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Abstract

The artificial ground freezing (AGF) method is a groundwater cutoff and/or ground
reinforcement method suitable for constructing underground structures in soft ground
and urban areas. The AGF method conducts a freezing process by employing a
refrigerant circulating through a set of embedded freezing pipes to form frozen walls
serving as excavation supports and/or cutoff walls. However, thermal expansion of the
pore water during freezing may cause excessive deformation of the ground. On the
other hand, as the frozen soil is thawed after completion of the construction, mechanical
characteristics of the thawed soil are changed due to the plastic deformation of the
ground and the rearrangement of soil fabric. This paper performed a field experiment
to evaluate the freezing rate of marine clay in the application of the AGF method. The
field experiment was carried out by circulating liquid nitrogen, which is a cryogenic
refrigerant, through one freezing pipe installed at a depth of 3.2 m in the ground. Also,
a piezo-cone penetration test (CPTu) and a lateral load test (LLT) were performed on
the marine clay before and after application of the AGF method to evaluate a change in
strength and stiffness of it, which was induced by freezing-thawing. The experimental
results indicate that about 11.9 tons of liquid nitrogen were consumed for 3.5 days to
form a cylindrical frozen body with a volume of about 2.12 m’. In addition, the strength
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and stiffness of the ground were reduced by 48.5% and 22.7%, respectively, after a freezing-thawing cycle.

Keywords: Artificial ground freezing method, Freezing-thawing, Marine clay, Piezo cone penetration test, Lateral
load test
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(a) Launching shaft for earth pressure balanced (EPB) (b) Cross passage for Shanghai Yangtze river tunnel
TBM (Shawn et al., 2016) (Han et al., 2016)

Fig. 1. Application of AGF method for tunneling construction

T SR 0| HAOR oI § el bl L A 0] B
FAE 510l T2 5 2ke] A 2 Ahe] £Age 2
I A1) o) 24 ek o FRED RO 5 002 AFRIRY

11 QTH(Jessberger, 1981; Eigenbrod, 1996;
Padilla et al., 1997; Kudryavtsev, 2004; Yang et al., 2006). 12]L} %\41 N 52§ HHEo] w2 B3] %]
Hho] A3t A I BEeAlgs S0l thet AWAI A At 488 =] 2oK(Shin et al., 2009; Choi et al., 2011;
Kang et al., 2011).
2 ok Qe s as ol W sl HEANTY] S 2555 Bl | flole] F 23 152 ARt miid
o AT UE AL Yuldl deHAE et F o v T AV SHORE V)T RO FEAIE 94
3 YISt QlE-s A5 ol RE]Y] Wit &, = LAt
S2/85lNE Z|gte]| oigt ool & = ¥IA|F(piezo cone penetration test, CPTu) 2 FHASHA| P (lateral load
test, LLT)& 3ot 0 =X Q15525 0l T 52/80l71 AREe] Aot 7 del n|Al= ks Bkt

=

VFEATY DHASAEL AP A1ekgo] 13T G B4 SaEIedTFig, 2(). BEHA)
Az Tolel7] Sfate] AEEAL B BEBRIAHE 5 m 7202 k20 m 2101717 % 38| Sel A, A

HEZARS 38Rt 1A1E Fig. 2(b)oll HEFHISIT. 17141, SA= AMEEAL, FAE Q185281 FdATAIR]
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(a) Plan view of test bed (b) Test bed layout showing test locations

Fig. 2. Plan view and test bed layout in Sinan-gun
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Table 1. Summary of fundamental physical properties and consolidation parameter of test bed

Dry unit Water Salt Atterberg limit Consolidation
Depth . .
(m) weight content concentration LL PI P, c USCS
(g/em’) (%) (%) (%) (%) (kPa) ¢
2.0~2.8 1.263 42.5 17.9 514 26.4 62.0 0418 CH
3.0~3.8 1.212 46.0 17.5 52.8 27.5 95.0 0.516 CH

PRAL el e A Ao E4dol mhe 7594-0] Aot o] W RSl 35%9] of
50%21 17.7%.= S78=]o] ofd EAIe = 753Uk
TSt ol Ao S Ao A9l ke njal= 11?1'94 Q7 & I (thermal conductivity) 2] B7 1=

Hste] ZFe vl =t Al 2ol thieh Bl 523 El(unfrozen) 2t -5 2 Ell(frozen) & B L5 S0ttt Hl52

A== oF 15°C Y] oM, S 2 BE -10°C 9] WEalol 244 S A2 E FEAR & QUS54
SF3ILt. o] W), FAA 2] A-Polls Q=T SA T AR SIlE Zlaolehr] floto] Wil ol Ed:
=2 245150 AR 240 0.023~12.0 W/mK, -10~200°C 2] S4HY] 9 +5%9] JUEE ZH= T
S23H

ZH(PD-13)7} A2H GAE T 4791 QTM-500 (Kyoto Electronics)©] ARS-E| At Fig. 4). H]
o 52/dH ] GHEE AP EE Table 200 A2tk

(a) Unfrozen (15°C) (b) Frozen (-10°C)
Fig. 4. Measurement of thermal conductivity through QTM-500

Table 2. Summary of laboratory thermal conductivity test

2.0-2.8m 3.0~3.8m
Thermal conductivity Unfrozen (1 SOC) 1.592 1.486
(W/mK) Frozen (-10°C) 2.669 2.827
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2.2 SFAESAIE N2

2 APATAR-ANA= 1.0 m FAI9] 3R il HESS Al 24 3ol sl HEAT| tigh Q1552
SHE ARSIt FAFAIEE Slote] ~H|Q12] A X (Stainless steel, SUS) A= A2 217 89 mm, 2
°] 3.8 m®] 5 Z¥HFreezing pipe) 15-= A5, T2V & 242 ool dohdA-S Sehilzl o2 5
W 2J5te]] A7)5 RFe] S AAIE /st

ARAZA o A8 5232 W inner pipe)t 2] outer pipe).02 TAAH o5 FEIZ DAL RS
o, 2853 F|= 517 flote] F2T Uil A3 H -9 (inlet) 2 -F-EF outlet) Afe]oll A Al(insulator)
£ Ao 2 FUE = Y, FEE= g, 18]aL 9]7] Ale] o] Huehs X Alsttt AT AT
/3= Fig. 5° Hef T

INNER PIPE INSULATION ~ OUTLET QUTER PIPE INLET

o

| ivle L |

: ' = l 89,

e 7 7 BJ P

500 3200

Fig. 5. Specific configuration of freezing pipe used in AGF field experiment

MoFE 40 U2 Fig. 6(a), 6(b)2} 2ol 3TAR L7 4= Ut} WA, Aot A= Aot 4 oA 52
A|2E 0 2 Fdum, FAA L] A AU B S -Fof| Aol 40| P&t 2HHTE SAAIAES F
it MebE A= S ATO 2 FYE|, FATS FalolHA A9hte] G ehs Fof] A AT} 7| A| 2 AFRs)
ot npREro g Z)AVdHE S das FAALES Sl ti7] SO0 HiEHTh HeldAo] Sl

7o, AFEEeE

O 2HE 25 cm, 50 cm, 75 cm, 1 m) 2] 2L F(2EF A~D)y= =2k, ZF g Z1oHeFo 2 50 cm 7HA
(AE35}10.7m,1.2m, 1.7m,2.2m,2.7m, 3.2m, 3.7 m, 4.2 m)%] @7 H(Thermocouple) S
3, Fig. 6(a)°] Liehil v} o] 25 A7 1B 5aTe] Bes o2 si7)o] 9ge A At
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Freezing system
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(b) Cross-section view of field test
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(€) Plan view of field test (photograph) (d) Plan view of field test (diagram)

Fig. 6. Injection process of liquid nitrogen and arrangement of freezing pipe and temperature hole
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Fig. 7. Temperature change with time at each position by AGF method
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Cone tip resistance (kPa) Undrained shear strength (kPa)
0 100 200 300 400 0 10 20 30
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24 » 24 »
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(a) Cone tip resistance (b) Undrained shear strength

Fig. 9. Results of piezo cone penetration test
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O  In-situ O In-situ
®  Freezing-thawing ®  Freezing-thawing

1000 T 1000 —-
5 ] e 7, / .
B ] N < ncreasing -
ly T . OCR, age
] 5 *‘f;)' * cementation
s % % 9
10| : 100 NEN
'E E 3 6 \‘ r% hd
- ] - AT
il .
i Q, =
Increasing 5
o OCR
- 3 d 10 =
B Increasin ] L -
senswltyg 3 _ Increasing .
i 1 sensitivity ]
1 1 | | 1 L ! i -
-0.4 0 0.4 0.8 1.2 0.1 1 10
B, F(%)
(a) By chart (b) Fr chart

Fig. 10. Soil classification based on results of cone penetration test (Robertson, 1990)

Table 3. Soil classification according to freezing-thawing by Robertson’s chart (Robertson, 1990)

Soil classification Note

. Sensitive, fine grained

. Organic soils-peat

. Clays-clay to silty clay

. Soil mixtures clayey silt to silty clay

In-situ 4. Soil mixtures clayey silt to silty clay

. Sand mixtures; silty sand to sand silty
. Sand; clean sand to silty sand

. Gravelly sand to sand

. Very stiff sand to clayey sand

9. Very stiff fine grained

Freezing-thawing 3. Clays-clay to silty clay

0 N1 AN LN B W N -

A7, IF==r U A= (Pore pressure coefficient, By)2F HFH](Friction ratio, F,)= Ol 4.0 2 ZF2F AP =] Qict

1 q; Ty0
s
F,’,. = q—>< 100(%) (5)
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Fig. 100 YePd vl o] 2 HAAH-S 5ol YAHES 4. Soil mixtures clayey silt to clay’, 52/l A
23, Clays-clay tosilty clay 2 271910}, o} B20gel4 2132) 523 nleh & 2170 4 2
|5Fe] Zh=0] Z71= A, ook F 2 E7F gl et S dRke] Auix] 2 25| A H g o] HAYst
THA Z|5EO] ZF 7} A5} 917 whizo .

FHE O] 7 9olli= T2 oNA 15570 T2l ofsto] Th5H| 9] F7tet oA S Axte] whafje] ot &
UAZ O] o] AT T A olA ZHE O] & A k= & A} Uioll EAI6h= {FE.L—,{porewater)

A3} ol = Qlet & YRR W o] T o MAH K (Fig. 11). 12Ut Al ES] B-polle & AR U
& 5 x| o] nlElsl| wlzell SA gl & A maE 7Hs do] 2HE
H]5lo] A th Chamberlain and Gow, 1979; Qi et al., 2006; Angin et al., 2016).

N

2l

Closed pore

Non-bonded
" interface
O -~
7 / } Through pore
o= [
~ 1 ‘_""“-\
2% /
Cracks Porewater

Fig. 11. Components of soil structure (Angin et al., 2016)

2 AelE 58/ slol mE & Ao Hieks W7Ish| Hste] dxe 52 sl AlRte] Bl
Azl tiet 712 3 g2 st AL, AAZME Fig. 129} Table 401 =5t AH:

100 N W 0
90 10
80 20 =
- 4 =
= &n
=70 30 3
e E
5, 60 40 2
- &
é 50 50 é
= 40 60 =
5 ]
£ 30 70 3
(=9 1)
20 80 ™
10 +]Il-5itl.'l ' 90
—&— Freezing-thawing
0 e 100
100 10 1 0.1 0.01 0001

Grain size in millimeters (mim)

Fig. 12. Grain size distribution curve according to freezing-thawing

42 Journal of Korean Tunnelling and Underground Space Association



Evaluation of mechanical characteristics of marine clay by thawing afier artificial ground freezing method

Table 4. Fundamental physical properties according to freezing-thawing

Dry unit weight Water content Atterberg limit
3 0 USCS
(g/enr’) (%) LL (%) PI (%)
In-situ 1.263 42.5 514 26.4 CH
Freezing-thawing 1.227 47.6 52.1 26.9 CH
Uz A AT, Fig. 1207 Urebd Biel o] 5-2/g-5l1E 2[Hho] Ax]wto] vlsto] Ald 2 71wt <

2 5
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o] k=] Z715137] Wiz 0 = Tt TH Table 4).
Ad At Fe &0 Rt a 800l et wstet Avt g Jr AN dS B Fo HRe
Z/8olol whet fskelA] igleh. JER AN e wE & 259 A%, 1o AWl WE & Aol ot
7t 2 AEof sligdoh= 47 1ol A B 24 Al ES] 27 71 A/3HAI(Liquid limit, LL)2F 4
3 2] (Plasticity index, PI)°ll that & 2} mtaf <] ko] mlu|ote] 52 -gafiell whet 2] 77} HatolA] of
2702 AlmHrt

0.1.4

O

3.2 SZ/&dlo]| e 2
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o
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W Are] 744 W AR EA S WSRO0, B A
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of ketgict
71, Py, 1, A= T 41 (6), (8), (92 F30 242 APAFIZLT, P PG-PO] HTg, tie M) 57, L2 1]
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Fig. 13. Results of lateral load test
Table 5. Summary of lateral load test according to freezing-thawing
Earth pressure Coefficient of | Modulus of Average of
Depth P Yield pressure . . .. modulus of
(m) at rest (P, : kPa) soil reaction elasticity elasticity
P, : kP: Le K : kP .
( 0 a) ( a) (E kPa) (kPa)
. 2.0 4.0 170.5 439.7 2,583.08
In-situ 3037.9
3.2 12.0 216.0 543.3 3,492.75
. . 2.0 5.7 68.7 3449 2,233.89
Freezing-thawing 2349.3
3.2 6.9 87.0 379.3 2,464.68
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