullout capacity of ground anchors are abundant
in the literature. Ostermayer [3] proposed a solution that includes the use of empirical design charts elaborated from
the results of approximately 300 field tests in anchors, carried out in Germany. The proposed charts relate the anchor
bonded length to the ultimate load capacity or the ultimate skin friction. The grout injection pressure used during the
installation of the anchors in the field is not reported.

Bustamante and Doix [22] developed a design method that accounts for the installation process, the grout injection
pressure in single or multiple phases, and the volume of injected grout. The anchor ultimate pullout capacity is estimated
by considering a coefficient £ that accounts for the diameter increase of the bonded length due to grout injection
pressure. Values for f are given for different soil types and for single-phase or double-phase grout injection procedures.
The ultimate skin friction on the anchor bonded length is estimated from empirical design charts devised for cohesive
and cohesionless soils, which take into consideration whether grouting is performed in single or multiple injection
stages. However, it is worth mentioning that the anchor failure load was not reached in most experiments used to create
the method.

Costa Nunes [7] proposed a formulation similar to that of Bustamante and Doix [22], but assuming that failure at
the ground-grout interface is governed by the Mohr-Coulomb failure theory. The ultimate anchor capacity for anchors
is given by:

Tmax:7[~De~Lb~[c'+(}/~h+~p)~tan'] (@)
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where: D, is the average diameter of the ground anchor section; L is the anchor bonded length; ¢’ is the soil-grout
adhesion; y is the specific unit weight of the soil at the depth of the anchor bonded length middle span; / is the depth
of the anchor bonded length middle span; ¢ is the internal friction angle of the soil; 4p is the increase in the vertical
stress due to the residual injection pressure. Costa Nunes [7] suggests assuming Ap between 5yk and 10yA. The ultimate
skin friction is given by the term between brackets in Equation 1.

AASHTO [23] recommends a method for calculating the pullout resistance of anchors in cohesive soils,
cohesionless soils and rocks. Proposed values for the ultimate skin friction for cohesionless soils take into consideration
soil type, soil compactness and grout injection pressure. It is advised that the presumptive ultimate skin friction values
offered by the method are intended for preliminary design or evaluation of the feasibility of straight shaft anchors
installed in small diameter boreholes. Therefore, conservative design pullout capacities can result from using these
values.

The former version of Brazilian code ABNT NBR 5629 [24] suggests a method for calculating the pullout capacity
of anchors embedded in cohesive and cohesionless soils, which is analogous to that proposed by the current version of
the Canadian Foundation Engineering Manual [25]. For cohesionless soils, the ultimate skin friction is given by the
product of the overburden vertical stress at the middle span of the bonded length and the skin friction coefficient (k).
Values for &y are provided according to soil compactness and soil type (silts, fine sands, medium sands, and coarse
sands). The effect of grout injection pressure on pullout capacity is disregarded in the method. No specific method for
pullout capacity prediction of ground anchors is proposed by the current version of the Brazilian standard ABNT
NBR 5629 [26].

2.2 Load transfer evaluation from ground anchor monitoring

Contrary to what is assumed in most proposed design solutions for ground anchors, the mobilized interface skin
friction was found to behave non-uniformly along the anchor bonded length [27], [28]. One reason for the non-
uniformity is the dependency of the skin friction on the relative displacement (J) between the grout body and the
surrounding soil [27], [29], [30]. The skin friction reaches the peak value (f,) and then reduces with increasing relative
displacements (J), until reaching the residual value (f:). As the load applied to the anchor head is increased, the peak
skin friction progressively moves from the portion of the bonded anchor length that is closest to the unbonded length
towards the bonded length end. According to Barley and Windsor [31], typically, a ground anchor with a bonded length
of 6 m needs, at proof load, to displace about 15 to 20 mm at the top end of the bonded length before any load is
transferred to its bottom end.

Selection of an appropriate design value for the soil-grout interface skin friction from design manuals and codes is
highly subjective [18]. Capturing the load transfer mechanisms that take place in the anchor bonded length in the field
is essential for improving design methodologies. However, while the relationship between the applied load and the
anchor head displacement can be easily assessed from standard pullout tests, the load distribution along the bonded
length requires a more complex apparatus, which makes it difficult to be obtained in ordinary circumstances.

Liet al. [15] presented one of the first studies on the load transfer of ground anchors. Electrical resistance strain
gauges were installed along the anchor bonded length. The anchors were used to stabilize a diaphragm retaining wall
on a soil profile consisting of silt and clay layers. The anchors were constructed with a length of 30 m (of which 23 m
corresponded to the bonded length). It was observed, from the instrumentation, that the load was not distributed linearly
along the bonded length, but concentrated more at its beginning. The load was found to be virtually zero between the
middle span and the end of the bonded length.

Briaud et al. [16] investigated variations of load in the bonded length of anchors embedded in a clay soil using
vibrating wire extensometers. The instrumented anchors had a bonded length of 4.6 m and a total length of 13.8 m.
Results revealed a load distribution configuration similar to that identified by Lietal. [15], that is, a higher
concentration of load at the beginning of the anchor’s bonded length.

Iten and Puzrin [27] used fiber optic sensors to investigate the load-transfer in 8-m long anchors. It was observed
that the load followed a non-linear distribution, with a drastic reduction at the last 2 m of the bonded length.

Bryson and Giraldo [18] analyzed instrumented ground anchors constructed for a landslide stabilization system in
a shale stratum. Load transfer was studied based on strain gauge measurements along the bonded length of the anchors,
which measured 4.6 m. The strain gauge monitoring revealed that some slippage occurred between the tendon and the
grout. The slippage increased as the anchor head load increased. Only minor variations in the strain gauge data were
observed after the construction period and during the long-term monitoring, suggesting that the anchor bonded length
reached equilibrium and that the anchors installed in the shale stratum did not show significant creep susceptibility.
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Platzer et al. [32] conducted a study focusing on the compressive behavior of piles and tensile behavior of ground
anchors embedded in cohesionless soils and subjected to dynamic loading. The bonded length of the anchors measured
5.1 m and was instrumented with four strain-gauge sections. The authors observed that the dynamic tensile force
distribution along the anchors decreases nonlinearly with increasing anchor length. Moreover, the authors identified
that the dynamic tensile forces were depleted within a shorter distance in the anchor than the static tensile forces.

3 RETAINING WALL DESCRIPTION AND SUBSOIL CHARACTERISTICS

3.1 Retaining wall description

A schematic of the elevation view of the retaining wall analyzed in this investigation is shown in Figure 1. The
retaining wall had a total height of 8.95 m, a length of 56 m and was built with spaced bored piles with 300 mm in
diameter and 14.85 m in length. The piles were installed in the ground with a spacing between axes of 350 mm. The
characteristic concrete compressive strength of the piles at 28 days was 25 MPa. The pile reinforcement consisted of
11 longitudinal bars with 10 mm in diameter and 12 m in length, enveloped by a coil steel spiral with 5 mm in diameter
and 100 mm in spacing. The top of the piles was connected to a head beam with cross section dimensions of 400 mm
X 650 mm.

1 56 !
| I/i HEAD BEAM /— UPPER ANCHOR ROW
................................................................................................... 7 {BEROENORHBEEHH G ICANEAHEAEABERNAIEE AEHEEANDAOREEEATBEEAG
3.01 e / 7 BEAMS
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T36
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Figure 1 - Schematic showing front elevation view of the instrumented retaining wall (units: m).

The retaining wall was anchored by two rows of ground anchors constructed with steel threaded bar tendons with
32 mm in diameter and installed in a borehole with 100 mm in diameter (D). Uniaxial tensile tests were performed on
the tendons in order to obtain the elastic modulus. Table 1 lists the mechanical properties of the used bar tendons.

Table 1 - Characteristics of the bar tendons.

Diameter (mm) 32
Yield stress (MPa) 950
Tensile strength (MPa) 1,050
Yield load (KN) 760
Ultimate load (KN) 840
Elastic modulus (MPa) 205,000
Cross-sectional area (mm?) 804

The horizontal spacing between anchor axes was 2.75 m for the anchors of the upper row and 1.75 m for the anchors
of the lower row (Figure 1). Figure 2a shows a cross-section view of the retaining wall, with the position of the anchor
rows in relation to the excavation ground surface and the dimensions of the anchor bonded and unbonded lengths. The
anchors of the upper row had a bonded length of 8 m and an unbonded length of 6 m, while the anchors of the lower
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row had a bonded length of 9 m and an unbonded length of 5 m. A detail of the assembly of the anchor in the bonded
length is shown in Figure 2b. Design tensile loads of 192 kN and 260 kN were calculated for the upper and lower rows,
respectively. Both rows had the anchor heads connected to a beam with dimensions of 400 mm x 700 mm.

0.0 (GROUND LEVEL)

-8.12

(1) - Borehole (100 mm in diameter)

(2) - Bar tendon (32 mm in diameter)
SOREDEILE Tl P L1471

D=300mm, L=1485m (3) - Cement grouting

(4) - Centralizer (2 m in spacing)

(5) - Injection tube (25 mm in diameter)

(a) (b)

Figure 2 - (a) Schematic showing the cross-section view of the retaining wall system (units: m); (b) detail of the anchor assembly
in the bonded length.

Grouting injection was performed in two steps. In the first step, cement grout was injected with a water/cement ratio
of approximately 0.5. After the curing of grout in the first injection step, a second injection step with a cement grout
with a water/cement ratio of approximately 0.6 was carried out to fill the borehole. Grout was injected in the bonded
length with a pressure of 1500 kPa. The unbonded length of the anchor was protected with a PVC debonding sleeve.

Figure 3 shows the building phases of the retaining wall system. Initially, the bored piles were cast in the ground
(phase 1). Then, the soil was excavated to a depth of 2.7 m from ground level (phase 2) and the upper row of anchors
was installed (phase 3). A new excavation phase was carried out to a depth of 5.65 m (phase 4) and the lower row of
anchors was installed (phase 5). The excavation was finished at a depth of 8.12 m (phase 6). The effect of the
construction phases on anchor behavior was assessed during the monitoring of the ground anchors. The lateral
displacements of the retaining wall were monitored with an inclinometer during the building phases [13], and were less
than 0.1% of the excavation height.

n

Figure 3 - Retaining wall building phases.

3.2 Subsoil characteristics

The constructed retaining wall is located in the City of Natal, Brazil. Field survey included standard penetration
tests (SPT) at two different locations, identified in this study as SPO1 and SP02. The tests were performed according to
ABNT NBR 6484 [33] and were located near the crest of the excavation, 15.5 m apart from each other. Figure 4a shows
the soil stratification at the site and Figure 4b shows the variation of the Nspr blow-count resistance corrected for 60%
efficiency (Nsp) with depth and corresponding mean values. Corrections of the Nspr values were carried out by assuming
an efficiency of 72% for the tests, as mentioned by Décourt et al. [34] regarding the Brazilian practice. The soil profile
is composed of fine sand and slightly clayey fine sand layers overlying a stiff sandy clay layer, where the tip of the
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piles rest. The classification of the soil layers according to the Unified Soil Classification System (USCS) is given in
Figure 4a.

N60
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0.0 0
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Figure 4 - (a) Subsoil profile (units: m); (b) Nso blow-count resistance with depth.

The grain size distribution of the slightly clayey fine sand, where the bonded length of the upper and bottom rows
is installed, is shown in Figure 5. The slightly clayey fine sand has an average particle size of 0.22 mm (24.2% of
particles are finer than 0.075 mm and more than 99.3% of particles are finer than 2 mm). The specific gravity of this
soil is 2.65.

2
7

o]
S

(o))
(=)

Percent passing

S
]

N}
(=]
i

]

0
0.001 0.01 0.1 1 10 100
Particle size (mm)

Figure 5 - Grain-size distribution of the slightly clayey fine sand.

Shear strength parameters of the slightly clayey fine sand were obtained from one series of conventional CID triaxial
compression tests carried out with confining effective stresses (¢ '3) of 50 kPa, 100 kPa, and 200 kPa. Specimens were
prepared with a specific unit weight of 17 kN/m? to represent field conditions. The results of deviator stress-axial strain
behavior for the soil are presented in Figure 6a, and the corresponding p-¢ diagram is presented in Figure 6b. The peak
friction angle (¢ ) of the soil equals 31° and was obtained from the inclination of the Ky line shown in Figure 6b.
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Figure 6 - Results of CID triaxial tests performed on the slightly clayey fine sand: a) Deviator stress v. axial strain relationships
for varying confining pressures; b) p-¢q diagram.

3.3 Ground anchor instrumentation

Three anchors of the retaining wall were instrumented with electrical resistance foil strain gauges to monitor the
axial force along the anchor bonded length (labeled as T10, T33 and T36, as shown in Figure 1). Double rosette model
strain gauges with a nominal resistance of 120 €, connected in a full Wheatstone bridge circuit, were used in the
instrumentation of five sections along the bonded length of each anchor. An illustration of the instrumented ground
anchors is presented in Figure 7. Table 2 displays the distances of the instrumented sections from the bonded length
beginning (L) in the three ground anchors. The instrumented sections are labeled as SG1 to SGS5. The first instrumented
section (SG1) of each ground anchor was positioned as close as possible from the beginning of the bonded length.
Sections SG1 and SG4 of anchor T10 and section SG2 of anchor T33 presented malfunction after installation of the
anchor and were unable to generate data during the tests. Figure 8a shows a stack of bar tendons that were used in the
anchors of the retaining wall system. A detail of one instrumented bar tendon is shown in Figure 8b.

Bearing plate

orehole

Bongey
\ .

Retaming wall

Bonded length
grout body
Figure 7 - Instrumented ground anchor.
Table 2 - Positions of the instrumented sections in the anchor bonded length.
Lse (m)
Anchor Lu(m) Ly (m)
SG1 SG2 SG3 SG4 SGS
T10 6.00 9.50 1.65 3.50 5.35 7.20 9.25
T33 5.00 9.25 0.70 1.20 3.35 5.50 9.00
T36 5.00 9.50 0.65 1.20 3.40 5.60 9.25

Note: L, = anchor unbonded length; L, = anchor bonded length; L, = distance from the beginning of the bonded length to the instrumented section.
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Figure 8 - (a) Bar tendons used in the field; (b) Detail of an instrumented bar tendon.

3.4 Pullout test description

The pullout tests were carried out according to Brazilian code ABNT NBR 5629 [26]. The tensile load was applied
by a hydraulic jack with a maximum nominal capacity of 500 kN, connected to a manual pump reacting against the
external retaining wall face. The load was applied in cumulative equal increments until stabilization. Displacements of
the tendon were recorded at the anchor head using a dial gauge with a resolution of 0.01 mm and a maximum stroke of
50 mm. The dial gauge was fixed in place by a magnetic-articulated base mounted on a steady reference beam. The
pullout test apparatus is shown in Figure 9. During the pullout tests and construction phases of the retaining wall, data
from the instrumented sections and the load cell were recorded at predetermined time intervals with a data acquisition
system with eight channels for strain-gauge-based transducers, manufactured by HBM B.V., model Spider8.

The acceptance tests on anchors T10, T33 and T36 were carried out with a single loading-unloading stage. The
acceptance tests started with an initial load (Fy) calculated as 0.1f44 (where f;x is the characteristic tensile strength of
the tendon and 4 is the tendon cross-sectional area). After reaching the maximum load (F,.x), the anchor was unloaded
to Fy, reloaded to the design load (F,), and then locked-off.

Figure 9 - Pullout test apparatus.

The suitability test on anchor T33 was conducted with four loading-unloading stages. Target loads for the load steps
of the suitability test were Fy, 0.5Fy, 1Fy, 1.25F;, 1.5F; and 2F,;. After the conclusion of the test, the anchor was
completely unloaded. The pullout tests were conducted at least 15 days after the installation of the ground anchor,
allowing enough time for grout curing. Table 3 summarizes the characteristics of the pullout tests performed on the
instrumented ground anchors.

Table 3 - Pullout test characteristics.

Ground anchor Test type Ly, (m) Ly (m) hp (m) Fa(kN) Fuax (KN)
T10 Acceptance 6.00 9.50 6.16 200 360
T33 Acceptance 5.00 9.25 8.95 260 400
T33 Suitability 5.00 9.25 8.95 260 495
T36 Acceptance 5.00 9.50 8.95 260 400
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In Table 3, L, is the anchor unbonded length, L, is the anchor bonded length, %, is the depth of the bonded length at
its middle span, F is the ground anchor design load and F).. is the maximum load reached in the test.

4 RESULTS

4.1 Pullout test results

Figure 10a shows the load-displacement curve obtained with the suitability test performed on ground anchor T33.
The applied loading-unloading stages allowed separation between elastic (d.) and plastic (d,) components of the total

displacement measured at the anchor head, as shown in Figure 10b. The anchor unbonded length (L,) was predicted
from Equation 1 [24]:

Ad
L =L EA (1)

where: Ad, is the elastic displacement variation and AF is the pullout load variation.

Equation 1 resulted in an unbonded length equal to 5.6 m, which is slightly larger than the unbonded length of 5 m
constructed in the field (see Table 3).

Following the procedure described in ABNT NBR 5629 [26], the load reduction due to skin friction along the anchor
unbonded length was estimated as the difference between points A and B in the horizontal axis of Figure 10b.
Specifically, point B is defined as the intersection between the horizontal axis and a straight line fitted to the elastic
displacement curve. A load reduction equal to 60 kN, which corresponds to about 12% of the maximum applied load
(Fmax = 495 kN), was obtained according to this procedure.

600 25
E 20
500 .
’5‘ g; 15
< T T "
=
g 3 1 > A/
g R
; —s—stage 1 | g \k.
g —e— stage 2 g -5 ~~—
= S T
a stage 3 | TU-10 ~
< —e—stage 4 | 15
00 - s . 0 : s : 210 : 215 - 0 100 200 300 400 500 600
’ Applied load, F, (kN)
Anchor head displacement, d (mm)
(2) (b)
Figure 10 - Suitability test results of anchor T33: (a) Applied load v. anchor head displacement; (b) elastic and plastic
displacements.
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g
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Figure 11 - Acceptance test results of anchors T10, T33 and T36.
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Figure 11 shows the load-displacement curves obtained from the acceptance tests on anchors T10, T33 and T36.
The head displacement (d) of anchors T10 and T36 was significantly large at the first load increment. This important
initial movement of the anchor head might have been a result of soil disturbance during borehole excavation, as well
as a consequence of the bentonite-based mud used for stabilizing the borehole during drilling and anchor installation.
Significant initial movements in tensile load tests in anchor elements have been reported elsewhere [35], [36]. Due to
the previous suitability test, only small displacements developed on anchor T33 during the acceptance test. This increase
in the stiffness response of anchor T33 can be attributed to the improvement of the interface shear strength (skin friction)
on the bonded length after the previous loading-unloading sequences in the suitability test (Section 3.4). This
phenomenon has also been identified by Platzer et al. [32].

4.2 Load distribution on anchor bonded length

Figure 12a, ¢ shows the measured load (F,) at the instrumented sections of anchors T10 and T36, respectively, as a
function of the distance of the instrumented section from the bonded length start normalized by the anchor bonded
length (Ly./Ls). Figure 12b, d show F), normalized by the load applied at the anchor head (F,) as a function of Ls/Ls.
Data from instrumented sections SG1 and SG4 of anchor T10 and section SG2 of anchor T33 are not included in this
analysis because these sections have been damaged during anchor installation, as previously reported.
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Figure 12 - Load distribution on bonded length of anchors T10 and T36: (a) Anchor T10: measured load v. normalized distance;
(b) Anchor T10: normalized load v. normalized distance; (c) Anchor T36: measured load v. normalized distance; (d) Anchor T36:

normalized load v. normalized distance.

The experimental results show that the load concentrated more at the beginning of the anchor bonded length and
dropped with increasing distance [15], [16], [28]. The degradation of the measured load (F,,) is more significant at
higher F, levels. As the load applied to the anchor head increases, the load at the unbonded length is gradually
transferred to the bonded length. In both anchors T10 and T36, the load reaching the farthest half of the bonded length
was smaller than 20% of the load applied at the anchor head, while the load reaching the farthest instrumented section
(SGS5) was negligible.

Figure 13 presents the load distribution on the bonded length of anchor T33. Normalized measured load (F,/Fy)
versus normalized distance (Ls/Ls) relationships are shown for all loading stages carried out in the suitability test
performed on anchor T33. Similar to anchors T10 and T36, the load concentrates more at the region closest to the
beginning of the bonded length [15], [16], [28]. It is also observed that the normalized load becomes very reduced
beyond a distance equal to approximately L./L, = 0.4, which means that most of the load is supported by the first half
of the anchor bonded length.
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Figure 13 - Load distribution on bonded length of anchor T33 during the suitability test: (a) 1st loading stage; (b) 2nd loading
stage; (c) 3rd loading stage; (d) 4th loading stage.

Figure 14 compares the load applied to the anchor head (F,) with the corresponding measured load (F,,) at section
SG1 of anchor T33. The same applied load resulted in a higher measured load in each new stage, as a consequence of
the build-up of residual load at the bonded length after unloading to F, = 76 kN in each stage. The load build-up is
caused by the recovery of a portion of the elastic elongation of the tendon’s unbonded length after unloading. It can be
noted that the residual load increment (4F,) was reduced from stage to stage. Specifically, 4F, virtually vanished in
stage 4.

Figure 14 also reveals that the measured load at SG1 remained unchanged at the beginning of the loading path of
stages 2 to 4, and just increased with the applied load for F, values higher than 132 kN. This behavior can be attributed
to the mobilized skin friction on the anchor’s unbonded length, which is initially high enough to prevent any change in
the measured load at SG1, but recedes after some anchor displacement [28]. The average load-transfer rate in the loading
phase of each stage can be assessed from the inclination of the dashed lines shown in Figure 14. The average load-
transfer rate appeared to remain unchanged between stages. Finally, it is also important to mention that some points of
stages 3 and 4 in Figure 14 situate above the 1:1 line, which means that the measured load exceeded the applied load,
as a result of residual load build-up.
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Figure 14 - Measured load at instrumented section SG1 as a function of the applied load at the anchor head.
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Figure 15 compares the load distribution obtained from the acceptance tests on the instrumented anchors with results
from other experimental investigations [15], [16], [28]. Despite the differences in soils and retaining wall systems, it is
noted that the responses of the anchors agree well with the previously published results. All results indicate that more
than 50% of the axial load in the bonded length is dissipated within a length L. equal to 0.4 L,. However, in some
anchors, the load dropped to less than 20% of the applied load within the same length, as shown by the response of
anchor T33 and by the results from Briaud et al. [16].
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Figure 15 - Load distributions in the bonded length of the instrumented anchors compared with results reported in the literature.

4.3 Skin friction development on unbonded length of anchor T33
Figure 16 shows the skin friction on the unbonded length (f;,) as a function of the applied load (£), during the

loading stages of the suitability test performed on ground anchor T33. Skin friction values were estimated from
Equation 2. This analysis assumed that the skin friction develops uniformly along the unbonded length and that the load
measured at the first instrumented section of the bonded length (SG1) equals that at the transition section between
unbonded and bonded lengths. Also, the coefficient of diameter expansion in the unbonded length, £, was set equal to

unity.

(e~ Fu) 2)

Sou= 7B Dy L,

where F, ) is the load measured at section SG1 (the other parameters were defined previously).
Figure 16 reveals a significant skin friction mobilization on the anchor unbonded length with increasing applied
load. The skin friction was found to increase with increasing F,, but at a reduced rate. Additionally, the skin friction

became smaller at each new loading stage for the same applied load. For instance, the calculated skin friction for £, =

132 kN varied from 68.2 kPa in load stage 1 to 16.9 kPa in load stage 4. This behavior took place due to the progressive
transfer of stresses from the unbonded length to the bonded length between loading stages. The skin friction reached
approximately the same maximum value ( f,,, ) in all four loading stages, around 115 kPa, which can be assumed as

the unbonded length ultimate skin friction (7, )-

Figure 16 also reveals the occurrence of negative skin friction for F, = 76 kN in loading stages 3 and 4. As
the tensile load decreased after unloading, the anchor unbonded length recovered a portion of the elastic
elongation. This rebound caused enough displacement to mobilize residual stresses at the bonded length (at
least in the zone comprising the beginning of the bonded length) and reverse the skin friction direction at the
unbonded length.
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Figure 16 - Calculated skin friction on the unbonded length of ground anchor T33 during loading stages of the suitability test.

4.4 Skin friction development on bonded length of anchor T33
The skin friction on the bonded length ( f,;,) of anchor T33, between instrumented sections, was estimated using
Equation 3. The coefficient of diameter expansion in the bonded length, 8, was assumed equal to 1.15 for this analysis.

(Fm(i) —Fm(i+l)) :
z-B-Dy '(Lse(i) ’LS@(”I))

Ssb =

where: F, is the measured load at instrumented section SGy; F i+ is the measured load at instrumented section
SGqi+1); Lseq 1s the distance from the bonded length beginning to instrumented section SGy; L+ 1s the distance from
the bonded length beginning to instrumented section SGgi+1). Ls. values are listed in Table 2 (Section 3.3).

Figure 17 presents the bonded length skin friction f;» mobilized between sections SG1 and SG2, as a function of the
applied load (F,), during the four loading stages of the suitability test on anchor T33. The mobilized bonded length skin
friction increased with F, according to an increasing rate in loading stages 1 to 3, and according to an approximately
constant rate in loading stage 4. In opposition, the skin friction followed a decreasing rate on the anchor’s unbonded
length, as shown in Figure 16. Also, contrary to what was found for the unbonded length, the skin friction in the bonded
length increased after each new loading stage. Results presented in Figure 17 indicate that the ultimate skin friction
(f.q0) at the bonded length was not reached for load range applied to the anchor head, since a tendency of stabilization

of r, was not observed.
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Figure 17 - Skin friction calculated between instrumented sections SG1 and SG2 of anchor T33 as a function of the applied load
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Figure 18a-d shows the mobilized skin friction distribution along the bonded length of anchor T33 in the four
loading stages of the suitability test. Mobilized skin friction values on the unbonded length are also included for
comparison. Positions shown in Figure 18a-d were calculated from the anchor head to the midpoint between the anchor
head and instrumented section SG1, and from the anchor head to the midpoint between each other instrumented section.

The skin friction was larger at the region of the bonded length closest to the transition between unbonded and bonded
lengths. However, application of subsequent loading stages promoted a continuing transfer of stresses from the
unbonded length to the bonded length, resulting in higher skin friction reaching the initial portion of the bonded length.
At the first loading stage, the skin friction mobilized on the unbonded length was larger than that on the bonded length.
Eventually, from the second loading stage, the skin friction on the bonded length superseded that on the unbonded
length and concentrated almost completely at the initial half of the bonded length.

The important contribution of the anchor unbonded length to the overall pullout capacity of the anchor is clearly
shown in Figure 18. It is observed that the unbonded length ultimate skin friction ( £, =115kPa) Was mobilized since

the first loading stage (Figure 18a). After £, was reached in the first stage (Figure 18a), the mobilized skin friction

in the following stages reduced on the unbonded length and intensified on the bonded length, at the same applied load
F, (Figure 18b,c,d). Ultimately, it is noted from the presented data that carrying out loading-unloading stages on the
ground anchor intensified the transfer of load from the unbonded length to the bonded length. Thus, conducting
acceptance pullout tests before lock-off, which include the application of loading-unloading stages, is beneficial for
improving the bonded length skin friction and reducing the unbonded length skin friction. Such procedure is in line
with most design codes and guidelines [25], [26], [37], [38].
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Figure 18 - Skin friction distribution on anchor T33: (a) 1st loading stage; (b) 2nd loading stage; (c) 3rd loading stage; (d) 4th
loading stage.

It is important to emphasize that the shear resistance on the unbonded length shown in Figure 18 took place because
of the way the anchors were jacked against the retaining wall. In the anchored wall system, the force in the anchor is
generated by the active wedge moving towards the excavation, and the portion of the anchor within this zone will not
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contribute to the system's stability. Therefore, the contribution of the anchor’s unbonded length must not be taken into
consideration in the design of anchored retaining walls. Instead, the contribution from the unbonded zone must be
accounted for in the interpretation of a conventional pullout test result when the force is applied by jacking against the
wall, so as not to overestimate the anchor capacity of the bond zone.

4.5 Comparison between experimental and predicted skin friction

Figure 19 compares the bonded length ultimate skin friction obtained from the field data collected from anchors
T33 and T36 ( fyup, fietla) and with results obtained with the methods of Bustamante and Doix [22], Costa Nunes [7],

ABNT NBR 5629 [24], AASHTO [23] and Ostermayer [3] ( fu15, prea) - Anchor T10 was excluded from this analysis

because its first instrumented section (SG1) was damaged during installation, which prevented obtaining the maximum
mobilized skin friction on the bonded length (see Section 3.3). Since stabilization of ,, with the applied load F, was

not achieved for anchor T33, as shown in Figure 17, the field ultimate skin friction was assumed equal to the maximum
skin friction (fult,b,ﬁeld = finax) -

Soil parameters were estimated based on the results of the field and laboratory tests (Section 3.3). Specifically,
calculations were carried out by assuming that the soil unit weight equals 17 kN/m? at the depth of the midpoint of the
anchor upper row’s bonded length and 18 kN/m? at the depth of the midpoint of the anchor lower row’s bonded length.
Additionally, the soil effective internal friction angle and effective cohesion were assumed equal to 31° and 0 kPa,
respectively.

The vertical stress increase due to the residual injection pressure (4p) in Costa Nunes’ [7] approach was considered
equal to 5yh, as recommended by the author. However, it has been observed that this suggestion typically leads to
predicted bearing capacity values much higher than those found in the field [20]. Thus, an additional prediction with
Costa Nunes’ [7] approach was carried out using 4p = 0 kPa.

The diameter increase of the bonded length due to the grouting process injection was assumed equals to 1.15 p, in

the methods of Bustamante and Doix [22], Costa Nunes [7], ABNT NBR 5629 [24] and AASHTO [23]. The anchorage
coefficient (k) required in the method by ABNT NBR 5629 [24] was defined as 1.2, based on soil type.
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Figure 19 - Comparison between field and predicted ultimate skin friction on bonded length of anchors T33 and T36.

Figure 19 shows that the methods of Bustamante and Doix [22] and Costa Nunes [7] with 4p = 0 kPa provided over-
conservative predictions. On the other hand, slightly conservative predictions were obtained with the methods by
AASHTO [25], ABNT NBR 5629 [24] and Ostermayer [3]. On the other hand, predictions with Costa Nunes’ [7]
method with 4p = 5yh overestimated the pullout capacity by more than twice. Porto [20] warns about exaggerated
results with this method when the vertical stress increase due to the residual injection pressure is taken into
consideration.

All design methods assessed in Figure 19 assume that the skin friction mobilized on the bonded length of a ground
anchor follows a uniform distribution [3], [7], [22]-[24]. Although the progressive failure mechanism (i.e., s,

dropping off to the residual value after reaching peak) was not possible to be observed with the field tests, an indication
of such behavior can be assessed from the experimental data presented in Figure 18. It may be noted that predictions
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for pullout field tests could be improved with design methods that incorporate non-uniform skin friction distributions,
in which the skin friction concentrates more at the first half of the anchor bonded length.

4.6 Monitoring of anchor T36 after lock-off

While monitoring of anchors T10 and T33 has been discontinued after lock-off, anchor T36 was continuously
tracked for 328 days after lock-off. Figure 20 shows the variation of the load (F,,) measured in the instrumented sections
during monitoring of anchor T36 (day 0 is when the anchor was locked-off). It can be observed that minor variations
of load took place initially and equilibrium was reached in the long-term. These results are consistent with the findings
of [18]. Particularly, the measured load in the bonded length of anchor T36 decreased with time at Sections SG1 to SG4
and increased slightly at section SG5. The most significant load relief took place five days after lock-off and was sharper
at section SG1, which recorded a relief of about 11%. In the first minute after lock-off, the measured load at SG1
decreased by 5%. A similar tendency, though less pronounced, occurred at sections SG2 and SG3. The total relief of
load at SG1 after 328 days was about 18% (7% of which occurred after the first 5 days). The load relief at SG2 and
SG4 was about 7% and 4% after 328 days of installation, respectively. At the same time, the measured load increased
slightly at section SG5. Once more, most of the load increase at SG5 occurred immediately after lock-off. No significant
changes in the measured load were noticed during or after the third excavation phase of the retaining wall.

The load relief in the anchor bonded length in the long-term can be explained by the viscous behavior of the anchor
components (grout, tendon, connections, etc.) and the surrounding soil [15], [39], [40]. A small portion of that load
relief was transferred to the zone at the end of the bonded length.
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Figure 20 - Load monitoring along time for anchor T36.

5 CONCLUSIONS

This paper addresses the behavior of three instrumented prestressed ground anchors installed in a spaced bored pile
retaining wall. The load in the ground anchors was measured with strain gauges installed in five distinct sections along
the anchor bonded length. Load variations were monitored during pullout tests performed on the anchors, as well as
along the different construction phases of the retaining wall system after locking-off. Skin friction mobilized on the
anchor unbonded and bonded lengths were assessed from the data collected in the field. The following conclusions can
be drawn from the experimental results obtained in this investigation:

(1) The measured load followed a non-uniform distribution along the anchor bonded length, being higher at the region
closest to the beginning of the bonded length and dropping drastically within the farthest bonded length half.
Residual load after anchor unloading was recorded close to the beginning of the anchor bonded length. Eventually,
the residual load build-up caused the measured load to exceed the applied load after the anchor was submitted to a
number of loading-unloading stages.

(2) The contribution of the unbonded length skin friction to the overall anchor capacity was found to be significant. The
unbonded length skin friction increased at a reduced rate with increasing applied load and decreased with the
application of the loading-unloading stages. Displacements applied to the anchor head were sufficient to mobilize
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the ultimate skin friction on the unbonded length. Residual stresses in the bonded length caused the development of
negative skin friction on the unbonded length after three loading-unloading stages.

(3) The field test results conducted in the present investigation show that the contribution from the unbonded length
must be accounted for in the interpretation of conventional pullout test results so as not to overestimate the anchor
capacity of the bonded length.

(4) The initial portion of the anchor bonded length experienced an increase in the mobilized skin friction after the
application of loading-unloading stages on the anchor. The mobilized skin friction concentrated almost completely
on the nearest bonded length half, while negligible skin friction was mobilized on the farthest bonded length half.
The transfer of load from the unbonded length to the bonded length intensified after the ultimate skin friction on the
unbonded length was achieved. Applied load levels were not sufficient to mobilize the ultimate skin friction on the
anchor bonded length.

(5) Long-term monitoring after anchor lock-off revealed that, for the specific case of this project, the load in the anchor
bonded length reduced slightly and then stabilized thereafter. The measured load was not significantly influenced
by the retaining wall construction phases. Most load reliefs occurred within the first five days after lock-off. A
discrete increase in the load with time was found near the end of the bonded length.

(6) Performance of loading-unloading stages on the ground anchor intensified the transfer of load from the unbonded
length to the bonded length. The load transfer became more effective after the ultimate skin friction of the unbonded
length was reached. Therefore, the required procedure in the design codes and guidelines for carrying out pullout
tests, including loading-unloading stages during anchor installation before lock-off, appears to be well justified.
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