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Prediction of Ultimate Bearing Capacity of Soft Soils Reinforced
by Gravel Compaction Pile Using Multiple Regression Analysis
and Artificial Neural Network
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Abstract

Gravel compaction pile method has been widely used to improve the soft ground on the land or sea as one of the
soft ground improvement technique. The ultimate bearing capacity of the ground reinforced by gravel compaction piles
is affected by the soil strength, the replacement ratio of pile, construction conditions, and so on, and various prediction
equations have been proposed to predict this. However, the prediction of the ultimate bearing capacity using the existing
models has a very large error and variation, and it is not suitable for practical design. In this study, multiple regression
analysis was performed using field loading test results to predict the ultimate bearing capacity of ground reinforced
by gravel compaction pile, and the most efficient input variables are selected through evaluation of error by leave one
out cross validation, and a multiple regression equation for the prediction of ultimate bearing capacity was proposed.
In addition, the prediction error was evaluated by applying artificial neural network using the selected input variables,

and the results were compared with those of the existing model.
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Table 1. Summary of load test database for GCP (Stuedlein and Holtz, 2013)

Load test | Footing | Compaction 8, a, B d; d, L, Bearing capacity Pier
designation | shape method (kPa) (%) (m) (m) (m) (m) (kPa) configuration*
B0.30 Circular Drop ram 30 100 0.30 0.00 0.30 8.00 722 SP
B0.45 Circular Drop ram 30 44.4 0.45 0.00 0.30 8.00 396 ISP
B0.60 Circular Drop ram 30 25 0.60 0.00 0.30 8.00 559 ISP
B0.75 Circular | Drop ram 30 16 0.75 0.00 0.30 8.00 482 ISP
BBS Circular Vibrated 12 46.8 1.37 0.00 1.00 5.00 189 IGP
G1 square Vibrated 59 30.2 2.74 0.00 0.74 4.57 555 GP
G2 square Vibrated 54 24.2 2.74 0.00 0.74 4.57 532 GP
G4 square Vibrated 59 30.2 2.74 0.00 0.74 3.06 645 GP
G5 square Tamped 75 30.2 2.74 0.00 0.76 4.57 624 GP
G6 square Vibrated 65 30.2 2.74 0.00 0.74 4.57 615 GP
GS Circular Vibrated 44 40.1 0.91 0.61 0.61 2.90 399 ISP
HW Circular Vibrated 22 122 0.66 0.00 0.73 10.00 628 SP
HYIl square Vibrated 12 36 1.25 0.00 0.85 14.00 177 ISP
HYHI square Vibrated 12 36 1.25 0.00 0.85 14.00 252 ISP
HYIV Circular Vibrated 12 100 0.85 0.00 0.85 14.00 378 SP
LS Circular Rammed 100 100 0.61 0.00 0.61 3.05 1346 SP
PWGH square Rammed 30 34.6 2.29 0.46 0.76 2.33 338 GP
PWG2 square Rammed 30 34.6 2.29 0.46 0.76 4.64 477 GP
PWP1 Circular Rammed 30 100 0.76 0.46 0.76 2.33 604 SP
PWP2 Circular Rammed 30 100 0.76 0.46 0.76 4.64 664 SP
T10U Circular Tamped 65 100 0.76 0.61 0.76 3.05 1096 SP
TI0W Circular Tamped 69 100 0.76 0.61 0.76 3.05 1006 SP
T15U Circular Tamped 67 100 0.76 0.61 0.76 4.57 1132 SP
T15W Circular Tamped 70 100 0.76 0.61 0.76 4.57 1202 SP
V10PU Circular Vibrated 57 95 0.76 0.61 0.74 3.06 1115 SP
V10PW Circular Vibrated 61 100 0.76 0.61 0.76 3.05 1093 SP
V10u Circular Vibrated 63 88 0.76 0.61 0.71 3.056 1067 SP
V15PU Circular Vibrated 61 95 0.76 0.61 0.74 4.57 1214 SP
V15PW Circular Vibrated 53 95 0.76 0.61 0.74 4.57 1071 SP
V15U Circular Vibrated 52 95 0.76 0.61 0.74 4.57 1106 SP
* SP : single isolated pile, ISP : intermediate single pile, IGP : intermediate group piles, GP : group of piles
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Table 3. Evaluation of error rate by parameter selection through cross validation

Number of ) MAE 5 Mean of bias,
input variable Rank Input variables (kPa) R N
1
1 . In(s,), Va, 69.1 0.931 1.003
3 2 $2, s,a,, \/s, 71.1 0.931 1.005
1
3 —, s,a,, d /L, 73.0 0.915 0.994
SLL
1 Vs, . s, s,a,, d /L 60.8 0.944 1.007
A 2 S,. 50, 8,0, d /L 63.0 0.942 1.005
1
3 a, = In(s,), exp(a,) 64.8 0.934 1.002
1
1 o 2, s,a,,4/s, . d /L 62.23 0.943 1.008
1
> 2 S S0 —— 0 Vs, /L, 62.88 0.941 1.010
3 o, 8,0, \/5, . \a,, d/L 62.96 0.942 1.012
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Fig. 5. Comparison of predicted and observed ultimate bearing capacity according to the number of input variables in cross validation

2 4= qlow, ol= 3HAIG 749 AlEAdel A
SPAIAZ 4 k. TebA ulpEze) OEE A
Al (10)x} -8 BEAYAFA|4x(variance inflation factor,

VIF=1/(1-R? (10)

SEBAAE VIFE 248 WA 4 Sl THd
o] Fom, sHt} & A9 theaAAY 7Hs/dol A=
AL 7 7HFEm(Montgomery and Runger, 2010), 2%
10 o]Fd ¢ s34 wA7E Sl Ao= A E
o} 7} o 7fg=e] ohgh E X} W VIFE= Table 49
CEEEC

Table 404 Bz AHE /5, 9} s2& x
7.959} 7312, 10R.0H 20k Tha =0y 7k

a

Table 4. Summary statistics for proposed MLR

Variable coztftii?ent stgr?gfafrlgleer:rtor VIF
Intercept —230.469 99.6551 NA
S, —0.0871 0.0184 7.95

s 12.5533 0.9129 2.68
S, 130.309 22.0126 7.31
d,/L, —557.698 199.9505 1.33

A0z Urhglth. ol 5 ujgt s, o Bk 2ol
7] ol whebA] hAjH0] pvaluel THEEAA
o oS WA romE o|F HAF 4 ek w3 ok

e ol

O

Upepiet.

7= 0] 79 30]8tR thggilAdol EAeHA] ¢
Aoz FotEth Fig 62 W= =3 (x|} A
bE 4] (9)E Foto AT

23 AATte] W g

RZOHE Y OHEXIBe] =8 XX 6= 33



Fig. 60]] Uehd 2= 307]9] Astr|gel thsto] A
Q= ﬂ%%e %ﬁw AP E =3 2| A ¥ 2] MAES}
kPa2} 1.00782 =3 A X8-S ax}t
l= 202 Ueylth 593 Aldd
xJL Ezs]— oﬂé— _\1:17]-

oz 2
ol dstel AEH]
317 §1stel HEAom AR 7o) MpUsE Be
3 SR 5 Spstech YL 44 o)

Mgoln 8¢ =9 Ao Aokl

;O

Z2jo) PAS ABANAY TS Foko] FAekA
o). Fig. 72 ABAARS B3 By 24E o
RE Aot AN Fito] ol ST Fa N XA} B

1500
_
)
=
=2 1200 o ©
& o
2 o5
& 900
&}
%ﬂ o
=

600 Q
&2 8 I}
=
@
s
= 300 °
g o
~ MAE=52.9kPa

R=0.957
0
0 300 600 900 1200 1500

Extrapolated Bearing Capacity (kPa)

Fig. 6. Comparison of predicted and observed ultimate bearing
capacity using proposed equation

1500

O  Leave one out cross validation
@ Using all load test data

_—
]
=
&£, 1200 o o
z ogH o
£ g
g o o
S 900
®)
=
o
g e00 o 0O
=] oy ©
=
]
s
T 300
1=
=5 o o
o
0
0 300 600 900 1200 1500

Extrapolated Bearing Capacity (kPa)

Fig. 7. Comparison of predicted and observed ultimate bearing
capacity using artificial neural network

34 E=RELESe =28 H33H H6=

=5 S8 AAFe] HuE YeRdt.

£ AStAIE Aol iate] QlFAlEwS 488
749 MAEE 16.5kPa® wlj-$- WA Uelyton], HeF
gk A9 19 77k k& dEebdel e dEH St
A A Fo] TSkt v & dX|sh= A2 YTt
st A Aol w2 MAE: 105.0kPaz 5
gk 470 9] i HEE ARGt A QM T 3] 4]
of vlgl & AE Zh= A= YEyith 53], Hak
HaFe| MEAT= 247 1.261F 87.3% = oS0 tigh
HEAol w2 AR YEhTh o= QEAlE Y7

o T 7/'-‘\
o] - skl uheh e St vy
2 BAE HGstH 7HSA S Sl shgoll AR
H F250] it 22 FHasH7]7] HiZolw, ol
o FES0 e AlSeAf= vl AA yehd
= v, AHeE E3He) vidg Aol 2 A5
ME-g Aol et 52 1 A} 9l Wg/do] ulfe-

27 UERt 4 9 Aow kg

33 71F 3¢t XK= oF 220} H|

71& Ae}e] v|nE $J5}o] Stuedlein and Holtz
(2013)°]] oJsto] Aot AR A4 9] dHrE
Sgstol SUT WHOR BALF WAAZE 57
shalom, & AgtolA At AR A4 9

1500

©  Stuedlein and Holtz (2013)
— O Proposed MLR
QCE A Artificial Neural Network eo®
= 1200 E o A A
z 8 o
1 A
5]
g 900 e
o ®
&0 '. [m]
E 2 A
g 600 P
= e RT g
3 °0q o
k3] o0
o
E 300 o
1™
A A z
A
0
0 300 600 900 1200 1500

Extrapolated Bearing Capacity (kPa)

Fig. 8. Comparison of predicted and observed ultimate bearing
capacity by leave one out cross validation



749 HUF WAEZO] U MAEL: 895kPa,  Holtz2013)7} Aokt HEABEAL, £ AFA A
AP 10322 AE hEAFAALRL £ 0 QR AFAFIAAL D AZAAYIY 282 Bt
29 M o® Uehgon] B9, £ F9 AR of AHE 3% XY Hlit Fig 99 Zon, 7}
A% 250kPa ol4Fe] 2 @S UehiZIE s19dek o ool mE exjula Table sof gesic.
FAALY A FARE BAAFO] U2 50 HIS AR ES o F3 A clZo] 7}
Vg 2 AoR Gehton O WEA B3 8I3%E 4 wO HES UshiUAN HUzkE mAE S
Vg SA bl et ABAARE Bote] Mg WE 0% W o5 WMEAS WS 2 vebdol uet
2ol ek S A ST A5 L bW 90le] GCP sk S AL o|Zahlel At
T 7Fs Aol Bk A0R Uehgth BARE 1 A ¢ 0 Uehith £ A4 A tEAE
AZol W2 oxpee] Brhe HYH AR /MR 8HAE A9 /1E Stuedlein and Holtz(2013)0] 25}
mge] JES Prish) vme] gelel Aao] tat o] AE Anc AsksHA F9 ANSL =T 5
Fe AR 5L Bk o glo] WjS- Fastul, b 0 vehon, ofFo] thak MEA 3 o
B ATolH AE ale] AN Be TEAY &S Aoz et

89141 Fatel ek FE o A ezl 7h Aoz B ATLME gele] Gepol et 4

U CEREC et o T3 A o5 9Jete] chekat Aol Py
HE AstA HlolelE 2E-sto] /% Stuedlein and E 13 dUxR wx1S S ok 7MY 58
Al w7 Ha=0] 4= I FF7E AAsIG o, o]of w2
1500 =8 AL Qotsldtl Aok AL Esled =
@  Stuedlein and Holtz (2013) E]"(')_ o OQ = ﬂ LO]'ME]' ﬂ U 5= o 0]'0:1 =
F 0 Propmet MR vork 0 ® gt AAGE AS5T 5 i e 2 s aabA
< 120 g 28 e o7 I3t AP dE3 5 lglon), 71E tEay
z a8 ) ) s _
P 3| ale) viste] oS A= S FHAA 4= e
=3 @ _
F o . Az MBHE F2AD 5 Y Ao yehyt
£ o
x Z2d =2
g o g B 4.4 E
5]
-~
£ a0 2 Aol A= GCPE H7FE AHke] =3t X A8
& AHgst7) fiste] 71 AsAE AL E VIRt e 2 o
0 AR W FARRRANTS B AR oS4
e < ARkl om, ATANAYY A8 B St A
Extrapolated Bearing Capacity (kPa - I - -
P g Copactty (kPa) e ol2g ol olol tiat A ANE aoksl
Fig. 9. Comparison of predicted ultimate bearing capacity according o t}ea 2ok
to the prediction method =
Table 5. Performance of prediction methods for ultimate bearing capacity
MAE Bias, A
Prediction method Data R
(kPa) Mean COV (%)
) Leave—one—out
Stuedle(gmag)d Holtz Cross validation 89.5 0.900 1.082 217
All load test data 71.5 0.939 0.996 13.2
Leave—one—out 60.8 0.944 1.007 13.8
Proposed MLR Cross validation
All load test data 52.9 0.957 1.002 11.9
Leave—one—out 105.0 0.799 1.26 87.3
Artificial Neural Network Cross validation
All load test data 16.5 0.995 0.999 5.7
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