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Abstract. The motivation and scope of the present work are to investigate the interaction phenomenon of two
closely spaced square plate anchors through physical modelling and validating it with the help of ﬁnite-element
modelling. In the present study, different sizes of plate anchors are considered for studying their uplift behaviour
when they are laid as single as well as in a group of two symmetrical anchors. A large-scale model testing
facility has been developed and fabricated in order to perform the physical modelling. In physical modelling,
poorly graded, dry Quartzanium sand is utilized as the foundation material. PLAXIS3D, a ﬁnite-element software
for geotechnical engineering, has been used to validate the experimental results obtained from the large-scale
model testing facility. The effects of embedment depth and size of the anchor plate as well as layering in soil
media are the parameters considered in order to determine the interaction factors with respect to the uplift
capacity and displacement of anchors.
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1. Introduction
By twentieth century the construction industry commenced
to utilize fairly lightweight sub-structures called ‘‘ground
anchors,’’ which were buried in the ground to a sufﬁcient
depth to stabilize the uplift forces safely [1]. This led to an
attractive, cost-effective and economic design solutions for
sub-structures subjected to uplift forces. Since then many
researchers across the globe proposed various methods
[2–9] to arrive at the uplift capacity of such ground anchors
for the given soil properties. But engaging them in groups
when buried in soil ensues a catastrophic phenomenon in
their behavioural response. The word ‘‘interaction’’ or
‘‘interference’’ has been evolved to address such issues,
since the failure envelope of each anchor in a group coalesces and intervenes with each other.
From the available research ﬁndings [2, 10–13] it is
reported that the interference effect of closely spaced plate
anchors is a serious concern due to the reduction in the
ultimate uplift capacity and increase in the displacement of
an anchor in the presence of other anchors in the group.
This becomes more predominant at greater embedment
depths, at higher peak angle of internal friction of sand and
at closer spacing between the anchor plates, with a number
of anchor plates acting in a group or a row conﬁguration
*For correspondence

and their position. It is also determined that there exists a
maximum spacing beyond which the anchors behave
independently. It is recognized, from the reported literature,
that either for the sake of simplicity or for the complexity
involved in mathematical simulation and experimental
modelling of three-dimensional (3D) problem, most of the
studies on the interference phenomenon of a group of
anchor system have considered two-dimensional (2D) or
plane strain condition, which fails to address the issue
related to 3D angular anchors frequently used in real ﬁeld
conditions. Hence 2D analysis does have very limited
impact on the engineering practice, since in most of the
cases the anchors are found to be 3D. Therefore, it is highly
necessitated to carry out an exhaustive study on the interference phenomenon of different shapes of 3D anchors in
order to determine its effect on various parameters.
In the study of single isolated anchor, very few
researchers [14–17] have taken an effort to determine its
behaviour when it is buried in a layered soil medium. It is
found that the failure mechanism and the pattern or mode of
failure largely depend on the relative density of the layers,
and thickness of the upper and lower layer. It is also
observed that the anchor plates embedded in densely
compacted stratum underlying loose sand tend to yield
better uplift resistance in comparison with its inversion.
The relative strength of the two layers and the depth of the
top weak layer inﬂuence the displacement or strain level
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considerably in addition to the uplift resistance. These
ﬁndings are valid only for the shallow anchors, wherein the
rupture surfaces are expected to reach the ground surface.
In case of interaction problem of the anchor system in
layered soil, none of the researchers has reported its process
of failure and its applicability. Hence, the study on the
interaction of 3D anchors embedded in layered sand bed
would further bring clarity in the behaviour of group
anchors.
It is clearly demonstrated from the available literature
[18–20] that similar to the footings, even the plate
anchors tend to have lesser uplift capacity factor with
increase in width of the plate owing to the variation and
rate dependence of the peak soil friction angle with an
increase in the principal stress. In short, when the size of
the anchor plate increases, higher stress level is observed,
leading to a reduction in the peak angle of internal
friction mobilized during the shear failure. Though the
research ﬁndings on the effect of width of the anchor
plate have encompassed a decent understanding about its
consequences on the uplift capacity factors of single
isolated 2D and 3D anchors, its impact on the 3D
interaction of anchor plates has barely attracted the
researchers. Thus, it is mandatory to explore the behaviour of closely spaced 3D anchors due to alteration in
the size of the anchor plate.
The current research encapsulates the study that is
mainly focused to address the research gap in the ﬁeld of
interfering plate anchors and to pave the bridge accordingly. This paper wraps the study on various consequences
experienced by a group of two closely spaced symmetrical
square plate anchors embedded in a homogeneous and a
non-homogeneous layered soil medium. The motivation
and scope of the present work are to investigate the interaction phenomenon of two closely spaced plate anchors
through physical modelling and validating it with the help
of ﬁnite-element (FE) analysis.

2. Problem statement
Two perfectly rough square plate anchors, of width
B placed at a clear spacing S, are embedded at a depth D in
dry medium dense Quartzanium sand in case of a homogeneous sand deposit and dry loose sand followed by
medium dense sand in case of a layered soil bed. The height
of the top loose deposit, H, is varied to determine the
layering effect on the interference phenomena. Both the
interfering square anchors are subjected to static upwards
load Pu as shown in Figure 1. The objective is to determine
the impact of different parameters, for example the
embedment depth (D), the thickness of the top weak layer
(H) and the width of the anchor plate (B), on the interaction
phenomenon of two neighbouring square plate anchors
using large-scale physical modelling as well as FE analysis.
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3. Large-scale testing
The large-scale chamber and loading frame has been
designed to facilitate the study of interference effect of
nearby anchor plates in the laboratory. Unlike the earlier
researchers, the concept of plane of symmetry has not been
simulated in the physical modelling due to the various
limitations reported by Ghosh et al [21]. The test set-up has
been fabricated in such a way that it satisﬁes the following
general requirements: i) Provision for conducting vertical
uplift capacity test on the sand bed with single and multiple
layers. ii) The thickness of the anchor plates has been
chosen appropriately, so that they would act as a rigid plate.
iii) The dimensions of test chamber should be such that the
end effects are negligible and hence the dimension of the
test tank has been chosen as 4 m 9 2 m 9 1.2 m. iv) Apart
from the vertical stiffeners, the longer side of the tank is
supported with two channel girder sections as stiffeners;
one is at 1/3rd of the height of the tank from the top to take
care of the dead load of the loading frame and the live load
during the application of loading and the other is at 2/3rd of
the height of the tank to take care of the linearly varying
soil pressure on the side walls at rest condition prior to the
application of loading. v) Along the shorter dimension a
horizontal stiffener is provided at the centre of the total
height, which would be necessary and sufﬁcient to bear the
external loading. vi) The shorter dimension is provided as a
movable boundary where the provisions are made to use the
tank for the utility purpose of dimensions: (4 m 9 2 m),
(3 m 9 2 m) and (2 m 9 2 m). vii) The base plate is made
of thicker dimension than the side walls in order to bear the
maximum uniform overburden pressure of 20 kPa. viii)
Silicon sealants have been used to bridge the gap between
the two boundaries at the corners and edges. Figure 2 limns
the complete set-up along with the loading frame and their
parts.
While fabricating the loading frame, it has been ensured
that at each stage of loading, the load must act at the centre
of the anchor plate. The loading frame is trapezoidal in
shape, which is supported over the longer side boundary
wall of the test chamber. The servo-controlled hydraulic
jack is mounted on the centre of the rigid beam, which in
turn rests on the loading frame. A double acting hydraulic
cylinder that can be used for both push and pull mechanisms is deployed. The actuator has a capacity of lifting 10
tonnes at a displacement rate ranging from 0.1 to 2 mm/
min. The stroke length of the piston is 200 mm, i.e. the
actuator can displace a maximum of 200 mm in upwards or
downwards direction. The hydraulic power pack houses a
vane-type pump powered by a DC three-phase motor, oil
tank of adequate capacity with a marker level, pressure
gauge, relief valve and ﬂow regulator for supply of required
ﬂow to maintain the suitable movement of the actuator.
This is kept at a distance from the loading unit and is
connected through 15 m ﬂexible hosepipes. In order to
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Figure 1. (a) Two-dimensional and (b) three-dimensional representation of interacting symmetrical square anchor plates embedded in
layered sand stratum.

prevent the transmission of vibration, the power pack is
mounted on thick rubberized foam. The hydraulic power
pack is operated through an electrical panel.
The inner sleeve of the actuator glides over the piston
ﬁxed at the centre of the I-beam. The vertical motion of the
I-beam is controlled by the piston actuator of the servocontrolled hydraulic jack. The movable I-beam is made of
ISMB150 spanning 2.25 m long, whose width and depth
are 75 and 150, mm respectively. The movable beam is
supported at both the ends to the manoeuvring rod of length
60 cm, which is connected to the loading frame. In order to
ease the movement of the I-beam without any friction, it
has been connected to the manoeuvring rod through a twin
roller ball bearing system. Further, the manoeuvring rod of

40 mm diameter is made of stainless steel in order to avoid
any corrosion due to exposure to the atmosphere. In order
to adhere the ball bearing system to the I-beam it is
clamped with a circlip at top and bottom, so that during the
motion of the I-beam, the roller bearing does not run away.
The roller bearing also guides the beam in the direction of
load applied and avoids undesirable axial and torsional
loads. The I-beam is also supported at its one-third and twothird locations through a screw stem and a sluice valve,
which is connected to a stiffener plate over the rigid beam.
Further, it also ensures that the anchor plates do not displace or move in the downwards direction during the sand
placement or halt period due to the overburden pressure or
the drag of the movable beam for its self-weight. The screw
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Figure 2. Experimental test set-up.

stem consists of a 22 mm diameter rod of length 65 cm
whose top half portion is threaded and the bottom half part
is solid. The female thread in the sluice valve is winded to
the top half part in order to restrain any movement in the
downwards direction, but does not offer any resistance
when the anchors are subjected to uplift. Beneath the
I-beam there exists a 50 mm diameter steering shaft of
length 2.1 m that facilitates the movement of the rigid
block along the length of the I-beam, so that the spacing
between the two anchor plates can be varied. The rigid
block is connected to a load cell followed by a cone head,
thin steel plate, guiding rod and the anchor plate (Figure 2).
The sizes of the plate anchors are chosen in the range of
0.15–0.50 m in the present study since it has been reported
[22, 23] that for the purpose of consideration of prototype,
the size of the anchor plate must not be less than 0.1 m.
Quartzanium sand, which is a manufactured and processed
sand uniformly (0.5–1.0 mm) graded, has been used for
preparing the sand bed of different relative densities. The
details of the physical properties and sand bed preparation
are given in detail in Srinivasan et al [24], whereas the
strength and stiffness properties of the layered soil medium
are included in Table 1.

4. Finite-element modelling (FEM)
In order to study the various parametric effects and
responses on a particular subject of interest, it may not be
possible to conduct a huge number of physical modelling
tests. Under these circumstances, the modern day computer
era facilitates in expediting the prediction of the

phenomenon for geotechnical projects through numerical
simulation. Numerical studies are generally preferred to
understand the mechanical behaviour of soil–structure
interaction and quantify the soil characteristics with a
minimum numerical error. PLAXIS3D is an FE software
used for geotechnical applications in which in-built soil
models do exist to simulate the soil behaviour. The available constitutive material models enable us to simulate nonlinear, time-dependent and anisotropic behaviour. PLAXIS
is equipped with features to deal with complex geotechnical
structures involving modelling of the structure, interaction
between the soil and the structure, and the soil models
representing the qualitative behaviour of the soil. Although
the numerical models are expected to capture the actual
behaviour of anchors in soil, they have to be assessed
properly and validated with ﬁeld results prior to the
deployment. Thus the full-scale tests have to be carried out
very cautiously as discussed in the previous section in order
to develop a better numerical model.
In the present study, PLAXIS3D has been used to validate
the experimental ﬁndings for a single plate and twin anchor
plates of square cross-sections embedded at D/B = 1 and 2.
Further, to ascertain the effect of interference phenomenon
at different embedment depths, the study has been extended
for D/B = 3 and 4. Similarly, in order to study the effect of
size of square anchor plates on the interaction behaviour of
anchors, the numerical study has been carried out wherein
the isolated case has been validated with that of experimental test data. Thus the numerical modelling has been
exploited for the parametrical investigation to evaluate the
uplift capacity of interfering symmetrical square anchor
plates.
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Table 1. Modelling parameters in the experimental and numerical simulation.
Soil properties
Material model
Mohr–Coulomb non-associative ﬂow rule, drained analysis
14.5 and 14.0 kN/m3
Dry unit weight cd corresponding to Dr = 62.5% and 40%
0
Peak friction angle /p corresponding to Dr = 62.5% and 40%
28.5° and 26.0°
Dilation angle w0 corresponding to Dr = 62.5% and 40%
2.6° and 0.0°
Cohesion (to avoid numerical instability) c0
B 0.2 kPa
Modulus of elasticity E corresponding to Dr = 62.5% and 40%
9500 and 7000 kPa
0.3 and 0.25
Poisson ratio t corresponding to Dr = 62.5% and 40%
Anchor plate (structural element) properties
Material model
Linearly elastic
Material
Mild steel
Density q
7800 kg/m3
Modulus of elasticity E
2.1 9 108 kPa
Poisson ratio t
0.25
Thickness of the steel plate corresponding to B = 15 and 25 cm
10 and 12 mm
Strength reduction factor (Rinter) (interface property between anchor and soil)1.0 (perfectly rough)
Meshing elements
Soil
10-noded quadratic tetrahedral
Anchor plate
6-noded plate elements
Interface
12-noded interface elements
Input parameters in pre-processing
Maximum step of speciﬁed displacement
10000
Minimum and maximum iterations
10 and 25
Load per step
1N

The problem of interest has been modelled in a 3D
volume space of speciﬁed dimensions. Initially the isolated
case has been performed, followed by the interaction cases.
PLAXIS3D in general consumes excessive calculation time
as well as considerable amount of disk space for performing
the analysis. Hence, it is highly mandated to go for the
sensitivity analysis in order to determine the threshold
value or the bounds on the system response. The sensitivity
analysis is necessitated for determining the boundary and
dimensions of the problem geometry, exploiting the usage
of plane of symmetry, reﬁning of mesh and number of
elements in the domain, etc. In the present study, the
boundary size of the problem under consideration is
assumed to be the same as that of the experimental domain.
It is worth noting that 10-noded quadratic tetrahedral
elements, 6-noded plate elements and 12-noded interface
elements are generated during the creation of 3D mesh for
soil, for the anchor plates and for the soil–structure interaction, respectively. In order to determine the optimum
number of elements required to model the entire domain, a
sensitivity analysis has been conducted by altering the
global reﬁnement from very coarse to very ﬁne meshing.
PLAXIS mandates the local reﬁnement of the geometry
where large stress concentration or large deformation is
expected, which results in the creation of ﬁner mesh in the
vicinity of the deﬁned edges, corners or structural objects
whereas the other parts might not require a ﬁne mesh. This
is based on the coarseness or ﬁneness factor, which varies
from 0.0625 to 8 ([ 1 for coarseness and \ 1 for ﬁneness)

with the value 1 representing the reference geometric entity
of an element; further, the value of 0.5 would reduce the
element size to half whereas the factor of 2 would double
the element size. In the present study, the local reﬁnement
has been carried out from the anchor plate to the boundary
with smaller and clustered elements near the plate to bigger
and scattered elements towards the boundary. Fineness
factor of 0.2–0.25 is assigned for the anchor plate, 0.4–0.5
for the soil volume surrounding the anchor plate up to a
distance of 2D tan / [25] along X, Y and Z (only above the
anchor plate) directions from the edge of the anchor plate.
The rest of the geometry has been set to a ﬁneness factor of
1. These values are arrived after several trial runs and
observation of initial perturbations. Figure 3 depicts the
quarter domain with a plate anchor subjected to upwards
surface displacement. For the sake of readiness all the
modelling parameters involved in the numerical analysis
have been collated and presented in Table 1 covering the
details related to geometry and soil properties, structural
elements and meshing, and particulars related to pre- and
post-processing of the models.

5. Results and discussion
5.1 Results from large-scale testing
Figure 4a shows the gross uplift capacity–displacement
behaviour of single isolated square anchor of 15 cm
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Figure 3. Typical geometrical view of a single isolated anchor embedded in a homogeneous soil – quarter domain.
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Figure 4. Variation in gross uplift capacity–displacement curves
for single isolated square plate anchor (B = 15 cm) embedded:
(a) in homogeneous sand bed at different D/B ratios and (b) in
different layered sand beds at D/B = 2.0.

width (B) embedded at 15 and 30 cm depth (D), i.e. at
D/B = 1 and 2, respectively. It is worth noting that the
gross uplift capacity is the ultimate gross failure load
divided by the cross-sectional area of the anchor plate.
The failure uplift capacity is generally determined by
the single tangent method as per IS 1888 [26]. It is
evident from the plots that the gross uplift capacity
increases with increase in installation (embedment)
depth of the anchor plates in the shallow regime. Figure 4b shows the gross uplift capacity–displacement
behaviour of a single isolated square anchor of
B = 15 cm embedded at 30 cm depth (D) in a layered
sand bed, where the depth of the upper weak layer is
kept as 15 and 20 cm, i.e. H/D = 0.5 and 0.67,
respectively. The gross uplift capacity–displacement
plots are found to be similar to that observed for the
homogeneous layer. The ultimate gross uplift capacity
in the layered sand bed is found to be lesser than that
obtained in case of homogeneous (H/D = 0.0) sand
stratum since the weighted average of peak angle of
internal friction reduces as we move from H/D = 0.0 to
0.67. Figure 5 depicts the gross uplift capacity–displacement plot for the isolated square anchor with
different widths embedded at D/B = 1.0 in homogenous
soil deposit. It can be noted that the gross uplift
capacity increases with increase in width of the anchor
plate since the zone of failure envelope increases with
increase in width of the anchor plate, thereby causing
an increment in the weight of the soil within the failure
domain and mobilizing frictional resistance along the
failure plane.
Figure 6 presents the gross uplift capacity–displacement
plots for closely spaced interacting square plates embedded
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Figure 5. Variation in gross uplift capacity–displacement curves
for single isolated square plate anchor with different B embedded
in homogeneous sand bed at D/B = 1.0.
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for interacting square plate anchors (B = 15 cm) embedded in
different layered sand beds with (a) H/D = 0.50 and (b) H/
D = 0.67.
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Figure 6. Variation in gross uplift capacity–displacement curves
for interacting square plate anchors (B = 15 cm) embedded in
homogeneous sand bed at (a) D/B = 1.0 and (b) D/B = 2.0.

in homogeneous sand stratum. Though the trends of the
curves are similar to that of the isolated anchors the closely
spaced ones suffer considerably due to the overlapping
zones of failure envelope, thereby resulting in reduction in
their gross uplift capacity. As the spacing between them
increases, the intervening of failure envelope reduces; as a

result, the gross uplift capacity tends to increase and reach
the value as that of individual anchor at farthest spacing.
Figure 7 depicts the gross uplift capacity–displacement
plots of interacting square anchors at different S/B and H/
D ratios, which also reveal a similar trend as observed for
the homogeneous case but with lower gross uplift capacity
values.
In order to quantify the effect of interference in
comparison with a single isolated anchor plate, the following factors are introduced. These factors provide more
insight and facilitate in visualizing the interaction phenomenon through a magniﬁed representation. Gross uplift
capacity factor (nu(gross)) and net uplift capacity factor
(nu(net)) are the two factors relating to the uplift capacity
of the anchor plate, where the net uplift capacity refers to
the deduction of overburden pressure on the anchor plate
from the gross uplift capacity. Similar to the uplift
capacity factor, displacement factor (nd) throws more
light on the serviceability aspect of the interacting anchor
system. The uplift capacity and displacement factors can
be deﬁned as
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nuðgrossÞ ¼

nuðnetÞ ¼

nd ¼

Gross uplift capacity of single square plate anchor in the presence of other square plate anchor
Gross uplift capacity of the single isolated square plate anchor

ð1Þ

Net uplift capacity of single square plate anchor in the presence of other square plate anchor
Net uplift capacity of the single isolated square plate anchor

ð2Þ

displacement of single square plate anchor at failure in the presence of other square anchor plate
:
displacement of the respective single isolated square plate anchor corresponding to the gross uplift capacity of interfering anchor

ð3Þ

Figure 8a and b depicts the variation in gross, nu(gross),
and net, nu(net), uplift capacity factors with S/B for 15 cm
width square anchor plates interacting with their counterpart embedded in homogeneous sand bed at different
D/B ratios. Figure 8a and b shows the effect of interaction in a more perceivable manner by the introduction of
the dimensionless parameter ‘‘uplift capacity factor’’. It
can be seen that with increase in S/B the uplift capacity
factors increase and reach the value 1 at much higher
spacing, indicating the behaviour of single isolated
anchor. A sudden change in the slope of the variation of
uplift capacity factors is observed between S/B = 0.5 and
1.0. It is also noticed that these factors increase with
decrease in D/B at a particular S/B ratio. The variation of
displacement factor nd with S/B is shown in Figure 8c for
different D/B ratios. It can be noticed from Figure 8c
that, as compared with the isolated anchor, the interfering
anchors signiﬁcantly suffer from severe serviceability
criteria, i.e. higher displacement at the close spacing
apart from the reduction in the uplift capacity. Figure 9a,
b and c presents the variation of uplift capacity factors

and displacement factors with S/B ratio, respectively, for
15 cm width square anchor plate embedded in layered
sand stratum with different H/D ratios. Trends are found
to be similar to that observed in homogeneous bed. At
close spacing the uplift capacity factors are found to
increase with increase in H/D ratio, i.e. the uplift
capacity factors increase with increase in the depth of top
weak layer.

5.2 Results from FEM
As the importance of performing the sensitivity analysis
and its implication on the numerical modelling are
explained in the previous section, it is executed before
getting in to the actual problem solving. Sensitivity analysis
is employed to analyse the inﬂuence of the variation of
individual parameter by altering the sensitive arguments
like mesh, boundary, etc. A detailed analysis has been
carried out to check the sensitivity of the obtained results to
the change in the mesh and to the inclusion of the plane of
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Figure 10. Comparison of gross uplift capacity–displacement
curves obtained from experimental and numerical modelling for
isolated square anchor (B = 15 cm) embedded at D/B = 2.0 in
(a) homogenous and (b) layered (H/D = 0.50) sand bed.

symmetry. However, for the sake of brevity, they are not
presented here.
Figure 10 presents the comparison between the results
obtained from the experimental and the numerical modelling of single isolated square plate anchor embedded in
homogeneous as well as the layered sand bed, whereas
Figures 11 and 12 present the comparison of the gross

uplift capacity factors determined from the experimental
and the numerical analysis of the interacting anchors
embedded in homogeneous and layered soil bed, respectively. It can be conceived that the results obtained from the
experimental investigation and the FE analysis are in fairly
good agreement when compared, thereby ensuring the
authenticity of the present numerical investigation. As a
result, the present FE simulation has been extended for
further parametrical study.
Figure 13 depicts the variation of gross and net uplift
capacity factors with S/B ratio for 15 cm width square
plate anchors at different embedment depths in a
homogeneous sand bed. It is evident that at a particular
S/B ratio the gross and the net uplift capacity factors
decrease with increase in embedment depth, which means
the reduction in the ultimate gross uplift capacity
increases with increase in embedment depth of an
interacting square plate anchor of speciﬁc size. It can be
also observed that the maximum spacing ratio (S/B)max,
i.e. the spacing at which the uplift capacity factors
become 1, increases with increase in D/B ratio. Figure 14
portrays the displacement contours for interacting square
anchors. It can be conceived from the displacement
contours that at closer spacing the failure surfaces coalesce with each other and the failure pattern is altered,
resulting in lesser uplift capacity. As the spacing between
the anchor plates increases the failure planes gradually
come out from such coalescence, which can be clearly
seen from the contour plots.
5.2a Plastic strain evolution: This section discusses some
fruitful information obtained from the FE analysis in order
to better understand the phenomenon of interaction between
two plate anchors. In elasto-plastic analysis, total strain (eT)
in the problem under consideration generally consists of
elastic strain (ee) and plastic strain (ep) components. Elastic
strain developed in the foundation soil is governed by the
parameters like elastic modulus (E) and Poisson’s ratio (t)
of the soil, which is generally the recoverable strain,
beyond which the material undergoes permanent deformation. On the contrary, plastic strain is irrecoverable in
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Figure 11. Comparison of gross uplift capacity factors for 15 cm width interacting square anchors embedded in homogenous sand bed
at (a) D/B = 1.0 and (b) D/B = 2.0.
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Figure 12. Comparison of gross uplift capacity factors for 15 cm width interacting square anchors embedded in layered sand bed at D/
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Figure 13. Variation in (a) gross and (b) net uplift capacity factor with S/B ratio for 15 cm width interacting square anchors embedded
in homogenous sand bed.

nature. The evolution of plastic strain in the present FEM
for the square anchor plates of width 15 cm embedded at D/
B = 3.0 has been discussed. Figure 15 depicts the variation
in gross uplift capacity with plastic strain for different S/
B ratios for 15 cm width square anchor plates. It can be

observed that the gross uplift capacity increases as the S/
B ratio increases and is expected to coincide with that of
isolated anchor at (S/B)max. To quantify the degree of
interaction at the incipient plastic strain, an uplift capacity
factor is introduced; this can be deﬁned as
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Figure 14. Displacement contours (X–Z plane) for interfering square plate anchor of B = 15 cm embedded in homogenous sand bed at
D/B = 3.0 with (a) S/B = 0.5, (b) S/B = 1.0, (c) S/B = 2.0 and (d) S/B = 4.0.
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Figure 15. Variation in gross uplift capacity with plastic strain
for isolated and interacting square anchors of 15 cm width
embedded in homogeneous sand bed at D/B = 3.0.
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Figure 16. Variation in uplift capacity factors with S/B for
square plate anchor of 15 cm width embedded in homogenous
sand bed at D/B = 3.0.

Gross uplift capacity of interfering square plate anchor at the incipient plastic strain
:
Gross uplift capacity of single isolated square plate anchor at the incipient plastic strain

This uplift capacity factor, nup(gross) basically depicts the
ratio of the gross uplift capacity of the interfering anchor at
the limiting condition of the elastic strain, i.e. at the
incipient plastic strain (ep & 0%), to the gross uplift
capacity of single anchor at the incipient plastic strain. This
factor clearly provides the information of reduction in the
gross uplift capacity at the initiation of irrecoverable plastic
strain.

4

ð4Þ

Figure 16 provides the variation of nup(gross) with S/
B ratio for 15 cm width square anchors. The plot also
compares the newly introduced uplift capacity factor
(nup(gross)) with the gross and the net uplift capacity factors
depicted earlier. The variation of nup(gross) at ep & 0%
matches reasonably well with that of nu(gross) obtained from
the ultimate load–displacement plots. Hence, it can be
inferred that though the variation of gross uplift capacity
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5.2b Effect of anchor width: Figure 17 shows the variation of gross uplift capacity–displacement curves for 25 cm
width square plate anchor embedded at different depths (D/
B = 1, 2, 3 and 4) in a homogenous soil deposit. The results
are obtained from the FE analysis. Similar to 15 cm wide
plate anchor as discussed earlier, the gross uplift capacity
increases with increase in embedment depth. Figure 18a
depicts the variation of the pull-out factor Fc (where Fc= Pu/cAD, A is cross-sectional area of the anchor plate, c is
the unit weight of the soil medium and Pu is the gross uplift
load) for isolated anchor with the embedment ratio for
different values of width of the anchor plate. With increase
in the embedment ratio (D/B), the pull-out factor is found to
increase. In general, it is reported that beyond a particular
embedment depth, the magnitude of Fc remains constant,
thereby revealing the critical embedment depth, beyond
which the anchor plate is expected to behave as a deep
anchor and the failure mechanism alters. In the present
study, the focus is to understand the effect of width of the
anchor plate on the uplift capacity and hence the determination of the critical embedment depth has not been
attempted. It is also found that at a particular embedment
depth, the Fc values are found to decrease with increase in
B. This can be further conceived with the help of Figure 18b, where the variation of Fc is plotted with respect to
the width of the anchor plate for different D/B ratios. It can
be noted that the rate of reduction in Fc with B decreases as
B increases, which means for a particular embedment depth
there would be no change in Fc beyond a particular value of
B. Figure 19 presents the comparison of the uplift capacity
factors due to interaction for different values of B at D/
B = 3.0. It can be evidently seen that at a particular S/
B ratio, the uplift capacity factors (nu(gross) and nu(net)) are
found to be lower for smaller size anchor plate. This reveals
that at a particular D/B ratio, the smaller size anchor suffers
more in the uplift capacity due to the interaction than a
bigger size anchor.
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Figure 18. Variation in fc (a) with D/B and (b) with B.

with plastic strain depicts a pattern different from that of
the ultimate load–displacement plot, the uplift capacity
factor (nup(gross)) at the incipient plastic strain almost predicts a similar trend as that of the gross uplift capacity
factor (nu(gross)).

Table 2 shows the comparison of experimentally and
numerically observed uplift load in case of isolated square
anchor plate of width 15 and 25 cm at different embedment
depths in homogenous soil with the available works in the
literature. It can be seen that the present results obtained
from both experimental and FE analysis compare reasonably well to the ﬁndings reported in the literature. It is
worth mentioning here that the compared literatures provide closed-form normalized equation, which is insensitive
to the width of the anchor plate; hence the percentage
difference with the smaller plate (B = 15 cm) is higher than
that of the bigger plate (B = 25 cm). Table 3 compares the
present study values of the ultimate uplift load determined
for 15 cm wide square anchor embedded in layered soil
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Table 2. Comparison of uplift load of a single isolated square anchor embedded in homogeneous sand bed for different values of B.
Uplift load (kN)
Present study
B (cm)
15

25

D/
B
1.0
2.0
3.0
4.0
1.0
2.0
3.0
4.0

Experimental
analysis
0.138
0.411
–
–
0.536
–
–
–

FE
analysis

Meyerhof and Adams
[2] (/p = 28.5°)

Murray and Geddes
[3] (/p = 28.5°)

Deshmukh et al [30]
(/p = 28.5°)

Mokhbi et al [28]
(/p = 28.5°)

0.150
0.421
1.011
1.902
0.571
1.782
4.108
8.343

0.104
0.347
0.771
1.420
0.510
1.994
4.894
9.425

0.117
0.431
1.033
2.013
0.481
1.605
3.569
6.575

0.098
0.309
0.656
1.161
0.454
1.432
3.038
5.375

0.114
0.528
1.188
2.500
0.543
1.997
4.782
9.319

Table 3. Comparison of uplift load of a single isolated square anchor embedded in a layered sand bed for B = 15 cm.
Uplift load (kN)
Present study
D/B

H/D

Experimental analysis

FE analysis

Sahoo and Ganesh [27]

2.0

0.50
0.67

0.379
0.359

0.371
0.367

0.408
0.397

medium with the reported studies available in the literature.
It is observed that the upper bound solution prediction
proposed by Sahoo and Ganesh [27] predicts the values on
the higher side in comparison with that of experimental and
numerical observations.
Table 4 depicts the exhaustive comparison of gross uplift
capacity factors of interacting square anchor plates

determined in the present study with that of closed-form
solution proposed by different researchers. Mokhbi et al
[28] have proposed the equation with simpliﬁed assumptions in failure envelope and its inclination angle for
interacting symmetrical square anchors using an analytical
approach whereas Ganesh and Sahoo [29] have proposed
the hypothesis based on upper bound limit analysis for
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Table 4. Comparison of uplift capacity factor of interacting square anchor embedded in homogeneous sand bed for different values of
S/B and D/B.
Gross uplift capacity factor nu(gross)
Present study

D/B

S/B

1.0

0.5
1.0
1.5
2.0
3.0
0.5
1.0
2.0
3.0
4.0
0.5
1.0
2.0
3.0
4.0
5.0
6.0
0.5
1.0
2.0
4.0
5.0
8.0

2.0

3.0

4.0

Experimental analysis
B = 15 cm
0.9203
0.9493
0.9674
0.9819
1.0000
0.8431
0.9148
0.9501
0.9805
1.0000
–
–
–
–
–
–
–
–
–
–
–
–
–

FE analysis
B = 15 cm
0.9239
0.9566
0.9860
1.0000
1.0000
0.8797
0.9420
0.9876
1.0000
1.0000
0.7674
0.8519
0.9348
0.9669
1.0000
1.0000
1.0000
0.7364
0.7926
0.8882
0.9736
1.0000
1.0000

B = 25 cm
–
–
–
–
–
–
–
–
–
–
0.8137
0.8983
0.9700
0.9882
1.0000
1.0000
1.0000
–
–
–
–
–
–

interacting circular anchor plates for assumed rupture surface, which is frustum of a cone. It can be observed from
the table that at closer spacing both the methods estimate
the uplift capacity factors due to interaction, on the higher
side in comparison with experimental and numerical ﬁndings. Further since these closed-form dimensionless equations are unresponsive to the width of the anchor plate, the
prediction of interaction phenomenon for small plates
should be employed with some amount of caution. It can
also be observed that at closer spacing between the plates,
the values of circular plates [29] are always on the higher
side; this may be attributed to the shape effect between axisymmetrical and angular plates, i.e. a circular plate of
diameter B will be inscribed within the square plate of same
width B. Further, the (S/B)max values of Ganesh and Sahoo
[29] are in close comparison to the present study whereas
Mokhbi et al [28] undermine the interaction phenomenon at
farther spacing between the plates. This may be prejudiced
towards the assumption of failure envelope on the ground
surface to be an octagon [28] that is inscribed within the
circle as proposed by Ganesh and Sahoo [29].

Mokhbi et al [28] [/ = 28.5°]

Ganesh and Sahoo [29] [/ = 28.5°]

0.9471
0.9959
1.0000
1.0000
1.0000
0.8574
0.9296
0.9951
1.0000
1.0000
0.7974
0.8684
0.9581
0.9950
0.9989
1.0000
1.0000
0.7551
0.8211
0.9161
0.9950
1.0000
1.0000

0.9525
0.9932
0.9994
1.0000
1.0000
0.8792
0.9451
0.9919
0.9992
1.0000
0.8276
0.8930
0.9644
0.9903
0.9978
0.9996
1.0000
0.7847
0.8459
0.9273
0.9693
0.9884
1.0000

7. Conclusion
Interaction phenomenon of two closely spaced symmetrical
square plate anchors installed at shallow depth in
homogenous and layered soil strata is studied using physical and numerical modelling techniques. The parametric
study includes the variation of embedment depth (D),
height of the top weak layer (H) and the width of the anchor
plate (B). It is demonstrated that at closer spacing between
the anchor plates, the foundation system experiences
greater reduction in the uplift capacity and the rate of
reduction increases with the increase in embedment depth.
The ultimate gross uplift capacity in the layered sand bed is
found to be lower than that obtained in case of homogeneous sand stratum. At close spacing the uplift capacity
factors are found to increase with increase in H/D ratio, i.e.
the uplift capacity factors increase with increase in depth of
top weak layer. The investigation also covers the detailed
study on the effect of width of the anchor plate on the
magnitude of Fc for isolated anchor as well as nu (gross or
net) for interacting anchors. The smaller size plate anchor
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yields higher pull-out factor (Fc), in comparison with the
larger one. However, when two plate anchors are placed at
close spacing and both experience the interference, the
smaller plate anchor suffers maximum in terms of the uplift
capacity as compared with the larger size anchor plate.
Throughout the study, it is observed that the results
obtained from the physical and the numerical analysis
concur with each other as well as with the previously
reported research ﬁndings in the literature.
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