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Abstract

The in-situ remediation of a solidified stratum containing a large amount of fine-texture material like
clay or organic matter in contaminated soil faces limitations such as increased remediation cost resul-
ting from decreased purification efficiency. Even if the soil conditions are good, remediation generally
requires a long time to complete because of non-uniform soil properties and low permeability. This
study assessed the remediation effect and evaluated the field applicability of a methodology that com-
bines pneumatic fracturing, vacuum extraction, and plasma blasting (the PPV method) to improve the
limitations facing existing underground remediation methods. For comparison, underground remedi-
ation was performed over 80 days using the experimental PPV method and chemical oxidation (the
a OPEN ACCESS control method). The control group showed no decrease in the degree of contamination due to the poor

delivery of'the soil remediation agent, whereas the PPV method clearly reduced the degree of contami-
% 1 =
Corresponding author: Yu Chul Park nation during the remediation period. Remediation effect, as assessed by the reduction of the highest
E-mail: parkyc@kangwon.ac.kr

TPH (Total Petroleum Hydrocarbons) concentration by distance from the injection well, was uncleared
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luating the remediation efficiency by considering the average rate of TPH concentration reduction by
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E;eology Y ¢ ¢ distance from the injection well, the control group was not clear; in contrast, the PPV method showed

@ @ This is an Open Access article 53.6% remediation effect within 1 m of the injection well, 82.4% within 1.1~2.0 m, and 68.7% within
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the Creative Commons Attri- 2.1~3.0 m. Both ways of considering purification efficiency (based on changes in TPH maximum and

bution Non-Commercial License (http://ereative- average contamination concentration) found the PPV method to increase the remediation effect by
commons.org/licenses/by-nc/4.0/) which permits
unrestricted non-commercial use, distribution, and 149.0~184.8% compared with the control group; its average increase in remediation effect was ~167%.

reproduction in any medium, provided the original . L. L . L.
work is properly cited. The time taken to reduce contamination by 80% of the initial concentration was evaluated by deriving



a correlation equation through analysis of the TPH concentration: the PPV method could reduce the purification time by 184.4% compared
with chemical oxidation. However, the present evaluation of a single site cannot be equally applied to all strata, so additional research is
necessary to explore more clearly the proposed method’s effect.
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2006; Chen et al., 2012), Z|Zoll= P tiilste] Set=2rpdnE o83 Y e w2l 7Fs/dell thet A+t
7} A= IthRiu et al., 2019).
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Fig. 1. Map of soil contamination survey locations.

Table 1. Preliminary soil contamination survey results at the research site

Sample  Depth TPH Sample  Depth TPH Sample  Depth TPH Sample  Depth TPH
No. step (mg/kg) No. step (mg/kg) No. step (mg/kg) No. step (mg/kg)
CC-05 2 250 CC-20 3 53 CC-24 3 708 CC-28 2 173
CC-10 3 78 CC-21 2 64 CC-24 4 147 CC-29 2 178
CC-11 2 192 CC-21 3 88 CC-24 5 60 CC-29 3 119
CC-11 3 130 CC-21 5 53 CC-25 1 52 CC-29 4 1,010
CC-13 2 184 CC-22 1 55 CC-25 2 79 CC-29 5 68
CC-13 3 972 CC-22 4 52 CC-25 3 79 CC-30 2 214
CC-13 4 1,621 CC-23 2 413 CC-25 5 52 CC-31 2 50
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Table 1. Continued

Sample  Depth TPH Sample  Depth TPH Sample  Depth TPH Sample  Depth TPH
No. step (mg/kg) No. step (mg/kg) No. step (mg/kg) No. step (mg/kg)
CC-13 5 1,634 CC-23 3 1,990 CC-26 1 265 CC-31 3 65
CC-13 6 320 CC-23 4 62 CC-26 2 50 CC-31 4 67
CC-16 1 150 CC-23 5 58 CC-26 3 74 CC-32 1 51
CC-19 3 256 CC-23 6 65 CC-26 4 53 CC-32 2 77
CC-19 5 51 CC-24 1 68 CC-26 5 67 CC-32 3 132
CC-20 2 142 CC-24 2 127 CC-27 2 87 CC-32 4 91

Depth Step: 1 (ground level (GL) 0.0 to -1.0 m), 2 (GL -1.0 to -2.0 m), 3 (GL -2.0 to -3.0 m), 4 (GL -3.0 to -4.0 m), 5 (GL -4.0 to -5.0 m), 6 (GL -5.0
t0 -6.0 m).

H 5427} 197 213 5271 EFARONA 50~1,990 mg/kg #1127 01|l o EoFQ 99271314
71 40% o)de] L AETTERIE 1t oo ER1gt A} 87 217 12709] EFA = ollA] 214~1,990 mg/kg H$10] 5
TIFERIE T A AL Q AREE S AR S @ o] SRIER= A H-E td o 2 Ag o] 7Hsst A& AAstod
AR =2 A5 Fig. 1).

AFA ] ASEE 9 AP S ERI5E] $15) 5-83(NX) o] AFZAME 435I ith(Fig. 2). AlFZAL AT 2]
AT, EAT, TR o= Ragitt & Aol A T2 AlRdthde] B L HAISE FAS R AELA HES
T AEZ HejFo] tidolH BT PA A 2o, oA S Aokule- AXet A =5 Hol= Y ESH b8~ule
ZUF AU LS Hol= AP EO|t), |5k o] EILE= GL -3.07~-4.38 mo] YA|5to] Al@ui 250l 4] el
(Table 2).

%  Borehole

_ (Quaternary)
(. alluvium

Fig. 2. Locations of drilling survey sites and geology of the study area.
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Table 2. Drilling survey results

Fill soil (m below GL) Deposit soil (m below GL) Weathered rock Drilling  Groundwater
Index below GL depth depth
Gravel silty sand Siltyclay ~~ Siltysand ~ Gravelsand ~ (MbElOWGL) oW GL)
BH-1 0.0~1.6 (1.6) 16-3.8(22) 3.8-47(09) 47~113(6.6) 113~153(4.0) 153 3.07
BH-2 0.0~1.8 (1.8) 1839(2.1) 3.9-48(09) 4.8~124(7.6) 12.4-30.0(17.6)  30.0 328
BH-3 0.0~2.9 (2.9) 29-57(28) 576609 6.6~12.6(6.0) 12.6~15024) 150 435
BH-4 0.0~2.5 (2.5) 254.62.1) 4660(14) 6.0~12.6(6.6) 12.6~150(24) 150 438
BH-5 0.0~2.8 (2.8) 28-55Q27) 55-69(14) 69~12.7(58) 127~150(2.3) 150 437
N-value 2/30~40/30 3/30~24/30  5/30~3530  28/30~50/3 50/4~50/2 - -
AT LS Y
QHHS 1 MY
APAZAA ER1E TPHRFSS] Q @XAL 23S Hi @ ¢o] &l Ak 9 £4] 5k 5 1este] i 54
(control site)2t A FA|(PPV site)E 4451 L Aot 7o At (Fig. 3). LATAPIA 2Rl A4 F
CC-13 A3 CC-29 A3 2] 44 %(GL -3.0~-4.0 m)oA TPHE=2] ‘57t 242} 1,620 mg/kg, 1,010 mg/kg © 2 Bl
T]o] I EFQ .98 7]3(12]9) $271%%]1 500 mg/kg o142l HEE Hole 7o 2 FRIEY FHHo 2 9ajr]E

40% o1e] @ AT ERInE 10 7 AR o] i A HS S
CC-13 A-L Z4 072 AT BReECC-29 AHL F4 02 Yz
5195 SATHFig. 3).

Ao 2 A2 SAFSE 9 AR Hol1l gt mleba]
PR 2 TRl 9GS RS WYL S U

Agst

@ Injection well
© Suction well
@ Sampling point

T TPH 1~ 199mg/kg)
TPH 200 ~ 499(mg/kg)
[ TPH 500 ~ 1999(mg/kg)

Fig. 3. Site selection for study area according to soil contamination survey results.



E2f20HS2tAY, SUTHY, 2SFE0| 28 2S5 EYYS | Yot i &afof| Cigt 43a+

.
WA el e ol @51 WA A, $E70] 92 L BN A X 5L mele)
1

A 24 WA g
2] ks 21 ook 49 E olio] §9] B 52 osly] Sfat vige S| 9LHlA| A1aS AAlelo] mr
QAR AJglo] 1) 4 s sick

4N 0
o
o,
i)
n
o,
lo
ra
o
-
o,
lo
2
s
o
o>,
H
2
IS
()]
B
<]
Ky
-
o,
v
[
re
r <]
)
oo
0>
H
2
o
()
{
b
()]
B8

nx
o
ol
R T
o)

7he 77 2

O BT 22 setS AABHAOR, B & 5 ek Aok ofel 9 912 £ WA Slel T Aol ¢
SRS A5 PPVEY B AT 916) BF8F 722 BUnHI o] me A air compressor), E
o} gef g A3, DEFFYA, SAHAA, W), FYFE L2 5 T8 GASH LA, packer§ B EY

gy Phieumaticifracturing| , Plasma biasting Maximum discharge. energy
= 125 Kj (at 50 KV, 100 F)

Wind pressure : 260 psi, air volume : 21

Eluidlinjectio = S Preumatc facuing mi/min (750 CFM)
: Vacuum pressure : 6,200 mmAg,

air volume : 10 m’/min

Vaccum suction

Groundwater EPS oil and water separation type,
treatment processing capacity : 5 mi/hr
Fluid injection Gravity injection
(b)

Fig. 4. Soil remediation process system of PPV method and control (chemical oxidation method). (a) Photos of main equip-
ment, and (b) Spec of main equipment.
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Table 3. Operating conditions of the PPV method and chemical oxidation

Index Control (chemical oxidation) PPV method
Contaminants TPH in soil
Depth of soil remediation Fourth depth step (-3.0 to -4.0 m below GL)
Fluid injection (oxidizing agent) H,0, 5%
Soil remediation agent injection method Gravity injection
Pneumatic fracturing pressure - 5 kgf/em®—10 kgf/cm’
Number of pneumatic fracturings - 5 times each (2 times/day)
Vacuum suction pressure - -0.2 bar (2,000 mmAq = 150 mmHg = 150 torr)
Plasma discharge voltage - 20 kV—25kV
Number of plasma discharges - 5 shots (2 times/day)
Operating time 8 h/day
Monitoring items Soil sample collection around the injection well and analysis of TPH item contamination

EYst mLEY YH

oz} PPV-3 o) Egst 2937171 Sot 9T Ul TPH = Azl whe Hokag W7te 915) Aoman
A Geoprovesystem) % o1l =54 A2 AFIok Aol w02 S Golsich =op A 944
7527 Aol 17 4 m el o] ol g o] Stel Atk g v PPV O] EFEStA AR 29 5 80 592714
o), 5.35(372), 83758, 10.4—r(80%‘)7} ATkt K| Ho) A Z 4710] A o]2o]h.om ZQ At 2|20 445
(GL -3.0~-4.0 m)oll A H= A2 mUEsle] E9Fe 9 BAATIE ulgfo 2 t)Z27a} Al o] 247 224
o] Az]ef| wh2 B9k 0 dr WglE selslo] Aztarnt U H7-e-S Balstct.

TPH &5 QAx B42 A2 FHE Q5] EF e /\]-7]3'4-31,]- =71 ee] Aslslo] A7} o] =olh.om B
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o] 749 4xjell AH B AABIATE 47ell 221 ABAFRS 27t HShAA T 27(149), 537(379), 83758,

_4

10.45580Q)7t Akt Ao EAFE2 TPHE sHolt. A+ Q Ak A4S SRt Azl fe tizwte] 739

GE/o] Exfolo] FUH O EHE 2.0 m o[HellA T2 435 0, A[FAHPPV) 2] Z-9-3.5 m O|el|A] iR
Folek. Al=AHF Al AFH](Geoprobe system)E AL ] wiEell 1~42p7k2] o] Al w2 213 0] ek 2 90

K9] AFH Arfs B2 02 Zpo]7H i AE 4= vof| gict. 74 | ek HIkE drafsto] o1 o 2R Ao uhE
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QHEE LR o537} ZTi(Table 4).

Table 4. Concentration of TPH contamination by distance from the injection well during the remediation time (based onan
interval of 0.5 m from the injection well)

Range of TPH concentration (mg/kg) by remediation time period

Index Injection radius
Ist (14 day) 2nd (37 day) 3rd (58 day) 4th (80 day)

<0.5m 79~255 97~254 71~136 -

0.6~1.0m 97~527 66~3,893 86~351 -

Control 1.1~1.5m - 85~168 55~72 -

1.6~2.0 m 75~278 - 69~71 -

2.6~3.0m 61~130 - - -

<0.5m 445~1,235 392~1,129 69~1,270 -

Agency A

0.6~1.0m 291~3,399 329~9,123 168~750 -

1.1~1.5m - 219~2,558 - -

PPV method 1.6~2.0m 62~6,877 160~4,266 236~547 -

2.1~25m - 2,429 - -

2.6~3.0m 57~6,922 103~6,278 481 -

3.1~3.5m - 1,617 583~1,581 -

<0.5m 52~210 52~176 50~~613 -
0.6~1.0m 75~278 67~237 - 177~567

Control 1.1~1.5m - 64 52~401 -

1.6~2.0m 95 - - -
2.1~25m - - - 148~683

2.6~3.0m 102 - - -

Agency B <0.5m 202~1,064 94~1,475 106~506 -
0.6~1.0m 70~2,327 50~4,044 87~1,257 136~541
1.1~1.5m - 99~2,919 465~1,289 124~511

PPV method 1.6~2.0 m 2,531~5,163 70~3,755 53~1,923 -
2.1~2.5m - 1,665~4,425 - 40~779

2.6~3.0m 152~5,281 202~6,613 246~1,149 -

3.1~3.5m - 420~2,331 214~1,747 184

tiztof] oiet 24718 Aol A AN, @Yol SRlE 2] TPH Bbsew 1, 2, 32F Al=ollA 212} 151 mg/kg,
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Fig. 5. TPH contaminant concentration according to the distance from the injection well by agency for the control method:

(@), (), (e) Agency A; (b), (d), (f), (g) Agency B.
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Fig. 6. TPH contamination concentration according to the distance from the injection well by agency for the PPV method:
(@), (o), (e) Agency A; (b), (d), (f), (g) Agency B.

EYH dolag &Y

ESAS 515 25| Yol Hasrrt FetER 7|5 o|U & Bt ojok jitt e, BrP e s

= 71502 AHstolob it} T1ajut X|ats e O] 9 AR Lol A] Tzt of 2N Q1 FetRitE Hrksl=t
29 g Beld.ord 4 o= 2|7t Qo] Aska gl tieh A2 S o] flslixle L@ Hol thet Bt =
A& Fafistolop g ™ @ /o] Qlet. o5 ZRlsto] 12 Aol A= A he] 59U AR 21 5 437t
T2 @ H2 ] TPH skt Pshe s 217t 24 ﬁkﬂ 715 7|§tC & TPH AA-E-S APdstitt. H7F apdollA
A ARt Mt 7 HE thEt 22F A= A A K 3,893 mg/kg) @F A 221 Al & R4 H9,123 mg/kg)= A=
J FHE 9ol wAol4] Al2letsirt.



96

TPH 2|15 4ZE0 U2 HslaE ot
TPH |15 55 7|50 2 27| Q% T tH] Hola-8-2 B4t 22 & uff, BA47]T Ao A= S0l A
O] {78 1 m oW 77+ 7%, 27| & 527 mg/kgolA 58 o] 733 %351 mg/kgZHA] #1430 33.4%°] &
AES UEhiE A o2 BAE G 1.1~2.0 m 7o A= 278 mg/kgOll Al 72 mg/kg 2 74.1% A== A 02 Lret
U 24713 A Q] Bt A2 53.7%= H7HE I 247138 B=HEE 1.0 m oW 18] 742, #| & 278 mg/kgollAl
80¥ & 567 mg/kg, 1.1~2.0 m A= 2% 95 mg/kgollA 58YF 401 mg/kg, 2.1~3.0 m A= 2% 102
mg/kgelA] 80U ¥ 683 mg/kg 22 @ AT} 104.0~596.6% (F1E -104.0~-596.6%)7H] F7Fok= e Hol gl
TKTable 5, Fig. 7). HEw-& V02 271 2497138 23S Sl & w), AsfbgolA o] 73-¢ofl oJgt 2[sl9] Mgtz
IRt @ A& O W57 d-& HIA = Sleh. 12U FAIRERT 80 U] Aok [Tt -E ot F-3iRt Al ol ez x| of
= A2 71EFHQI sl els oA o] HokA| olso] Fprdo] st AREA|Hle] HEE T @ HE7} ASE = Al
HEAFERZA] Holl A= AR g7t EAgekA] ool 71Q1gE Ao = Helrk
ATHPPV) ZYE & |, 24718 Aol = U470l 9] §HE 1 m oldf F7te] 73, 271 2|55 3,399 mg/kg
oA 5820] e F- 1,270 me/kg7HA] A= 0] 62.6%°] 2 A 11 e el 202 #AEIH 1.1~2.0 m 3¢
of| 4= 6,877 mg/kgoll Al 58 F 547 mg/kg = 92.0%2] M- =2 A& YERA L Qlrk E'F2.1~3.0 m A=
5820% 904 mg/kg 27H37L 5 TH] 85.6% 2 F5 9] 1%7h<114~ eItk 3.1 m o) golA= F3igh A a iyt &1l
©)2] Fet) B4 713 BE Y 1.0 m oW 77H] A, X% 2,327 me/kgol A 80 5 541 mg/kg, 1.1~2.0 m L7HNIA]
= #]%5,163 mg/kgol A 80Y% 511 mg/kg, 2.1~3.0 m 7ol A= £ % 5,281 mg/kgoll A 80Y 779 mg/kg, 3.1~4.0 m
Tt M=2,331 mg/kg (3792 O)OM 80 % 184 mg/kg © & 76.8~92. 1%4 Asta s YAl 9lck(Table 5, Fig.
8). tZah= ] A7) B AME 35t off, 224(379) o]Fofl= Taist Aska il Lehtal 9le-S sielsh 4
AUt ol= A TRl Zésau loli= 7329 T}l vt L HA < %ﬂﬂﬂl 21-g517] K= dRA o] =7t
2o 2 ok,

Table 5. TPH reduction for change in maximum TPH concentration by injection radius

Maximum TPH concentration (mg/kg)

Index Injection radius TPH reduction (%)
Ist (14 day) 2nd (37 day) 3rd(58day) 4th (80 day)

<10m 527 303 351 - 334

Control 1.1-2.0m 278 168 7 - 74.1 53.7
2.1~3.0m 130 - - - -

Agency A <1.0m 3,399 2,214 1,270 - 62.6
PPV 1.1~2.0 m 6,877 4,266 547 - 92.0 80.1

method 2.1~3.0m - 6,278 904 - 85.6
3.1~4.0 m - 1,617 1,581 - 22 22

<10m 278 237 613 567 -104.0
Control 1.1~2.0m 95 64 401 - -322.1 -331.9

2.1~3.0m 102 - - 683 -569.6

Agency B <1.0m 2,327 4,044 1,257 541 76.8
PPV 1.1~2.0 m 5,163 3,755 1,923 511 90.1 86.1

method 2.1~3.0m 5,281 6,613 1,149 779 85.2

3.1~40m - 2,331 1,747 184 92.1 92.1
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Fig. 7. Change in maximum TPH concentration during soil remediation using the control method: (a), (c), (e) Agency A;
(b), (d), (f) Agency B.
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Fig. 8. Change in maximum TPH concentration during soil remediation using the PPV method: (a), (c), (e), (g) Agency A;

(b), (d

), (), (h) Agency B.
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TPH BHsE Z80 = 7*"9_|-_§:§ 7}

TPH B1s =5 7|50 & 27] QA% tiH] A3ka-&-& FAISlth dixta & o, 24718 AolA= T ollA
O] B 1 m o] F3+e] A, 271 ﬁﬂih%i 191 mg/kgollA 58Q80] ZkE & 141 mg/kgZHA] A7 0] 26.0%2] @4
AdeS Uil 2 o= 2AEQIE 1.1~2.0 m A= 135 me/kgoll Al 67 mg/kg = 50.5% A th= 2 0.2 vet
L 24713 AL] Aoke 58U ke Bt A2 38.2% = B7HE T

E471% B=15HE 1.0 m oW 7F] -2, #| % 131 mg/kgollA 80Y 315 mg/kg, 1.1~2.0 m 7 ol A= %% 95
mg/kgoll A 58 L5227 mg/kg, 2.1~3.0 m T FAE 2% 102 mg/kgolA 80U 336 mg/kg O 2 2 H =71 138.4~228.9
% (178 -1,138.4~-228.9%)7HA] Z7}5H= QRS H o] 11 QJth(Table 6, Fig. 9).

Table 6. TPH reduction rate for change in average TPH concentration by injection radius

Average TPH concentration (mg/kg)

Index Injection radius TPH reduction (%)
Ist (14 day) 2nd (37 day) 3rd (58 day) 4th (80 day)

<1.0m 191 166 141 - 26.0

Control 1.1~2.0 m 135 117 67 - 50.5 38.2
2.1~3.0m 88 - - - -

Agency A <1.0m 1,088 879 425 - 60.9
PPV 1.1~2.0m 1,824 1,047 321 - 824 70.7

method 2.1~3.0m - 2,383 746 - 68.7
3.1~4.0 m - 1,617 1,581 - 22 2.2

<1.0m 131 143 184 315 -139.5
Control 1.1~2.0m 95 64 227 - -138.4 -168.9

2.1~3.0m 102 - - 336 -228.9

Agency B <1.0m 780 922 404 362 53.6
PPV 1.1~2.0m 3,841 997 645 327 91.5 78.3

method 2.1~3.0m 2,908 1,968 713 294 89.9

3.1~4.0 m - 1,534 981 184 88.0 88.0
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Fig. 9. Change in average TPH concentration during soil remediation using the control method: (a), (c), (e) Agency A; (b),
(d), (f) Agency B.
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Fig. 10. Change in average TPH concentration during soil remediation using the PPV method: (a), (c), (e), (g) Agency A;
(b), (d), (f), (h) Agency B.
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Fig. 11. TPH concentration distribution during the soil remediation period (total data): (a) control and (b) PPV method.
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Fig. 12. TPH concentration distribution during the soil remediation period (selected data): (a) control and (b) PPV method.
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Table 7. Evaluation of 80% contamination reduction at the research site through correlation between the control and the
PPV method

Time for 80% soil remediation ~ Improvement rate compared with

Index Relational expression (day) the control (%)
Control TPH (mg/kg) =-1.0483 x RT + 164.88 125.8 -
PPV method ~ TPH (mg/kg) =-22.051 x RT + 1,880.6 68.2 184.4
28

A 3
(in-situ) 35 XeYoh= 79, oka-go] oA AHepr]go] Fish= 59 A IS o] o|2f]t A-8-do] "o
A= LPRAE o m Fdup, 35%, Eek2nt S84 59 7 e 5sto] 7lshe A& 4-aste] tix
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