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Delays in horizontal well drilling when encountering heterogeneous sediments can have negative effects on the
construction process at a riverbank filtration site. Grain size analysis, including calculation of the coefficient of uni-
formity and the coefficient of curvature, was conducted on soil samples collected at each drilling depth during the
process of drilling horizontal wells. These results were then used to develop a linear equation for estimating drill-
ing velocity using the coefficient of uniformity and the coefficient of curvature as inputs. Testing of the linear equa-
tion in other horizontal wells indicates that the equation is most appropriate for coarse-sand-sized and well-sorted
sediment. Because this study was conducted in a region with small- to medium-sized streams, more data are needed
from larger rivers to modify the general equation. Our results will provide better estimates of drilling velocity, in
turn enabling more detailed design and more effective construction management at riverbank filtration sites.

Key words: riverbank filtration, horizontal well, grain size analysis, coefficient of uniformity, coefficient of cur-
vature

*Corresponding author: hyungnom@dreamwiz.com

(© 2015, The Korean Society of Engineering Geology

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons. org/
licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is prop-
erly cited.

273



274 P - ol

M B

Sleld HFT A SE 71E dRE Y
&17] Brks Al 71e Suot %Eﬁ%iﬁﬂ 4 A
3 Zo7t o] gtk SRFE T FoEAM 2
T FUE A FEEL, YRS TS dstst
of Ao Jo] Thssid oA s Aol tigk Fab
7I 7} ZokA]7] wjel] of ] AR SA A Ao
I TR FRE ghrh 1998 A BH 7P
I AR Ao E i Aot Aljdo] 31
Hlew, 200440l 7HE 7S AR Aol
T AR, 200510 FebE AW I AR F
o] Al u} glom, o|Fol= A WA Ao
o] 7€ v Qiok. A e T st
=3 Askarh 2y AESE F3siEA =2l o
soto] Aol JfdEER AiEge] A AL 9 SIEf
= BA 5ol e F e S A2 ArhK-
water, 2008; Kyunggi Research Institute, 2008). %
ol AL TAIN BEE e S A
oA iR 7oA 7H”E‘ ARE 2 Fell Slof
FF 2 72 gRE 95 FH Ve Mgl a7
Il Aok dhE, 4 ARlel ool ek 17t s
HHA s AJsle FEFe] SlsIlen, 2ol

Hlsle] A o B2 st ksl dowHA At
Hefa R e AAETL & S YTHKim et
al., 2014). &)U, 7hasf e s ‘:‘J*-Ml oJg A|e
FrEFS Sstel] fside AL Al 2 A 7l
o] /Mg F8rt AUtk

A 109 SR SellM s ARloia it @
Hgk A P % A7 AEHJ e, = sk 54
= é_ A F e A A H AT s
AAo|t}. K-water (1996) 2 ME (2009)—
=] 7“?*;0434—? W ool tigk 2ALE AAlste 5
Ao wxe] oA B8 ks AAE v glem,
T4 9 S| drEe N FHFE 5%
ZrHodge] 4 s &l gk A9 (Choi et al.,
2007; Kim et al, 2009; Lee et al, 2012), 73]}
T M7kl %7E 2 S 71l e A7-(Kim
et al, 2010; Kim et al, 2012; Kim et al, 2014) &
o] Salulo] B sl&o] FHwo] ek Tehf, T
150) B A doel 4 % A AR
slo] $8% 0 4R 27 Fol AT Aol
Alell A staL XHI S AQNTIAY FAEEE Al

lx 3{31'

g

- ol

Fo) WAH) ZH ol £ 2AL WHAIA

23 ARISE Uehd & gtk

2 A= 7J‘ﬂ°44—r Alg A7 £38354
224 Vehd 227 888 B8y 23E njd 2
A5l BTt HuE Eo}oq Az wjd EAS
IS FHAG 2l e l% 717k G
T A== gtozn 2 A =8-S FIA STk

TR

AFA G A7 AL, HEA B SHEE Qb
Al7E This A AR o B2, AP oz s B
A GAE wgke 2 olojR)= AdA4K516 Elm)-EA4

e

(515 ELm)-41-84K(538 Elm)o] FE5 F 2HI= &

&1, HEakEetak(164 ELm)O 2 o]oj & 5‘1—%%*1
W] A W o]Ee] EuMcl
Aol 7oA AN AR Aol $JR]skaL 915}(Flg
la). A7AelA AR Eelelr]e] Hmgte g 43 A
oa o ﬁg],oﬂ 7]—6]— om,] o:lsl:_i vﬁ} g]zqug zg])ﬂ
BlA) R Akl XYL ol FE whd FEpr)e) et

LEGEND

Qa  Alluvium
~~~ Unconformity -~~~

- Biotite Granite

—— Intrusion —

Pyung-taek
Augen Gneiss

Fig. 1. (a) Location and (b) a regional geologic map of the
study area.



= 2= Olz]. EA]O. 5
jl <) HX}' = é = T—-‘—'/qtﬂ'
(@) Line : Constructed, Dash : Planned N
f
Bank Horizontal well No. 1
- - 1
No.8 1 BH-9 No2
/
/ ’
Y Alluvium
,eBH-Z
- ,’
No3
No.7
/
No6 * S
= Nos No4
Anseong stream =

Weathered soil

Weathered rock

- : Elevation of horizontal well (-2.5 El.m)

Fig. 2. (a) Distribution of horizontal wells and (b)
geologic profile of the study area.

Aole 57

Zolup 787 o] 2 W] A
oz Axe
oF
A=)

Y ATHFig. 1b). e FALtelA
Flste] ok B, AFA, A, AR IR

AFAGE FhHolA AR e R F8 mdA,
A3t vh} olalvko 2 {1 %| 3 JATHMOLIT, 2014).

S5t $-2E3} wlo) ST

T

Z]

As

Lo Qg

ol
1t
_EJL
5

S AZSGOH, 8 17 ATRH014-2015d) F
Qo s W % o ol WO whel
S FHS, S, ) LA A3 5

[<)
2 F ohe] AFE AAEITHFig 2b)

2%z TAE AEZREH 9 6.0-9.9m2A, 5P
=R 3%, 2Ad A, 4Ed md, HEd AE
2 7EH, A FE8laL e 5 Ui A
2 RmEZo] WA 27 nH*P A== AREAT

(Fig. 2b). A5zl tigt S FFAE 43, o A
727 mefe] FHAEEE 1.06 x 10~ m/sec HA] 1.24 x
102 m/sec, A HEZ wa 2 HEZR HEQ] 79
= 220x 107 m/sec WA 2.12x 102 m/secd] M=
Helt},

BT A3
Ao LS AR A9y FEEe e

& 34 275

»
o

w
o

N
o

Installation period (d)

[y
o

5 )

0~3

o

3~6 6~9
Drilling depth (m)
O Existing technology /A New technology

9~12

Fig. 3. Changes in the caisson installation period through
the application of a new technology in this study.

™
1>

T} Ipe

13478663y
Aol HlELto]
2AA A
L 60m, ¥
147m % A3
Aom, HA
el ofgt 2
Z714 2.14 m/de]

FEHTAL 45°7J o= F YIE AYson,
23] AP s AR yiAE AT A+
A wido] B} o] EAE] = Mt =
AEAF 7S et KA =3 I
T : FS-100B-KG2)& A3, A=l Al A

JP) o
m ﬂllﬂl %l:i
N %
)

é

—r

AE 07m, J54
H &% BolE 05mE AYS
5} %E zl}\«l 7:]‘,,}_ 7]Z
(1.56 m/d)o} Hlwsted <F 37%7}
HAHFig. 3).

iy
&

nm iz ‘r:;i

1 o
_l}r){ l‘ﬂ Eg
lﬂl -

o

z

1.5 ELmollA W7
38m, LA 37H
AthFig. 1b Fx).

Fesion, s
Aol 235}

THETHE 2 54
TR 22 B8 B Slske, 23"
o] AAE 3 B i FHYTH S R =3} XY
Al B S1t 85, Alelde] 9 oE, 249 F4
e, AR tiF A= B, 27 SR @Y o|Zvt
FRE Az &) B A3 fEY 3 58
2m 7HHo 2 S35 TH(Table 1, Table 2). 3= ¢



276

A

S olge - oA

Table 1. Drilling characteristics and soil analysis at horizontal well No. 3.

Depth | CLPD | A2 flowd Grain size analysis (mm) o CgS) USCs® ]()m\lfr;
(m) | (MPa) | (MPa) D85 | D70 | D60 | D50 | D40 | D30 | D15 | D10 2 m)
2 5 6 L 1791 1.04 | 0.73 | 0.51 | 0.32 | 0.15 ] 0.03 | 0.02 | 44.06 | 1.78 SM 24
4 5 12 L 1.96| 095 | 0.62 | 0.40 | 0.22 | 0.10 | 0.03 | 0.01 | 48.90| 1.19 SM 60
6 5 10 L 5331 1.60 | 090 | 0.51 | 0.28 | 0.13 | 0.03 | 0.02 | 58.12| 1.22 SM 60
8 5 8.5 L 311 1.51 {099 | 0.58 | 0.29 | 0.11 | 0.02 | 0.01 | 78.85| 1.02 SM 33
10 5 L 2.83| 1431099 | 0.66 | 043 | 0.23 [ 0.05 | 0.03 | 39.50| 2.10 SM 47
12 5 L 2221071 | 045 | 0.26 | 0.13 | 0.06 | 0.02 | 0.01 | 40.35| 0.73 SM 49
14 5 9.5 L 1.831 0.68 | 0.38 | 0.20 | 0.11 | 0.05 | 0.01 | 0.01 | 47.41| 0.88 SC 60
16 6 8 H 5891325232 | 166 | 1.19|0.85]| 038 | 0.24 | 9.81| 1.32 Sp 50
18 6 7.5 H 17.37| 8.61 | 6.61 | 5.07 | 3.45 | 2.26 | 1.05 | 0.78 851 1.00 GP 28
20 5.5 H 8.62| 4.80 | 3.52 | 259 | 1.90 | 1.37 | 0.82 | 0.57 6.18| 0.93 SP 29
22 6 8 L 21.45| 6.03 | 3.11 | 1.78 | 1.15 | 0.76 | 0.43 | 0.31 | 10.11| 0.60 SP 38
24 7 7.5 L 0.76 | 0.41 | 0.28 | 0.17 | 0.10 | 0.06 | 0.02 | 0.02 | 18.47| 0.81 SM 38
26 8.5 8.5 L 2721 0951 0.54 | 033 | 0.19 | 0.09 | 0.03 | 0.01 | 39.12| 1.10 SM 28
28 8 10 L 1.63] 0.81 | 0.52 | 0.32 | 0.17 | 0.08 | 0.02 | 0.02 | 32.20| 0.74 SM 25
30 8 10 L 1.01| 041 | 0.25 | 0.14 | 0.08 | 0.03 | 0.01 | 0.01 | 37.20| 0.69 SM 27
32 6.5 8.5 L 0.63( 039 | 030 | 0.22 | 0.14 | 0.09 | 0.03 | 0.03 | 10.34| 1.00 SM 25
34 7 L 0.60| 0.39 |1 0.30 | 0.22 | 0.14 | 0.08 | 0.03 | 0.02 | 14.10| 1.10 SM 19
36 8 L 1.60| 0.75 | 0.53 | 0.38 | 0.28 | 0.18 | 0.08 | 0.05 9.83] 1.12 SM 23
38 8 12 L 1.30] 0.52 |1 0.32 | 0.18 | 0.10 | 0.05 | 0.02 | 0.01 | 35.30| 0.83 SM 35
40 8 12 L 1.5110.79 | 0.55 | 0.38 | 0.24 | 0.14 | 0.05 | 0.04 | 14.98 | 0.97 SM 19
42 8 8 L 2.17| 1.05 | 0.66 | 0.40 | 0.24 | 0.11 | 0.04 | 0.02 | 33.53| 0.96 SM 20
44 8 9 L 1.67] 0.76 | 0.46 | 0.28 | 0.16 | 0.08 | 0.03 | 0.02 | 25.94| 0.72 SM 16
46 9 9 L 0.56| 0.20 | 0.11 | 0.06 | 0.04 | 0.02 | 0.01 | 0.01 | 13.65| 0.72 ML 19
48 8 8 L 0.68| 048 | 0.36 | 0.24 | 0.15 | 0.09 | 0.04 | 0.03 | 13.37| 0.83 SM 19
50 8 8 L 0.41] 029 | 0.22 | 0.16 | 0.12 | 0.09 | 0.04 | 0.03 748 | 1.14 SM 21

Remark) 1) Casing injection pressure, 2) Auger pressure, 3) L: low, M: medium, H: high, 4) Coefficient of uniformity, 5) Coef-
ficient of curvature, 6) Unified soil classification system, 7) Drilling velocity.
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Table 2. Drilling characteristics and soil analysis at horizontal well No. 8.
Grain size analysis (mm) D.V.")
1) 2) y
Depth | CLP 2 AR |y g () cu® | cgd | uscs? | (min/
(m) | (MPa) | (MPa) D85 | D70 | D60 | D50 | D40 | D30 | D15 | D10 2 m)
2 6.5 6.5 H 236 1.25(0.85 | 0.54 | 0.30 | 0.14 | 0.04 | 0.02 | 37.98| 1.02 SM 30
4 7 7 H 456| 2.83|2.05] 168|139 | 1.14 | 0.86 | 0.63 326 1.01 SP 20
6 7.5 7.5 L 2.64| 1.32| 090 | 0.58 | 0.35 | 0.17 | 0.03 | 0.02 | 46.68| 1.64 SM 31
8 8 8 H 4431 2.06| 1.46 | 1.05 | 0.73 | 0.49 | 0.16 | 0.05 | 26.99| 3.06 | SP-SM | 45
10 6 7 M 3.65| 198| 1.55 | 1.21 | 095 | 0.69 | 0.36 | 0.19 | 8.11| 1.63 |SW-SM| 38
12 6 7 H 4241 215|161 | 1.24 | 095 | 0.65 | 0.14 | 0.06 | 28.84| 4.70 | SP-SM | 42
14 7 7.5 H 6.66| 2.72| 1.66 | 1.13 | 0.76 | 0.48 | 0.12 | 0.06 | 28.14| 2.40 SM 46
16 8 8 H 1451 2.62| 1.64 | 1.19 | 0.86 | 0.57 | 0.19 | 0.09 | 19.16| 231 |SW-SM| 60
18 9 9 H 2.06| 141 1.11 | 0.87 | 0.66 | 0.50 | 0.27 | 0.14 7.79| 1.59 |SW-SM| 32
20 10 10 L 504 213 1.58 | 1.22 | 094 | 0.61 | 0.25 | 0.12 | 13.48| 2.02 |SW-SM| 28
22 10 10 H 10.71(10.23 | 7.79 | 5.11 | 297 | 1.72 | 0.81 | 0.57 | 13.72| 0.67 GP 32
24 10 10 H 10.12| 3.41| 1.62 | 1.03 | 0.72 | 0.55| 0.31 | 0.22 | 7.41| 0.84 SP 21
26 7 7 H 1152 520|270 | 1.68 | 1.22 | 0.89 | 0.53 | 045 | 6.01| 0.65 SP 16
28 10 11 H 498 2.66| 1.81 | 1.30 | 0.94 | 0.64 | 0.32 | 0.22 | 8.13| 1.03 SW 24
30 10 11 H 738 3.74| 233 | 1.54 | 1.05 | 0.70 | 0.33 | 0.22 | 10.73| 0.97 SP 25
32 11 11 H 481 2.12| 149 | 1.07 | 0.76 | 0.54 | 0.20 | 0.14 | 10.92| 1.45 SW 26
34 12 12 L 2.80| 1.56( 1.19 | 0.90 | 0.65 | 0.46 | 0.16 | 0.08 | 15.16| 2.27 |[SW-SM| 31
36 11 11 L 1530| 630 2.84 | 1.52 | 097 | 0.61 | 0.26 | 0.10 | 29.61 | 1.38 |SW-SM| 31
38 9 9 H 7.62| 2.88( 1.62 | 1.04 | 0.67 | 0.44 | 0.16 | 0.09 | 18.28 | 1.36 |SW-SM| 17
40 6.5 11.5 H 859| 479255163 | 1.16| 083|049 | 038 | 6.73| 0.72 SP 10
42 5 5 H 11.77| 5.60| 2.64 | 1.47 | 091 | 0.57 | 0.24 | 0.13 | 19.59| 0.92 | SP-SM | 11
44 5 5 H 5.67| 259 1.78 | 1.40 | 1.09 | 0.86 | 0.51 | 043 | 4.16| 0.96 SP 11
46 5 5 H 336 1.67| 1.21 | 0.88 | 0.63 | 0.45 | 0.18 | 0.12 | 10.50| 1.45 |SW-SM| 12
48 5 5 H 14.17| 8.04| 483 | 2.54 | 1.52 | 0.98 | 0.51 | 0.40 | 12.01| 0.50 SP 12
50 5 5 H 10.23| 596| 3.80 | 2.02 | 1.33 | 0.87 | 0.47 | 0.35 | 1091 0.57 Sp 18
Remark) same as Table 1.
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3 and (b) No. 8.

o), 2 FHPROIA Aol 74 @
of 1ol 23

AT

S} R Folv)

Hat 94
g FAIE Kol

T5

o

oF

al

Dok, Askrel 7

97 4ol e F7kolA

2ko.

(e

Ll

Alelde

2

79 9

o2 =A Yeht



278 At

=2

o~
I~

A 7L 2] ok Askesel % 24 e

s

t 542 23 gtk A7 Adel A% FEEA
—
4

HHEEA] ekou), A3t SEEs oA
HLe] Edo] A At AAR FAo] A

of =3o] FolaixAl Hutt,

o A

SWEYSY 24 4 24 Hot

oV FHZe| B4l Alolg Hole 2N FHHG
o) 23 ARE B43lo] An| FHRFY AN 22
= 28 A0S FASHE Weke AR wlth 7wl

fPeiE s AReM ] ekt Al

I AAE
FE AN = EAkE 28ele] $ASe] T £
5 sk "ok el B4 mpe} 3o, %]
49 2% SE= A TR % A7), =9 £F
Soll elste] FFL e Ao vetse], AR
AR 49 Qe weld 54 ARS 283l
22 S5 5T 5 A, AFEARIY H5E A
HE Bgale] 23 3712 ddala Al veE
itk =g, #H#e) 378 AAE Slste] A dhdAg
o FAS A 54 e A9 e AF
B ARl 283 F ok

22 Sieote] wiug flsle] 7t A=Y Alsd] e
A=A A3, 45 AF(Cw), FEAFC 5 F 10
Mol A QA= EEste] TElRAe AAlsint
Fold SHHsFE Ade] flste] dAE e 2%
05 S-S AAIsIIT(Table 3). 3 3354
o] A%, & HE9 #5AIFY] Pearson FHATE
0474 (el 0.017)= FelshAl eptont, =2 &
=ob HEATE] FRIE FelsA oA vebkt o
FTIARA A3, J=iA ARt SEATE AL

o
it

EAIRle] BYe] SYHHsR At A 0% vt
om, mEo] A 02252 tha whe Heltt,

22.635+0.353xC,
DV,;,=——

W = 3 M

7190, DV, = 3 FBHFEAA AP BPL
24 &9 min/mo|t},

8H TR A, FF SE9 #5ATY
Pearson “$ZAIT= 047525 0.016), 22 &=
TEAFY ABATFE 0.718(F2EE 0,000 24 2%
frelatAl vErst). tEslARA A, 3¥ R
I g FEATT] BY] SHHTE A Ao

ol -

oA %

= veston, mge] Aude 05152 27k ol
S} e Aol F ARe] FHF 94 BEIA 79
She o= Bawn, JriHos FA% AR 74
2 g el B AwEel i e,

11.451+9.889x C
DV, = fx”’ @

A7, DV, = 81 FHATHAA s mFo
24 99 min/me|th

Qe sk ol 2 A%l FAF WA S
o] rjzow zgap] ol wiol, weh

H
4ol g 240 AL & AwS T Y ARE B

T H
@3t 28-S AEs BHJYTHTable 3c). 55 23] 7

A Rt dEAFY} HEATE BF 5
L ©, mye] diee] 0361 83 FHUFA
9] 735l wlste] TR olgeS & 5 Ark
[ _13193+0381xC,+6.266xC
’ 2

o

=2
=X
o)
=

Ay 2 2HA mjde EAE XF

o2 TG9E min/me|t}.

GE Y 2 FE e s 2 T

e oz HeXS AES] HUTHTable

HrAL oF 20m A7 HEA 2
2 FAEY o]F 50 m7RAE HE U

Fka 92 (D50 = 0.64), 7

N &
O AN
o_?: NlO
N
T
z

},
o,
)

)4

_!
_!

4
o,

Ny
m oy =
BN
ot

m T
¥
o

RO )

X E
(9]

>,
|

X in
N
X
il
s

olft 4 td

4
)
rlo
N
Yy
i)
I
£
ofy
N
i)
N

d
R

>

slod S| BIste FHe YPAF
ATHDS50=1.88). 5H Z 79 FHH57gol
Zx] A A E(D85~D10)E A skl on,
o} TEA S BAEEE k] 471 2 3l
A
FHREe 23 A7 34
| m3le] AA Aol =59 F

i)
o
M
Hl
Of

o
-

fr K b

1

1

2t
2

:
fl
-y

o

Y
oo

[0
ol

G}

2

[e]
o

[e]

o
AV RS & 5 Qe o]} e Ak 33t 83l 5
JYFRANE PRI, AYLolan 2ol %
B ASNE FH A 3 oF7L FRoR 2
2 @ 5 gk ols AYA YA T2 24E A%
of AR 2 =94 Se| 2} R YA o
G T3k RSOl B4 22 Aol B 9
g W) Eos ult, 4l FRATAe e 2
3 &u F449 4§ A%, FEAT 2 e



9% 9 59 TRl FURNY BR 2w 39 279
Table 3. Linear regression model for estimating drilling velocity in horizontal wells.
(a) Well No. 3
Unstandardized coefficients Standardized coefficients
Model t Sig.
B Std. error Beta
Constant 22.635 4.580 4.942 0.000
Cu 0.353 0.137 0.474 2.582 0.017
(b) Well No. 8
Unstandardized coefficients Standardized coefficients .
Model t Sig.
B Std. error Beta
Constant 11.451 3.508 3.264 0.003
Cg 9.889 1.999 0.718 4.947 0.000
(c) Sum of two wells
Unstandardized coefficients Standardized coefficients .
Model t Sig.
B Std. error Beta
Constant 13.193 3.702 3.564 0.001
Cu 0.381 0.098 0.460 3.877 0.000
Cg 6.266 2211 0.336 2.384 0.007
Table 4. Drilling velocity estimated using Equation (3).
EstimaFed Estimat@d Actua}l Actual . Discharge
Wells Cugy, Cgavg D50 vel.0c1ty total pe.rlod vel.ocny total pe.rlod (m/d)
(min/m) (hr:min) (min/m) (hr:min)
No.3 27.89 1.02 0.71 15.10 12:20 16.92 13:49 900
No.5 41.54 1.75 0.64 19.99 12:40 12.50 7:51 720
No.7 22.37 1.58 1.88 15.81 12:23 15.32 12:00 1,320
No.8 16.17 1.48 1.43 14.33 11:57 13.38 11:09 2,800
2] AgAe] "oRle AoR yepstot, 2HE F7F 2 A4S B #8223 oS
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=27 St e =2y 238 3449 4 HoEtt
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