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Numerical investigation of the response of
expansion anchors used to attach helical pile
connectors to concrete foundations

M.M. El Sharnouby and M.H. El Naggar

Abstract: This paper evaluates the performance of expansion anchors used to attach helical pile connectors to foundations.
The anchors’ response to pullout loads was evaluated using nonlinear finite element analysis with the aid of the commer-
cial software, Abaqus. The connector capacity under horizontal movement of the foundation for different anchor diameters,
embedment depths, and anchors’ spacing is reported. It was found that the pre-tension load had no influence on the anchor
ultimate capacity, but affected the anchor response at service load levels and the displacement at failure. Under pullout
loading, increasing the anchor diameter resulted in a more brittle response, but did not affect the ultimate capacity when
the concrete tensile strength dominated the response. No interaction between anchors was observed for spacing > 1.67
times the anchor’s embedment depth. A modification to the helical pile connector configuration is proposed.

Key words: helical pile, specialized connector, cracking, expansion anchor, finite element, Abaqus.

Résumé : Cet article évalue le rendement des coquilles d’expansion utilisées pour attacher les connecteurs des pieux héli-
coidaux aux fondations. La réaction des coquilles d’expansion aux charges d’arrachement a été évaluée par analyse des
€léments finis non linéaires en utilisant le progiciel commercial Abaqus. La capacité du connecteur est signalée pour un
mouvement horizontal de la fondation pour différents diametres de coquille d’expansion, de profondeur d’enfouissement et
d’espacement des coquilles d’expansion. Il a été remarqué que la charge de précontrainte n’a aucune influence sur la capa-
cité de la coquille d’expansion a la rupture, mais qu’elle a affecté la réaction des coquilles d’expansion en ce qui concerne
les charges de service et le déplacement a la rupture. L’augmentation du diameétre de la coquille d’expansion sous une
charge d’arrachement a engendré une réponse plus cassante mais n’a pas affecté la capacité a la rupture lorsque la résis-
tance en tension du béton domine la réaction. Aucune interaction entre les coquilles d’expansion n’a été observée pour un
espacement > 1,67 fois la profondeur d’enfouissement des coquilles d’expansion. Une modification a la configuration des

connecteurs des pieux hélicoidaux est proposée.

Mots-clés : pieu hélicoidal, connecteur spécialisé, fissuration, coquille d’expansion, éléments finis, Abaqus.

[Traduit par la Rédaction]

1. Introduction

Helical screw piles are used as an efficient retrofit techni-
que for low-rise residential and commercial buildings (Car-
ville and Walton 1995). Helical piles are attached to the
existing foundation using a two-piece specialized connector.
Typically, two wedge-type expansion anchors are utilized to
attach the connector (bracket) to the foundation. When the
foundation is subjected to horizontal loading, the connector
relies on the pullout capacity of the two-wedge type expan-
sion anchors connecting it to the foundation.

Expansion anchors transfer tensile loads to the concrete
foundation via friction. The load transfer mechanism induces
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tensile stresses in the concrete. Hence, expansion anchors
may fail by concrete cone breakout or splitting failure of
the concrete. Other failure modes include anchor steel frac-
ture, pull-through, and pullout. All analytical methods that
are developed based on experimental data are suitable for
design purposes only when failure is controlled by concrete
breakout or steel failure modes. To investigate all possible
failure modes, experimental or numerical investigations
need to be conducted. In this paper, nonlinear finite element
analysis (FEA) is used to establish the load—displacement
behaviour of wedge-type expansion anchors in uncracked
concrete subjected to pullout load and to perform parametric
studies. The analyses are carried out using the commercial
software, Abaqus (Hibbitt et al. 2008).

The load—deflection behaviour and failure mode of an ex-
pansion anchor depends on several parameters including: the
pre-tension load, anchor diameter, embedment depth, edge
distance, and the concrete behaviour in tension. The para-
metric study presented here investigates the influence of dif-
ferent factors on the anchors response. Anchors with
diameters of 12.7 and 15.9 mm were investigated. The em-
bedment depth varied from 4.5 to 9 times the anchor diame-
ter. The case of connectors with two anchors (double
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Fig. 1. dimensions of the 12.7 mm (1/2 in) and the 15.9 mm (5/8 in) anchors.
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Fig. 2. Edge and spacing distances for typical anchor installation.
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anchorage systems) was also analyzed to examine the possi-
bility of upgrading the connector capacity.
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2. Anchors and parameters studied

The anchors typically used to fasten the connector to the
concrete foundation are hot-dipped galvanized torque-
controlled expansion anchors (Fig. 1). They are composed
of an anchor shaft, an expansion sleeve, and a conical
end. The investigated anchors are made of steel with a
yield strength, fy, of 380 MPa and a tensile strength, fy,
of 517 MPa (ESR-2251). The connector design allows the
installation of anchors with diameters 12.7 mm (1/2 in)
and 15.9 mm (5/8 in). In the following sections, anchors
will be identified based on their size. For the 12.7 mm, d; =

127 mm, d, = 11.35 mm, and [, = 12.5 mm. For the
159 mm anchor: d; = 15.8 mm, d, = 14.5 mm, and [ =
15.9 mm.
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2.1 Anchor installation configuration

The investigated expansion anchors are typically installed
with an effective embedment depth, A equal to six times
its diameter, d; i.e., hor = 6d. In the current investigation,
the embedment depth varied from h.; = 4.5-9d, for single
anchor cases. For double anchorage cases, it varied from
heir = 6-9d. In current installation practice, the connector’s
anchors are installed with an edge distance, c¢;, which varies
between 60 and 120 mm (Figs. 2a and 2b). The edge dis-
tance in other directions depends on the foundation size and
piles’” spacing. The edge distance ¢; = 120 mm was consid-
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ered for all models, and in other directions, ¢, was kept
larger than 1.5Ag.

In practice, the anchors are spaced at a distance s
292.1 mm (11.5 in). In this study, for double anchorage
cases, spacing was varied between s = 152.2 and 292.1 mm
for the 12.7 mm anchor (i, = 6d) and from s = 240 to
292.1 mm for the 15.9 mm anchor (heg = 9d).

3. Parameters selection for finite element
analysis

This section provides concrete and steel parameters used
in this study. Parameter selection was based on results from
previous experiments, parameters used in previous FEA and
concrete plastic-damage models, and developed empirical
equations.

3.1 Concrete parameters

Concrete parameters used in this study are: concrete com-
pressive strength f! =25MPa (as typically used in house
foundations),  compression  modulus of elasticity
E. :4800\/' 'f! MPa, Poisson’s ratio, v,, = 0.2, yield limit
Jey = 0. Sf’ , strain at ultimate stress, €., = 0.0015, concrete
tensile strength f; = 0.1f/, biaxial to uniaxial compressive
ratio fo/feu = 1.16 (Kupfer et al. 1969), and the ratio of the
second stress invariant on the tensile meridian to that on the
compressive meridian for a given value of the first stress in-
variant K. = 2/3 (Lubliner et al. 1989). Compressive behav-
iour was described by a bilinear stress—strain relationship as
shown in Fig. 3a, with the compressive damage parameter
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Fig. 3. Concrete model: (a) compression; (b) tension no cracking;
(c) stress-cracking displacement.
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equal to zero. The tensile behaviour was described by a lin-
ear stress—strain curve until cracking, considering the tension
modulus of elasticity E; = E. (Fig. 3b) and damage parame-
ter d; = 0.75.

Post cracking behaviour was described by a stress-crack-
ing displacement relationship (o—w). The equations proposed
by Bazant and Becq-Giraudon (2002) for evaluating Gg
were adopted, with: o, = 1.44, d, = 16 mm, and w/c = 0.5
yielding Gg = 0.093 N/mm. Both linear and exponential
stress-cracking displacement relationships were considered,
where G was kept constant as shown in Fig. 3c. In the
case of the exponential o—w shape, the formula proposed by
Eligehausen et al. (2006) was adopted: o(w)fy = e~ Ue/Gr)e
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Fig. 4. Stress—strain model for anchor and sleeve (steel).
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and o, the displacement corresponding to o(w) = 0 was
taken as 0.14-0.2 mm (Reinhardt 1997, according to Elige-
hausen et al. 2006).

A parametric study was performed to determine the influ-
ence of the stress-cracking displacement relationship and it
was found that implementing a linear o-w shape in FEA
may lead to unconservative results in comparison with expo-
nential o—w. Therefore, the exponential relationship is used
in this study.

3.2 Steel parameters

A multilinear stress—strain relationship was used in this
analysis to describe the behaviour of the anchor and the
sleeve (Fig. 4). The steel parameters were taken as: Young’s
modulus E; = 200 GPa, Poisson’s ratio vg = 0.3, yield stress
fy = 380 MPa, and ultimate strength f,, = 517 MPa (ICC
2007). The coefficient of friction between steel and steel,
U, was assumed as 0.16 and between hardened concrete
and steel, u. = 0.43 (Cook and Klingner 1989).

4. Geometry and model discretization

The anchorage system was simulated using a 3D finite el-
ement (FE) model comprised of eight-nodded hexahedron
elements, C38DR, to represent the concrete foundation, the
anchor (shaft and nut), and the sleeve. Reduced integration
elements were chosen, as opposed to fully integrated ele-
ments, to overcome the volumetric locking effect of the
fully integrated elements when material model is almost in-
compressible (Cook et al. 2002). A staged mesh refinement
was carried out to reach an optimum solution. To accurately
capture the geometry of the anchor, the average aspect ratio
of elements was kept below 1:4. In high stress concentration
regions, the aspect ratio was kept close to unity. No yielding
is expected in the connector itself; therefore, it was treated
as rigid.

To reduce the computational time and effort, with accept-
able accuracy, the anchorage system was simplified to rec-
tangular half symmetric circular and rectangular models as
shown in Figs. 5a and 6a. A fully fixed boundary condition
was applied to the base of the foundation. In addition, sym-
metry boundary conditions were employed, i.e., only half of
the system is modeled. A typical FE mesh is shown in
Figs. 5b and 6b for single and double anchorage cases, re-
spectively.
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Fig. 5. (a) Single anchorage system geometry. (b) Single anchorage system typical finite element mesh.
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5. Verification of the finite element model

The verification of the FE model was accomplished by
comparing the results of the FEA with the results from the
experimental study performed by Cattaneo (2007). The ex-
perimental study involved single wedge-type expansion an-
chors subjected to tensile loading embedded in unreinforced
concrete. The anchor had a diameter d = 12 mm, yield
strength fy = 544 MPa and tensile strength f,, = 640 MPa.

Figure 7 compares the load—displacement curves obtained
from the numerical model with the experimental load—dis-
placement curve (Cattaneo 2007). Initially, both curves
show very high stiffness. The experiment curve then shows
a small displacement before the anchor starts to slip. This is
probably due to the vertical deformation in the loading plate
or the relative movement between the nut and the anchor
threads. These factors have not been considered in the FEA.

RIGHTSE LI MN iy

After reaching the pre-tension load, the “post-yield” re-
sponse of the anchorage system predicted from the FEA co-
incides with that observed from the experiment. Note that
the term "post-yield" is a term used to characterize anchor
response subsequent to the initial linear load—displacement
behaviour. This response is not associated with yielding of
the anchor steel. However, as the loading continued, the
FEA predicts a slightly stiffer response. This might be due
to the fact that in the load transfer zone, the concrete is se-
verely damaged due to high compressive forces resulting
from the expansion mechanism. It should be noted that the
damage and softening phenomena of concrete have not been
taken into account in the current FE model.

The fact that the linear and exponential stress—displace-
ment curves gave similar results shows that the failure was
dominated by the pull-through mechanism and not depend-
ent on the tensile strength of the concrete. In conclusion,
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Fig. 6. (a) Double anchorage system geometry. (b) Double anchorage system typical finite element mesh.
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the load—displacement behaviour, the ultimate load, and the
displacement at failure have been predicted very well by the
FE model for the case of pull-through failure.

6. Failure mechanism and modes

Depending on the anchor diameter, embedment depth, an-
chor spacing, and the shape of concrete tensile softening re-
sponse, three failure modes under tensile loading were
observed: pull-through (P), concrete splitting (S), and a
combination of pull-through/splitting (P-S). Figure 8 shows
a typical deformed shape for the pull-through failure mode.
Figure 9 shows the crack pattern, represented by plotting the
damage variable, for anchors failing by the splitting failure
mode due to insufficient edge distance for a single anchor-
age case. Figure 10 shows the crack pattern, represented by
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the damage variable, for anchors failing by the splitting fail-
ure mode due to insufficient spacing distance for the double
anchors case.

Circumferential cracks initiated underneath the sleeve
when applying the pre-tension load (Fig. 11a). These conical
cracks (shown by plotting the maximum principal strains)
extended horizontally and vertically (in the loading direc-
tion, at the contact surface between the sleeve and the con-
crete) as the load increased (Fig. 11b). Before the ultimate
load was reached, cracking initiated at the anchor surface
due to high expansion forces and lack of confinement at the
top. As the ultimate load was exceeded, the cracks started
propagating vertically parallel to the anchor axis until it
bridged with the conical cracks at the sleeve contact area
while radial splitting cracks at the concrete surface started
propagating towards the free edge. The cracking area in-
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Fig. 7. Comparison of numerical and experimental load—displace-
ment curves.
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creased gradually until the load reached about 95% of the
ultimate load (Fig. 11c) and accelerated afterwards. At ulti-
mate load, discrete splitting cracks have not formed yet. As
shown in Fig. 11d, further displacement caused the cracks to
widen and to propagate rapidly until the splitting crack was
completely formed (unstable crack growth).

Figures 12 and 13 show typical load—displacement curves
at different locations for different failure modes. In these
figures, the displacement of the anchor shank refers to the
displacement measured at the plate top, whereas the anchor
tip refers to that measured at the anchor conical end.

Under pullout loading, the anchors initially displayed very
high stiffness (minimal displacement) until the applied load
reaches the pre-tension value. Further increase in the load
resulted in a repetitive process of the anchor slipping and
setting into a new position (note the zigzag shape in the
curves) until either of two failure modes occurred: the an-
chor is pulled completely through the sleeve, or the splitting
force reached the splitting failure load of the concrete block.
After failure, the anchor failing by pull-through continued to
pull through the sleeve, producing a flat post-peak response.
Anchors experiencing splitting failure displayed unstable
crack propagation resulting in a steeper descending branch
on load—displacement curve.

7. Influence of embedment depth

Figure 14 shows the load—displacement curves for differ-
ent embedment depths for the 12.7 mm and 15.9 mm an-
chors considering both linear and exponential o-w
relationships. In all cases, the anchors yielded when the ap-
plied load reached the pre-tension load. The slope of the
post-yield stiffness increased with the increase of the em-
bedment depth up to an embedment of 7.5d, and remained
unchanged afterwards (i.e., the slope remained constant as
the embedment was increased from 7.5d to 9d). It is also
noted that increasing the embedment depth resulted in more
ductile behaviour, except for the 12.7 mm anchor, and an
embedment depth increase from 7.5d to 9d. It was observed
that the failure mode was influenced by the embedment
depth only in the cases where the exponential o—w relation-
ship was utilized. For the 12.7 mm anchor, the failure mode
was altered from splitting to pull-through/splitting for an in-
crease in the embedment depth from 6d to 7.5d, and from
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Fig. 8. Deformed shape and Misses stress (red zones are the highly
stressed areas) distribution for pull-through failure mode.

\\‘b Anchor shank

Anchor conical end

pull-through—splitting to pull-through for an increase in the
embedment from 7.5d to 9d. For the 15.9 mm anchor, the
anchor behaviour was dominated by the pull-through failure
mode at an embedment of 9d.

Table 1 shows the percentage of the ultimate load and the
ultimate displacement, with reference to that of the embed-
ment depth of 7.5d. It can be noted from Table 1 that in-
creasing the embedment depth from 4.5d to 7.5d resulted in
an increase in the ultimate capacity by 30%—40% and an in-
crease in the displacement at failure by 20%-60%. How-
ever, increasing the embedment depth beyond 7.5d did not
result in any further increase in the anchor capacity nor in
the displacement at failure, except for the 15.9 mm anchor
where the ultimate load and the displacement at failure
were increased by about 10% and 20%, respectively, for the
exponential o—w relation.

8. Influence of anchor diameter

Figure 15 shows the load—displacement curves for both
anchor diameters, considering the exponential o—w shape,
for embedment depth equal to 57.2, 73, 95, and 115 mm.
The load—displacement curves for the anchorage system uti-
lizing the 15.9 mm anchor are characterized by a higher
post-yield stiffness, which can be explained by the increase
in the force required to expand the sleeve. However, the
15.9 mm anchor displayed a favourable effect, in terms of
the ultimate capacity, only when the failure was dominated
by the pull-through failure mode (for &g equal to 115 mm).
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Fig. 9. Crack pattern (red zones) for splitting failure mode due to edge effect.
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In cases where the 12.7 mm anchor failed by splitting, the
15.9 mm anchor produced the same failure mode, but with
more brittle response.

Table 2 shows the percentage increase in the ultimate
load and the displacement at ultimate load with respect to
the 12.7 mm anchor. It can be seen that the 15.9 mm anchor
increased the ultimate capacity by 13%-36% in cases where
both anchors failed by pull-through. Otherwise (when other
failure modes occurred or altered to a splitting failure
mode), the ultimate load did not increase. In fact, for
73 mm embedment depth, the ultimate capacity was reduced
by 14%. The same pattern can be observed for the displace-
ment at failure, however the reduction due to the increase in
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the anchor diameter was greater compared with the reduc-
tion in the ultimate load. At 73 mm embedment depth, the
15.9 mm anchor showed a reduction of 51% in the ultimate
displacement.

9. Influence of pre-tension load

Figure 16 shows the load—displacement curves for anchors
having the same characteristics (d = 12.7 mm, A = 6d), but
different pre-tension loads (torques). It can be seen that the
post-yield branches are basically parallel to each other. Both
anchors failed under the same ultimate load, as expected,
and consequently the anchor with the less pre-tension value
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Fig. 11. Crack configuration at different loading stages: (a) after applying the pre-tension load, P, (b) at 95% of the ultimate load, (c) at

100% of the ultimate load, and (d) after failure.

after applying P
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Fig. 12. Typical load—displacement curves at different locations for
pull-through failure mode.
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10. Influence of anchor spacing

Despite the observation that using an exponential o—w
shape gives more conservative results, some analyses were
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Fig. 14. Load—displacement curves for different embedment depths.
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Table 1. Percentage of ultimate load with respect to ultimate load for anchors with 2 = 7.5d for the 12.7 mm and the 15.9 mm anchors.

Ultimate load (%)

Displacement at failure (%)

Exponential o—w

Exponential o—w

Anchor diameter Embedment depth Linear o—w shape shape Linear o—o shape shape

12.7 mm 4.5d 70.7 60.4 80.4 433
6d 90.2 83.7 91.3 68.6
7.5d 100 100 100 100
9d 100.5 100.6 99.2 100.4

15.9 mm 4.5d 68.8 56.2 95.1 39.7
6d 91.8 78.7 97.9 74.1
7.5d 100 100 100 100
9d 103 1104 102.5 119.7

conducted on the 12.7 mm anchor (k. = 6d) with a spacing
varying from s = 2—4h.; considering a linear o—w shape.
This analysis was conducted to further explore the ability of
the linear o—w shape to predict failure modes associated
with relatively small edge distance and anchors’ spacing.
Figure 17 shows the load—displacement curves for different
anchors’ spacing. The splitting failure mode took place at a
spacing of 2h.e and 2.7heg. At a spacing of 3.3h., the fail-
ure mode and ultimate load were identical to that of s =
Ahety.

Similar analysis was conducted on the 15.9 mm anchor
with spacings of 240 and 292.1 mm; the latter is currently
used in practice. In both cases, the anchors failed by pull-
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through. Also, the anchors had almost the same ultimate
load and displacement at failure as shown Table 3.

The critical spacing (minimum spacing to preclude split-
ting failure mode during loading) recommended by Elige-
hausen et al. (2006), based on Asmus’ (Asmus 1999)
results, is o = 2¢¢, Where ¢ = 2.5k (Ser = Shegr) for tor-
que-controlled expansion anchors with one expansion cone.
The above results for the 15.9 mm anchor show that at spac-
ing of 1.67h., no interaction between the anchors was ob-
served, suggesting that using the above limits may lead to
overly conservative design for deep embedment depths (%
= 9d). This limit is shown as 3.3A.g for the 12.7 mm anchor
of 6d embedment length.
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Fig. 15. Load—displacement curves for different anchor diameters.
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Table 2. Percentage of ultimate load and displacement at ultimate load with respect to the 12.7 mm anchor.

Embedment depth

Ultimate load (%) Displacement at failure (%)

o—w shape (mm) Embedment depth 12.7 mm* 15.9 mm* 12.7 mm 15.9 mm
Exponential 57.2 4.5d 100 (S) 100 (S) 100 78

73 6d 100 (S) 86 (S) 100 49

95 7.5d 100 (P/S) 100 (S) 100 62

115 9d 100 (P) 127 (P) 100 83
Linear 57.2 4.5d 100 (P) 113 (P) 100 123

73 6d 100 (P) 104 (P) 100 108

95 7.5d 100 (P) 125 (P) 100 102

115 9d 100 (P) 136 (P) 100 105

Note: S, splitting; P, pull-through.
*indicates failure mode.

11. Tensile capacity of the connector

The connector tensile capacity depends primarily on the
two post-installed wedge-type expansion anchors. The dis-
cussion of the results of the two anchors’ case shows that
for the current anchor design (s = 292.1 mm) there is no
group effect between the anchors. Therefore, the capacity of
the connector is the sum of the tensile capacity of two indi-
vidual anchors. Table 4 provides the ultimate capacity for
the current connector configuration for all cases considered
in the current study. It can be seen that the ultimate capacity
for the 15.9 mm anchor with an embedment depth of 9d
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(108.9 kN) is slightly higher than the ultimate capacity of
the RG-HSP helical pile (105 kN), reported by Abd-Elghany
(2008).

12. Implementation in finite element model

The load—displacement curves established from the study
of the anchor behaviour under pullout loading can be imple-
mented in FEA to represent the tensile behaviour of the con-
nector. All the load—displacement curves show that the
connector response can be characterized by two distinct
branches. In the first branch, the load increases with mini-
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Fig. 16. Load—displacement curves for different pre-tension loads.
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Fig. 17. Load—displacement curves for different anchor spacing.
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Table 3. Percentage of ultimate load and displacement at ultimate
load for different anchors spacing.

Anchor diameter  Spacing Ultimate Displacement at
(mm) (mm) load (%) failure (%)
15.9 292.1 100 100

240 99.32 97.88

mal increase in the displacement, implying that the connec-
tor behaves as a rigid part up to the anchors’ pre-tension
load. When the applied load exceeds the pre-tension load,
the connector starts displacing until the ultimate capacity is
reached. Therefore, the tensile response of the connector, in-
stalled using the 12.7 mm or the 15.9 mm anchor for an em-
bedment ranging from 4.5d to 9d and an edge distance of
120 mm can be modelled as a spring with a bilinear load—
displacement relationship, as shown in Fig. 18. The slope of
the first branch can be assigned a very high stiffness, e.g.,
ten times the stiffness of the structural element connected to
the foundation. The second branch of the load—displacement
curve can be defined by the pre-tension load, the ultimate
load, and the displacement at failure predicted by the FEA.

13. Conclusions

In this paper, a parametric study on typical wedge-type
expansion anchors, used to attach helical pile connectors to
existing foundations, subjected to pull-out loading from a
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Table 4. Connector tensile capacity.

Anchor diameter, Embedment FEA [kN] (failure
d depth, h mode)

127 mm (12 in)  4.5d 46.68 (S)
12.7 mm (1/2 in)  6d 64.65 (S)
12.7 mm (172 in)  7.5d 77.25 (P/S)
12.7 mm (1/2 in)  9d 77.76 (P)
15.9 mm (5/8 in)  4.5d 92.74 (S)
15.9 mm (5/8 in)  6d 72.72 (S)
15.9 mm (5/8 in)  7.5d 98.6 (S)
15.9 mm (5/8 in)  9d 108.9 (P)

Note: S, splitting; P/S, pull-through/splitting.
Fig. 18. Analytical model for the horizontal behaviour of the con-
nector.

Load

|
Displaceinent

at failure|

Displacement

concrete foundation was conducted using the FE method.
Based on the numerical analysis and the parametric study,
the following conclusions can be made:

e Increasing the embedment depth resulted in an increase
in the ultimate capacity and a more ductile behaviour of
the anchorage, primarily as result of a shift in the failure
mode from splitting to pull-through. For the 12.7 mm and
the 15.9 mm anchors, the ultimate capacity of anchors in-
stalled at an embedment depth of nine times the diameter
was higher by about 20% and 50% than those installed at
an embedment depth of six times the anchor diameter
(current installation practice), respectively. Similarly, the
displacement at failure was increased by 45% and 60%.
At an embedment depth of nine times the anchor dia-
meter, the failure was dominated by the pull-through fail-
ure mode for both anchors.

e When the concrete tensile characteristics dominated the
anchor response, increasing the anchor diameter resulted
in a more brittle response and had no effect on the ulti-
mate capacity. When the anchor response was governed
by the expansion mechanism, anchors with larger dia-
meter had higher ultimate capacity and displayed ductile
behaviour.

e The pre-tension load has no influence on the anchor ulti-
mate capacity, but affects only the anchor response at
service load levels and the displacement at failure.

e For double anchorage cases, no interaction between the
anchors was observed for spacing as low as 1.67 of the
embedment depth, for the 15.9 mm anchor, installed at
an embedment depth of 94 and an edge distance of
120 mm.
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e The estimated capacities indicate that the helical pile
connectors can sustain tensile loads up to 100 kN. The
choice of anchor diameter and its embedment depth de-
pends on the horizontal capacity of the helical pile.

e The overall behaviour of the foundation and the connec-
tor under horizontal loads can be modelled by a spring
element having a bilinear load—displacement relationship.
It should be noted that the conclusions drawn in this study

are applicable only for the strength and geometric parame-

ters considered in the analysis. For the range of parameters
considered, it is not recommended to install the anchors

with an edge distance less than 120 mm.
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