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Three-Dimensional Numerical Study of the Tensile Capacity of Helical Multi-Plates
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ABSTRACT: Nowadays, helical anchors are one of the fastest methods of supporting excavations. The
use of helical anchors is increasing, and recently they received more attention in researches. One of the
most important factors for the design of helical anchors is their tensile capacity, to which less attention
was paid in the literature compared with the helical piles. The present study uses a three-dimensional
numerical modeling approach to investigate the tensile capacity of helical multi-plate anchors. For
this purpose, first, the adopted numerical modeling methodology is verified. Then, a comprehensive
parametric study is performed to investigate the effects of various parameters involving the soil type,
soil cohesion, plate diameter, plate spacing, surcharge, and anchor inclination. The present study results
show that the tensile capacities of the helical multi-plate anchors increase by increasing the plate’s
diameter, surcharge, and soil relative density. However, the soil cohesion and anchor inclination have
negligible effects. Moreover, the results indicate that the load-bearing shares of the shaft increase by
increasing the surcharge and decreasing the plate diameter. In addition, the results show that the load-
bearing shares of the plates stay about constant for S/D>4 (S and D represent the plate’s Spacing and
Diameter, respectively). So that the failure mechanism of multi-plate anchors could be considered as the
individual plate for S/D>4 and cylindrical shear for S/D<4. In other words, the critical S/D ratio is 4. The
union of failure zones formed around the plates in displacement contours for S/D<4 confirms this result.
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1- Introduction

The earliest usage of helical elements (i.e., screw ele-
ments) for the foundation of a lighthouse was reported by the
civil engineer Alexander Mitchell in 1833 [1]. Nowadays, the
applications of helical elements have extended significantly.
They are used as helical piles, helical micro piles, helical
nails, and anchors. The focus of the present paper is on heli-
cal anchors, which are now used as one of the main methods
for supporting excavations. Based on Clemence and luteneg-
ger [2], the usage of helical anchors as the excavation sup-
port could be considered as the third application of helical
elements. The design standards for helical anchors have in-
creased remarkably in the last decades.

A lot of experimental [1, 3-19] and numerical [20-35] re-

searches have been reported about helical elements. Some of
them would be explained briefly in the following.
Kwon, Lee, Kim, Kim and Lee [23] conducted a numerical
study on the ultimate capacity of helical piles subjected to
inclined loads in saturated clays. They showed that the ultimate
capacity of helical piles decreases considerably by increasing
the load inclination concerning vertical. Moreover, Kwon,
Lee, Kim, Kim, and Lee [23] concluded that the ultimate
capacity of helical anchors in the case that the diameters of
plates are increasing from top to bottom is comparatively
higher than in the case that they are decreasing.

*Corresponding author’s email: m.hazeghian@yazd.ac.ir

An experimental study on the uplift capacity of helical
monopiles in dense and loose sands was done by Nazir, Ch-
uan, Niroumand, and Kassim [1]. This study indicated that
the failure zone formed around the helical pile in dense sand
is more extensive than that of loose sand. Moreover, Nazir,
Chuan, Niroumand, and Kassim [1] developed experimental
equations to evaluate the uplift capacity of helical piles. They
showed that these equations are in agreement with the previ-
ous studies.

Rawat and Gupta [27] conducted a comprehensive two-
dimensional numerical study on the performance of tensile
multi-plate helical piles. In their study, the critical spacing
between helical plates was obtained three times the diameter
of the plates. In other words, they showed that if the spac-
ing of the plates is higher than three times their diameter, the
individual plate failure mechanism occurs; otherwise, the cy-
lindrical shear failure mechanism takes place.

The performance of helical and grouted nails subjected
to pullout forces was compared in an experimental study by
Tokhi, Ren, and Li [18] They showed that the increasing effect
of surcharge on the pullout capacity of helical nails compared
with grouted nails is higher. Moreover, they resulted in the dis-
placements required to mobilize the pullout capacity of helical
and grouted nails being almost the same. In total, the results
of this study showed that the performance of helical nails sub-
jected to tensile loadings is much better than grouted nails.
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Fig. 1. Model geometry: a) 3D model, b) Section A-A.

Most of the previous studies about helical elements fo-
cused on helical piles. However, the helical anchors were
less taken into account. The present paper adopts a three-di-
mensional numerical methodology to investigate the tensile
capacity of multi-plate helical anchors (2-plates and 3-plates
anchors). In the present paper, first, the employed numerical
modeling methodology is verified by a pullout test experi-
ment. Then, a comprehensive parametric study is performed
to investigate the effects of various parameters involving the
soil type, soil cohesion, surcharge, anchor inclination, plate
diameter, and spacing. Then, the numerical tensile capacities
are compared with the analytical ones. Moreover, the present
paper studies the load-bearing shares of the shaft and heli-
cal plates, to which less attention was paid in the previous
studies. The load-bearing shares of the plates could be used
to determine the critical plate spacing of multi-plate anchors.

2- Verification

FLAC 3D software was employed to perform numerical
simulations of the present study. To verify the software and
numerical simulation procedure, an experimental pullout test
carried out by Tokhi, Ren, and Li [18] was modeled. Fig. |
shows the numerical model, boundary conditions, and mesh
structure. The geometry of the test box and helical anchor, as
well as the surcharge, were assumed the same as in the ex-
periment. As indicated in Fig. 1, the bottom of the model was
assumed to be fixed in both directions but its lateral boundar-
ies were fixed only in the normal direction.

The constitutive model of the soil was assumed Mohr-
Coulomb. Moreover, Elastic cable and liner structural ele-
ments [36] were employed for the shaft and helical plates,
respectively. The interaction parameters between soil and
structure elements were determined based on the FLAC 3D
manual [36]. Table 1 summarizes the properties of the soil,
shaft, and helical plate.
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The numerical modeling methodology for the pull-out
tests is as follows: first, initial stresses under gravity were ap-
plied in the model. Then, the 10 kPa surcharge was imposed
on the top of the soil block. After the equilibrium was ob-
tained, the helical anchor was pulled out gradually through
several loading steps. In each step, 1kN force was applied
to the head of the anchor, and it allowed the model to reach
equilibrium. The loading steps were repeated until the heli-
cal anchor failed (i.e., the force-displacement curve became
almost asymptotic).

Table 1. Properties of the soil, shaft, and helical plates

[18].
Density (p) 1.74 t/m?
Modulus of elasticity (£) 50 MPa
Soil Poisson’s ratio (v) 0.30
Friction angle (¢) 33.60°
Cohesion (¢) 0
Young Modulus (Ey) 200 GPa
Relative stiffness (ks) 6.25 MN/m?
Shaft Skin friction angle (¢s) 2/3¢
Skin cohesion (cs) 2/3¢
Perimeter (ps) 0.12m
Young Modulus (£)) 200 GPa
Poisson’s ratio (vp) 0.25
Relative normal stiffness (kyp) 1.0 GN/m?
Plates
Relative shear stiffness (ksp) 1.0 GN/m?
Skin friction angle (¢p) 2/3¢p
Skin cohesion (cp) 2/3c
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Fig. 2. a) Comparison of the experimental and numerical force-displacement curves, b) Contour of displacement
magnitude at the end of the test.
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Fig. 3. Geometry, dimensions, and mesh structure of the numerical model used in the parametric study.

Fig. 2 (a) compares the numerical and experimental force-
displacement curves. As can be seen, they are almost matched
during loading. In addition, Fig. 2 (b) shows the contour of
displacement magnitude at the end of the test. It can be seen
that a shallow failure occurs for the helical anchor because
its first plate (i.e., top plate) locates near the soil block front
surface. In this failure mechanism, a soil cylinder around the
helical anchor extending from its second plate (i.e., bottom
plate) to the soil block front surface is sheared. Therefore, the
helical anchor and this soil cylinder pull out simultaneously.

3- Problem Description
A parametric study involving 58 three-dimensional anal-
yses was carried out to investigate the tensile capacity of
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multi-plate helical anchors (i.e., 2-plate and 3-plate helical
anchors). The effect of the soil type, soil cohesion (c), sur-
charge (Q), plate diameter (D), plate spacing (S), and anchor
inclination (#) on the tensile capacity of multi-plate helical
anchors were investigated. Moreover, the present paper stud-
ies the load-bearing shares of the helical plates and shaft, to
which less attention was paid in previous studies.

Fig. 3 illustrates the geometry, dimensions, and mesh
structure of the 3-D model employed in the parametric study.
The model dimensions were selected based on the study of
Kwon, Lee, Kim, Kim, and Lee [23] to minimize the effect
of boundary conditions. The free length of the shaft (i.c., the
distance between the first plate and the soil block front sur-
face) was assumed Sm. Moreover, the distance between the
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Fig. 4. Numerical model used for a =25° inclined
anchor.

end of the shaft and the soil block back surface was assumed
to be equal to the plate’s diameter, D. The boundary condi-
tions are similar to Fig. 1 (b). A different geometry was used
for inclined anchors; Fig. 4 shows the numerical model for a
6=25° inclined anchor.

Five types of soil were used in the parametric study.
These soils were numbered from 1 (very loose) to 5 (very
dense). The properties of the soil types are given in Table
2.Table 3 indicates the range of variation of parameters in the
parametric study. The parameters for the 2-plate and 3-plate
reference models are bold and underlined. According to the
Chance standard [37], the size of the shaft («) and the thick-
ness of the plates (¢) were assumed a = 57 mm and ¢ = 13 mm
for D = 50-60 cm, respectively and ¢ = 73 mm and /= 19 mm
for D =20-40 cm, respectively.

4- Results and Discussion

Fig. 7 shows the variation of tensile capacities versus var-
ious parameters involving the soil type (1-5), surcharge (Q),
soil cohesion (c), plate’s diameter (D), plate spacing in terms
of Spacing to Diameter (S/D) ratio and anchor inclination (6).
As can be seen, the tensile capacities of multi-plate anchors
increase remarkably by increasing the soil density, surcharge,
and plate diameter. It is noteworthy that the increasing rate of
tensile capacities versus the plate’s diameter is considerably
higher for D>40 cm. From an engineering point of view, it
can be seen that the tensile capacities remain approximately
unchanged by the increase of soil cohesion. In addition, Fig.
7 shows that the tensile capacities stay almost constant by
increasing the anchor inclination. As far as the plate spacing
is concerned, it can be seen that the tensile capacities increase
considerably up to S/D=4 and then remain unaltered. This can
be attributed to the transition of the failure mechanism from
cylinder shear to the individual plate [21, 23, 27, 37], which
will be discussed later in Section 4.3.

Table 2. Properties of the soil types used in the parametric study.

Soil type 1=Very loose 2=Loose 3=Medium 4=Dense S5=Very dense
Relative density, Dr (%) 15 35 65 85 100
Void ratio (e) 0.84 0.76 0.64 0.56 0.5
7 (kN/m?) 15.5 16.2 17.4 18.3 19.0
E (MPa) 10 25 50 65 80
0° 28 30 36 41 45
v °=¢°-30° 0 0 6 11 15

Table 3. The range of parameters in the parametric study.

Soil type (Table2) ¢ (kPa)
1 0
2 5
3 10
4 15
5 20

O ((kPa) D(cm) S/D 6
1
100 20 g g
150 30 110
200 40 5 15
250 50 Y,
300 60 2 5s
8
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Fig. 5. Force versus normalized net displacement curves of the 2-plate and 3-plate reference models.
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Fig. 6. Contour of the total displacement of the 2-plate and 3-plate reference models.

4- 1- Comparison with the analytical solution

As shown in Fig. 8, two types of failure mechanisms could
occur for multi-plate anchors [23, 37, 41]: (1) Individual plate
failure and (2) Cylindrical shear failure.

In the individual plate failure, each helical plate acts as
a separate foundation. This failure mechanism occurs when
the plate spacing is large enough. Considering helical plates
as individual foundations, the analytical tensile capacity of
multi-plate anchors is obtained from the below equation [37,
41]:

Puy = Xi1 QuueAi + Qs (1)

Where q , = ultimate bearing capacity of a helical plate, A
= plate area (i.e., A=zD*/4), O = skin resistance acting along
the free length of the shaft, and » is the number of plates. Ac-
cording to Terzaghi’s [42] solution, q , is computed from the
following equation:

ult

quit = 1.3¢N¢ + gNg + 0.3yDN, 2)

Where N, N, and N, = bearing capacity factors, ¢ = soil
cohesion, g = surcharge stress at the given depth, y = unit
weight of the soil, and D is the diameter of the helical plate.
The value of O, is obtained from the below equation [37]:

Qsh = (otane+c) (4a) L 3)

Where o = the average vertical stress of the soil around
the shaft, 4a = perimeter of the square shaft, and L is the free
length of the shaft.

When the plates are close enough together, the failure
zones formed in the vicinity of helical plates join each other.
Therefore, helical plates could not act as individual founda-
tions. In the cylindrical shear failure mechanism, it is assumed
that the soil mass around plates is sheared as a cylindrical
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Fig. 8. Types of failure mechanism for multi-plate anchors: (1) Individual plate failure, and (2) Cylindrical shear failure.
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Fig. 9. Ratios of numerical to the analytical tensile capacity of the various models based on soil type, surcharge,
soil cohesion, plate diameter, plate spacing, and anchor inclination.

block and moves along with plates. In this failure mechanism,
the tensile capacity of helical anchors is computed from the
sum of the load-bearing capacity of the first plate, skin resis-
tances acting along the cylindrical block, and the free length
of the shaft (Q,). Therefore, the ultimate tensile capacity of
helical anchors in cylindrical shear mechanism is obtained
from the below equation [37, 41]:

Pu2) = quit A+(ctang+c) (n-1)S nD+Qg &)

Where o = the average normal stress around the cylindrical
block and (n-1) S is the length of the cylindrical block.
The analytical value of the tensile capacity for a helical an-

chor is considered as the minimum of P, and P, [37,41].

Fig. 9 shows the ratios (R) of numerical to the analytical
tensile capacity (i.e., P, computed from the aforementioned
equations) of various models. As can be seen, all R values are
lower than one, generally ranging from about 0.25 to 0.85.
The R values of 3-plates anchors are higher than those of
2-plates ones. Regarding the soil type, the R values increase
from the loose to medium state and then decline to a very
dense one. Moreover, it can be observed that the R values
decrease by increasing the plate’s diameter and surcharge. In
addition, it can be considered that the R values stay almost
unchanged by the increase of the soil cohesion and anchor
inclination. As far as the plate spacing is concerned, it could
be observed that the R values increase up to S/D=4 and then
remain stationary.
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Fig. 10. Force-normalized net displacement curves of the reference models up to reaching the analytical
tensile capacities.

The numerical to analytical tensile capacity ratios in-
dicate that the modified Davisson criterion achieves lower
tensile capacity compared with the analytical solution. This
is because the net displacements required to mobilize the
analytical values are higher than what is considered in the
modified Davisson method (i.e., u/D = 0.10). For instance,
Fig. 10 shows the force-normalized net displacement curves
of the reference models up to reaching the analytical tensile
capacities (197 and 225 tons for 2-plate and 3-plate anchors,
respectively). The normalized net displacements at the ana-
lytical tensile capacities of 2-plates and 3-plates reference
models are u/D = 0.27 and u = 0.23, respectively, which
are about 2.5 times u/D = 0.10 in the modified Davisson
method.

4- 2- Load-bearing shares of the helical plates and shaft

It is clear that in a multi-plate anchor, a share of the ap-
plied force (F) is sustained by the skin resistance along the
shaft, and the remainder is tolerated by individual helical
plates. F, Fp " sz, and Fp3 represent the shares of the shaft
and 1%, 2" and 3" plates, respectively. Figs. 11 and 12 com-
pare the ratios of load-bearing shares of the shaft and helical
plates to the total applied force (F /F, F, JF, sz/F , Fp3/F) at
the end of loading (u/D = 0.10) for 2-plates and 3-plates mod-
els, respectively. Obviously, F, 1/F+Fp2/F+FS/F =] for 2-plates
anchors and E 1/F+Fp2/F+Fp3/F+FS/F =1 for 3-plates anchors.

As can be seen, the 1¥ plate has the highest load-bear-
ing shares, and the shaft has the lowest ones for all models.
For 2-plate anchors, the load-bearing shares of the 1% and
2% plates, as well as shaft, are on average 43, 37, and 20%,
respectively. For 3-plate helical anchors, the load-bearing
shares of the 1%, 2™, and 3" plates, as well as shaft, are on
average 31, 27, 25, and 17%, respectively. From an engineer-
ing point of view, the load-bearing shares of the plates could
be considered equal.

As can be seen in Figs. 11 and 12, the soil type and cohe-
sion have little effect on the load-bearing shares of the shaft
and helical plates. By increasing the surcharge, the load-
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bearing shares of the shaft increase slightly, and those of the
helical plates decrease marginally. On the contrary, with the
increase of the plate’s diameter, the load-bearing shares of
the shaft decrease, and those of the helical plates increase. By
increasing S/D ratios, the load-bearing shares of the 1 plate
decrease, and those of the shaft and other plates increase. This
could be attributed to the transition of the failure mechanism
that would be discussed in the next Section.

4- 3- Critical plates spacing

As explained previously in Section 4.1, two types of fail-
ure mechanisms may occur for helical multi-plate anchors:
individual plate and cylindrical shear. The type of failure
mechanism depends on the ratio of the spacing of the plates
to diameter (i.e., S/D ratio). Individual plate failure occurs
in the case of large S/D ratios, but the cylindrical shear takes
place for small ones. In other words, by decreasing the S/D
ratio, the type of failure mechanism changes from the indi-
vidual plate to the cylindrical shear. The critical plate spac-
ing is defined as the one about which the failure mechanism
transition occurs. The corresponding S/D ratio is called the
critical S/D ratio. As given in Table 4, the values ranging
from | to 4 were previously reported for the critical S/D
ratio.

In most of the previous numerical studies [27, 41, 43, 44],
only displacement contours were used to determine the criti-
cal S/D ratio. However, the present study adopts a new meth-
od in which the variation of the load-bearing shares of the
plates is taken into account, as well as displacement contours.

Fig. 13 illustrates the variations of the load-bearing share
of each plate divided by the sum of the load-bearing shares of
all plates (i.e., Fp,/(ZFp,-)) versus S/D for two and three-plate
models. As can be seen, the curves become asymptotic for
S/D > 4. This indicates that the load-bearing shares of the
helical plates in the cases of S/D >4 remain almost constant,
which means that the plates act as individual foundations.
In other words, the failure mechanism for S/D > 4 could be
considered as the individual plate. However, for S/D < 4, the
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Fig. 11. Load-bearing shares of plates and shaft for 2-plate helical anchors based on soil type, surcharge, soil
cohesion, plate diameter, anchor inclination, and plate spacing.

load-bearing share of the 1% plate is remarkably higher than
other plates, decreasing with the increase of the S/D ratio. The
contours of total displacement at the end of the test for 2-plate
and 3-plate models with various S/D ratios are shown in Figs.
14 and 15, respectively. These contours confirm the afore-
mentioned results. As can be seen, the failure zones formed
around the helical plates are separate for S/D > 4 (individual
plate failure). However, they are connected for S/D<4 (cylin-

drical shear failure). Therefore, S/D = 4 can be considered as
the critical S/D ratio based on the results of the present paper,
which is much closer to the one that was reported by Gara-
kani and Maleki [21]. All of the contours in Figs. 14 and 15
show the variation of forces in helical plates and shafts and
as can be seen in every contour the condition of the helical
multi-plate anchor and its failure mode is completely gov-
erned by the value of S/D.
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Fig. 12. Load-bearing shares of plates and shaft for 3-plate helical anchors based on soil type, surcharge, soil cohe-
sion, plate diameter, anchor inclination, and plate spacing.

Table 4. Values for the critical S/D ratio reported in the literature.

Reference Type of Study Critical S/D ratio
Chance [37] Numerical/Experimental 3
Merifield [43] Numerical 1.58
Rawat and Gupta [27] Numerical 3
Lutenegger [44] Experimental 1.5
Rao, Prasad, and Shetty [45] Experimental 1.5
Salhi, Nait-Rabah, Deyrat and Roos [14] Numerical 1.5-2
Garakani and Maleki [21] Numerical 3-4
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Fig. 13. Variations of Fpi/(3_Fpi) for the 2-plate and 3-plate helical anchor.
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Fig. 14. Contours of total displacement at the end of the test for 2-plate models having various S/D ratios
from S=1D to S=8D.
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Fig. 15. Contours of total displacement at the end of the test for 3-plates models having various S/D ratios from
S=1D to S=8D.

5- Conclusion

The present study employed a numerical modeling ap-
proach to investigate the tensile capacity of helical multi-
plate anchors (2-plates and 3-plates anchors). The FLAC3D
software was used for numerical simulations. For this pur-
pose, first, a verification test based on an experimental study
was performed to validate the adopted numerical modeling
method. Then, a comprehensive parametric study was carried
out by changing the soil type, soil cohesion, surcharge, plate
diameter, plate spacing, and anchor inclination. In the present
study, a new approach was selected for specifying the kind
of failure mode in every helical multi-plate anchor. This new
method relates to using the load-bearing share of every heli-
cal plate. The main results of the present paper are as follows:

e Increasing the soil relative density, plate diameter,
and surcharge cause to increase in the tensile capacity of the
helical anchors. However, the soil cohesion and anchor incli-
nation have negligible effects on their tensile capacities.

e  The ratios of numerical tensile capacities computed
based on the modified Davisson criterion [4, 38-40] to ana-
lytical ones are less than one for all models. This indicates
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that the net displacements required to mobilize the analyti-
cal values of the tensile capacity are higher than those of the
modified Davisson criterion.

e  The load-bearing shares of the 1% and 2™ plates, as
well as the shaft for 2-plates helical anchors, are on average
43, 37, and 20%, respectively. The load-bearing shares of the
1%, 27 and 3" plates, as well as the shaft for 3-plates helical
anchors, are on average 31, 27, 25, and 17%, respectively.

e  The load-bearing shares of the shaft and plates re-
main almost unchanged by varying the soil cohesion and
anchor inclination. However, decreasing the plate’s diameter
from 0.6 m to 0.2 m as well as increasing the surcharge from
100 kPa to 300 kPa cause to increase in the load-bearing
shares of the shaft and reduce those of the plates which the
value of these changes relates to parameters of helical multi-
plate anchors and soil.

e By increasing the ratio of the plates spacing to di-
ameter to 4 (i.e., S/D=4), the ratios of the load-bearing shares
of the 1% plate to the sum of all plates (i.e., F /ZFP) decrease
while those of other plates increase. For S/D>4, these ratios
remain constant for all models. This indicates that the heli-
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cal plates act as individual foundations for S/D>4. In other
words, the failure mechanism could be considered as the
individual plate failure for the multi-plate anchors of S/D>4
and cylindrical shear for those of S/D<4. The union of failure
zones formed at the vicinity of the plates in the displacement
contours for models with $/D<4 (see Figs. 14 and 15) con-
firms this conclusion. Therefore, the S/D=4 could be consid-
ered the critical S/D ratio.
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