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Abstract The majority of the lightly loaded structures built on expansive soils
exhibits swelling behaviour with varying moisture content. To nullify this effect,
numerous remedial techniques are evolved. Granular Pile Anchor Foundation
(GPAF) is one among the innovative short tensile pile technique that can be promis-
ingly suggested as a foundationmethod in expansive soil. GPAF traces its origin from
the discrete granular pile, which is widely used in soft clays and loose sand. Problems
for the foundation in expansive soil are uplift. Hence, the granular piles are provided
with anchor rod centrally, which anchors the footing to the anchor plate placed at
the bottom. In the year 2006, a research was carried out to study the heave control
behaviour of granular pile anchor for footing resting on expansive soil. Outcomes of
the research proved the efficacy of GPA over concrete piles. In present work, numer-
ical simulation of the previous field study was made to analyse the heave control
phenomena of granular pile anchor using Plaxis 2D, an analysis software based on
the finite element method. Performance of Granular Pile Anchor in numerical anal-
ysis agrees with that of field test outcomes. Heave control phenomena of Granular
Pile Anchor is better than that of concrete piles. This is mainly due to the thorough
interlocking of rough-surfaced granular pile material at the interface which is absent
in case of concrete pile. Heave of footings is decreasing with increase in length and
diameter of the piles used to anchor the footings. The heave values obtained using
Plaxis are greater than that from field experiments. This may be due to the empirical
assumption of material properties used in the input.
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1 Introduction

With ever increasing population and over-exploitation of suitable strata for con-
struction, it is a high time to engineer unsuitable strata to a suitable one, so as to
accommodate the foundation with adequate stability. Expansive soil is one among
the challenging soil in Geotechnical Engineering. This soil covers about 20% of total
land area in India. The damages caused by the swell shrink behaviour of expansive
soil estimate about several billions of dollars across the globe. In order to pacify
the volumetric changes in expansive soil towards alternate wetting and drying con-
ditions, numerous methods are being evolved by scientists continuously throughout
the sphere.

Granular pile anchor is one among the promising heave mitigating techniques in
expansive soils,which is highly advantageous compared to the othermethods. Several
types of research have been carried out since the inception of this novel method on
expansive soils by various laboratory investigations to study the heave behaviour and
pullout capacity. In order to understand the in situ behaviour of granular anchor piles
provided to footings resting on expansive soil towards heave control, a detailed field
study was carried out at NIT, Warangal in the year 2006.

In the era ofComputationalGeotechnics, analysis of any evolving technologymay
be simplified in terms of time and labour. However, reliability of the method depends
on its agreement with the proven facts. Finite elementmethod is a powerful analytical
technique that can be used effectively to analyse the soil-pile system in expansive
soils. In the present work, numerical heave studies were made using PLAXIS 2D and
the results were compared with those of field studies. Also, concrete piles of similar
dimensionweremodelled and comparedwith those granular piles. The axisymmetric
stress condition was used and the vertical ground heave was used to simulate swell
behaviour of expansive soil. It is found that granular pile anchors perform better than
the concrete pile towards heave control, which agrees with the experimental analysis.
The rate of heave reduction increases with increase in dimensions of the piles.

2 Literature Review

The granular anchor pile can be defined as an improved granular pile, which is
reinforced with a suitable anchor rod protruding above the pile head whose lower
end is fixedwith an anchor plate embedded in a predrilled borehole,which is followed
by compaction of granular material with an internally operating hammer provided
with a central hole for the passage of anchor rod through it. Hence, the granular
anchor pile system is installed into the ground by anchoring the foundation to the
base anchor plate using an anchor rod. Due to this anchorage action, the resistance
to pullout loads gets generated all long the pile-soil interface and will counteract
the pullout loads that are acting on these foundation systems. The amount of pullout
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resistance generated along the pile-soil interface depends on the frictional angle at
this interface [8].

Phani kumar has confirmed that the capacity of granular pile anchors in resisting
the uplift loads increased with an increase in their length and relative density of the
pile material. All his observations are based on laboratory investigations only, which
may not reflect the actual field conditions.

Based on the experimental study performed by Subba Rao and Venkatesh [29]
on the behaviour of pile embedded in saturated clay, the average unit skin friction
increases linearly with shear strength of soil mass. For both smooth and rough piles,
the value of skin friction tends to become constant at higher stress levels. In case of
rough piles in clay, the failure is observed to take place away from the pile and within
the soil rather than along the pile-soil interface as is generally assumed, to compute
the shaft resistance. The extent of such failure would essentially depend on the pile
roughness and embedment length.

Tsubakihara and Kishida [30] have also stated that, for rough piles, the shear
failure occurs within the clay specimen instead of interface sliding. Hence, they
concluded that the maximum resistance of friction is upper bounded by the shear
strength of clay. Mochtar and Edil (1988) found that the surface of the smooth piles
was clear and free from any trace of clay, whereas for the granular pile, it was clearly
covered by the clay. This clearly implies that the failure plane was at the pile-clay
interface for the smooth piles and out in the clay for the rough piles.

Saad et al. (2014) performed numerical analysis of GPAF system installed on
expansive soil under hypothetical field conditions. The results were compared with
that of laboratory experiment and a mathematical model was developed using SPSS
(17.0) for statistical analysis based on the results of finite element analysis.

2.1 Previous Work

Previously, in order to study the performance of granular anchor piles to control heave
of footings resting on expansive soil, a site was chosen near the northern boundary
of NIT-Warangal campus by Hari Krishna [8] where the soil profile consists of about
2.0–2.2 m thick black cotton soil followed by murrum up to a depth of 6 m. Hard
disintegrated rock follows murrum up to about 12–15 m underlined by fissured and
fractured rock to depth of about 18–20 m. The ground is found to heave during
the rainy season. During summer, map-type cracks were observed all over the site,
indicating the potential for high expansiveness of the soil. Before designing amethod
for heave control, a study was conducted to understand characteristics and behaviour
of soil at the proposed location of site. Heave behaviour of footings provided with
different tension piles embedded in expansive soil was studied under laboratory and
field conditions.
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2.2 Heave Stake Test

In order to determine the percentage free swell in situ Hari et al. (2006) performed the
ground heave stake test using precast concrete pedestal inserted at different depths
from the surface up to the depth of 2 m as shown in Fig. 1. Over seasons, the heave
was measured using the levelling instrument.

The whole area is subjected to alternate wetting and drying condition. The heave
measurements were continued till maximum heave is recorded. The uplift movement
of the pedestal was found to decrease with increase of depth. The percentage one-
dimensional unrestrained or free swell of these soil layers is calculated, which is
expressed as a ratio S (%) = (�h/h) × 100 and the values are listed in Table 1.

Fig. 1 Cross-Sectional view
of field setup for studying the
in situ heave measurements
at different depths

Table 1 Ultimate heave and
free swell values of stakes
installed at different depths

Depth of heave stake
(m)

Ultimate heave (mm) Free swell (%)

Surface 108 5.1

0.4 65 3.8

0.8 45 3.5

1.2 27 3.0

1.6 10 2.0

2.0 2 2.0
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3 Methodology

Field setup of footings providedwith different tension piles installed in expansive soil
was analysed using Plaxis. Cross-sectional view of treated and untreated footings
under the site condition as shown in Fig. 2. was considered for modelling. In the
field, the pits were filled with water for a period of about 90 days to observe their
heave movements and the maximum heaves were observed during that period. Axis
symmetric model was used to model the field setup as it is suitable and simple for
single pile behaviour.

3.1 Input Data

Corresponding to the field setup as shown in Fig. 2, the geometry of the model
was extended to 2.1 m in the vertical direction to represent the depth of expansive
soil in field. The size of the footing used in the field was 1.5 m. The width of the
model was considered to be three times thewidth of the footing. Being axisymmetric,
the size of the footing was taken as 0.75 m. Hence, the geometry was made up to
2.25m horizontally, whichwas three times axisymmetric footing size (3× 0.75). The
geometry of the soil cluster was partitioned in such way to show excavation up to the
depth of 0.6 m and width 0.75 m that can be deactivated in the proceeding calculation
phase. At the left bottom of the excavation line, the geometry of Granular pile anchor
was made with axisymmetric configuration i.e. quarter pile. However, initially the
cluster was assignedwith expansive soil property so as simulate initial field condition
and was later with granular pile material in construction stages (Table 2).

Expansive Soil cluster and granular pile material were modelled using Mohr–
coulomb model, which is a nonlinear model. The material type was considered to be
drained for granular material and undrained for expansive soil in case of untreated
footing and drained for treated footing as the granular material provides passage
for draining and the properties of the material are given in Table 3. The concrete
pile was modelled as nonporous linear elastic material. Footing and anchor plates of

(a) Untreated Footing (b) With Granular pile (c) Concrete Pile

Fig. 2 Vertical displacements of footing
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Table 2 Properties of the material used

Soil Expansive soil Granular pile Concrete

Model Mohr–coulomb Mohr–coulomb Linear Elastic

Type Drained Drained Nonporous

γunsat (kN/m3) 16 24 24

γsat (kN/m3) 17 25 24

Eref, Modulus of elasticity (kPa) 5000 50000 1.94 × 107

Poisson’s ratio 0.35 0.3 0.15

Cohesive strength (Cu in kPa) 135 0.0001 –

Angle of internal Friction 0 43° 0

Dilatancy angle 0 13° –

Permeability Kx(m/day) 0.0001 1 –

Permeability Ky(m/day) 0.0001 1 –

R inter (between concrete and expansive
clay)

0.8 1 1

Table 3 Properties of the Structural Element

Plates Footing Anchor plate Anchor rod

Material M15 concrete Mild steel Mild steel

EI kNm2/m 1620 133.33 –

EA kN/m 1.94 × 106 4 × 106 3.6 × 106

Poisson’s ratio 0.15 0.33 –

GPA were modelled as plate element and anchor rod was specified as node-to-node
anchor.

3.2 Boundary Condition

The standard fixity condition was assigned to the model. (i.e.) Horizontal displace-
ments are considered to be zero at the left and the right boundaries. Also, both hori-
zontal and vertical displacements were taken as zero at the bottom. This assumption
agreed with the behaviour in nature where the surrounding soil of large horizontal
extent functions as horizontal fixities [13]. After assigning all the necessary inputs
to the model, the automated mesh was generated in Plaxis as shown in Fig. 3. Coarse
mesh generated was made of 157 elements, 1323 nodes and 1884 stress points.
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Fig. 3 2D Axis symmetric Input model with description and generated mesh

3.3 Initial Condition

While assigning the initial conditions the water table is assumed to be at the base
of model as no water table was found up to the depth of 6 m at the site [8]. Then
initial stresses were calculated by assuming coefficient earth pressure at rest, K0 =
1, where K0 = 1-sinϕ as given by Jacky’s formula.

3.4 Calculation Phases

In PLAXIS, there is a provision to assign construction in stages. The present analysis
was performed in three stages. Of these first two phases were plastic and the third
phase was consolidation as in Fig. 4.

In the first phase, similar to the field study, expansive soil model was excavated
to a depth of 0.6 m and to a width of 0.75 m in the axisymmetric model from the
left boundary (half of the Footing size, 1.5 m) by deactivating the corresponding soil

(a) Excavation phase (b) Construction phase (c) Swelling phase

Fig. 4 Calculation phases defined in PLAXIS analysis
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cluster. Then the borehole was made for GPA installation, again by deactivating the
respective soil cluster. In the second phase of construction, anchor plate, anchor rod,
granular anchor material, footing plate and uniformly distributed load corresponding
to the self-weight of the footing (2.4 kN/m2) were activated by defining the parameter
through parameter tab.

To account for the time effect, the third phase was performed as a consolidation
phase with a time interval of 90 days, which was according saturation period in the
field experiment conducted. Also, ultimate heave was witnessed within that period in
the field. Hence, in order to simulate heave condition, a volumetric strain of 3.65%
was applied to the expansive soil cluster in the model input window. This value
was according to the average percentage of free swell at the depth 0.6 m which
was obtained from the field prediction of ground heave by Heave stake test after
Hari Krishna as given in Table 1. The volumetric strain acts as heave in the vertical
direction as the later displacements were arrested by the boundary conditions in the
given model.

For the purpose of comparison, concrete piles of equivalent dimension as of GPA
weremodelled. To understand the relative performance of tension piles in controlling
heave of footings resting on expansive soils, footings of different dimensions (1, 1.5,
2.0 m) without piles were also modelled and ultimate heaves were obtained for each
case.

4 Results and Discussions

Even though uniform vertical heave was assigned to the model, the vertical displace-
ment was found to decrease with depth due to overburden as given in Fig. 5a, b and
c. The ultimate vertical displacement of the footing element is depicted in Fig. 6.

(a) Untreated Footing (b) With Granular pile (c) Concrete Pile

Fig. 5 Vertical displacements of footing
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Fig. 6 Out put window showing the vertical displacement of GPA (L = 1 m and D = 300 mm)

4.1 Swell Potential and Percentage of Heave Reduction

The results from the numerical analysis on the heave behaviour of footings supported
by different dimensions of granular pile anchor are given in Table 4. As can be seen
from this table, the results of these footings under-treated and untreated conditions
were analysed using swell potential and percentage reduction in heave. Hari Krishna
[8] used swell potential as the ratio of change in thickness of soil (i.e., heave of
footing plate to the original soil thickness).

Hence,

Swell potential (%) = (�H/H) × 100

Table 4 Swell potential and percentage reduction in heave of footings with GPA of different
dimension on expansive soil (Footing size = 1.5 m)

S. No. Pile dimension (m) Heave (mm) Swell potential (%) Percentage reduction
in heave (%)Length Diameter

1 Without any pile 58.26 3.9 –

2 0.5 0.2 20.11 1.3 65

3 1 0.1 20.92 1.4 64

4 1 0.2 14.38 1.0 75

5 1 0.3 8.79 0.6 85

6 1.5 0.2 3.12 0.2 95
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Table 5 Swell potential and percentage reduction in heave of footings with concrete piles of
different dimensions on expansive soil

S. No. Pile dimension
(m)

Heave (mm) Swell potential (%) Percentage reduction
in heave (%)

Length Diameter

1 Without any pile 58.26 3.9 –

2 0.5 0.2 38.88 2.4 33

3 1 0.1 35.73 2.3 39

4 1 0.2 29.28 1.8 50

5 1 0.3 25.9 1.2 56

6 1.5 0.2 24.63 1.0 58

where �H is the change in thickness of soil and H is the original soil thickness.
The percentage reduction in heave due to the treatment condition, i.e. difference

between heave values of treated (h′) and untreated conditions (h) to the heave of
untreated condition (h), expressed as a percentage.

Percentage reduction in heave = {(
h − h′)/h

} × 100

From the table, it can be seen that swell potential decreases with increase in length
and diameter of the pile. Percentage reduction in heave increases with increase in
dimension of the pile. For granular pile anchor of length 1 m and diameter 200 mm
75% of heave reduction was accounted. About 95% of heave reduction can be wit-
nessed upon providing granular pile anchor throughout the length of the expansive
soil. Similarly, the swell potential and the percentage of heave reduction for footings
provided with concrete piles of different dimensions are listed in Table 5. In case
of concrete pile, only 58% of heave reduction can be seen on providing concrete
pile throughout the length of the expansive soil. Decrement of swell potential on
increment of dimensions of concrete pile was not that pronounced as in case of GPA.
For concrete pile of length 0.5 m and 200 mm diameter, the percentage of heave
reduction is about 33%. By providing concrete pile of same diameter and of 1.5 m
length throughout the expansive soil layer, heave reduction was increased to just
58%. The efficiency of granular pile anchor in reducing swell potential was about 5
times greater than that of concrete pile when provided throughout the depth of the
expansive soil.

4.2 Comparison of Numerical Analysis and Field Study

The heave values of untreated and treated footings obtained from numerical analysis
using Plaxis were given in Table 6. The tabulated values were compared against
results of field analysis discussed in literature. It was found that in numerical study,
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Table 6 Heavevalues for Footings provided with/without tension piles

S. No. Footing size
(m)

Pile type Pile dimension Heave in mm

Pile length
(m)

Diameter
(m)

Numerical
analysis εv
= 3.65%

Field study

1 1 No pile N/A N/A 57.46 51

2 1.5 No pile N/A N/A 58.26 60

3 2 No pile N/A N/A 60.68 76

4 1.5 CP 0.5 0.2 38.88 36

6 1.5 CP 1 0.1 35.73 34

5 1.5 CP 1 0.2 29.28 27

7 1.5 CP 1 0.3 25.9 18

8 1.5 CP 1.5 0.2 24.63 15

9 1.5 GPA 0.5 0.2 20.11 15

11 1.5 GPA 1 0.1 20.92 17

10 1.5 GPA 1 0.2 14.38 9

12 1.5 GPA 1 0.3 8.79 4

13 1.5 GPA 1.5 0.2 3.18 5

heave of the footing was found to increase by 1.4% when footing size was increased
by 50%. Also heave was increased by 5.6% when the footing size was doubled.
However, in case of field study heave was increased by 18% upon 50% footing size
increment and around 49% heave increment was accounted for doubling the footing
size. Heave increment upon increase in size of the footing was not pronounced in the
field study. This may be due to the fact that heave was modelled as volumetric strain.
However, in the field heave increases due to removal of overburden and increase of
exposed swell surface.

Heave got decreased with increasing dimensions of the pile (Ala Nasir et al.
2014). The reduction trend followed is on par with the aforesaid field study. For the
same surface area, heave reduction is more with the length increment than that of the
diameter. This may be attributed to the increased length of interlocking surface. The
phenomenon is in line with the findings of Phanikumar [19], Phanikumar et al. [20],
Rao et al. [26], Phanikumar et al. [12, 14, 21]. The values of heave obtained from
the numerical analysis were on average 1.33 times greater than that of field tests.
This can be accounted for the variation of material properties used in FEM analysis
for soil clusters, which were basically derived using empirical relation. Also, the
exact weather condition prevailed during the field test could not be simulated in the
numerical model.

In the case of concrete piles, due to the reduction of strength at the interface, the
heave mitigating effect is comparatively less. For the piles provided throughout the
length of the expansive soil, the percentage of heave reduction for concrete pile is
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Fig. 7 Comparison between numerical and field analysis on heave behaviour of piles of different
diameter

Fig. 8 Comparison between
numerical and field analysis
on heave behaviour of piles
of different length
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58%whereas for GPA it is about 95%. A comparison between results of field test and
numerical analysis for piles of different lengths and diameters is shown in Figs. 7
and 8.

5 Conclusions

Performance of Granular Pile Anchor in numerical analysis agrees with that of field
test outcomes.

1. Heave control phenomena of Granular Pile Anchor is better than that of concrete
piles. This is mainly due to the thorough interlocking of rough-surfaced granular
pile material at the interface which is absent in case of concrete pile.

2. Swell potential of footings provided with tensile pile decreases with increase in
length and diameter of the pile.

3. Heave of footings is decreasing with increase in length and diameter of the piles
used to anchor the footings. And out of the two parameters increase in length of
the pile is resulting in more percentage of heave reduction than diameter for the
same pile surface.
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The heave values obtained using Plaxis are greater than that from field experi-
ments. This may be due to the empirical assumption of material properties used in
the input. Also densification of the surrounding medium by ramming of pile material
and increase in size of GPA after installation could not be accounted in the numeri-
cal analysis. Based on its agreement with field study, analysis may be extended for
piles of different lengths and diameter on soils of different swelling behaviour and a
mathematical model can be developed which could be used in the design of granular
pile anchor for expansive soils.
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