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Effect of Pile Driving Energy on Steel Pipe Pile Capacity in Sands

W w5 Paik, Kyu-Ho

Abstract

Open-ended pipe piles are often used for the foundations of both land and offshore structures because of their relatively
low driving resistance. In this study, load tests were performed on model pipe piles installed in calibration chamber
samples in order to investigate the effects of pile installation method on soil plugging and bearing capacity. Results
of the test program showed that the incremental filling ratio (IFR), which is used to indicate the degree of soil plugging
in open-ended piles, decreased (i) with increasing hammer weight for the same driving energ;l and (ii) with increasing
hammer weight at the same fall height. The base and shaft resistance of the piles were observed to increase (i) with
increasing hammer weight for the same driving energy and (ii) with increasing hammer weight at the given same fall
height. The jacked pile was found to be have higher bearing capacity than an identical driven pile under similar conditions,

mostly due to the more effective development of a soil plug in jacking than in driving.
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g4, ddide ) dEZAEEY IH, #Yd
of, I& WO AA7| 5) B of=}t TEL HapY
W, 53] et Aof wet = 2A depzitial Ba
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o) Fat F3lEolE HMSIA 7 HA 4319 A
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2] YHsol S 50 em2 YRS s1n Yuje) o
£2,4,6,8 kg Q.2 W7 WA 43)0] AJS(W2HS0,
W4H50, W6H50, WSH50)S 4aystirt. AlgeEe]
etof] AREE FEMIAE el S uldi(guide rod)
Z FAEY, o] FEZ /L Al HEL] TR H2)5
Ty 2HE A AHE Aoz
TES B 181 GAUELS SYAS o)
A 1 em/seco] 5= Rbofl Ardstdch AAIHQl
AEHHS 19 89E% 0] 9t

EFPUEO] gt HREE FoF UEo Yy

£ 2N 5te] Ao} 4 em F7FE wiwpc)h
HES] wol& &3t o0, SAlo X)dto) A5t 4
BEUAE ol 834 TH SRR 538 ¥}
£ St LEol| th3t AR 3}AI H(static load test)
2 40 cm} 80 cm®} #HYAoJof A AEH OB Y E]
Rew, AQstrl o] AP et EA 7HA 5t5
& D59 7R AAH dF5A/(load cell)of &3t =
FEUTh HEY g % FR A 2719
AFHAALVDD) Y| 95t 7| FE <9 on, TER) S
A8 TEo o] YHEZRH QY oF 41%<] 25 mm
o ol W7IA] Al&= Sl 2= ASIAH Y FFot
Ao A FEo] A F3H e o =EEE Aol 3153
S TAES B3A ElE et B F3RA
2 ASAE Y HFAANAY HFor 7HE
a2 AEEEd RakE nE AEFHIA NS )
23 25 ASHUIES AT Aoff 27istElo] A
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4.1 BIES HAZ

NEEEL] A2 FUHE gt 45 7Ksoil
plugging effect)ol] oJsj) & FES vh= Ao dejA]
Atk E AN E=E st Qg BEe oy 7t
A Ao, AFAAE A ()3 Lo o} B
Aol FR(4D)of 3t TUHE Zo) FE(4L)9) v
2 o= T EZEH], [FR(incremental filling ratio)
o] WEY AUYEE AUs) BAY 4 & Aew
g&] H th(Paikowsky 5, 1989; Paik#} Lee, 1993). u}z}
A & dFoMe TEY HAF=E Hsly] st
PESEHQ FRS ARSSHITH

I 1. Aga
A8 EHEY MM Hstz0l BHERO| LA X| AR et ot BRI
=e (kg) (cm) (kg~m) (kg/cm?) (kg/cm?)
W2H50 2.0 50.0 1.0 ) 0.5 0.2
W4H25 4.0 .25.0 1.0 0.5 0.2
W6EH16.7 6.0 16.7 1.0 0.5 0.2
W8H12.5 8.0 12.5 1.0 0.5 0.2
W4H50 4.0 50.0 2.0 0.5 0.2
W6H50 6.0 50.0 3.0 0.5 0.2
WB8H50 8.0 50.0 4.0 0.5 0.2
Jacked J - - - 0.5 0.2
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2l PErEEel e IHESEvE BUR7I=
s 2 ghe 2oty Byl FUkshA 54
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o IFRo] JAVEL Fouct P4 Ak AS Pt
3 2 4 9tk o3 FH Peroluixo] Y 2
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Aot T4 38 7(b)9] BHE 5ol FAlofA
2" ADAA L ol &siA FeH ol 55~
S Ao Fed AR HY ADAAHY =

51 (kg)
0 200 400 600 800 1000

30

(a) st&-Holy |
O3 7. WAH25 AIEol et MIISIAIE Z=t

ZeHXIoIA 25 SEHOIRDE 2222 XX OiXls 28 105



30 T 1' T T T T i
Loy
25 | —0— Qua=300kg 1
T -8 Qu,=600kg
S —a Quur730kg "1
T [ — Quer770kg T
LY ~@— Qu=800kg
]_]Lh}j 15 F 1
m
ol
w10 r b
z
a5t y
0 1 1 1 1 1 1
0 200 400 600 800
HHE LT 2| 515 (kN)
(b) BLUENN sFEHOIEM
33 7. WaH25 Aol Chet HRSAIY 22t
g 242k 800 kg 650 kgol itk 18] T E
o3t Zj x| o] B2 IYES A o7} ofd BH

AGREHEE DEH 730 2580 T5Hs W ol ‘21‘
BUES} BEZLY whEo] 4 FUEE AL

W 70)eIN L 4= ek 2E FepEo 2 eqlE %}a—
of et BASARY At E 20 Felsle] Sle

4.3 SEWIUXIO e XIXIZ2| Hal

2% 89) W2Hs00] thEt AxulE 4] Q)9 2ol
AT et 2 Aute] Bl BE) A1 2

1.4 r T T y
El [ EEtollLixI=1.0kg-m |
W 13} 4
K
Kot ]
Tod
T
— 1.1 } B
g —o— Qtotal
wn
£ 10 b —— Qbase
; —— Qshaﬂ

0.9 1 L 1 1

0 2 4 6 8 10

#MH S (kg)
(a) TRIH0[=40 cm

H 2. UEIHSIAIY 2t

Jaiey | 2220 [ IFR [EAXIN | deixa | Fectas
=S | Tem) | %) | (ko) (ko) (kg)
W2H50 40 71.8 470 421.9 48.1
80 66.8 745 610.0 135.0
W4H25 40 64.0 535 478.7 56.3
80 56.5 800 652.6 147.4
W6H16.7 40 60.9 560 501.3 58.7
80 51.6 830 675.8 154.2
W8H12.5 40 59.7 570 506.4 63.6
80 491 825 665.7 159.3
W4H50 40 57.4 545 489.7 55.3
80 47.8 838 669.4 168.6
W6HS50 40 48.6 565 503.7 61.3
80 40.2 850 680.6 169.4
WB8H50 40 45.4 563 504.5 58.5
80 35.8 855 686.1 168.9
Jacked 40 3.0 606 545.6 60.4
80 0.4 840 669.5 172.5

A2EAAA A B, AFRR]H, quu};g@])g %_ak 2 kg
o] el 50 emo] FolofA HBAA A TES ERQIA
7] W2H50 Aol A 73 A8 9282 er Zrolck.

W2HS50% gt == =u]

91919 AN 2A" A @
WIH50 ARl A" A9

2Rel|A] Rolgo] Fefolux|7t ARl BT
T Yojel Fgo] APSE, Z W9 dshzol7t Zot
W42 WEe) XYL Z75Hs AFS Bk 18
U i) 0] 6 kg HolMWA T olake 3%
Z7lo] aiHE APAAGo] 7o} S7tetA) gk A
o2 Uehth oS BEY HUAN L ANP=

o A G W, stolA AR dhat 2ol ey
oI A)7- YA Ao BEO] MUREE A F

1.3 T T T T
k=l | &EtOIILAXI=1.0 kg-m
Er 2
E 1.2 1
K
|
= 1.1 | <
>
8 —0— Qual
T 1.0 | B
N —B- Qpase
= —&— Qghant

0-49 1 1 1 1

0 2 4 6 8 10

#of 5 (ko)

(b) ®21210|=80 cm

I3 8. YEWIUXIZE SYUS A2 #H SR Yol KIX|ZHI4] A

106 8=2XEizss=28 M7 Me=



04

(=]

m

3

2

n

o —W2H50

1o ——W4H25

wl 03 |

iy ——W6H16.7

<0 —_WB8H12.5
SN

—~—~—]
——

0.5

O3 9. SUSH SELRIZ EIE Lol FA-A SHE 2% =

Hx|tel £HSH Wal

ol STl et 7kt of'| JY ol doellME
YA o2 sYsy) tEolt 12a A S
F7to] e FHubEE 9 el AGAXHY F
7REET 2 o2 Uehth mehA FEeyA e =

< T TF AR Y Sk EF AAYE F2
AR Fo o&Esh= AGAALHFET= FH0ME
2o oEst= TR ool o BEHYU AR
A

FEtURZE AT B9 P Sl uhE Fd
nhE o] Wk A EE sPstHA SHE TE
TR =83 Hato] ofste] dE 4 o 1

14 T T T T

£} —0— Qo

Ly K -

E"K_r 13 = Qbase G

A

I3 —&— Qghant
12

7ol

=T

T M orelats

8 |:|E|_r.|:

L 10t

= L5tz 0j=50cm
0.9 L L

0 1 2 3 4 5
&HEto]| L{ X| (kg-m)
(a) 2QI0]=40 cm

0% 80 cm] TAZAO|oIA TEAISAIFo] L)
ok Aitel] i AE 4B ELA ] jote] 2HE T
Zmto] gl $HL ) WokE el Ao
, 17| M A AslRe B oA t UE £2
o] Hate vl= Helwr}. 2ol Hol: uleh go] T
E70] F7HRR0] ZRo] Fgeks SHLYL et
A7 AAsteeke Briel Fako] Aol et F
Jtete AEE BolT Yrk o] AL Fetou|zt U
o uf oje) Fero] Z7Heo] WES] [FRo| ZAsA
o] BRIHE Eot Wsks Fuxute] AR
7} A7) Bgo 2 Ayzhgct ol2F WS BEo| g
U8 Yzo] 2T Aute] 2w o] Wro] Fao]
AR42 34 2HHE AJHE Zobl & kY
9). T3t TPomHE WE P AFo] BE FHo
2 10cm Bojxl X gol A SHE S5 o] U
o] 23 744 02 kg Ret Aok AL W
A% 2 3k o) AL WEo| HUE WA BE Frso
el FYASo) BED B oldz B Yzt
WA TE 2R EAsks Ho| AUEs} st
th= Robinsky 2} Morrison (1964)9] @7 w}e] 93] 4
EE

729 10 E3 19 83 nhIK R Fepou o] o}
2 WEo) XX\ WHE W2HS0 A FolA 24 XA
2o] ojat vl vrepd Aol gHekuAI7 AAHY o)
Yrio) Eo H2 BE X2 wstel A2
so) ZX)2e Wolo] Yahkol7t AT AN
rie) Fe F7MFIE WHoR FeAE &
o) wet Z7kke AL B 4 Ak o] Ao

o u 48 rfr o

1.3 T T T

A
EI_ —— Q(otal
n.\? 12 | 8 Quase
? —h— Qshaf!
o o
5 1.1
=)
a s -
r 10 AdUs
N
2 Trs= 0]=50cm
0.9 L i
0 1 2 3 4 5

SHELo]| L X| (kg-m)
(b) T2I20|=80 cm

38 10. YelfLix|et P55l XIX|Zu]ef A

SRIBOIA 22 SO RDE 22&tEe] AKX 0lXls S8 107



el x| 9] Z7bo] npE FeutaE el Z7hgo] A
SRR Yo Z7HeS ArSjshe AYS Bk 2
FRintae e GeroluR|7t Z7hshuA Bits] Z7tst
) 93 AR gl sk A BYck

3, FEFYE O] A | 2|22k Mk K| HE 40 om
o] BAZolNNE AAWES] x| FYx} 2ot
80 cm®] FYZoloME YATE] X of 25
= AS HYTh o] AL W B A E kel
zo| WA TS} FEBERT A53 AR, Lol
A BYERA 80 cm] BAHolof L FErTEo]
HYH =} s Z27HY7] gEez gz 18
T UUES] FREupRE L BE ZoloA FEUE
BT} IAL Z9pT o] AL TEo| Xjukel TJE A

0.1 0.2 0.3 0.4
0.0
\
04 X
1
1
o 1
m 1
3 )
2 02 - |I
@ W2HS50 '.
o — WA4H50 X
0o i
wa 03 —  WG6H50 ‘\
T —_ W8HS50 \
<0 !
— - Jacked \\
04 | |
iw__ =
0.5

J8 1. ChysE ZEUXIR EIE 52| HSIAEAl SYE U
FHx|die] £E3E HE|

800

m 2921 0|=40cm
—_ 700 } o 22lzl0|=80cm |
g * o [ 7Y L
~ °
i)
R 600 i
R
ud
X 500 | . a'e -
u
400 L
30 40 50 60 70 80
IFR (%)
JO8 12. IFRO| chgt Ys MOX[X|Ee] Hel
108 s=AerEslsl=28 w72 Hes

PAst TE FHANRNY A= 2lo] fiEo= 4
B2 4 k. Randolph 5 (1979)0] w2 W59 #
doz Qe FHAEY] Y= THO| FE2u4
ez melE drte SAv AN AYE o
o 2 Ao2 Yehgod, FHAkY] Y=}t S
£ Z|Rte] £33 AR A "ot wahs SR
gloflA B e FErEERTHE A9 S w4t e o
A BYEe ddEEel 93 FEARte g =t
o 24| =9, o]2g A= 18t FUL= 285t
+ 7%-8go] eS| Agste sHSHES A
A Aok g, eSS 99 95 WY = &
ALEo| FHof ZH-gshs #9853 A 2E
st SEUEETG 34 SAHJARIH 11). ol
4 WEY B et IE A 22 Nauroy®} Le
Tirant (1983)¢] A|P A= g vt it

4.4 HMFYTO wE MEXXZH #He

TEo| AT utE FepdE AdA|AY H
E 17 120 Yepth o] oA BESY AT A
g2 e o] getagol A S4H HAA =7} F7KIFR
Tt et Srighche ANHAQl AME S Eeld 4
At E3F GEo] JYZlo)7t thErh, TEo] At
Q)] Zoto)] A [FRo| Zrhsiuate WEo] A
Tx|Z|go] the 4 Uohs AME TN DAY 5
Atk Al@ A d2d I3 Awteaa s
< 7= U5y gyt FYsi dREs 22
40 cm2} 80 cm9] FRZo)2 BHYE F TESY AdA|
)Y 2ol Fdf 30%0] o|2& A= Yehyith nEt
A o]F F 9] WEo] WYZolE AlQlstale AHtE
AT wEzAe BE EO WYY EUstch
23t ) oje} 2 Me|A 2] Aol T
& 710)3) Holof SJajH SuEE Ao A% 4
qlth. Z, wEo] BuY 5] EYsieehs PRl
7 P4 SR ARA A YL S/ ek B 4 o
o]9} 72 AP A= De Nicola®} Randolph (1997)2]
YRS BAE E1E bt o, 13E IHE
]| 4 ®(1-dimensional soil plug analysis)ol| #7199
Y E(wedged soil plug)2} A5 T E(unwedged
soil plug)?] /H¥E =3+ O'Neill#} Raines (1991)3
Randolph 5(1991)2] A7ZTA = FotE 4= Ut

fr
sl
o
H



&9 Aol M2y P E JEiRlE 352 tii
2 7 BHE ot A=, ARlEdd
THEE g H7|dq BHE ABIES 7gtez
A THEAXZE dREne Z7HA7le 988 i
£ Aol utebA ofgdt AE-L 2 AgAdao A %A
== Fatel dxjshe Aol

Ytz o 2 MAAE XL At YHe 2
A F 7R E7E 4 9eH, 11 A MR APIY) A
A71E(1993) o]83h= Aol F HA7L 134 T
E3)4%(Randolph 5, 1991)& ©]&3k= Aotk API
7182 HEY AGAAYE 23 F A9 gz
(/N s Atz 9 ERAL V)&
o2 Agsta gl W, 121 B ESAHL ARt
2707 HEXHL EE IE Zo] B3 e
AR A Ag3t7] Y3t AR 2 ARg3ln ok &
] De Nicola9} Randolph (1997)= 159] AlUA|E 2
Tofl ZASH 134 FHES A Ho| A THE Zo
FFE Bot A2 AR A4S At uE ik
uteta 2 AlFdaNE v o AuTEe] Adx|A|
2 2ot A3 A5 YeiMe Atz 3E
27 Bt ohet wEo] fMg =l T E Zol7t 2
Aol ujx)e FFo] nH Y2 HA7|Fo] Ha
g Aoz QYztEr

548

MEEES] AR F2 Y5 = F3
& won, BEe i ee ARtRAY dERd 2
2t ope} W] HAPH, E3 et x|of ofFfA
= HeEE AR ¢HA ot webA 2 dAtolhe
59| getouzof whE HETEY A% Bss =
A7) i3t B2 E 083 BRYUEAYE AAe
Aot 2 AlEE FoiA dold 282 o3t o

(1) FErEES Y == §r Yohgo)7t 94T
o FEAUAZ} S5, 223 Fetou |7t
LT o= Ao FFo] SUIEE(SshE
ot #a¥LE) Axle BFIFS EA

Q) T2 AP = P A 2, BE] A Y 5
o] Yohgol7t AR A9 It Azt AA
5, 223 FEI7F T B0z o)

F%o] ARNSE Zrlske Ao2 Urhg)

@) Fetellui At A FaFe] Zrlo]) wpe Zrivkay
9 Z7hg-e HUAX 9] ZrhgR Tt AT) mekA
Z@otao] Mux|x|gre} Fepbyo] o 24
93 W Aoz wEAD.

(4) ATEL 27 2E LA A(IFR=0%)4FE o]
EEd b, QPEEL HE BelZold o]
A= RN E2eR] BTt o] AL
T epA] TUECA St BT} o]
Yol oJgt =gt mefR|Rre] wa(dilation)HAH
fEo 2 AJzhEct

(5) FELE ] AL R P TeJ27]ol GeuE
o e HMAER Qs GYBERT FYA
o, RIZol7t ZrkstEA MM ET ZrteA
(G148 YT Rct 2ol JYVE| Mt
AR o Hohe S Rk LT YU
o ZuintaE e AlPolN Ladt BE B ole)
9ol FETERTE A A S

6) ANEAT EZA U DEI HUHEs} TAG
Aeke BEQ] Wl o] B T E Zol7} v
ATz HeAPE e Ao Uehd
o}, wakA feHE ] AntxxigL Aats) At
7] N AR AT TEX AL B2 HEO) 3
Mzl TE Zdojo] o3t P37k nHT 4+
Y= AA 7|0 Pt

ARl 2

o] =F-2 20009 % Sh&HZAT] 2]91(2000-003-
E00525)°] 2j3}] d7E R 2 olof A =)

&

MO
ret

L 95FE, o|F4, olsd (1993), “RaAwtel B =Y A
ABEEY AAY 4" sdmANges A, A9d, A1, pp.
31~44,

2. American Petroleum Institute (1991), Recommendation Practice of
Planning, Designing and Constructing Fixed Offshore Platforms,
19th ed., APl RP2A, Dallas, TX: American Petroleum Institute.

3. Brucy, F., Meunier, J,, and Nauroy, J. F. (1991), “Behavior of
Pile Plug in Sandy Soils during and after Driving.” Proc. 23rd
Annual Offshore Technology Conf., Vol.1, pp.145~154.

4. Bruno, D. and Randolph, M. F. (1999), “Dynamic and Static Load
Testing of Model Piles Driven into Dense Sand.” J. Geotech. and
Geoenvir. Engrg., ASCE, Vol.125, No.11, pp.988 ~998.

SDHRISHIA 252 SIEIILXIDL Z&tesse] XIXIZ0 OlXl= €8 109



W

)

oo

10.

11.

12.

13.

14.

110 E=KPESes==2%

. Choi, Y. and O'Neill, M. W. (1997), “Soil Plugging and Relaxation

in Pipe Pile during Earthquake Motion.” J. Geotech. and Geoenvir.
Engrg., ASCE, Vol.123, No.10, pp.975~982.

De Nicola, A. and Randolph, M. F. (1997), “The Plugging
Behavior of Driven and Jacked Piles in Sand.” Geotechnique,
London, UK, Vol.47, No.4, pp.841~856.

. Kishida, H. and Isemoto, N. (1977), “Behavior of Sand Plug in

Open-End Steel Pipe Piles.” Proc. 9th Int. Conf. on Soil Mech.
and Found. Engrg., Tokyo, 1977, Vol.1, pp.601~604.

. Lehane, B. M. and Gavin, K. G. (2001), “Base Resistance of

Jacked Pipe Piles in Sand.” J. Geothch. and Geoenviron. Engrg.,
ASCE, Vol.127, No.6, pp.473~480.

. Mansur, C. I. and Hunter, A. H. (1970), “Pile Tests-Arkansas

River Project.” J. Soil Mech. and Found. Engrg. Div., ASCE,
Vol.95, No.5, pp.1545~1582.

Meyerhof, G. G. (1976), “Bearing Capacity and Settlement of Pile
Foundations.” J. of Geotech. Engrg. DIv., ASCE, Vol.102, No.3,
197 ~228.

Nauroy, J. F. and Le Tirant, P. (1983), “Model Tests on Piles in
Calcareous Sands.” Proc. Conf. on Geotech. Practice in Offshore
Engrg., Austine, pp.356~369.

O'Neill, M. W. and Raines, R. D. (1991), “Load Transfer for Pipe
Piles in Highly Pressured Dense Sand.” J. Geothch. Engrg. Div.,
ASCE, Vol.117, No.8, pp.1208 ~ 1226,

Paik, K. H. and Lee, S. R. (1993), “Behavior of Soil Plugs in
Open-Ended Model Piles Driven into Sands.” Marine Georesource
and Geotechnology, Vol.11, pp.353~373.

Paikowsky, S. G., Whitman, R. V., and Baligh, M. M. (1989), “A
New Look at the Phenomenon of Offshore Pile Plugging.” Marine
Geotechnology, Vol.8, pp.213~230.

. Paikowsky, S. G. and Whitman, R. V. (1990), “The Effects of

M7 M6z

16.

20.

21.

22.

23.

Plugging on Pile Performance and Design.” Can. Geotech. J.,
Canada, Vol.27, pp.429~440.

Parkia, A. K. and Lunne, T. (1982), “Boundary Effects in the
Laboratory Calibration of a Cone Penetrometer for Sand.” Proc.
2nd Europ. Symp. Penetration Testing, Vol.2, pp.761 ~768.

. Randolph, M. F., Leong, E. C., and Houlsby, G. T. (1991), “One-

Dimensional Analysis of Soil Plug in Pipe Piles”, Geotechnique,
Vol41, No4, pp.587~ 598.

. Randolph, M. F., Steinfelt, J. S., and Wroth, C. P. (1979), “The

effect of Pile Type on Design Parameters of Driven Piles.” Proc.
7th Europ. Conf. on Soil Mech., Brighton, UK. British Geo-
technical Society, London, Vol.2, 107~114.

. Robirsky, E. I. and Morrison, C. E. (1964), “Sand Displacement

and Compaction around Model Friction Piles.” Can. Geotech. .,
Canada, Vol.1, 2:81.

Salgado, R., Michell, J. K., and Jamiolkowski, M. (1998),
“Calidration Chamber Size Effects on Penetration Resistance in
Sand.” J. Geothch. and Geoenviron. Engrg., ASCE, Vol.124, No.9,
pp.878 ~888.

Smith, I. M., To, P., and Willson, S. M. (1986), “Plugging of Pipe
Piles.” Proc. 3rd Int. Conf. on Numerical Method in Offshore
Piling, Nantes, France, pp.53~73.

Szechy, C. H. (1961), “The Effect of Vibration and Driving upon
the Voids in Granular Soil Surrounding a Pile.” Proc. 5th Int.
Conf. on Soil Mech. and Found. Engrg. Paris, Vol.2, pp.161~
‘164.

Tan, R. H. S. and Hanna, T. H. (1974), “Long Piles under Tensile
Loads in Sands.” Geotech. Engrg. Vol.5, No.2, pp.109~124,

AL AF 2001, 7. 26, HATSEY 2001. 12. 14)



