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Abstract

In this study, the statistical characteristics of the resistance bias factors were analyzed using a high-quality field load
test database, and the total resistance bias factors were estimated considering the soil uncertainty and construction errors
for the application of the limit state design of aggregate pier foundation. The MLR model by Bong and Kim (2017), which
has a higher prediction performance than the previous models was used for estimating the resistance bias factors, and its
suitability was evaluated. The chi-square goodness of fit test was performed to estimate the probability distribution of the
resistance bias factors, and the normal distribution was found to be most suitable. The total variability in the nominal resistance
was estimated including the uncertainty of undrained shear strength and construction errors that can occur during the aggregate
pier construction. Finally, the probability distribution of the total resistance bias factors is shown to follow a log-normal
distribution. The parameters of the probability distribution according to the coefficient of variation of total resistance bias

factors were estimated by Monte Carlo simulation, and their regression equations were proposed for simple application.
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Fig. 1. Probability of failure in reliability-based design
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Table 1. Summary statistics for proposed MLR

Variaole cole‘tftii?ent Stgszfafrlgleerr]rtor VIF
Intercept —230.469 99.655 NA
s —0.0871 0.018 7.95
s, 12.5533 0.913 2.68
Vs 130.309 22.013 7.31
d/L, —557.698 199.951 1.33
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Fig. 2. Comparison of estimated and observed ultimate bearing
capacity

Table 2. Performance of MLR model by Bong and Kim (2017)
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Model Absolute error (kPa) Bias, A
ode

Mean St. Dev. COV (%) Mean St. Dev. CoV (%)
Bong and Kim (2017) 52.9 48.0 90.6 1.002 0.119 11.9

MACHES

O JhegtE KBt =SHetHIMEN0 CHEt MetEeid+ A 21



 Bong and Kim@017)9] 9J3fo] Akl o24o) A%
Al Hiet FEREE AE3H7] flsto] 7HolA
?EE UX4(Ch1—square goodness of fit test)2 43}
o gasle s s et

aok 2 7Ol 5%l gt 712+ Table

o o o R
JN °°*'

ol ¥
o
_EL
F

£ oo of

w
=2

I}, 57H4 SHEEIE B §Ool5E 5% tis)
Assl o2 Vet AREA S AFEES}
S82 TP e Ao E e toH, 2 X AE|(Logistic)
Qo] E(Weibull) 327} Z12F 1.617}F 1.932 &
TR0 e AAEARS 2 Ao U

71E AT F2 AGHLY P L]
RYSE %S UESAY YHFAFE 2972
ol wlsfe] tha w2 AoR vehdeh. olof

{

oo
J

i}

s

L.

_H.

fu Ho _ﬂ dr

O ox 3L

O  Sample bias
Normal distribution

[

-1

-2

Standard normal variate, Z
[—]

-3
0.6 0.8 1.0 1.2 14

Sample and fitted resistance bias

Fig. 4. Cumulative distribution of sample resistance biases and
fitted normal distribution

Table 3. Summary of results of Chi-square test

Rank Probability Test Reject?
distribution statistic for «=0.05
1 Normal 1.58 No
2 Logistic 1.61 No
3 Weibull 1.93 No
4 Log—normal 2.97 No
5 Gamma 3.12 No

« - Significance level
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Table 4. Statistic properties of total resistance bias

Coefficient of variation (%) Total resistance bias
c
C()V;m C()V;on C()V;“ Cv()I/Total?i Cv()[/Tnmlb PDF Perameter
I o’
5 13.8 14.0 Log—normal —0.00975 0.14108
10 16.3 16.5 Log—normal —0.01372 0.16517
15 19.8 20.0 Log—normal —0.01954 0.19941
11.9 5.0 20 23.8 24.0 Log—normal —0.02858 0.23842
25 28.1 28.4 Log—normal —0.03869 0.27915
30 32.7 33.0 Log—normal —0.05206 0.32220
35 37.3 37.6 Log—normal —0.06653 0.36523
using Eq. (5)
®using Monte Carlo simulation
°InX ~ Ny, o)

MAOELSRCZ = KBl SSHHAIME 0 e MEEei = &E 23



WA G=2] SE132 5 Fig. 69 Yeflen, cov,
9] 5% ZtAol wE F AFAFAG2] TAA B
Table 4| Z=|st3ict.

Fig. 604 Hi= AXH T AFHIA Y] 2deE8
T BOAFRES g2E 208 yeidon cov, 7}
S7Fskel et FERE7 o WA HAle AS 21T
= Atk Monte Carlo Al&d|o]d Aito| }E COVy,,
£ 4 (90l ot AgE gk ofthe] ZjolE UE
Woled olA 7t FENS] SEUETRTL AR
t27] gifoln 1 Zoli= oF 0.2~0.3%= Zof FA]
a5 Sl AoE Yehth 999 covy,,oll gt
AGHFA L] SAH E4 G 757 %’4@0:1
COV 5@t ARG HFA ] ShEEazof gt vj7i#

o IAE EAsHTE A FHF 1T7P Elz*?rfi

£ wgol wet EEEY upies AMRTE
gt AFAHFA S, In(h,) ol ot HaH(p) B £4Ho%)
olw, z} w42} coVy,,, o A= Fig. 7o e}

0.00

O  Measured value
~e ———Fitted line

-0.02 [ e .

3. -0.04 @ 1

-0.06 | X 1
R?=1.00

-0.08 | | ! |
0.4 T T

0.3 Nl 7 "

0.1 | il

0.0 L 1 L Il Il
10 15 20 25 30 35 40

cov,, .. (%)

Fig. 7. Relationships between parameters for probability distribution
of In(A,) and COV,,,

24 B=XLLES =28 M35 M6=

W it
= oiAHse} Covy,, o BAE 231 9 13} T4
E3lo] afroz ®ET 2 9lglon, olof wE
SHEE 0] ZF ufj7fH o] gtk 34 ok

fllo

_\:‘_l‘
My
i

_I

1 ==0.000042COV?%,,,,—0.000203COV,,, +0.00225 (6)

o? =0.0095COVy,,,, +0.0101 (7)

5 3] Alol that A A |5(coefficient of determination,
R)E B5F 10028 et covy,, o 2 SHeee
o] A H4E gulHo g o =38 4~ 9l Ao UbEh
Wk dnH o g covy,,= A (9)F Este] gA A
o 4 qlom dRe cov, & algstel covy,,°l 4t
AEH A (6) ()= E-&3to] AFHIFATS FAA

S48 4 et 5 g 4 ol

d

5E]
o)
o
v
i
0%
i)
12
O>4
E
jucd)
_,>i
il
il
iﬁ
o
;;
o,
in

LA Wbt e MLR e 49 84
SIAE AmEsle] W2 FHAAG0 mYow o=
9 417 wekst 4 glom o AL &4k
ﬂ Fapoll QoA Tl Fa gt Hiold.
AYEIAE ATE Eslo] =2E ML
SAASES clore 2ele] o Bo

2 glon] FE A7]of ols] AREE 24

0.

NI

=

l‘U9

Wr*ma
5
bz
o&_l—g.:ﬁu_l
o fo &

oz:
fllo

e
il ﬁ: "

H o>
Y
2y
N

k
AN ox oo
¥ 3

N
-

¥ 5
o
i)
N
o

DT

_C_)_
Oﬂ iis l‘&*&% ?_VJEM Hry 733K robust) o Z0]

o] Aol M= HAEEFR S LRFD 485 $Jsto
Bong and Kim(2017)9] 2]&}o] A|¢t=l MLR 2&-2 3
gataon, 30719 BYASHAIE A2 Bkl A3
U] $AY S48 RS ofo] et e

g stk A WERe A

HT



>
x
b=
=
%
d
E]
A
>
o

: o W2 0 FpHoR
o APgSIgT) 2 o] AnE acksid ok

oL ook oflt
L =2 rlo

(2) Bong and K1m(2017)4 MLR 23of tigh #|3}s
Agt xg;rtgg 2 Ze® vehgon, v

jud
==

(e
ox,
o
k
)
ok
e
i
P
o
P
o
)
_l
lo
i
L
X

ofelich % AFHGAS WERL 1)

A= o] HMEA(5~35%)° uke} 13.8~37.3%

BARFREE a2 202 Ueth

3) A A=) SAA 545 A tetstr] flst
o COVyy ot A AFA L] SEw2ze] ik
N2 BAS EA8IATE AdHdAs7 =21
At E wEel uek AAd2IE FHI A
Aol gt Btk FARS w72 7Hskel
o olof Hiek ZF s Aldstich Al
3 FAle gt R°E 1.0002 COVy,,, o that
2ol o ASE AP AT 4 A
2 UeEbgth

(4) AFHEFAT S flste] 488 MLR 2g2
AASAE A= F7toll whE B2k Bl o]
7} 8015, ofof whet A|SFel et AF =S
BFAIAZ 4= Q)= AR o] Qi) whepa] =3 oF2 9]
A AAm F7F B 2d Aol ES §5
of ATEIH A LAY 2-8ofA Al
4 Sl AZEIFATY Alsol 7Fsd Aol

i

o
I P T
a
°
QL
5
g

<)
o2l

jusj
==

°

11

[Oo

lo nﬂ% 4

PO

o] Ak AR EAREAR) ] Yo T
SATAIT O] 1] 218 Hhol 2235 A1 79)(No. 2019RIC
1C1010053).

179 (References)

. AASHTO (2012), AASHTO LRFD Bridge Design Specifications,

6™ ed, American Association of State and Highway Transportation
Officials, Washington, DC, USA.

. Bong, T. H. and Kim, B. 1. (2017), “Prediction of Ultimate Bearing

Capacity of Soft Soils Reinforced by Gravel Compaction Pile Using
Multiple Regression Analysis and Artificial Neural Network”, Journal
of The Korean Geotechnical Society, Vol.33, No.6, pp.27-36.

. Elkateb, T., Chalaturnyk, R., and Robertson, P. K. (2002), “An

Overview of Soil Heterogeneity: Quantification and Implications
on Geothchnical Field Problems”, Canadian Geotechnical Journal,

Vol.40, No.1, pp.1-15.

. Greenwood, D. A. (1970), “Mechanical Improvement of Soils Below

Ground Surface”, Proceedings of the Ground Engineering Conference,
Institution of Civil Engineers, London, pp.11-22.

. Han, Y. B. (2013), “Analysis of LRFD Resistance Factors for Single

Aggregate Piers in Cohesive Soil”, MS. thesis, Dongguk university,
Seoul, Republic of Korea.

. Han, Y. B,, Park, J. M., and Jang, Y. S. (2012), “Evaluation of the

Resistance Bias Factors to Develop LRFD for Gravel Compaction
Piles”, J. of the Korean Geotechnical Society, Vol.28, No.2, pp.
43-55.

. Huffiman, J. C., Martin, J. P., and Stuedlein, A. W. (2015), “Assess-

ment of Reliability-based Serviceability Limit State Procedures using
Full-Scale Loading Tests”, Proceedings of the 5th Geotechnical
Safety and Risk, Rotterdam, the Netherlands, pp.313-319.

. Hughes, J. M. O. and Withers, N. J. (1974), “Reinforcing of Soft

Cohesive Soils with Stone Column”, Ground Engineemg, Vol.7,

No.3, pp.42-49.

. Hughes, J. M. O., Withers, N. J., and Greenwood, D. A. (1975),

“A Field Trial of the Reinforcing Effect of a Stone Column in
Soil”, Geotechnique, Vol.25, No.l, pp.31-44.

. Kim, B. I. and Lee, S. H. (2005), “Comparison of Bearing Capacity

Characteristics of Sand and Gravel Compaction Pile Treated Ground”,
KSCE Journal of Civil Engineering, Vol.9, No.3, pp.197-203.

. Lacasse, S. and Nadim, F. (1996), “Uncertainties in Characteristic

Soil Properties’
Publication No.

’, Proceedings of Uncertainty 96, Geotechnical Special
58, Vol.1, pp.49-75.

. Mitchell, J. K. (1981), “Soil Improvement—State-of-the-art Report”,

Proceedings of the 10th Soil Mechanics and Foundation Engineering,
Session 12, Int. Society of Soil Mechanics and Foundation Engineering,
London, Vol.4, pp.506-565.

. Paikowsky, S. G. (2002), “Load and Resistance Factor Design

(LRFD) for Deep Foundations®, Proceedings of the IWS Kamakura
2002 Conference, Tokyo, Japan, pp.59-94.

. Park, J. M., Han, Y. B, and Jang, Y. S. (2013), “Estimation of

Ultimate Bearing Capacity of Gravel Compaction Piles Using
Nonlinear Regression Analysis”, J. Korean Society of Coastal and
Ocean Engineers, Vol.25, No.2, pp.112-121.

. Stuedlein, A. W. (2008), “Bearing capacity and displacement of

spread footings on aggregate pier reinforced clay”, PhD. thesis,
University of Washington, Seattle.

. Stuedlein, A. W. and Holtz, R. D. (2012), “Analysis of Footing Load

Tests on Aggregate Pier Reinforced Clay”, J. Geotech. Geoenviron.
Eng., Vol.138, No.9, pp.1091-1103.

. Stuedlein, A. W. and Holtz, R. D. (2013), “Bearing Capacity of

kel Xigte] 32

o
o

HISEHON CHer MetEeids & 25



19.

26

Spread Footings on Aggregate Pier Reinforced Clay”, J. Geotech.
Geoenviron. Eng., Vol.139, No.l, pp.49-58.

. Stuedlein, A. W., Huffiman, J. C., and Ressy, S. (2014), “Reliability-

based ultimate limit state design of spread footings on aggregate-
pier-reinforced clay”, Ground Improvement, Vol.167, No.14, pp.
291-300.

You, Y. K., Lim, H. D., and Park J. M. (2014), “Target Reliability

st=XIBtEssl=2d8 X35A MHe=

Index of Single Gravel Compaction Piles for Limit State Design”,
J. the Korean Geo-Environmental Society, Vol.15, No.2, pp.5-15.

Received : March 29‘}‘, 2019
Revised : April 30", 2019
Accepted : May 5™ 2019





