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This paper describes a semi-empirical model for predicting the
uplift resistance of a belled-type pile considering the relative
density of the ground. The variable parameters were utilized in
the model are the pile length, the diameter of pile tip, the
diameter of pile, and the angle of internal friction in the ground.
Moreover, the inclination angle of pile tip and the relative density
of the ground, which are not studied in the previous researches,
were considered. In this study, an experimental model was
conducted with various conditions such as the relative density of
the ground and the inclination angle of pile tip those are
designated to determine the failure surface of the ground. Based
on results, a new model which can be applied to the belled-type
pile was proposed by improving the limit equilibrium equation in
the previous models. In addition, to confirm the reliability of the
newly proposed a model of limit equilibrium equation of the
belled-type pile, the models which are presented in the previous
studies were compared with the proposed model. Consequently,
the proposed model in this study correspond the higher
reliability in comparison with the previous models.

1. Introduction

plate anchor, suction anchor) to increase the uplift
resistance of pile foundation.

Generally, the pile foundation is designed to support
the vertical loads of the superstructure. However, some
special structures (e.g., high stacks, transmission towers,
and coastal structures,) experience the horizontal load
from wind, earthquake, tide, and waves that can induce
lateral load and uplift load on the pile foundation. In the
past 50 years, previous researchers have been
developed a belled-type pile by modifying the pile tip with
an anchor system (plate and pier, grillage, pedestal,
pyramid, single and multi-helical anchor, grouted anchor,

The belled-type pile can be effectively applied not
only on the high stacks, transmission towers, and coastal
structures but also for general structures. Though, the
belled-type pile has a complicated mechanism causes
influence of the pile tip shape, the belled-type piles have
been widely applied large structures because of its ease
of application in the field. Yet, there is a lack of clear
mechanisms and design models that are reliable to apply
on the field.

In this study, an experimental model was conducted
on the belled-type pile with the different relative density of
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Fig. 1. Assumed failure mechanisms for belled piles
subject to uplift loads.

ground soil and the inclination angle of pile tip which
were not considered in the previous studies. Furthermore,
a new design model which can be applied to the belled-
type pile is proposed by improving the limit equilibrium
equation of the previous models. Finally, the proposed
model is compared with the previous models for
evaluating the reliability of the proposed model.

The previous researches on uplift resistance of pile
foundation had done for the transmission tower design.
This study has been performed on a large field
experiment. Generally, the evaluation of the uplift load on
the pile is divided into two approaches. The first
approach is based on surface friction between soil-pile
(Meyerhof. 1973, Das. 1983).

The another one is based on the failure surface on
the soil around the pile (Chattopadhyay and Pise. 1986,
Shanker et al. 2007, Chim. 2013). However, the influence
of various ground conditions and the geometrical
characteristic of pile tip on belled-type are not clearly
explained. In this study, the evaluation of belled-type pile
by considering the failure surface was conducted to
determine the influence of the pile tip shape on the uplift
resistance.

Das (1986) classifies the failure mechanisms for the
uplift loads into three types which are “The vertical slip
model”, “The inverted truncated cone model’, and “The
curved slip-surface model” as shown in Fig. 1.

Fig. 1 (a) shows the vertical slip model. The vertical
slip model was proposed by Major (1955). This model
was suggested that the weight of the belled-type pile, the
weight of the soil on the sloped surface of the belled-type
pile, and the shape of the base of the belled-type pile and
the frictional resistance of the failure surface were
generated in perpendicularly line due to uplift load.

Fig. 1 (b) shows the inverted truncated cone model.
This model assumes that the frictional resistance of the
failure surface generated as a cone shape from the end
of the belled-type pile, until the ground surface. Herein,
the previous researchers have presented various
considerations about the failure angle (6e) generated
from the pile tip. Mors (1959) assumes a truncated model
is linear failure surface from the anchor tip to the ground
surface, with the failure angle of 90°+¢. In addition,
Downs and Chieurzi (1966) and Murray and Geddes
(1987) are explained the angle of the failure surface (0g)

was suggested to be the same as the internal friction
angle (p) of soil, while Clemence and Veesaert (1977)
are suggested the failure angle as ¢/2°. Sutherland et al.
(1983) are suggested that the angle of inclination of the
inverted truncated cone model surface is related to the
internal friction angle of ground and ground density. It
was also suggested that the shape of the failure surface
changes depending on the density of ground.

Fig. 1 (c) shows the curved slip-surface model. The
initial model was proposed by Balla’s (1961), which
proposed a tangent curve for the failure surface of a
mushroom-foundation. Meyerhof and Adams (1968) are
used an experimental model to observe the slip surface
of the pyramid-shape. In addition, Sutherland (1965) has
confirmed that the shape of the failure surface was
influenced by density of the ground and it concluded that
Balla's (1961) analytical approach was only reliable at a
specific density of ground.

Meyerhof and Adams (1968) observed ¢/4 < 6 < ¢/2
and taking an average value in the analysis. Also,
previous researches have proposed a separate analysis
of shallow and deep anchors. In addition, Sutherland et al.
(1982) were simplified the theory of uplift resistance of
anchors by considering the penetration depth. Matsuo
(1967, 1968) has approached the failure surface with a
logarithmic spiral and the tangent plane of 45°- ¢/2°
approach to the ground surface. Chattopadhyay and Pise
(1985) has proposed a destructive surface using
logarithm, assuming a normal pile. The model was
compared with experimental model results.

2. Previous models

The following describes the previous uplift resistance
equations for normal pile, belled-type pile and anchor
plate.

2.1 Normal piles

Equation 1 shows the uplift resistance of the
standard model. This equation is the most commonly
used to estimate the uplift resistance by considering the
pile-soil friction (¢/2°) and lateral earth pressure
coefficient.

Pumer) = ngbbydLZtamS o

Where, Purey: Net ultimate uplift capacity, Ks: Coefficient
of lateral earth pressure, bp: belled-type pile tip diameter,
va: dry unit weight of sand, &: pile-soil friction angle. The
most important parameters in this equation are the lateral
earth pressure coefficient and the pile-soil friction angle.

Das (2003) suggested the value of Ks for normal pile
equal to Ko = Ks = (1-sing).
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Equation 2 represents the truncated cone model.
This model is most commonly used in the field because it
uses internal friction angles as a key parameter.

T ®
P = Ltan® -
u(net) = 3 an 2 Yd 2]

Where, Puyrey: Net ultimate uplift capacity, ¢: internal
friction angle, L: penetration depth of pile, yq: dry unit
weight.

2.2 Belled-type pile and anchor plate

Equation 3 is an equation based on the experimental
model using anchor plates. This model was proposed by
Meyerhof (1973) and it uses the uplift factor (Ku) from the
model test results. Moreover, the model test results show
that the failure surface is similar to the pyramid shape.

L L
P, = YaApl? | — | Kytang |m| — | + 1| + 1
b o 3

Where, K,: coefficient of uplift factor, m: pile tip shape
factor, L: penetration depth of pile, Ap: belled-type pile tip
area, bu: belled-type pile tip diameter, ¢: internal friction
angle, ya: dry unit weight.

Equation 4 was proposed by the model test results of
Downs and Chieurzzi (1966). The calculation was
proposed by considering the effect of the pile tip diameter
and pile column diameter.

L L
P, = ygApl? | — | Kytang [m | — ) + 1| + 1
by, by, 4]

Where, L: penetration depth of pile, b,: belled-type pile tip
diameter, bs: pile column diameter, ¢: internal friction
angle, vq4: dry unit weight.

Equation 5 is proposed by Ovesen (1981) using the
results of centrifugal model experiments. In this
experiment, an uplift load was applied on the anchor
plate pile and a reliable failure surface was obtained.
Where bb is the tip diameter and be is the corrected
diameter.

'r[bbZ

1.5
L
Py = yqApL <1 + (4.32 X tang — 1.58) (b—) ),be = |5
e

(5]

Where, K,: coefficient of uplift factor, be: pile tip shape
factor, L: penetration depth of pile, A,: belled-type pile tip
area, by: belled-type pile tip diameter, o: internal friction
angle, vq4: dry unit weight.

Balla’s (1961) proposed an estimation equation model
by assuming the shear plane of the small model anchor is
tangent-curved (Equation 6). According to Balla’s model,
the failure surface of the pile embedded in dense sand
was a circular curve from the end of pile tip to the ground

and the failure angle was approximately 45°— @/2°. It
assumed the failure surface was circular and the circular
failure surface of the foundation using various scale
experiments on shallow foundations.

(F; +F3) (%) (bibﬂ

P, =v4ApL

[6-a]

L\’ L\? L
F; + F3=-0.0171{—) +0.3057|—) —1.7937| — |+ 4.0389
by, by, by,

[6-b]

F1 and F3 are functions of the peak friction angle which
are obtained from the chart proposed by Balla’s (1961).
Equation 6-a shows the relationship between F1 and F3.
Where, yq: dry unit weight of sand, Ap: belled-type pile tip
area, L: penetration depth of pile, bp: belled-type pile tip
diameter.

3. The proposal models

The proposed model is developed by considering the
tip inclination angle of the belled-type pile. Moreover, the
failure surface proposed in this study was assumed as
linear and the failure shape follows, the inverted cone
model. The new model was proposed by improving the
previous research models (Das.1983, Kang.2016) based
on the limit equilibrium method of the normal pile.

3.1 Failure surface and failure angle

Fig.2 shows the shape of the failure surface of the
belled-type pile identified in previous studies (Kang.
2016). It is difficult to clearly determine the difference
between the linear and nonlinear failure surface of the
ground soil obtained from the model experiment results.
Therefore, in this research, in order to simplify the
calculation, the failure surface was assumed to be a
linear line.

In the previous research of uplift loading on the
normal pile, the value of the failure angle, is equal to ¢/4
(Shanker et al. 2007), which has similar value with the
experimental results. In addition, Das (1983) had
investigated by using the model experiment and
concluded that the uplift load decreases depend on the
penetration depth and sand relative density (Dr = 70%)
(Equation 8). According to the results, the coefficient of
density was proposed (k). This coefficient was
determined based on experimental results. The following

Failure surface

Fig.2. A Study on the Failure Surface of Bell Type Pile
Model Test Using Image Analysis.
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Fig. 3. A Study on the failure surface of belled-type

pile model experiment using image analysis

failure angles were estimated based on the results of the
above two studies and the pile tip inclination angle as
following Equation 7.

eE=<90°—%—ei)><K

_ Dr
K = (1—ﬁ+0.7>

[7]
(8]

Where, k: Coefficient of unit weight, Dr: Relative density
(%), y: Dilatancy angle (¢/2°, ¢ —30°), ¢: Internal friction
angle (°), Be: Failure angle (°).

3.2 Uplift load model

The proposed model was analyzed based on the limit
equilibrium equations of Chattopadhyay and Pise (1986).
Chattopadhyay and Pise (1986) conducted a model
experiment on the uplift load on the normal pile and the
model was presented using the limit equilibrium method.
In addition, this study has compared the results of the
model experiment with the proposed models. In the
research by Chattopadhyay and Pise (1986), the failure
surfaces were evaluated by considering the pile tip
inclination angle to simplify the failure surface, assuming
the failure plane is linear line. In the proposed model of
the failure surface, the pile tip inclination angle was
considered. Which was not considered in the previous
researches. The proposed model assumes the following
three assumptions.

1) The failure surface intersects linearly with the surface
of the ground.

2) For a belled-type pile with >0, the angle between

the failure surface and the surface is assumed to
approach Equation 7 based on the previous
researches. k. means the coefficient assumed in the
previous researches.

3) For piles with >0, subject to ultimate uplift force Py,

the failure surface starts tangentially to the ground
surface. Shear resistance (AT) along the failure
surface length (AH) can be calculated by the following
equation

Thus:
AR = AQ(cos B + Ksinfg) [9]
Where:
K = Kq(1 — sing) [10]

In Fig. 3, AQ can be expressed as follows.
AQ = yg(L —z — Az/2) /AL

[11]
_ Az
sinBg [12]
Where:
Az . Az
AR =vy4 (L —z— 2) (cosbg + KosmeE)T
SINUg [13]
and
AT =4 ( L A7) (cosBg + Kosindy) 2t
=Ya z =~ | (cosbg 0SinBg sinbg an@
[14]

Considering the vertical equilibrium of the circular
wedge and assuming that the weight of the pile of length
dz equals the weight of the pile to the volume occupied
by the pile.

(P+AP) —P + q‘rtxrzn —(q+ Aq)T[(Xan + Ax)%2 — AW
—2m <x§1 + %) ATsinBg = 0

(15]

Equation 15 replaces and simplifies the value from
Equation 16.

AP Ax
Az "z

2 Ax Az
+1(xy, +Ax)%yg + 21 xm+—)va|L-2 -7

(cosB + KosinBp)tang

Aq Aq
(2xpy, + A%) +1TE(xm +A%)? + . (Xp + A%) 2

(16]
At the limit, to replace q in Eg.16 with g = ya (L - 2).
dp Z bb
dz am <tanGE +7> vall=2) tanfg
b
+2m <L +—b>yd(L —2) (cosB + KsinBp) tang
tanfg 2 [17]

Eq.17 as an integral, it was organized as Eq.18.

P—sz Z_ 1 O0) ) (L —5) |2 4 Ccosy + Ksindy) tane| d
=) T wne, T2 Y4 z cosOg + Kysinbp) taneg| dz

tanBg
(18]
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Fig. 4. Model experiment apparatus

If except the weight of the pile, it can be expressed as
follows. Herein, the shape of the pile is assumed to be a
normal pile for simple calculation.

2

T[bb
Putner =Py — 4 x L X vyq [19]

4. Expermental model test

Fig. 4 shows a schematic diagram of the experimental
model performed in the laboratory. The model circle
chamber diameter is 500mm in height and 750 mm in
diameter. In addition, the inside of the model chamber
(Fig. 5) is coated with a Teflon, which minimizes the
friction that can occur between the soil and the chamber.

Table. 1 shows the model experimental conditions. In
order to investigate the influence of the relative density
and the tip shape of the belled-type pile, the model
experiments were carried out under the conditions of
three different pile tip inclination angle (6i = 0°, 12°, 18°)
and five different relative density (Dr = 40%, 60%, 75%,

Table. 1. Model experiment conditions

Descriptions

Experimental
adjustments

Inclination angle of pile tip (®) 0,12,18
Unit weight (%)  40,60,75,85,95
Penetration depth (mm) 160
Penetration ratio 3.33

. = X"
Fig. 5. Model chamber

«

85%, 95%).

Fig. 6 and Table. 2 show the results of particle size
distribution and physical properties of the soil used in the
experiment. The soil was classified as silty sand (SM)
based on the USCS classification system. In the model
experiment, the penetration depth of belled-type pile was
16cm, which was classified as a shallow foundation
based on the pile slenderness ratio (L/br <4). The uplift
loading was applied on the pile head by controlling the
strain rate using the screw jaw. In this research, the
experiment was carried out with the minimum loading
rate of 4Amm/min for the accuracy of the result.

5. Results and Discussion

The representative uplift load models in previous
researches and experimental results in this research
were compared. In the selection of representative models
in the previous researches, typical models using normal
piles, belled-type piles, and anchor plates were selected.

In the selection of representative models, which are

1:(()) /
60 /
0 /

20 /

0
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1 10 100 1000
Particle size (um)

Fig. 6. Particle size distribution curve (USCS)
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Fig. 7. Model pile

Table. 2. Physical properties of weathered granite soil

Property Value
Liquid limit, LL (%) N.P

Plasticlimit, PL (%) N.P

Specific gravity, G 2.63
Fine-grained soil (%) 15.6
Unified Soil Classification SM

System (USCS)

Maximum density, Pmax (g/cm?) 1571
Minimum density, Pmin (g/cm?) 1.197

Internal friction angle () 42 (Dr=80%)
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similar with parameter characteristics such as internal
friction angle and relative density were selected,
respectively. Moreover, in order to compare quantitatively
the calculated results of the previous models with the
proposed model results, the percentage of error was
evaluated.

Equation 20 represents the difference between the
calculation result the model experiment result as an
absolute value in percentage.

< (%) — (Pu)predicted_(Pu)experiment x 100

(Pu)experiment [201

5.1 Model experiment results

Fig. 8 shows the result of experimental model.
Experimental model was conducted to confirm the effect
of the ground and the tip inclination angle of the belled
pile. The uplift load of a normal pile was measured as a
comparison with the uplift load of a belled-type pile.

Based on Fig. 8 (a), the uplift load of a normal pile is
lower than belled-type pile. In addition, the higher uplift
load was confirmed in the relative density of 85% or more.

This result has been suggested about not only the
pile-soil friction but also the failure surface occurred at
the same time. Fig. 8 (b, c) show the uplift loading results
of the belled-type pile. In the model experiment with two
different inclination angles of belled-type piles (6i = 12°,
18°), the peak value of uplift load was not confirmed in
the experiment with the relative density of 40%. This
result was indicated that the compaction was occurred
above of the belled part in case of low density.
Consequently, the effect of uplift load in belled-type pile
is insignificant, which was confirmed in the previous
researches (Lin, 2015).

Furthermore, in case of relative density of 60% or
more, which was indicated that the influence of the failure
surface and the pile-soil friction were occurred at the
relative density which was relatively lower than the case
of the normal pile causes the influence of the belled-type
pile tip.

Table. 3 shows the maximum value of the uplift
loading. In this experiment, the maximum uplift loading
was confirmed under the condition of the tip inclination
angle of 12° and the relative density of 95%. This value is
10 times higher than the condition of relative density of
40% with the same tip inclination angle of 12°. In addition,
the result of inclination angle of the pile tip shows that the
uplift loading on 6i= 12° is slightly higher than the result
of 6i=18°.

5.2 Comparison of model experiment results and
previous models

Table. 3 and Fig. 9 show the calculation results of the

Pull-out load (kN)

Pull-out load (kN)

Pull-out load (kN)

0.14 ‘
O-Dr=40%
-0-Dr=60%

0.12 —
-A-Dr=75%
~-Dr=85%

0.1 %-Dr=95% |
0.08
0.06

0 5 10 15 20

Displacement(mm)
(@) 6i=0°
0.14 T
-Dr=40%

0.12 Mm -O-Dr=60% |
' ’\(X) --Dr=75%
§ -0-Dr=85%
NDc%%
'\Sg&
R4 A
0.04

o o
o o o
(o] [o5] =
X —

4 [

0.02 ] f; SE
0
0 5 10 15 20
Displacement(mm)
(b) Bi=12°
0.14 T
<3 Dr=40%

0-Dr=60% _|

0.12 X
N A-Dr=75%
x& ~-Dr=85%
01 x,%e >-Dr=95% |

0.08 | Y \2\
A\

10
Displacement(mm)

(c) 8i=18°

Fig. 8. The results of an uplift load for normal and
belled-type piles

previous models and the experimental results of the
model experiments. Fig. 10 shows the internal friction
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Table. 3. Comparison of model test results with previous models

Inclination Unit weight Unit volume Internal friction Standard model Truncated cone  Meyerhof's Dovyns ar_]d Ovesen Balla Experiment

angle angle model model Chieurzzi

6i(° ) % (kN/m3) o) Pu(kN) (%) Pu(kN) €(%) Pu(kN) &(%) Pu(kN) (%) Pu(kN) &(%) Pu(kN) &(%) Pu(kN)

40 13.13 35.0 0.002 228.7 0.006 250 0012 428 0.021 662 0.033 789 0.004 576 0.007

65 13.88 385 0.002 2625 0.007 102 0.016 512 0.026 694 0.045 821 0.005 698 0.008

0 75 14.44 41.1 0.002 2130 0.009 19.7 0.021 66.2 0031 776 0.054 871 0.005 433 0.007

85 14.81 42.9 0.002 1817.7 0.010 339.0 0.024 766 0035 225 0.062 304 0.005 761.9 0.043

95 15.19 44.6 0002 17776 0.011 2829 0.029 459 0040 63 0.070 39.8 0.005 726.8 0.042

40 13.13 35.0 0.003 2522 0.006 1143 0.031 617 0051 763 0.044 726 0.011 5.6 0.012

65 13.88 385 0.004 806.3 0.007 3408 0.042 238 0.065 504 0.058 452 0.012 1653 0.032

12 75 14.44 41.1 0.004 1241.4 0.009 450.8 0.053 9.4 0.077 379 0.071 324 0.013 2837 0.048

85 14.81 42.9 0.004 2157.7 0.010 7270 0.062 300 0087 72 0.080 08 0013 5342 0.081

95 15.19 44.6 0.004 35323 0.011 10851 0.074 764 0098 320 0.090 437 0.013 899.7 0.13

40 13.13 35.0 0.003 1054 0.006 250 0031 77.7 0051 86.2 0.044 840 0.011 384 0.007

65 13.88 385 0.004 7779 0.007 327.1 0.042 26.2 0065 520 0.058 469 0.012 157.0 0.031

18 75 14.44 411 0.004 906.0 0.009 313.1 0.053 321 0077 535 0.071 493 0.013 1878 0.036

85 14.81 42.9 0.004 2074.1 0.010 696.3 0.062 252 0.087 106 0.080 2.9 0.013 510.7 0.078

95 15.19 44.6 0.004 3308.8 0.011 10121 0.074 655 0.098 239 0.090 349 0.013 8382 0.122

angle with different relative density. The dilatancy angle
(y) and the pile-soil friction angle (3) used in the model
calculations were provided in the reference (6 =y = ¢/2).
In addition, since the tip diameters (bp = 0.048 m) of the
belled-type piles used in this research were the same, the
calculation results of the two types of belled-type piles
(6i=12°, 18°) were the same.

In case of the normal pile (6i = 0°), the standard model
(Equation 1) has shown a difference of uplift loading of
up to 17 times (Dr = 95%) depending on the relative
density. Based on the result of the comparison of the
truncated cone model, a difference of up to 3 times was
confirmed depending on the relative density of 85%. For
the truncated cone model, the results of highly reliable
experiments were confirmed under the conditions of
relative density of 75% or less.

It can be concluded that the reliability of the proposed
model is higher than the normal pile model (6;= 0°). The
models of Meyerhof's (1973), Downs and Chieurzzi's
(1966) have shown relatively good corresponding.
Comparing to Meyerhof's model, Downs and Chieurzzi’s
(1966) and Ovesen (1981), the reliability of the model
test results of the belled-type pile was higher than the
other models. In the other models, the percentage of
error was more than 100%.

0O Standard model
0.20 | © Truncated cone model

O Meyerhof’s L7
— x Downs and Chieurzzi P
< A Balla e
= + Proposed model(y=¢/2) e
5] 015 ' xoOvesen ,
© ’
g oA o0 XX et
© oA o X R4 +
£ ’

4
S 010 ~
@ ,
i B&: 8 X¥t| 4+
o ,’\
=} Ve
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@ 0.05
L B> coxef” XKL
,%o [Pxx X+
d
4
iosdk ¥
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Preidicted net uplift capacity(kN)

Fig. 9. Comparison between the proposed model and
the previous models

5.3 Influence of dilatancy angle on the proposed model

Generally, the dilatancy angle relates to the
volumetric deformation rate of the ground, therefore a
complex experiment is required. Previous researchers
have studied the relationship between internal friction
angle and dilatancy angle using model experiments (Das.
1983, Japan Geotechnical Society. 1995) and are
currently using the results extensively.

In this research, the dilatancy angle was used as an
important parameter to determine the failure angle (6g).

50
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S 40 =
c
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E 35 99)/
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<
5 30
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Fig. 10. Direct shear test on relative density
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Fig. 11. Comparison of the dilatancy angle ()
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Table. 4. The calculation and comparison of the proposed models for dilatancy angle ()

Inclination  Unit Unit In_ternal The proposed model )
. friction e _ _ o Experiment
angle weight  volume angle p=0 Y= y=¢-30
0i( ") % (kN/m®) @ ) Pu(kN) €(%) Pu(kN) &(%) Pu(kN) &(%) Pu(kN)
40 13.13 35.0 0.0032 115.7 0.003 115.7 0.001 600.0 0.007
65 13.88 38.,5 0.0035131.3 0.009 12.6 0.009 11.1 0.008
0 75 14.44 41.1 0.0083 156 0.024 70.3 0.024 70.8 0.007
85 14.81 429 0.0230 869 0.045 39 0.045 44 0.043
95 15.19 446 0.0465 9.6 0.076 44.7 0.076 447 0.042
40 13.13 35.0 0.0038 218.7 0.004 218.7 0.003 300.0 0.012
65 13.88 38,5 0.0154 107.3 0.036 11.1 0.03 6.7 0.032
12 75 14.44 41.1 0.0328 46,5 0.061 21.1 0.052 7.7 0.048
85 14.81 429 0.0569 423 0.093 12.8 0.081 0.0 0.081
95 15.19 446 0.0911 42.7 0.137 54 0121 74 0.13
40 13.13 35.0 0.0038 859 0.014 48.6 0.011 364 0.007
65 13.88 38,5 0.0273 134 0.053 41.6 0.045 31.1 0.031
18 75 14.44 411 0.0480 249 0.082 56.3 0.071 493 0.036
85 14.81 429 0.0755 3.2 0.119 34.6 0.105 257 0.078
95 15.19 446 0.1140 7.0 0.170 284 0.152 19.7 0.122

Therefore, the proposed model was compared using two
different dilatancy angles (v = ¢/2°, y =¢ —30°). Fig. 11
and Table. 4 show the comparison between the
calculated values of the proposed model for two dilatancy
angles and the uplift loading of model tests. The
calculated values with dilatancy angle of y=¢/2° was
about 16% higher than the experimental values. In
addition, in the Table. 4, the error was found 50% or less
in most cases excluding the case with relative density of
40%.

In the predicted result with dilatancy angle of
y=¢-30° an error was smaller than the result with
dilatancy of y=¢/2°. Particularly, in the case of the
belled-type pile with pile tip inclination angle of 12°, the
error was less than 10% excluding the case with relative
density of 40%, and the reliability was found very high.
However, the calculation results with dilatancy angle of
yv=¢p—30° of 40% of relative density, the pile tip
inclination angle of 0° and 12° were calculated much
lower than the experimental value.

6. Conclusion

In this research, a new uplift resistance model of
belled-type pile was proposed using the equilibrium
equation. The experimental model was performed to
confirm the reliability of the proposed model by
considering the inclination angle of pile tip of belled-type
piles and relative densities of ground. The conclusion of
this research can be summarized as follows:

(1) The effect of load resistance in belled-type piles were
not significant in case of ground with 40% of relative
density in both piles with inclination angles. This result
was similar to the previous researches and it seems
that the compaction on the pile tip area was occurred.
In the result, where was not influence of pile tip shape
on the uplift capacity on the low density in ground. In
addition, the uplift capacity of belled-type pile with pile

inclination angle of 12° is slightly higher than the 18°
of pile inclination angle.

(2) The standard model and the truncated cone model
generate the higher difference value of predicted uplift
capacity compared to the experimental results. It was
indicated about 33 times difference between
experimental and predicted model. The proposed
model corresponding better accuracy than the
previous models to predict the uplift capacity of the
normal pile embedded into different ground density.

(3) A new equation model considering the characteristics
of belled-type piles was proposed by using the limit
equilibrium method. The dilatancy angle of the ground
was considered as a key parameter to predict the
uplift capacity of belled-type pile. The dilatancy angle
value of y = ¢ —30° provide the lowest average error
to predict the uplift capacity. The result has been
shown that the maximum error of the proposed model
in the belled-type pile was less than 50%, excluding
the case with relative density of 40%.
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Symbols and abbreviations

Ay Belled-type pile tip area

by Diameter of belled-type pile tip
bs Diameter of pile shaft

be Corrected diameter of pile tip
Dr Relative density

O Pile tip failure surface

0; Pile tip inclination angle

K Coefficient of unit weight

Ko, Ks Coefficient of lateral earth pressure
Ky Coefficient of uplift factor

L Pile penetration depth

Py Ultimate uplift resistance

Pumer Net ultimate uplift resistance
Yd Dry unit weight of sand

0] Internal friction angle
v Dilatancy angle (¢/2°, ¢ —30°)
3 Pile-soil friction angle (8 = y = ¢/2°)



