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Abstract

In this study, 34 laboratory load test data were collected, and analyzed to propose the equations for predicting ultimate
bearing capacity of sand compaction pile (SCP) and gravel compaction pile (GCP) reinforced clay. The collected data
were compared with the ultimate bearing capacity estimated by existing theoretical equations, and the prediction accuracy
of the existing theoretical equations was identified. Also, multiple regression analysis was performed to predict the
ultimate bearing capacity, and the most efficient number and type of input variables were selected through error evaluation
by leave-one-out cross validation. Finally, the multiple regression equations for estimating the ultimate bearing capacity

of laboratory load test for SCP and GCP were proposed, and their performance was evaluated.
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Fig. 1. Failure modes of stone column (Barkdale and Bachus, 1983)
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Table 1. Ultimate bearing capacity formulas for SCP & GCP

Reference Suggested formula Pile type
Greenwood _ 1+ sing,
(1970) G =2 Ko+ 205, \/Kpc)(m
) 1+ sing,
VeSlC(1972) Gy = (S F +q F )(Tngb)
: Single pile
Hughes et al. ., 1Hsing,
(1975) G = s, + o, VG555 )
Mitchell
=5 N
(1 981) ' Su q
Qoo =0y -t (15" + 280 2+ )
Barkdale and Bachus n-a
1983 =tan” '[————— - tan
( ) Puvy [1+(n* 1) -a, %) Group pile
Su.avg = (lias) © Sy
Madhav and Vitkar 1
(1978) Quir = suM:+57(:BMy+Df’7cjvq

© unit weight of clay (kN/m%, z: depth (m), s, : undrained shear strength of clay (kPa),

u

q,;° Ultimate bearing capacity (kPa), 7,
K, passive earth pressure coefficient of cohesive soil, ¢, internal friction angle of sand pile (°),

q: average stress for equivalent failure depth (kPa), E ) Fq - coefficient of cavity expansion for sand pile, cr;_ui initial lateral stress (kPa),
n: stress concentration ratio, ¢,,, average intemal friction angle (°), ¢,: internal friction angle of gravel pile (°),

5,40, @verage undrained shear strength (kPa), a,: replacement area ratio, B: width of foundation (m), D;: depth of foundation (m),

u,avg s

NC?NA’,NqZ bearing capacity factor

In(g,,) =4.756+0.0135,, +1.914a, +0.07d,S, 3. Za} g &t

rp p

—13.717, 1 +0.0057 3)

mp mp
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Table 2. Summary of load test database for laboratory load test

i s, a, d L i i
dsraten | P | eps | om | w0 | o0 | om | m | e | Peternce
S$S30 SCP Circular 10.95 15.6 30 10.95 24 310
$S40 SCP Circular 12.65 15.7 40 12.65 24 480
S$S50 SCP Circular 14.14 175 50 14.14 24 520
SS60 SCP Circular 15.49 17.5 60 15.49 24 550
SS70 SCP Circular 16.73 17.9 70 16.73 24 560 Kim et al.
GS30 GCP Circular 10.95 15.3 30 10.95 24 410 (2004)
GS40 GCP Circular 12.65 16.5 40 12.65 24 510
GS50 GCP Circular 14.14 17.1 50 14.14 24 750
GS60 GCP Circular 15.49 17.6 60 15.49 24 800
GS70 GCP Circular 16.73 175 70 16.73 24 830
SG30 SCP Square 6 18.1 30 2.2 15 60
SG40 scp Square 6 20.7 40 2.2 15 120
SG50 SCP Square 6 21.7 50 2.2 15 135 Kim and Lee
GG30 GCP Square 6 13.6 30 2.2 15 130 (2005)
GG40 GCP Square 6 14.8 40 2.2 15 155
GG50 GCP Square 6 16.6 50 2.2 15 210
GS8.7 GCP Square 15 30 8.7 5 30 94.6 _
GS3.1 GCP Square 25 30 3.1 5 30 101.5 Kanfgggj) Kim
GS1.6 GCP Square 35 30 1.6 5 30 111.3
GS11.1 GCP Circular 9 30 11.1 3 30 40.9
GS6.3 GCP Circular 12 30 6.3 3 30 36.3 .
GS4.0 GCP | Circular 15 30 4.0 3 30 34 Kim égg ;;ang
GG8.7 GCP Square 27 30 8.7 3 30 35.5
GG8.7 GCP Square 27 30 8.7 3 30 30.2
Ccst GCP Circular 7.2 6 17.4 3 28 30.1 Malarvizhi and
CS2 GCP Circular 7.2 6 17.4 3 22.5 21.4 [lamparuth
Cs3 GCP | Circular 7.2 6 17.4 3 15 19 (2004)
FSC3 GCP Square 25 153 | 0.094 5 30 76.4
FSC4 GCP Square 25 125 | 0.126 5 30 71.9
FSC5 GCP | Square | 375 135 | 0.07 5 30 58.4 Fa“(gg f;) al.
FSC6 GCP | Rectangular | 25x37.5 15.5 0.126 5 30 69.8
FSC2 GCP Rectangular | 12.5%25 17 0.126 5 30 81.4
sci5 SCP Circular 10 8 0.81 9 15 56.4 George and Hari
SC30 SCP Circular 10 8 0.81 9 30 112 (2016)
A A8 9] vlil= Fig. 20 YRSl om, ofo] tigh & %, 4% Mitchell(1981) ®iio]l oJ3t o] 52 655kPa
2487} A1+E Table 3¢) Aelsksich o] uj$- & MAEE Ztom HHFZ3l oS I35 A A€
7| o] 241 3t %t AR EE 4Rt 7%, SCP 2 138 A= FA A== AoR Uyt ®3E 4
L 200kPa ©o]A+e] HFAZE 2 2Hmean absolute error, AAG 9 o HEAL 0167 113%=E o=% =3t
MAE)E Zom o HeAd E3t =4 Uetstth GCP A A3 wESEH F3 AR Y Apolofl= f-ofu]gt A
O] 7% MAE= ©f 55kPa= SCP2| =3t X|2|& oS0 TAZE glom ufe- 2 oS W5 8E 2= AeE Us
HEIAE e 0 312 el QAT o] AL pEE o k. 424% Hughes et al.(1975) WS 2245 Mitchell
250 S35k AR HerF 2] whizoH, ‘f:;‘:% 966 (1981) ¥ o) HafjA= W= MAE ¥ H3FS 2= A
S8 ¢ & HAE 2= A0 = YEh St} Stuedlein and O 2 Y ARE o Hs] =2 exF W oS HEdS
Holtz(2013)o]] &Jste] A= 7|& o]|241& 3‘%{5_]- 7 Zre Aoz Uepgth wlebd 7|2 o|2A1LS Esto] Al
SCP 2 GCP 2 HAEXEIS| ALHTHSIAIZ0 et 2BINRIZ AF 2 JHL 41



Table 3. Error evaluation of theoretical models

YAst Aol diE 23 AP o2
=

o} Bong and Kim(2017)e] o5} Alerel AAA45HA%

42

) MAE Bias, A
Method Pile R
(kPa) Mean COV (%)
Mitchell (1981) SCP 202.9 0.52 1.606 98.0
itche ,
Barkdale and Bachus (1983) Gep 54.7 0.11 1.966 785
SCP+GCP 150.6 0.46 1.733 89.4
Modified Mitchell SCP+GCP 655.4 0.16 12.974 113.1
Modified Hughes SCP+GCP 152.2 0.52 2.104 80.9
900 1600
[ ] Single Pile, Mitchell (1981) [ ] Modified Mitchell (1981)
- 800 O  Group Pile, Barkdale & Bachus (1983) 2 1400 O Modified Hughes et al. (1975)
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Fig. 2. Comparison of predicted and observed ultimate bearing capacity by theoretical models
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Fig. 3. Comparison of predicted and observed ultimate bearing capacity by previously proposed regression equations
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Table 4. Error evaluation of previously proposed MLRs

) MAE Bias, A
Method Ple (kPa) " Mean COV (%)
Scp 179.6 0.17 1.513 81.2
St“ed'e(igofg)d Holtz GCP 64481 1 0.00 588.91 471.8
SCP+GCP 45568.9 0.01 416.2 561.2
. scp 306.0 0.12 0.942 208.6
BO”“?ZS;‘% Kim GCP 259.0 0.24 3.454 116.8
SCP+GCP 272.8 0.2 2.72 136.6
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Table 6. Error evaluation according to input variables through cross validation for SCP+GCP
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Table 7. Error evaluation according to input variables through cross validation for SCP
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Table 8. Error evaluation according to input variables through cross validation for GCP

Number of input , MAE ) Bias, A
variable Input variables (kPa) R Vean cov (%)
3 5, 4, d, 24.4 0.98 1.077 37.0
1 a
4 —. <5 Va, . d, 20.8 0.98 1.040 19.0
1 S
5 i Va,, d,, \/d, 205 0.98 1.041 18.9
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Table 9. Performance evaluation of Proposed MLR

Pier method Data (’\:FA,aE) R? Voan bias, A cov o)
Sand Leave=one-out 7.0 1.00 1.011 6.8
Compaction Cross validation
Pile All load test data 2.9 1.00 1.000 3.0
Gravel Leave=one-out 20.8 0.98 1.040 19.0
Compaction Cross validation
Pile All load test data 16.0 0.99 0.995 14.4
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