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Uplift capacity of single vertical belled pile embedded
at shallow depth
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Abstract. This study investigates the uplift capacity of a single vertical belled pile buried at shallow depth in dry sand. The
laboratory model experiments are conducted with different pile-tip angles and relative densities. In addition, image and FEM
analyses are performed to observe the failure surface of the belled pile for different pile-tip angles and relative densities.
Accordingly, the uplift capacity and failure angle in the failure surface of the belled pile were found to depend on the belled pile-
tip angle and relative density. A predictive model for the uplift capacity of the belled pile was proposed considering the relative
density and belled pile-tip angle based on a previous limit equilibrium equation. To validate the applicability of the proposed
model, the values calculated using the proposed and previous models were compared to those obtained through a laboratory
model experiment. The proposed model had the best agreement with the laboratory model experiment.
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1. Introduction

Frequent natural disasters, such as typhoons, tsunamis,
floods, and earthquakes, impose horizontal loads (external
forces) on structures. The generated external forces damage
the structure due to overturning and collapse. Therefore, the
structure foundation subjected to high horizontal loads (e.g.,
high chimneys, coastal structures, and wind power
generators) requires high stability, and uplift and bearing
capacities.

A belled pile, which is constructed by expanding the pile
tip, is often used to improve the ground uplift capacity.
Moreover, it has higher tip-bearing and uplift capacities
than a conventional pile owing to its expanded pile tip.
Therefore, it is very effective for achieving the ultimate
uplift capacity because of the effects of frictional force and
the anchor plate, which are attributable to the expanded pile
tip. However, the uplift capacity mechanism of the belled
pile has not been fully investigated, and, consequently, its
design methodology has not yet been clarified. In addition,
classifying foundations according to the embedment ratio is
ambiguous owing to the change in slenderness ratio
resulting from the belled pile-tip diameter being 2-3 times
larger than that of a conventional pile. Therefore, the belled
pile design standard is dependent on the belled pile-tip
dimension, which is problematic.
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Conventional and belled piles and anchor plates have
been primarily studied via laboratory models and large-
scale field experiments (Majer 1955, Balla 1961, Downs
and Chieurzzi 1966, Matsuo 1967, 1968, Khadilkar et al.
1971, Clemence and Veesaert 1977, Chattopadhyay and
Pise 1986, Ghaly et al. 1991, Ilamparuthi and
Muthukrishnaiah 1999). Dickin and Leung (1990, 1992)
performed a few centrifugal model tests to investigate the
effect of the uplift capacity of a belled pier in sandy ground
on the failure surface. They observed that the uplift capacity
of a belled pier significantly depends on the embedment
ratio of the pier and sand density. In addition, the effects of
shaft/bell diameter ratio and bell angle in the design of a
belled pier should be considered. Tsutsui et al. (1995)
conducted field experiments on a belled pile to validate the
behavior of the uplift capacity obtained from a previous
laboratory model test. Based on the results, they proposed
an empirical formula to predict the belled pile uplift
capacity. Chatani et al. (2008) estimated the lowest pile skin
frictional force in belled piles via axial tensile load tests and
proposed its use for design. However, this method tends to
underestimate the belled pile uplift capacity. Qian et al.
(2019, 2020) conducted large-scale laboratory model and
field tests for a conventional pile and belled pier
considering various conditions, such as ground slope, static
load, horizontal load, and lateral load. The belled pier
exhibited a higher bearing capacity than a conventional pile
under lateral and uplift loads. In addition, the uplift capacity
of the belled pier was high in different soil conditions,
including clay, gravel, and frozen soil.

Several researchers have proposed predictive models for
uplift capacity based on various laboratory and field
experiments on belled piles. Most proposed predictive
models for the uplift capacity comprised the pile weight,
shear force of the failure surface, and weight of the soil
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Fig. 1 Representative failure surface models for a conventional pile, anchor plate, screw pile, and belled pile: (a) vertical
slip surface model, (b) inverted truncated-cone model, and (c) curved slip surface model (Date from Dickin and Leung
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Fig. 2 Schematic diagrams of circular and half-circular chambers: (a) plan view of circular chamber, (b) plan view of

half-circular chamber, and (c) front view of chamber

inside the failure surface. Here, the weight of the pile can be
easily determined, but identifying the failure surface and
determining the resistance (pile—soil friction) at the failure
surface are challenging because of their susceptibility to
factors such as ground conditions, pile shape, and
penetration ratio. Therefore, researchers have verified the
failure surface mechanisms of a belled pile through
laboratory experiments, and they then proposed several
models for predicting its uplift capacity (Dickin and Leung
1990, Honda et al. 2011, Niroumand et al. 2013, Keskin et
al. 2015, Nazir et al. 2015, Emirler et al. 2016, Deb and Pal
2019a, b, Wang et al. 2020, Schafer and Madabhushi.
2020). Fig. 1 shows representative failure surface models
for a conventional pile, anchor plate, screw pile, and belled
pile. The proposed failure surface models can be classified
into the 1) vertical slip surface model, 2) inverted truncated-
cone model, and 3) curved slip surface model (Majer 1955,
Balla 1961, Downs and Chieurzzi 1966, Clemence and
Veesaert 1977, Murray and Geddes 1987, Meyerhof and
Adams. 1968). The shape of the failure surface depends on
factors such as the penetration ratio, slope condition of the
ground, and belled pile-tip angle. Moreover, the shear stress
at the failure surface can be calculated from the internal
friction angle, adhesive force, relative density, and water
content according to the ground conditions, among others.
However, most previous studies focused on belled piles
buried in deep foundations. Thus, the research results
cannot meet all the field conditions and are unsuitable for
belled piles constructed for shallow-depth applications. The
belled pier or belled pile with an expanded pile tip is mainly

applied to a single pile foundation for power transmission
towers, bridge piers, and housing and is buried at shallow
depths. However, despite its practical value, belled piles at
shallow depth have not been sufficiently studied.

This study focuses on examining the uplift capacity of a
belled pile buried at a shallow depth. A series of laboratory
model experiments are conducted considering the effects of
the belled pile-tip angle and relative density of sand. In
addition, image and finite element method (FEM) analyses
were used to verify the shape of the failure surface obtained
from the model experiment. Finally, a predictive model for
the uplift capacity of the belled pile buried at a shallow
depth was proposed based on the results. The proposed
predictive model was compared to previous predictive
models to validate the former.

2. Material and methods
2.1 Model chambers and model piles

Circular chamber and half-circular chamber models
were used in the model tests. The circular chamber was
primarily used for conducting the static tension uplift load
tests. In contrast, the half-circular chamber was primarily
used to observe the failure behavior and interaction between
the belled pile and sand through image analysis. Fig. 2
shows schematics of the circular and half-circular
chambers: their heights and diameters are 500 mm and 750
mm, respectively.
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Half- circular model piles

Laboratory model tests using the model chamber require
that the confinement effect of the chamber wall for the
limited model ground size be considered. Therefore, the
scale effect and boundary conditions of the model chamber
in this study were based on the results of previous studies
on conventional piles and anchor plates (Kishida 1963,
Robinsky and Morrison 1964, Dash and Pise 2003). In the
latter, the range of ground affected by the installation and
load of piles depends on the unit weight, penetration depth,
shaft diameter, and belled diameter among others, with
effects extending up to 2—-8 times the pile diameter being
reported (Meyerhof 1959). In this study, the round ranges
based on the shaft diameter (bs) and belled diameter (b5) of
the belled pile were 25D (25b5) and 15.6D (15.6bp),
respectively, in agreement with previous research.
Therefore, no effects of the boundary condition and scale
effect caused by the side wall of the chamber owing to the
chamber size are presumed.

The chamber used in the experiment was designed to
increase its effectiveness. The circular chamber comprises
two wall parts and a bottom part, and the half-circular
chamber comprises a circular-chamber wall part, with a 1
cm front transparent chamber plate and bottom plate being
assembled. The parts of the chamber wall and front
transparent chamber plate were made of 3 mm steel and a 1
cm-thick acrylic plate, respectively. The bottom plate was
made of a 1.5 cm steel plate to suppress deformation due to
the weight of the ground material and each part. The steel
wall and floor parts were coated with Teflon inside the soil
to minimize friction between the soil and chamber wall.

Fig. 3 shows the model piles used in the circular-
chamber and half-circular chamber models. All model piles
were made of steel to minimize the deformation and friction
in the smooth-surface piles. The uplift load model tests were
conducted with three small-scale piles and different pile-tip
angles (6; = 0°, 12°, and 18°) and sand relative densities (Dr
= 40%, 60%, 75%, 85%, and 95%) at the circular chamber.
In addition, two types of small-scale belled piles of §; = 12°
and 30° were used in the image analysis at the half-circular
chamber under relative densities of 40, 75, and 95%. The tip
diameters of the straight (0°) and belled piles (12° and 18°)
in the static tension uplift load test at the circular chamber
were 30 mm and 48 mm, respectively. Moreover, the total
length of the circular-chamber piles was 370 mm. The tip
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diameter and length of the belled pile (12° and 30°) at the
half-circular chamber were 24 mm and 360 mm,
respectively. The pile length at the half-circular chamber
was 10 mm shorter than that at the circular chamber to
ensure that the pile part applies the tensile load.

2.2 Test soil and sand beds

Kumamoto silica sand (K7) was used as the main
ground material: its physical properties are listed in Table 1,
whereas its particle size distribution is shown in Fig. 4. K7
was classified as nonplastic silty sand (SM) in the Unified
Soil Classification System. The mean grain size and
specific gravity were 168.4 um and 2.63, respectively. The
maximum and minimum densities were measured in
accordance with JIS A 1224 (2009), and their values were
1.57 and 1.20 g/cm’, respectively. Relative densities
ranging from 38% to 81% were utilized for the direct shear
test in accordance with JGS 0560 (2009) to determine the
correct internal friction angle (¢) at the set relative density
(Dr). Fig. 5 demonstrates the relationship between ¢ and
Dr, based on which ¢ = 0.153 - Dr + 29 was proposed for
calculating the relative density. Accordingly, ¢ applied to
the Dr utilized in this experiment was calculated using the
proposed equation.

The relative density of the sand beds used in this study
can be divided into 1) loose sand (Dr = 40%), 2) medium
dense sand (Dr = 60%), 3) dense sand (Dr = 75%), and very
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Table 1 Physical properties of Kumamoto silica sand (K7)

Property Value Unit
Specific gravity, Gs 2.63 -
Fine-grained soil 15.6 %
Unified Soil Classification SM )
System (USCS)
Mean grain size, Dso 168.4 pm
Effective grain size, Dio 57.72 pum
Uniformity coefficient, Cu 1.64 -
Coefficient of gradation, Cc 1.07 -
Maximum density, pmax 1.571 g/em?
Minimum density, pmin 1.197 g/em’

Hopper (Top)

Hopper hole
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Fig. 6 Schematic diagram of hopper apparatus
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Fig. 7 Relative density (Dr) according to hopper hole size

dense sand (Dr = 85% and 95%). The relative density of the
sand bed in the model experiment was calculated by
determining the maximum and minimum densities. 1) The
rain method and 2) compaction method were used to
achieve the desired sand-bed density. Relative sand-bed
densities of Dr = 40% and 60% were utilized in the rain
method using the mobile hopper apparatus shown in Fig. 6.
It can control the sand relative density by regulating the
hole size at the bottom of the hopper suspension, and the
hole opening rate was calibrated according to the density, as
shown in Fig. 7. In the rain method procedure, the sand was
dropped from a 1 m height from the hopper suspension
hole. The compaction method was utilized to adjust the
other sand-bed relative densities. The procedure involved

Table 2 Experimental test and numerical analysis conditions
(small-scale model test and image analysis)

Relative Pile tip inclination Slenderness

Cl;?;?:er density angle ratio Etc
(%) @ °) ()
. 40, 60,

Circular 75,85, 95 0,12, 18 -
Half 575,05 12,30 3.33 Image
circular analysis

FEM Soil Plus
analysis 40,75, 95 12 (v4.0)

Table 3 Tension uplift and compression speeds of the screw
jack

Scale Compress_ speed Uplift speed
(mm/min) (mm/min)
2 3.86 3.84 -3.85 -3.87
2.7 5.45 5.44 -5.48 -5.45
6.44 6.45 -6.51 -6.52
4 9.06 9.08 -9.08 -9.09

calculating the weight of the sand at a height of 4 cm (one
layer) in advance. Each layer was tamped using a rubber
hammer to achieve the desired relative density. Four sand-
bed layers were utilized to achieve the shallow-depth (16
cm) condition.

2.3 Model test set-up and instruments

Table 2 lists the experimental tests (small-scale model
test and image analysis) and numerical analysis conditions.
Fig. 8 shows the model apparatus, which consists of three
parts: 1) the model chamber (circular chamber for the static
tension uplift test and half-circular chamber for the image
analysis), 2) loading device (screw jack for loading and
operation panel for controlling the load and strain), and 3)
measuring device (load cell, LVDT, and monitoring camera
for image analysis). The model ground and model piles
were prepared in three stages. First, the lower ground up to
the end of the pile was prepared considering the relative
density. Afterward, the lower ground was formed, and
model piles were installed in the chamber. Thereafter, the
upper ground was prepared using the same method as that
for the lower ground. Friction is generated between the
observation window and belled pile installed in the half-
circular chamber. To prevent this, a | mm gap was created
between the observation window and belled pile and filled
with silicone grease to prevent spilling sand from the gap. A
screw jack was used to apply strain-controlled loading. The
maximum load of the screw jack is 10 kN, and the load and
strain can be controlled using the operation panel. Table 3
lists the tension uplift and compression speeds of the screw
jack. The tension uplift speed in this model test was set as 4
mm/min. A load cell and LVDT were installed in the model
apparatus to measure the load and vertical displacement.

The maximum load of the load cell and LVDT
displacement range were 2 t and 50 cm, respectively. The
data were collected 200 times per minute to ensure test
accuracy.
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Fig. 8 Model apparatus: (a) loading system, (b) measuring apparatus, (¢c) model pile and (d) model chamber
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Fig. 9 Example of image analysis (Dr = 95% and 6; = 12°): (a) before image analysis and (b) after image analysis

Table 4 Physical properties of the model ground used for FEM analysis (Soil Plus V.4.0)

y (kKN/m?) Dr (%) E (MN/m?) v ¢ (kN/m?) o () 6“9 Ground model
12.9 40 75 35 23
13.7 60 100 39 26
14.3 75 125 0.3 0.1 41 27 Elasto-plastic
14.7 85 150 43 29
15.2 95 200 45 30

2.4 Image and FEM conditions

Images collected from the camera were used in the
image analysis. After capturing an image, the initial image
and the image corresponding to each displacement were
compared based on 1 mm of uplift displacement in the
monitoring data, and the deformed part was expressed as a
change in color. Fig. 9 demonstrates the image analysis
results obtained at Dr = 95% and 6; = 12°.

Table 4 lists the physical properties of the model ground
used for FEM analysis, which utilized Soil Plus (Version
4.0) software. The numerical model ground used is shown
in Fig. 10. In the numerical model, a 2D axisymmetric
model with a length of 375 mm and height of 500 mm from
the center of the pile was used for FEM analysis. The
elasticity modulus of the ground was 1/1000 of the initial

500mm

Fig. 10 Numerical model in Soil Plus v.4.0 program
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Fig. 11 Variation in the net uplift capacity and residual load with vertical displacement in belled piles with three

pile-tip angles at a penetration depth of 16 cm: (a) conventional pile (6; =

belled pile (6: = 18°)

value and configured as an elastoplastic element based on
the Mohr—Coulomb failure criterion. In addition, 2/3¢ of the
pile-soil skin friction angle(Jd) was applied in the boundary
condition between the pile and the ground (Terzaghi and
Peck 1948), and the elasticity modulus between the ground
support layer and belled pile was achieved via a 1/10000
reduction to simulate separation between the ground
supporting layer and belled pile during the belled pile uplift.

In this analysis, the same conditions were applied to the
ground soil and supporting layer. Here, because the belled pile
is made of elastic material and is supported by a load device in
the experimental model, its weight is neglected.

0°), (b) belled pile (6 = 12°) and (c)

The boundary conditions were fixed in the vertical
direction at the bottom part and laterally in the horizontal parts
in the model. The uplift load was applied in 25 steps by
applying a maximum uplift load of 0.5 kN to the pile head
using the load control method.

3. Results and discussion
3.1 Laboratory model experiment

The results are collected from the instrumented belled
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(a) 6;=12° and Dr=40%
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(d) 6;=30° and Dr =40%
Fig. 12 Image analysis results for ;= 12° and 30° and Dr = 40%, 75%, and 95% at L= 16 cm

pile embedded in loose, medium, and dense sand during a
laboratory model experiment. The variation in the net uplift
capacity and residual load with vertical displacement in
belled piles with three pile-tip angles at a penetration depth
of 16 cm (L = 16 cm) is shown in Fig. 11. The net uplift
capacity is obtained by subtracting the weight of the pile
from the measured uplift load. The residual load was
measured to analyze the uplift load characteristics of
conventional and belled piles beyond the maximum uplift
load. The residual load was measured up to a vertical
displacement of 40 mm. Fig. 11(a) shows the net uplift
capacity and residual load of a conventional pile (& = 0°).
The net uplift capacity was approximately 0.01 kN at a
relative density of less than 75%. However, when the
relative density exceeded 85%, the net uplift capacity was
approximately 0.04 kN, which was approximately four
times higher. In addition, the net uplift capacity and residual
load values in all experimental results were similar for
different relative densities. When the relative density of
sand is less than 75%, the net uplift capacity is a result of
the friction between the pile skin and ground, whereas when
the relative density of sand exceeds 85%, the net uplift
capacity is dependent on failure surface formation. This
result is similar to that of a previous study that reported that
failure surfaces are dependent on the relative density (Hong
and Chim 2015).

Figs. 11(b) and 11(c) display the net uplift capacity and
residual resistance of the belled piles (6, = 12° and 18°).
The peak net uplift capacity cannot be measured at a
relative density of 40% in loose sand. This phenomenon is
due to fact that when a constant load at constant
displacement is applied in very loose sand ground with a
relative density of 40%, the sand ground is only
compressed. Therefore, the resistance to the uplift capacity
is not sufficiently expressed. However, the peak value of the
net uplift capacity of the belled pile was confirmed in
relative densities exceeding 60%. This is attributable to the
effect of friction between the pile skin and ground and that
of the belled pile-tip shape. Furthermore, marked

(e) 6;=30°and Dr=75%

About 15.2cm

About 15.4cm

{ 9=5933°
L P ?

/ 9 = 65.05° /

(f) 6;=30° and Dr=95%

differences in the residual strength between conventional
and belled piles were observed in the experimental results,
except at a density of 40%. For conventional piles, the peak
uplift capacity was slightly higher than the residual
strength, and this behavior was observed regardless of the
relative density. However, in the belled pile, the difference
between the peak net uplift capacity and residual load was
evident beyond a relative density of 60%, and each value
increased with an increase in the relative density. This is
attributable to the resistance of the belled pile being higher
than that of a conventional pile owing to the shape of the
belled pile tip despite the peak uplift capacity being
achieved.

3.2 Image analysis

In this study, image analysis was performed by
monitoring the model experiment to determine the failure
surface of the belled pile. Fig. 12 shows the image analysis
results for 6, = 12° and 30° and Dr = 40%, 75%, and 95% at
L =16 cm. The image analysis reveals that failure surfaces
were not present at a relative density of 40% for both belled
piles. However, they were clearly identified at relative
densities of 75% and 95%. In both belled piles, the failure
surfaces were widely distributed at a relative density of
95%, and the maximum failure surface was within 10 mm
of the uplift displacement. In addition, the failure surface of
the belled pile with 6 = 12° was slightly wider than that of
the belled pile with 6, =30° (by 2° or 3°).

The shape of the failure surface was similar to that of
the inverted truncated cone model observed in previous
studies. Therefore, the failure surface of the belled piles had
a markedly wider surface under a high relative density and
wide pile-tip area. Therefore, the resistance area of the
belled shape and relative density of sand are more important
parameters affecting the shape of the failure surface than the
uplift capacity. In the image analysis for a conventional
anchor plate conducted by Liu et al. (2012) loose sand
exhibited volume shrinkage in the ground near the anchor
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Fig. 13 The results of 2D FEM analysis after the uplift
load of belled pile: (a) Dr = 40%, (b) Dr = 75% and (c)
Dr=95%

Shear strain

plate, whereas the dense sand exhibited volume expansion
in the ground near the anchor plate. This trend is similar to
that observed in the image analysis conducted in this study.

3.3 FEM analysis

The main purpose of the numerical analysis in this study
was to investigate the formation of the failure surface and
the failure angle according to the shape of the belled angle
and soil density. The failure surface and failure angle from
the belled pile-tip are very critical parameters for predicting
the uplift capacity of belled piles. In this study, a new model
to predict the uplift capacity of belled piles was proposed based
on these parameters. Therefore, to derive accurate results of

numerical analysis, FEM analysis was performed by applying
the uplift load in 25 steps considering the results of the model
experiment (uplift capacity: maximum 12.5 kN). Here, to
confirm the change in the failure surface according to the uplift
load, the change in maximum shear strain and plastic strain
from the FEM analysis were used. Fig. 13 shows the results of
2D FEM analysis after the uplift load was reached. The
maximum shear strain and plastic conditions were analyzed for
a belled pile-tip angle of 12°. Accordingly, the maximum shear
strain and plastic deformation were partially confirmed on the
surface of the belled pile at a relative density of 40%.
However, at relative densities of 75% and 95%, the range of
shear strain and plastic deformation exhibited an inverted
truncated cone model similar to that observed in the image
analysis. In addition, the plastic deformation at a relative
density of 95% was wider than that at a relative density of
75%. The maximum shear strain at relative densities of 75%
and 95% corresponded to tip angles of 63.5° and 57.5°,
respectively.

The difference in angles with these relative densities was
approximately 5°. These results imply that the failure angle and
size of the failure surface are determined by the relative density
and belled pile-tip angle. Therefore, the FEM analysis
corroborates the image analysis, thereby validating the
boundary conditions and parameters applied in this study.

4. Predictive model for uplift capacity of belled pile

A predictive model for the uplift capacity of a belled
pile was developed considering the effects of the belled
pile-tip angle and relative density. The shape of the failure
surface was determined by the image and FEM analyses of
the belled pile-tip angles. In addition, a density coefficient,
x, was proposed to take into account the effect of the
relative density on the ground conditions. The limit
equilibrium equation for conventional piles was applied to
calculate the uplift capacity of the belled pile in the failure
surface.

4.1 Laboratory model experiment

The image and FEM analyses revealed that the failure
surface was linearly formed from the ground surface to the
tip of the model pile with a constant failure angle for both
bell-shaped piles. The shape of this failure surface
resembles the inverted truncated cone model from previous
studies for conventional piles, belled piles, anchor plates,
and screw piles among others, for shallow foundations
(Ghaly et al. 1991, Ilamparuthi et al. 2002, Shanker et al.
2007). It was previously reported that the failure angle at
the failure surface generated at the uplift capacity was
determined by soil parameters such as adhesion, dilatancy
angle, and internal friction angle (Sutherland 1965,
Meyerhof 1968, Vermeer and Levacher 1985, Murray and
Geddes 1987, Shanker et al. 2007). However, the
application to the uplift capacity of a belled pile was limited
because the effects of the belled pile-tip shape and pile-soil
friction were not considered. Hence, this study proposed a
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Fig. 14 The free-body diagram of circular disc wedge for applying the uplift resistance of belled pile

novel method of determining the failure angle of the failure
surface while considering the belled pile-tip angle and
relative as given in Eq. (1)

9=<90°—%—9i>

where 6, 6, and w represent the failure, belled, and
dilatancy angles (¢ / 2°, ¢ - 30°). In this equation, the
failure angle is defined as the sum of the failure angle of a
conventional pile, as proposed by Shanker et al. (2007) and
the belled pile-tip angle (&). In addition, to consider the
change in the net uplift capacity and failure angle with
relative density observed in the image and FEM analyses, a
new relative density coefficient is proposed in Eq. (2).

(1)

=(1 br + 0.7
k=015t 07
where « is the relative density coefficient. x accounts for
the tendency of the maximum net uplift capacity to increase
more at a relative density of 70%. Finally, the failure angle
can be determined using Eq. (3).

9=x(90°—%—9i)

2

3)

4.2 Development of predictive uplift capacity model

In this study, a predictive model for the uplift capacity
of belled pile for shallow foundations was proposed based
on the observed failure angle, and failure surface and limit
equilibrium equation for a conventional pile proposed by
Chattopadhyay and Pise (1986). The predictive uplift
capacity model for a conventional pile calculates the failure
surface by considering the relationship between the pile-soil
friction angle and internal friction angle of the soil. This
model calculates the uplift capacity by calculating the soil

weight inside the failure surface at a certain height and the
shear force of the failure surface. Here, the limit
equilibrium equation was used to efficiently calculate the
weight of the soil within the failure surface for a specific
height and the shear force of the failure surface. Hence, the
limit equilibrium equation proposed by Chattopadhyay and

Pise (1986) was introduced to efficiently calculate the

proposed failure surface. To apply the limit equilibrium

equation to the belled pile, three assumptions were made:

1. The maximum uplift capacity has occurred at the
maximum failure surface.

2. The maximum uplift capacity for a belled pile is formed
when the failure surface is maximal, and the internal
friction angle and pile-skin friction angle are the same (&
= 9).

3. The lateral earth pressure generated within the wedge
plane at a given height is assumed to be K = (1 - sind)
(tand / tang) and 0 = ¢ under the maximum uplift
capacity; thus, the lateral earth pressure can be assumed
to be K = (1-sing).

Fig. 14 shows a free-body diagram of the circular disc
wedge used for applying uplift resistance to the bell pile.
The limit equilibrium equation can be obtained from the
relationship between the mobilized shear strength of the soil
along the failure surface and the uplift force from the
weights of the soil and pile (Chattopadhyay and Pise 1986).

This limit equilibrium equation assumes a circular disk
wedge of prescribed thickness (Az) at the prescribed height
(z) from the pile-tip between the axisymmetric failure
surface and the belled pile. This assumption is applicable to
calculating the reaction force of the failure surface against
the weight (AW) of the soil and shear resistance (A7) on Az.
Considering the previous limit equilibrium equation, the
predictive model of the bell pile can be derived as follows:

The mobilized shear resistance (A7) along the failure
surface of length (AL) under the limiting condition is
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AT = ARtang 4)

where AR = Normal force acting on the failure of wedge

AR = AQcos0 + K,AQsin6 (5)

where AQ =y, (L —z— ) AL (6)

Borrowing from Chattopadhyay and Pise (1986), the
coefficient of the lateral earth pressure within the wedge is
taken as

K = (1 — sing)(tand/tangp) (7-1)

§=¢ - K=K,=(1-sing) (7-2)
Substituting Eq. (5) into Eq. (6), we get

AR =y, (L —z— %) (cosO + Kysin@)AL =

(8)
Ya (L —-z— AZ—Z) (cosB + Kysinb) SL,A%
Substituting Eq. (4) into Eq. (8)
Az Aztang
= g - 9
AT =y, (L z 5 )(6059 + Kysin@) e 9

Considering the vertical equilibrium of the circular disc
wedge and assuming that the weight of the pile of length Az
is equal to the weight of the soil corresponding to the
volume occupied by the pile for the length Az

2
(P+AP)—P+q7T(xm+bz—b) —(q+Aq)n(xm+

10)
b 2 b A i (
?b+Ax) —AW—Zn(xm +7b+7x)ATsm9 =0

where Ax denotes the horizontal increment on the failure
surface with Az.
Substituting Eqgs. (9) into (10), we get

2= g2 (2% (m +2) + ax) + 32 (0 + 2+
Ax)2 + 2my, (xm+b2—b+%x)2 +21T(xm+bz—b+ (11)
Ax

7) Ya (L —-z- %) (cosB + KysinB)tang
After simplification

a _ bp) , 3% bp —

dz—Zn(xm+Z)qdz+2n(xm+2)yd(L (12)
z)(cosO + Ksinf)tang

Because ¢ = (L -z ), cotO = Z—JZC, and Eq. (12) can be

rewritten as

dP = 2y,m (xm + bz—”) (L —2)[cot 8 + (cosb +

(13)
Kysinf)tangldz

Therefore, the uplift capacity P, of the belled pile for shear
failure is given by

L b
P, = J 24 (xm + ?b) (L —2)[cot
0
+ (cos8 + Kysinf)tangldz

(14)

b
=y, (xm + ?b) L*[cot 6 (cosB + Kysin@)tang]

where the net uplift capacity Pu(net) is expressed in Eq.
(15).

Pu(net) =B - Wpile (15)

5. Validation of proposed predictive model

5.1 Previous predictive models for determining the
uplift capacity

In this section, the proposed model was compared and
analyzed with previous predictive models for determining
the uplift capacity in a conventional pile, belled pile, and
anchor plate system to validate the proposed predictive
model.

5.1.1 Conventional pile

Standard model

The standard model estimates the net uplift capacity
assuming that a cylindrical failure surface is formed around
the pile and can be expressed as

Punery = T/2Ksbyy L*tans (16)

where K is the lateral earth pressure, by is the diameter of
the pile tip, y; is the dry unit weight, and ¢ is the pile-soil
friction angle. The main parameters in this model are the
pile-soil friction angle and the lateral earth pressure. In
addition, Levacher and Sieffert (1984) reported that K, can
determined by 1-sing.

Truncated cone model

The truncated-cone model is generally used in the field.
It assumes that the shape of the failure surface is formed
linearly to the ground along the failure surface angle from
the pile tip. This shape of the failure surface corresponds to
the previously proposed inverted truncated-cone model.
Therefore, the uplift capacity is calculated using the weight
of the soil in the assumed failure surface and the internal
friction angle as follows

()
Pynery = m/3L3 tan® > Va (17)

5.1.2 Belled pile and anchor plate

The theory of the uplift capacity for belled piles was
previously established (Balla 1961, Downs and Chieurzzi
1966, Meyerhof and Adams 1968, Ovesen 1981). In
previous studies, the predictive uplift capacity model of
belled piles considered factors such as the pile-soil skin
friction, shear stress at the failure surface, weight of soil
inside the failure surface, and the diameter of the belled pile

tip.

Downs and Chieurzzi (1966)
Downs and Chieruzzi (1966) proposed a predictive
model for the uplift capacity based on field tests on belled
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Fig. 15 The comparison for results of predictive model
calculated by two methods of dilatancy angle (i)

piles. In this model, the failure surface is assumed to be an
inverted cone, and the uplift capacity is calculated from the
sum of the weight of the soil in the failure surface and the
weight of the pile.

B, = v4A,L{1 + 2(L/B)tang
+ (4/3(L/B)? tan® ¢ + (bs/by)}  (18)

where by is the center diameter of the belled pile.

Meyerhof and Adams (1968)

Meyerhof and Adams (1968) proposed a model to
predict the net uplift capacity of a belled pile. In their study,
a pyramid-shaped slip surface similar to a shallow anchor is
assumed for calculating the net uplift resistance of the
belled pile, and its model can be expressed as follows

L L

P, = y4ApL(2 <—> K,tang [m (—) + 1] +1) (19

by by

where 4, is the area of the belled pile tip, b, is the diameter
of the belled pile tip, K, is the horizontal earth pressure
coefficient, and m is the shape factor for the internal friction
angle.

Ovesen (1981)

Ovesen (1981) derived an empirical model for the uplift
capacity for a horizontal anchor plate using a centrifugal
model test.

P, = y4ApL{1 + (4.32"tang — 1.58)(L/B,)*5}  (20)

where B, is the coefficient for the effect of the diameter of
the belled pile tip and B, = (nB%/4)!2.

Balla (1961)
Balla (1961) derived an empirical model of the uplift

capacity for a mushroom foundation assuming that the
failure surface is formed by the tangential-curve slip surface
based on a laboratory model test, and its model can be
expressed as follows

B, = yqApL{(F, + F5)(4/m)(H/B)*} €2y

where F'; and F are functions of the peak friction angles ¢’
and y; obtained from the chart provided by Balla (1961).
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Fig. 16 The comparisons for result of laboratory model
test calculated by the proposed predictive model and
previous models

F1 and F3 have the following relationship

3 2

L L
F, + F; = —0.0171 (E) +0.3057 <b_b>

L
by

(22)

- 1.7937( ) + 4.0389

5.2 Validation and verification of proposed predictive
model

Fig. 15 and Table 5 present the comparison of the results
of the predictive model calculated using the two methods of
calculating the dilatancy angle. The dilatancy angle is an
important parameter in the proposed model for calculating
the uplift capacity of a belled pile. In this study, the
dilatancy angles were calculated using two methods for y =
@ /2 and w = ¢ - 30 considering the internal friction angle
(Dickin and Leung 1990).

In addition, to evaluate the accuracy of the predictive
models, an error rate (&) was introduced using Eq. (23).

Pu(predictive model) ~ Pu(expe‘riment)

£ (%) = x 100 (23)

(Pu)experiment

The calculated dilatancy angles were applied to the
proposed predictive model. The uplift capacity values
obtained from the predictive model using w = ¢ - 30 well
fitted the uplift capacity values obtained from the laboratory
model test. The results for each dilatancy angle at a relative
density of 40% show a high & value because of the high
compressibility of loose sand at a low relative density.
Except at a relative density of 40%, & was low: it was
28.6% and 23.2% at w = ¢ / 2 and y = ¢ - 30, respectively.

Fig. 16 and Table 6 compare the results from the
laboratory model test calculated using the proposed
predictive model and previous models. The comparison
results confirmed that the standard model and truncated-
cone model for calculating the uplift capacity of a
conventional pile has a very high & value: from 105.4% to
3532.3%. This is attributable to using the conventional pile
model to calculate the uplift capacity. In addition, the result
calculated by Balla’s model to calculate the uplift capacity
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Table 5 Comparison of the results of the predictive model calculated using the two methods of calculating the

dilatancy angle

}zrelgleed ljizlr?stiit\;e Unit weight friclgf)enrr:rlllgle The proposed model Experiment
0i (") (%) (kN/m?) () PukN) (%) PukN) (%) PukN) e(%) Pu (kKN)
40 13.13 35 0.0032 1157 0.003 1157 0.001 600.0 0.007
65 13.88 39 0.0035 1313 0.009 12.6  0.009 11.1 0.008
0 75 14.44 41 0.0083 15.6  0.024 703 0.024 70.8 0.007
85 14.81 43 0.0230 86.9  0.045 3.9 0.045 44 0.043
95 15.19 45 0.0465 9.6 0.076 447  0.076  44.7 0.042
40 13.13 35 0.0038 218.7 0.004 218.7 0.003 300.0 0.012
65 13.88 39 0.0154 1073 0.036 11.1 0.03 6.7 0.032
12 75 14.44 41 0.0328 46.5  0.061 21.1 0.052 7.7 0.048
85 14.81 43 0.0569 423  0.093 12.8  0.081 0.0 0.081
95 15.19 45 0.0911 42.7  0.137 5.4 0.121 7.4 0.13
40 13.13 35 0.0038 859 0.014 486  0.011 36.4 0.007
65 13.88 39 0.0273 134 0.053 416 0.045 31.1 0.031
18 75 14.44 41 0.0480 249 0.082 563 0.071 493 0.036
85 14.81 43 0.0755 3.2 0.119 346 0.105 25.7 0.078
95 15.19 45 0.1140 7.0 0.170 284  0.152 19.7 0.122

Table 6 Comparison for the results from the laboratory model test calculated using the proposed predictive model and

previous models Comparison

Belled Relat?ve Unit weight AIr}ternal Standard model Truncated cone  Meyerhof’s Downs anfi Ovesen Balla The proposed model Experiment
angle density friction angle model model Chieurzzi ) w=0-30°
0000 0N 00 W) g g e N ek 0N ) (N G (N co 0N e N gy POV
40 13.13 35 0.002 2287 0.006 250 0.012 428 0.021 662 0.033 789 0.004 57.6 0.003 1157 0001 600.0  0.007
65 13.88 39 0.002 2625 0007 102 0016 512 0.026 69.4 0.045 82.1 0.005 69.8 0.009 12.6 0009 1.1  0.008
0 75 14.44 41 0.002 2130 0009 197 0021 662 0.031 77.6 0.054 87.1 0.005 433 0024 703 0.024 708  0.007
85 14.81 43 0.002 1817.7 0.010 339.0 0.024 76.6 0.035 22.5 0.062 30.4 0.005 761.9 0.045 39 0045 4.4 0.043
95 15.19 45 0.002 1777.6 0.011 2829 0.029 459 0.040 6.3 0.070 39.8 0.005 726.8 0.076 447 0076 447  0.042
40 13.13 35 0.003 2522 0.006 1143 0031 617 0.051 763 0.044 726 0.011 56 0004 2187 0003 3000 0012
65 13.88 39 0.004 8063 0.007 340.8 0.042 23.8 0.065 504 0.058 452 0.012 1653 0.036 11.1 003 6.7 0.032
12 75 14.44 41 0.004 12414 0009 4508 0.053 9.4 0.077 37.9 0.071 324 0013 2837 0.061 21.1 0052 7.7 0.048
85 14.81 43 0.004 21577 0.010 727.0 0.062 30.0 0.087 7.2 0.080 0.8 0.013 5342 0.093 128 0.081 0.0 0.081
95 15.19 45 0.004 35323 0011 1085.1 0.074 764 0.098 32.0 0.090 43.7 0.013 899.7 0.137 54 0.121 7.4 0.13
40 13.13 35 0.003 1054 0006 250 0.031 77.7 0.051 862 0.044 840 0.011 384 0014 486 0011 364  0.007
65 13.88 39 0.004 7779 0.007 327.1 0.042 262 0.065 52.0 0.058 469 0.012 157.0 0.053 41.6 0045 311  0.031
18 75 14.44 41 0.004 9060 0.009 313.1 0.053 32.1 0.077 53.5 0.071 49.3 0.013 187.8 0.082 563 0.071 493  0.036
85 14.81 43 0.004 2074.1 0.010 6963 0.062 252 0.087 10.6 0.080 29 0013 5107 0.119 346 0105 257  0.078
95 15.19 45 0.004 33088 0.011 1012.1 0.074 65.5 0.098 23.9 0.090 349 0.013 8382 0.170 284 0.152 197  0.122
for the mushroom foundation yields a very high & of models. These models exhibited a lower & than the

352.0% even though the mushroom foundation is similar to
the belled pile and anchor plate. The value is lower than that
of conventional piles because the shape effect of the
mushroom foundation tip is minor because the foundation is
buried at a shallow depth. The ¢ value for the belled pile
and anchor plate are 47.4%, 44.8%, and 48.7% for the other

conventional pile model.

Consequently, the previous models (Standard and
Truncated cone models) were proposed for conventional
piles (straight pile) and these models did not consider the
effect of belled pile-tip shape. In addition, Bella's model for
the belled pile and anchor plate only considers the diameter
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of the belled pile-tip, not considering the effect of the belled
pile-tip shape. Therefore, this model does not include the
effect of uplift capacity on the belled pile-tip shape. For this
reason, the previously proposed models are not suitable for
estimating the uplift capacity of belled piles.

6. Conclusions

Laboratory model experiments were conducted to
measure the uplift capacity of a belled pile buried a shallow
depth considering the effects of the relative density of sand
and belled pile-tip angle. Image and FEM analyses were
used. From the result, a predictive model for the uplift
capacity of a belled pile was proposed and compared with
previous models to validate the applicability of the
proposed model. The following conclusions can be drawn:

* The reduction of natural frequency depends on the crack
depth and crack location In the laboratory model
experiment, no significant difference in the net uplift
capacity and the residual resistance between the
conventional pile and belled pile is observed when the
relative density is below 40%. The net uplift capacity and
residual resistance of the belled pile were higher than those
of a conventional pile with increasing relative density. In
addition, the net uplift capacity changed with the belled
pile-tip angle. Thus, the resistance area of the belled pile is
a more dominant factor than the pile-tip angle in the
development of the uplift capacity of a belled pile.

* Failure surfaces were not observed at a relative density of
40% for all piles in the image analysis. However, for
relative densities of 75% and 90%, the shape of the failure
surface was clearly identified as an inverted truncated cone.
In addition, the shape of the failure surface of the belled pile
with a pile-tip angle of 12° was slightly wider by 2° or 3°
than that of the belled pile with a tip angle of 30°. In
addition, the shape of the failure surface in the FEM
analysis resembled the inverted truncated cone from the
image analysis. Thus, the shape and size of the failure
surface of the belled pile depend on the relative density and
belled pile-tip angle.

* A predictive model for the net uplift capacity of belled pile
was proposed considering the effects of the relative density
and belled pile-tip angle based on the limit equilibrium
equation. The proposed model showed good agreement with
the results obtained from the laboratory model experiment
and has satisfactory applicability better than previous
models.
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Uplift capacity of single vertical belled pile embedded at shallow depth

Notation

by = Tip diameter of the belled pile

by = Shaft diameter of the belled pile

o = Pile-soil friction angle

Dr  =Relative density

0 = Failure angle

o = Belled angle

K = Relative density coefficient

K = The coefficient of lateral earth pressure

Ko = Earth pressure at rest

L = Pile penetration depth

P, = Uplift capacity

Puney = Net uplift capacity

AR = Reaction force

T = Shear stress at failure surface

AT = Shear force on differential volume inside failure
surface

0 = Volume inside failure surface

AQ = Differential volume inside failure surface

w = Pile weight

AW = Weight of the soil within the failure surface

Va = Dry unit weight

7 = Internal friction angle

v = Dilatancy angle (= ¢/ 2° w= ¢-30°)

Xm = Horizontal distance from the pile to the failure

surface
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