Jour. of the KGS, Vol. 20, No. 2. March 2004, pp. 115~124

Evaluation of Ultimate Bearing Capacity on Granular Compaction
Pile Considering Various Stresses in a Ground
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Abstract

Granular compaction pile has the load bearing capacity of the soft ground increase and has the settlement of foundation
built on the reinforced soil reduce. The granular compaction group piles also have the consolidation of the soft ground
accelerate and prevent the liquefaction caused by earthquake using the granular materials such as sand, gravel, stone
etc. However, this method is not widely used in Korea. The granular compaction piles are constructed by grouping
them with a raft system. The confining pressure at the center of bulging failure depth is a major variable in estimating
the ultimate bearing capacity of the granular compaction piles. Therefore, a share of loading is determined considering
the effect of load concentration ratio between the granular compaction piles and surrounding soils, and the variation
of the magnitude of the confining pressure. In this study, a method for the determination of the ultimate bearing capacity
is proposed to apply a change of the horizontal pressure considering bulging failure depth, surcharge, and loaded area.
Also, the ultimate bearing capacity of the granular compaction pile is evaluated on the basis of previous study(Kim
et al., 1998) on the estimation of the ultimate bearing capacity and compared with the results obtained from laboratory
scale model tests and DEM numerical analysis using the PFC-2D program.
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1. Introduction

Granular compaction pile(G.C.P.) has the load bearing
capacity of the soft ground increase and has the settle-
ment of foundation built on reinforced soil reduce. The
granular compaction piles also have the consolidation of
soft ground accelerate and prevent the liquefaction
caused by earthquakes using granular materials such as
sand, gravel, stone etc.(Hu et al.,, 1997).

The confining pressure at the center of bulging failure

depth is a major variable in estimating the ultimate

bearing capacity of the granular compaction piles. There-
fore, a share of loading is determined considering the
effect of load concentration ratio between the granular
compaction piles and surrounding soils, and the variation
of the magnitude proposed by Kim et al.(1998) for the
determination of the ultimate bearing capacity applying
the theory for Expansion of Cavities by Vesic, A.
S.(1972) to the granular compaction pile. However, this
method has the problem of how to accurately calculate
a change of the confining pressure.

In this study, a method for the determination of the
ultimate bearing capacity is proposed to apply the change
of the horizontal confining pressure considering bulging
failure depth, surcharge and loaded area. Also, the ultimate
bearing capacity of the granular compaction pile is
evaluated on the basis of previous study(Kim et al., 1998)
on the estimation of the ultimate bearing capacity and
compared with the results obtained from laboratory scale
model tests and DEM numerical analysis using the
PFC-2D program.

2. Ultimate Bearing Capacity of Granular
Compaction Pile

2.1 Theory for Expansion of Cavities by Vesic

When the load is applied on granular compaction pile,
expansion of cavity pressure causes plasticity failure in
ground around granular compaction pile where bulging
failure depth. is expected. As shown in Eq. (1), Vesic

(1972) defined expansion of cavities pressure using radial
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stress equilibrium condition and Mohr-Coulomb failure

criterion.
p.= F,-qg+tF. ¢ M

where, ¢ = Horizontal stress in ground at depth center
of bulging failure
¢ = Cohesion of soil

sin

qu (Irrsec¢) 1+Sin¢(1 + Sin¢)
F.= ccotd-(F,— 1)

i,
1+ i,-4- secod

. E,
rT 0+ v)(c + gtang)

¢ = Friction angle of soil

1, =

4 = Average volumetric strain of soil
E , = Elastic modulus of soil

v = Poission's ratio of soil

Ultimate bearing capacity of granular compaction pile
is represented by the vector of cross for expansion of
cavity pressure that causes radial plasticity failure in

ground, and can be written as following Eq. (2).

+ si
Qult: (Fq'(I‘i'Fc'C)(—}%m)Ap (2)

where, ¢ ,= Friction angle of granular compaction pile

A ,= Section Area of granular compaction pile

2.2 Determination for the Confining Stress

2.2.1 Determination for Horizontal Stress Using Elastic
Method

Ultimate bearing capacity of granular compaction pile
about bulging failure mode is determined considering the
effect of horizontal confining stress at the center of
bulging failure depth. In this study, considering the effect
of variation of horizontal stress in ground for variable
bulging failure depth, magnitude of load and loaded area,
the increment of horizontal stress at the center of bulging
failure can be obtained as the Boussinesq equation using
elasticity theory(namely “elastic method”), which is

equal to following Eq. (3).
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where, 4, = Radius for loaded areca
1.= Center of bulging failure
gs= Shared load in ground

Using the increment of horizontal stress as shown in
Eq. (3), the confining stress for granular compaction pile

at the center of bulging failure can be obtained in Eq.

4.
g=Kyrd .+ 4q 4)

where, K,= Coefficient of earth pressure at rest

y, = Total unit weight of soil

2.2.2 Determination for Horizontal Stress Using
Mixing Method

Fig. 1 illustrates vertical and horizontal stress produced
by using Boussinesq equation as loading in the ground.
But, in evaluating horizontal stress in soft ground which
is main subject of this study, it is possible that elastic
method is not sufficient for application because soft

ground shows elasto-plastic behavior rather than elastic

Horizintal

Stress /
/ Normal
2k / Stress

p : Load
< o : Stress in ground !
a:B/2
z : Depth
sL I T 1
ta)

Fig. 1. Stress in ground

behavior. Therefore, to modify these problems, this study
proposes a method that is “mixing method” which active
coefficient of earth pressure multiplies normal stress ( ¢,)
obtained from the Boussinesq equation based on elasticity
theory in order to obtain horizontal confining stress in
the ground. This method is used to calculate earth
pressure acting on retaining wall, and it is found to apply
well to the ground that shows elasto-plastic behavior. The
increment of normal stress at the center of bulging failure
using Boussinesq equation based on elastic theory is
shown in Eq. (5) and normal stress distribution in the

ground as loading is shown in Fig. 1

AGU:{1~<W:2[:_}ZCZ)B]X 7. )

where, 4o, = Increment of normal stress

Active earth pressure occurs, because transformation
of granular compaction pile is led to radial direction in
bulging failure of granular compaction piles according to
the increase of loading. The increment of horizontal
stress, the increment of normal stress ( 4o,) obtained
from Eq. (5) multiplied by the coefficient of active earth

pressure, is obtained in Eq. (6)
dq=4do,x K, (6)
where, K, = Coefficient of active earth pressure

Using the increment of horizontal stress shown m Eq.
(6), the confining stress for granular compaction pile at

the center of bulging failure can be obtained in Eq. (4)

2.3 Load Concentration Ratio

As shown in Fig, 2, the load mobilized to raft is
individually transferred to ground and piles, and causes
settlement of the ground. Based on the above concept,
Rao et al. (1985) defined load concentration ratio( ) in
Eq. (7). According to Juran et al.(1991), value of m
increases as consolidation progresses in ground due to

loading on raft, and value of m decreases when bulging
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Fig. 2. Behaviour for G.C.P. and ground under the raft

(b) Triangled installation
D ,=1.050s

(a) Squared installation
D,=1.128s

where, s = Distance of instaliation

Fig. 3. G.C.P. of effective diameter

failure of granular compaction pile appeares.

_ 4 _ E,
m— e o 2o ™)
where, g,= Shared load in pile

E,= Elastic modulus of pile

Loaded area for the granular compaction pile system
can assume the shape of circle on the center of each
piles, and the diameter of circle is defined as effective
diameter(De). Effective diameter of the granular compac-
tion pile as form of installation for piles is illustrated in
Fig. 3.

3. Laboratory Model Tests

3.1 Summary for Laboratory Model Tests

Laboratory model test system(see Fig. 4) used in this

study was composed of loading system, test box (600mm
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Fig. 4. Laboratory model test system
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Fig. 5 Grain size distribution

x600mmx1300mm), the granular compaction pile and
model ground reduced scale ground.

Also, to obtain load concentration ratio, pressure cells
were installed under the raft, and load-controlled
method was used. Sample of soil for laboratory model
tests was selected out of typical soft ground in
Korea. Sample of ground was collected in Sihwa-region
of Masanpo, Hwaseongsi, Gyeonggido, and sample of
sand was collected in Daeeunri, Yonggungmyeon,
Yecheongun, Gyeongsangbukdo. These samples were



Table 1. Physical properties

Table 3. Case for laboratory model tests

1

Gs LL (%) Pl (%) Uscs Diameter Size of raft Length
G.C.P. 2.63 - N.P SP 15cm x 15¢cm
Sail 2.7 24.2 18.9 ML 5cm 25cm x 25¢cm 30cm
35cm x 35¢cm

Table 2. Properties for laboratory model tests

Granular compaction pile

Diameter |Unit weight Elastic Poission's Friction

5 modulus , angle
(cm) {t/m?) ym) Ratio 5
5.0 2.0 4500 0.3 40

Ground

Cohesion | Unit weight rril)?jsutllﬁs Poission's F::t!lc;n
(t/m?) (t/m?) e Ratio “
2.5~2.8 1.6 300 0.3 0

tested for physical properties on the basis of Korea
Industrial Standard. The results from test for physical
properties are presented in Table 1, and grain size
distribution is shown in Fig. 5.

Properties for laboratory model tests are presented in
Table 2.

3.2 Process of Laboratory Model Tests

To verify application of estimation methods to ultimate
bearing capacity of granular compaction pile proposed in
this study, two estimation methods, namely elastic method
and mixing method, were performed as laboratory model
tests. Load concentration ratio is measured by installing
pressure cells under the raft, and process for laboratory
model tests is presented in Fig. 6.

Laboratory model tests are performed as shown in

Table 3, and undrained shear stress of ground was

(1) Install the caisson

(2) Prepare the mode! ground

measured by using Tor-Vane, which is used for in-situ
investigation. Consequently, the results of undrained shear
stress of ground are measured as 2.5 kg/em’ at a case of
B =3D, and 2.8 kg/cm’ at cases of B=5D and B =7D.

4. Numerical Analysis

PFC-2D in this study is numerical analysis program
which uses Distinct Element Method (DEM). PFC-2D.
This program is effective to express interaction of
granular particle, and appropriate one in this study.
Properties for numerical analysis are presented in Table
4, and Fig. 7 illustrates simplified condition for numerical
analysis. Properties for PFC-2D were changed as shown

in table 4 to perform effective numerical analysis.

Table 4. Properties for numerical analysis

Granular compaction pile

Diameter | Unit weight Elastic Poission's Friction
3 modulus . ang,e
(cm) (t/m°) hoses Ratio b
1.0 2.0 4500 0.3 40
Ground

Cohesion | Unit weight :;ZSJ;SS Poission's F:r?t';n
(t/m?) (t/m?) ) Ratio (?)
2.0 16 300 03 0

(3) Instail the raft (4) Load on the raft

Fig. 6. Proceeding for laboratory model test
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Fig. 7. Condition for numerical analysis
5. Results and Analysis

5.1 Results from Laboratory Model Tests

In this study, to search relationship between effective
diameter and ultimate bearing capacity of granular com-

paction pile, load-settlement relation that acts on granular

compaction pile during changing raft width into 15cm
(3D), 25cm(5D) and 35cm(7D) is obtained by laboratory
model tests. Fig. 8 shows the section of failure shape of
granular compaction pile in each case. As shown in Fig.
8, the result represents that granular compaction pile
acting on load shows the shape of bulging failure. Fig.
9 shows the load-settlement curve of granular compaction
pile. As shown in Fig. 9, because Fig. 9 shows the shape
of typical failure curve line on piles, the result can be
concluded by evaluating ultimate bearing capacity of
granular compaction pile and the load concentration ratio
by load-settlement relation obtained from Fig. 9.
Therefore, Fig. 10 represents the change of load concent-
ration ratio by settlement of raft on the basis of
load-settlement relation. As shown in Fig. 10, load
concentration ratio decreases as seftlement appears in all
cases. According to the result from laboratory test by

Juran et al.(1991), load concentration ratio increased as

(a) B = 3D{15¢cm)

{b) B = 5D(25cm)

(c) B = 7D(35cm)

Fig. 8. Failure shape of G.C.P. by results from laboratory madel tests
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Fig. 9. Load-settlement curve of G.C.P.
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Fig. 10. Change of load concentration ratio with settlement

loading progressed. This result was achieved from the
test by using triaxial pressure cell. In this test by using
triaxial pressure cell, consolidation of ground was con-
sidered on condition that clay of model ground was fixed
and drain was progressed. The results from laboratory
model test are shown in Fig. 13. The laboratory model
tests were performed using actual constructed basis and
not considering consolidation of ground because the
loading step because the loading step in the laboratory
model tests was relatively faster than that in the tests by
Juran et al.(1991). was relatively faster in the laboratory
model tests than that in the tests by Juran et al.(1991).

5.2 Results from Numerical Analysis

To examine the relationship how width of raft and
failure shape of granular compaction pile and failure
depth, this study performed numerical analysis using
PFC-2D program in DEM analysis program. Fig. 11.

represents the results from numerical analysis performed

(b) B = 5D

by changing width of raft from 3D to 7D and bulging
failure shape of granular compaction pile by width of
raft. As shown in Fig. 11, when width of raft is 3D,
shape of bulging failure appears clearly in shallow depth,
but bulging failure is getting deeper as the width of raft
increases and diameter of granular compaction pile in the
center of that bulging failure decreases. The effect that
controls bulging failure increases as the width of raft
increases, therefore bulging failure depth is deeper. This

results conform to the purpose of this study.

5.3 Estimations of Ultimate Bearing Capacity

To verify application of estimation methods for ulti-
mate bearing capacity of granufar compaction pile
proposed in this study, these two estimation methods,
namely elastic method and mixing method, were compared
with laboratory model tests such as numerical analysis
and estimation method of ultimate bearing capacity

proposed by Kim et al.(1998). These results from above

(c)B=7D

Fig. 11. Failure shape of G.C.P. by obtained from the results of numerical analysis
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Table 5. Results from estimation methods for ultimate bearing capacity of G.C.P.

(Units : kgf)

Width of raft 3D 5D 7D
Elastic Method ¢ =2.0t/m? 12.06 13.51 14.57
Proposed Method |  (Boussinesq Equation) ¢ =3.0t/m? 15.83 17.74 19.12
by this study Mixed Method ¢ = 2.0t/m? 16.71 18.47 18.91
(a0,xK,) ¢ = 3.0t/m? 21.22 24.25 24.83
. ¢ =2.0t/m? 23.21 23.21 23.21
Proposed Method by Kim et al.
¢ = 3.0t/m? 28.22 29.22 29.22
Results from laboratory model test (c =2.5~2.8t/m?) 18.57 19.91 21.84
Results from numerical analysis (¢ = 2.0t/m?) 19.12 20.42 22.45

comparison are presented in Table 5. As shown in Table
5, results from elastic method and mixing method present
that ultimate bearing capacity of granular compaction pile
is smaller than that of the other results.

As shown in the result from numerical analysis,
uitimate bearing capacity of granular compaction pile is
greater, because granular compaction pile is analyzed in
2D numerical analysis.

According to the method proposed by Kim et
al.(1998), the tests show equal results because effect for
increment of ultimate bearing capacity as the width of
raft cannot be considered. However, the other methods
consider the effect of width of raft. Especially, the results
from mixing method are similar to results from
laboratory model tests. In elastic method, horizontal
stress is underestimated as depth of ground is getting
deeper. Therefore, mixing method is concluded as the

effective method to measure horizontal stress.

5.4 Parametric Study

This study analyzed the relationship between ultimate

Table 6. Properties for parameters analysis

Granular compaction pile

Length | Unit weight Elastic Poission's Friction

(m) t/m’) modulus Ratio angle
(t/m?) ()

10.0 2.0 5000 0.3 26~38

Ground

Cohesion |Unit weight rril)?jsutlfs Poission's F;l;:t!lc;n
(t/m?) (t/m?) W) Ratio (?)
1.0~5.0 | 1.0~2.0 600 0.3 0

bearing capacity of granular compaction pile and major
design parameters by changing major design parameters
such as cohesion, unit weight of soil and friction angle
of granular compaction pile in the estimation method
proposed by Kim et al.(1998) and two estimation methods
proposed by this study, namely, elastic method and
mixing method. Data used in the above analysis and case
of analysis are presented in Table 6 and Table 7, and
result of analysis are shown in Fig. 12.

As shown in Fig. 12(a), when cohesion of soil
increases from ¢ =1t/m’ to ¢c=5t/m’, ultimate bearing
capacity of granular compaction pile increases linearly
from 186.5% 10268.9% in all estimation methods. As
shown in Fig. 12(b), when unit weight of soil increases
from 1.0tYm’ to 2.0 /m’, ultimate bearing capacity of
granular compaction pile increases by about 40.6% in the
method proposed by Kim et al.(1998), but it increases
from 13.5% to 13.9% in the other methods proposed in
this study. Consequently, it shows that ultimate bearing
capacity is much more affected by unit weight of soil
in method proposed by Kim et al.(1998) than that in the
other methods proposed in this study. As shown in Fig.

Table 7. Case of analysis

Estimation Method Case No.
Proposed method by Kim et al. Case 1
B =23D Case 2

Elastic Method B =5D Case 3
B=7D Case 4

B=3D Case 5

Mixed Method B = 5D Case 6
B=7D Case 7
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12(c), when friction angle of granular compaction pile
increases from 26° to 38°, ultimate bearing capacity
increases by 139.7% in the method proposed by Kim et
al.(1998) and also it increases by 73.3% ~ 79.5%, 74.1%
~108.3% in elastic method and mixing method, res-
pectively. It shows that ultimate bearing capacity is
greatly affected by friction angle of granular compaction
pile in all cases.

These results indicate that increment of ultimate
bearing capacity is less affected by major design
parameters in two methods proposed in this study than
that in the method proposed by Kim et al.(1998), and
ultimate bearing capacity is less affected by unit weight

of soil and much affected by cohesion of soil.

6. Conclusion

In this study, a change of the horizontal pressure
considering various stresses in the ground is applied to
the confining pressure, and the ultimate bearing capacity
of the granular compaction pile is evaluated on the basis
of previous study on the estimation of the ultimate
bearing capacity and compared with the results obtained
from laboratory scale model tests and DEM numerical
analysis using the PFC-2D program. Based on this study,

several conclusions and summaries are as belows :

(1) Considering the effect of variation of horizontal
stress in the ground for loaded area, the magnitude
of load, variable bulging failure depth and the

Evaluation of Ultimate Bearing Capacity on Granular Compaction Pile Considering Various Stresses in a Ground

1.4

Unit weight (t/a’)

{b) Unit weight

Uttiam ate bearing capacity (ton

16 1.8 20 28 28 30 32 34 36 38
Friction angle of GCP { *)

(c} Friction angle for G.C.P.

g. 12. Results from parameteric study

increment of horizontal stress at the center of bulging

failure, this study proposes the two methods, namely

elastic method and mixing method.
(2) Results from elastic method and mixing method
present that the ultimate bearing capacity of granular
compaction pile is smaller than those from laboratory
model tests, numerical analysis and estimation method
of ultimate bearing capacity proposed by Kim et
al.(1998), but the mixing method proposed in this
study is concluded as the effective method to
measure horizontal confining stress and to calculate
ultimate bearing capacity of granular compaction
pile.
(3) Results from parametric studies indicate that incre-
ment of bearing capacity is less affected by major
design parameters in two methods proposed in this
study than that in the method proposed by Kim et
al.(1998) and ultimate bearing capacity is less
affected by unit weight of soil and much affected by

cohesion of soil.
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