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Estimation of Ultimate Bearing Capacity of Gravel Compaction Piles
Using Nonlinear Regression Analysis
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Abstract : The calibration of resistance factor in reliability theory for limit state design of gravel compaction piles
(GCP) requires a reliable estimate of ultimate bearing capacity. The static load test is commonly used in
geotechnical engineering practice to predict the ultimate bearing capacity. Many graphical methods are specified in
the design standard to define the ultimate bearing capacity based on the load-settlement curve. However, it has some
disadvantages to ensure reliability to obtain an uniform ultimate load depend on engineering judgement. In this
study, a well-fitting nonlinear regression model is proposed to estimate the ultimate bearing capacity, for which a
nonlinear regression analysis is applied to estimate the ultimate bearing capacity of GCP and the results are
compared with those calculated using previous graphical method. Affect the resistance factor of the estimate method
were analyzed. To provide a database in the development of limit state design, the load test conditions for predicting
the ultimate bearing capacity from static load test are examined.

Keywords : gravel compaction piles, gcp, ultimate bearing capacity, nonlinear regression analysis, limit state
design, static load test, resistance factor
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Fig. 1. Geometrical illustration of the nonlinear regression models.
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Fig. 2. Typical static load test setup for gravel compaction piles (Stuedlein, 2008).
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Fig. 4. Frequency histograms for variables in static load test database.

Table 2. Summary of static load test for gravel compaction piles.
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Table 1. Number of test cases conducted in each country.

Country USA Korea India Philippines China England Etc.

Num.

of data 36 12 6 5 3 1 2

a2l GAEHAIE dlo]ElE Table 13} o] 33133 01,
JASA E 2 B AARS gloJejwjo] A R EE Fig. 4
o el

A 28 35S 133~2,684 kPa HO = A3}
=glom, o] uf vhgE et 4~436 mmE LFEFSITE 7
Astr o] FaE AN A4S - 0.76 mE
-2 0.7~0.9 m H9]ol] Farsksion, s rhd e 1.5~
20.7 me] AEE ATt

50
40 b [
)
g 30 |
Q
&
2 20 f
e
10
0 \—v—\ e
0 100 200 300 400 500
Settlement (mm)
(b) Settlement
60
50
5. 40 b
Q
8
s 30
o
2
=~ 20 }
10
O 1 1
2 4 6 8 10 12 14 16 18 20 22
Length of pile (Ly)
(d) Length of GCP

Baumann and Bauer(1974)

Pitt et al(2003)  Lilis et al.(2004)

Reference Kim et al.(2010)
Footing test type Group
Shape of footing Squre
Footing dimension(B, m) 24x%x24
Compaction method Rammed
Diameter of pile(d,, m) 1.0
Length of pile(L,, m) 16.0
Number of piles 4
Spacing(m) 12
Undrained shear strength(S,, kPa) 11.0
Displacement of load test(mm) 451.08
Max. pressure of load test(q, kPa) 132.04
Ultimate bearing pressure(q,, kPa) 132.04

Int. Group Single Single
Circle Circle Circle
¢ 1.35 ¢ 0.76 ¢ 0.61

Vibrated Rammed Rammed
0.8 0.76 0.61
5.5 2.7 3.0

3 1 1
1.4 - -
12.0 30.0 unknown
19.92 81.78 90.01
203.74 564.87 1,063.06
203.74 - -
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Fig. 5. Load-displacement curve obtained from static load test result of gravel compaction piles.
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Table 3. Nonlinear regression analysis result to estimate ultimate bearing capacity.

Regression coefficient

Reference Equation G R Bias
a b c d
1 5.10E-1 6.12E-3 - - 163.35 0.986 1.24
Kim et al. 2 6.67E+1 1.16E-2 6.66E+1 1.16E-2 133.34 0.998 1.01
(2010) 3 1.37E+2 1.22E-2 -4.04E+0 7.60E-4 132.59 0.999 1.00
4 1.32E+2 8.06E-3 1.09E+0 - 131.52 0.999 1.00
1 5.94E-3 4.70E-3 - - 212.66 0.985 1.04
Baumann and Bauer 2 1.38E+2 2.51E-1 6.46E+1 6.46E+0 202.60 0.999 0.99
(1974) 3 1.24E+2 231E-1 8.04E+1 8.59E-2 204.13 1.000 1.00
4 2.18E+2 5.89E-1 5.22E-1 - 218.50 0.999 1.07
1 8.31E-3 1.70E-3 - - 589.67 0.997 -
Pitt et al. 2 3.25E+2 3.17E-1 2.50E+1 3.98E-2 574.34 0.997 -
(2003) 3 4.82E+2 1.32E-1 5.18E+1 —6.47E+5 534.08 0.986 -
4 5.57E+2 2.29E-1 721E-1 - 556.58 0.993 -
1 3.36E-2 5.36E-4 - - 1,866.01 0.993 -
Lillis et al. 2 —7.54E+1 3.94E-1 1.24E+3 2.75E-2 1,168.17 0.999 -
(2004) 3 1.25E+3 2.23E-2 1.17E-3 431E-3 1,249.52 0.996 -
4 1.12E+3 1.53E-2 1.17E+0 - 1,115.34 0.998 -
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Fig. 6. Yield and ultimate bearing pressure-displacement curve for load test in database.
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Fig. 7. Estimate of yield and ultimate bearing capacity based on logP-logS, 0.1B method.
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Table 4. Comparison of estimated ultimate bearing capacity by various method.

Estimation method Kim et al.(2010)

Baumann andBauer(1974)

Pitt et al.(2003) Lillis et al.(2004)

Static load test 132.04
Nonlinear regression analysis 131.52%
log P-log S method 156.66
0.1B method 122.00

203.74 N/A N/A
204.13® 57434 1,168.17“
204.90 480.00 916.20
N/A 365.00 114.00

®Equation 4, ®Equation 3, “Equation 2, “Equation 2.
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Table 5. Calibrated resistance factor for different theoretical formulations using log P-log S method and nonlinear regression method.
log P-log S method Nonlinear regression method
Theoretical Formulations
Ar COVy ¢ Ar cory I
Vesic(1972) 0.63 0.530 0.199 0.86 0.422 0.344
Hughes and Withers(1974) 0.79 0.503 0.264 1.09 0.423 0434
Brauns(1978) 0.63 0.527 0.200 0.87 0.421 0.348
Hansbo(1994) 0.67 0.522 0.215 0.92 0.422 0.367
COVy, COVie: AVt Fate, Ade] WA, fa= = Sl wt AV AN S 738k fletel AEA Sl
FAF] EA] ol © tloleo]~8) H4o] g, At H T 2
 AelM FE 6571420 GASHA HlolElE log P- ofellA] ik ohe} AP LHAMN = SFAAH S A=
log $ WA w13 SR olgsto] TAAE B e A1 AL e AR oA Qe e A
Aaiglom, 7t FeAAE W BT d@ T A FAARE IZ3p] s TS Bl 5 9
AH ool thet AGRRARS WEAS, APAFE £ FRE 55 FHo] dojxo} Yol Bsta A
2P ate] Table 5o VERSITE. A AR AABADKS F 2445)°14= Ak
log P-log S #AHS o] &3 AFHIFATE 1,=0.63 9] 200%% At sH=F TgskaL Q7] Wit S A|AE S
~0.79 W 912 STH[A|Fo] o] 22 o] nlsf Hla A B4 o ges] Fst7] o= SAE Al
£ @7 e Zow FAEeH, v SARAE o8 2 Aol ST RS e Al gk dlolEHo]
S AGADATE 2,=0.86-1.00 WIIZ FTAALL o|F 2 AL Brow FANBL FAshs 49, v14F 3
A3} AR el BT AGAGAY MEAFE  ARdoR Bk F9Ae] AEe Rast, AAls
HE v Y 394 B0l log P-log S A ETh St Ao RNE dojof & shg-Hsl tolE e 2US AR
of AGAGAF BeAYo] e Aoz BRIk sad shaivk
A2 TGS v AdE B RA A Kk A E o w B8 g7 0w FrhE SR ] Al s A
S B 9 log P-log S WP AMTALE  SIge] FiE & gsa A G ATE PRSI B A

O] AFAGT) ¢=10.199~0264° 7 RA= ] 0 AASHTO
(2010) 5] AP F8351L = 7% FERE AT
Aol vlal Ada] W grell sldsitt. n]AdE 3|t o
EHE Y AATE 9=0344~0.4342) W= =9 &
o] t$h A& A~ (AASHTO, 2010; Park et al., 2008)2}
ket H91E Bl

5. %U(|x|a=l u.=|7|.|:|-|0| 2 %ﬂ'.
MI{stAIEle] =A

AT T2 712 AAVIES SA AN 02 Aol

of o] g-H F @2l AASAIE vlolElE OHM o7 A7
shAA vAE 8]9S Falskar, AAl SeXE 2] |
2= Table 62} 7o) YERYIT EE?& AABIAIRE S dlolE
Froll whE sha-ekd 9 A0 WMElE Fig 87 ol A
Este] AP AN S k] st Al E el =4
S AEIA
Kim et al.(2010)2] A AaelA skz-3dsk Hlo|
E17} 57NN =5), = 333815 (104.4 kPay/HA RE Aj8HE 734
7F43HH, log P-log S 4% (Fig. 6(a)°llA= A WA
Hd_#@,—% 315 (40 kPa) 0% FHekalar A S8k %] 9]
50% F9 A A H o7 P E = wbd, v 398

Table 6. Nonlinear regression analysis result according to load-displacement curve shape in static load test.

Reference Num. of data N=11 N=10 N=9 N=8 N=7 N=6 N=5 N=4 N=3
Applied P(kPa) - - - 1320 1303 1217 1044 784 52.6
. Applied S(mm) - - - 4511 3223 1875  128.1 79.7 424
K“;Ofg)al' 4.,(kPa) - - - 1315 1329 1385 1296 888 674
( )& - - - 0999 0999 0998 0998  1.000  1.000
Bias(%) - - - 99.6  100.7 1049 982 67.3 51.1
Applied P(kPa) 2037 2020 1994 1956 1872 1746 1574 1366 -
Baumann Applied S(mm) 19.9 17.8 14.9 125 9.5 6.7 43 2.8 -
and Bauer q..(kPa) 2041 2032 2019 1999 1958 1912  202.1  187.7 -
(1974) R 1.000  1.000  1.000  1.000 1.000  1.000  1.000  1.000 -
Bias(%) 1002 997 99.1 98.1 96.1 93.8 99.2 9.1 -
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Fig. 8. Load-displacement curve with change of number of data effect in static load test.
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