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Tablel Dimensions of the pipe and the freezing-tube

R J5 A RS /mm PR S /mm
T (HAR) 1620 159
BB AL E (EE) 80 8
FRALE (HAR) 80 8

w2 WHESH

Table 2 Flow velocity parameters

R TRSECRE) IS (A )
E1%/mm 80 8
Hi/(m?-h™) 5.0 0.5
Fii#/(m+min™) 16. 58 165. 80

#3 AR B S

Table 3 Physical parameters of the test materials
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C30 7%+ 2450 920 1.950
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Fig. 10 Temperature-time curves of the monitoring points after the opening of limiting tube : at measuring point of center line of

real concrete jacking pipe in Area A (a), at midline measuring point in Area A (b), at measuring point of center line of concrete

jacking pipe in Area B (¢), at midline measuring point in Area B (d), at measuring point of hollow jacking pipe in Area B (e)

HE LA, 7221 WIRPEFF R A, A X iR
FEMXTBXEAWEMN EFEE, B TAXY
VUAR SETOAE (AL, AR TOUAE N 43 A BR A 4, A
IR EE T B X, 380 BR A7 45 A4 B0 mT LA B e B A
DREEMERER Y 9K s E 21 ~ 25 h I () BE Py, IR il
LR I BT, R BIRRA A TF A i, X R SS
TR SR A, Bl VR 45 B F5 2L, TR i AR L
Wik TR . 42 hisk, P ue X 1a) v 26 A 6] 47

E R 2E I RS 3.0C.3.3C.3.8TC
55T,

i 12 0] 0L, FELEP R S5 ] A IR EE ST AR R
FEIEAXTFRAI AT, BRALE 1) TF I AR S 7 )
— 7K B R AT L I R B A PRE TOUAE (] R
BEATSRASE AR TR RIS, Bty M BR ) 1 52 T4 B
MIZRZE BERYT 5K o 10 B X R S TS Fn2s T A
LR E NI, WA R A R R Ak,



2 4 B B4 ARG T A U A IR A e 487
25 : 25 :
! —=— 6 : —=— TR
20 | o 18#IR 20 i —o 19
fi li/h i iig/h
(a) BT 42150 mmPl 53 (b) % 1 #4100 mmigll &
25 T 30 7
' —m— SH#Jl 5 ' —u— O 5
20 ; —o— 208 15 25F : —o— 21HII R
z 20 z
s i e
| © 10 |
g 2 s
§ 0 |
5 i
-10
-15
i /h it /b
(c) B 1] 250 mmPl A3 (d) 5 ] 5 420 mmiPll i3
PELT FRAZAS T I i EE A 1) %) L
Fig. 11 Temperature comparison of monitoring points after the opening of limiting tube : between Point 6 and Point 18 (a),

Point 7 and Point 19 (b), Point 8 and Point 20 (c¢), Point 9 and Point 21 (d)

M. o 200 RS

N7 C HA:C

35

30 150 05
25 0.5
20 -15
15 25
100 .
£ (1)2 £ -3.5
£ o £ 45
= 205 & 50 -5.5
R 10 R -6.5
R -15 i 75
1 2.0 = -85
25 0 95

39 10.5

35 X
4.0 -11.

45 -50 125

-5.0 -13.5

4100 -50 0 50 100 -100  -50 0 50 100
IR J5 1] /mm IR J5 ) fmm
(@) AKX (b) BX
12 Hedridigi B 42 /N SRR R

Fig. 12 The isotherm diagram at 42 hour of the freezing maintenance period: Area A (a), Area B (b)

Al — kP, SE A URDIR, = DU AR 4
TEEWUE, Bk 1 RO R/ HIVE LR A BRAY, X
2 TR ) Tl B8 7 e T A TS g e o 1

%Zie
(1) 7ERBUR UREE I, TR R AT EOR,
URESIS RO Fp 2, JRLRAE R B W A, TELE Hh 208



488 7K JI

+ 42 %

FOV-L% . SRR S A TR AR I AR, F AR,
5 I 5 ) TR 22 5 H 2 ) B R OE G &R
P THUAS AR 1 AL E 25 S e K, B DU i 2
TR T, 25 MR 22 W, FIRLS R =
T P R G AL A TOUR A R, P PR DO AR RE L
“H IR AL g ik A

(2) T T A FR A, U A KR C X
SERE () J SR AR AL AR R XS BRI, 100 B X ZRZEBERY
RIEAwI T2 T4 . BRIZRES 21 h)5, C X RE,RE
R R K, 2 REIE L VRS BESF- Y IR 2
41105 mm; HUKJE B X, ST RE IR [ 5 R4 B 5
JEZyh 80 mm, 73 A BE IE Iy UR 45 e JR i 24
90 mm; A X VR 45 BE RS ] Y [l i /)y, S RELE I
D7 UREEBEJELRE 290 70 mm ., 76T A HEW B R B
SKREYRTEE S, it T Al R E C X A A 20 45 07 =K
DL B PGHIE R 25 i i H

(3) BRI ETF GG 004 hiN B R A 45 5 i
A0 I 8 BRI B 5 B R EE R RR LA T, TR
AL B WA TROE . BE R RO KT 100 mm [ X
W, R AR BR A TF R 5 TC I T B AR R
IKEAAE 530 SR B G218 T e, R W BR A 48 %)
PREEREY R ISIE B A R . EARRAE =R,
PR LR UE A F) R 45 e A R e T I, Tk D B A7 A 7 v
SRR IR AT, Rede 245 6 H 2 7Rk 1)
ROR

(4) &1 S48 78 S bR TR v 8 3 A ), 4%
T FR KR A A B A XU R 4 A A et T
%o DARIGZ5 A T B E , T RAKIeR>
WAL, AALS BOBURIE R 45 A TE T R R g T2
SR R B BN 22 %€, I HLREAS B 47 i 3% 1y 21
FHEA R A8 X P fh 2 70 R T KPR TR, (R T
AR I VRS R A R, &tk
N

2% 3Tk (References) :

[1] Qian Qihu, Rong Xiaoli. State, issues and relevant recommen-
dations for security risk management of China’ s underground
engineering [J]. Chinese Journal of Rock Mechanics and Engi-
neering, 2008, 27(4): 649 — 655. [E-t %, He S . dEH
AR A KR A HL A B | RN ARG LT ). A 1
5T, 2008, 27(4): 649 - 655. ]

[2] Tong Linxu. The way of development of urban underground
space in China[J]. Chinese Journal of Underground Space and
Engineering, 2005, 1(1): 1 - 6. [#EME. T ERITH T4
il f) % i G % (9], bR 25 )5 AR 22, 2005, 1(1)
1-6.]

[3] Wang Mengshu. An overview of development of railways, tun-

(8]

[10]

[11]

[12]

[13]

[14]

nels and underground works in China [J]. Tunnel Construc-
tion, 2010, 30(4): 351 — 364. [ EAH . P EBkEK . BRiEY
R MR SRS ). BB A, 2010, 30(4): 351 - 364.
Shi Quanbin, Yang Ping, Zhang Yingming. Adfreezing strength
at the interface between frozen soil and structure: research sta-
tus and prospect [J]. Journal of Glaciology and Geocryology,
2017, 39(6): 1298 —1306. [f1 %4, BT, KW . ht5
G5 a4 Mk T R iR DR BDIR S B LT ). wkITR L, 2017,
39(6): 1298 - 1306. ]

Cai Haibing, Cheng Hua, Peng Limin, et al. Model test on dis-
placement field of double-route metro constructed with horizon-
tal freezing method [J]. Chinese Journal of Rock Mechanics
and Engineering, 2009, 28(10) : 2088 — 2095. [ %t | 2
HE, S2ALA, A MR BB E K TR 25 RS 3 AR L
(V). A 055 TR AR, 2009, 28(10): 2088 — 2095. ]

Ma Wei, Wang Dayan. Studies on frozen soil mechanics in
China in past 50 years and their prospect[J]. Chinese Journal
of Geotechnical Engineering, 2012, 34(4) : 625 — 640. [ 5
B, EXE. PRGNS0 a MBS RET]. AT
FE2AR L 2012, 34(4): 625 - 640. |

Yue Fengtian, Qiu Peiyun, Yang Guoxiang, et al. Numerical
calculation of tunnel cross passage construction underneath river
[J]. Journal of China Coal Society, 2005, 30(6): 710 — 714.
LEFM, s, HERE, 4. BT 04 8 8 VR 25 AL
LT, BB, 2005, 30(6): 710 - 714. ]

Ke Jieming, Yang Ping. The advance of research on the frost
heave and thawing settlement of frozen soil[J]. Journal of Nan-
jing Forestry University, 2004, 28(4): 105 — 108. [#1{# %%,
¥ R AR TR R SRR R (1], r Aol R 224 (A
SRBIZERT) , 2004, 28(4): 105 - 108. ]

Yan Han, Wang Tianliang, Liu Jiankun. Experimental study of
repeated frost heave and thaw settlement properties of silty sand
[J]. Rock and Soil Mechanics, 2013, 34(11): 3159 — 3165.
(DR = S So A (< 22 ) 4 S =R LSV TIE S R o
(7], “&+7J1%, 2013, 34(11): 3159 - 3165. ]

Shen Yanjun, Yang Gengshe, Wang Ting, et al. Evaluation of
frost heave force models of pore/fissure in rock and their appli-
cability [J]. Journal of Glaciology and Geocryology, 2019, 41
(1): 117 128, [HHE%E, B idt, B0, 55, & rfLBAL
B v ik B R TS HIEREA (0], ok, 2019, 41(1)
117 -128. ]

Lii Zhitao, Xia Caichu, Wang Yuesong, et al. Analytical elas-
to-plastic solution of frost heaving force in cold region tunnels
considering transversely isotropic frost heave of surrounding
rock [J]. Cold Regions Science and Technology, 2019, 163:
87-97

Liu Yingliang. Control and monitoring of ground deformation
during jacking of a large-diameter curved tabular roof[J]. Mod-
ern Tunnelling Technology, 2017, 54(6) : 210 = 216. [ X )i
5. R EARM A T T A rp ot 2 A B s S s (7).
{RRSEH A, 2017, 54(6): 210 - 216. ]

Zhu Hehua, Yan Zhiguo, Li Xiangyang, et al. Analysis of con-
struction risks for pipe-roofing tunnel in saturated soft soil [J].
Chinese Journal of Rock Mechanics and Engineering, 2005, 24
(Suppl 2): 5549 = 5554. [RA&4E, FRE, 20 H, 5.
AR A b 2 T A R B S i TR T [T ). A A i S T
Ri2AlE, 2005, 24(H4T2) : 5549 - 5554. ]

Brun B, Ha H. Underground line U5 ‘unter den linden’ berlin,
Germany structural and thermal fe-calculations for ground freez-
ing design[C]// Proc. Int. Conf. Numerical Simulation of Con-
struction Processes in Geotechnical Eng. for Urban Environ-



2 4

B AR ARV 415 77 XA R RS T A e

489

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

ment, 2006, 225 — 232.

Zhou Xiaomin, Zhang Guoliang. Bearing capacity research and
application analysis on “frozen soil and pipe lodgepole” com-
posite structure [J]. Municipal Engineering Technology (Sup-
pl), 2004, 22: 341 — 344, [JHIGEMg, skEsE . R L+EW &
A R NE RERTT S SR AT (D], AR (T,
2004, 22: 341 — 344, |

Moriuchi K, Ueda Y, Ohrai T. Study on the zdfreeze between
frozen soil and steel pipes for cutoff of water[J]. Proceedings of
The Japan Society of Civil Engineers, 2008, 64 (2) : 294 —
306. [ARN S, FHLRE], AR S R (kK Bt o
AT 250 ]. EARSSHICE, 2008, 64(2):
294 - 306. ]

Hu Xiangdong, Fang Tao. Numerical simulation of tempera-
ture field at the active freeze period in tunnel construction using
freeze-sealing pipe roof method [ C ]/Geo-Shanghai 2014, May
26-28, 2014, Shanghai, China. Reston, VA, USA: American
Society of Civil Engineers, 2014.

Hu Xiangdong, Ren Hui, Chen Jin, et al. Model test study of
the active freezing scheme for the combined pipe-roof and freez-
ing method [J]. Modern Tunnelling Technology, 2014, 51
(5):92-98. [WI AR, ALHE, BRER, . AREARGTE PR IR
577 FREARR IO V], BACREE S A, 2014, 51(5) .
92 - 98. |

Hu Xiangdong, Fang Tao, Guo Xiaodong, et al. Temperature
field research on thawing process of Freeze-Sealing Pipe Roof
Method in Gongbei Tunnel by in situ prototype test[J]. Journal
of China Coal Society, 2017, 42(7): 1700 — 1705. [#{ 4,
i, SWEAR, A5 HEAUREIE A R R A R B3 I R i R
BT V], BER2AAlE, 2017, 42(7): 1700 - 1705. ]
Hu Xiangdong, Hong Zequn. Analytical solution to steady-
state temperature field of freeze-sealing pipe-roof with specific
freezing pipe arrangement[J]. China Journal of Highway and
Transport, 2018, 31(8): 113 = 121. [ 7R, ML, 455
VRGS R IR AT L RS IR B AT [T ], b B i
2018, 31(8): 113 - 121. ]

Li Zhihong, Wang Wenzhou, Hu Xiangdong. Research on in-
fluence of construction thermal disturbance on the freezing-seal-
ing pipe roof [J]. China Civil Engineering Journal, 2015, 48
(Suppl 2): 374 = 379. [ A%, £SO, WA . i T
SRS KRS BT E (T ], AR LR, 2015,
48(H4T2): 374 - 379. ]

Li Jian, Li Zhihong, Hu Xiangdong. Analysis on water sealing
effect of freezing-sealing pipe roof method [J]. Chinese Jour-

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

nal of Underground Space and Engineering, 2015, 11(3): 751
=758, [ 261, 2878, WA B R URGE I 2 LR a1k K
HOR AT (D] R 2 i) 5 TR 24, 2015, 11(3) @ 751
-758. ]

Hu Jun, Wei Hong, Zeng Hui, et al. Numerical analysis of
temperature field of new pipe-roof freezing method[J]. Journal
of Railway Science and Engineering, 2016, 13(6) : 1165 —
1172, [HAR, T, MW, 55 B S v e v R B 3 U
SLT]. BRERMES TR, 2016, 13(6): 11651172 ]
Zhang Jun, Hu Xiangdong, Ren Hui. Case study on control of
freezing effect by installing limiting tubes in freezing-sealing
pipe roof in Gongbei tunnel[J]. Tunnel Construction, 2015, 35
(11): 1157 = 1163, [3K%E, WlmAR, ALHE . SALhRIEE o
G T R ARG RCR FERIAT S [T ). BRI, 2015,
35(11): 1157 - 1163. ]

Hu Jun, Liu Yong, Zeng Hui. Numerical analysis on the tem-
perature field of a new type of pipe-roof freezing method with
different fill-in procedures [J]. Forest Engineering, 2015, 31
(6): 135 —141. [§f&, X155, BIF. PR aRas ik AR g
FEH Y U R G BB LU T D). FRAR AR, 2015, 31
(6):135-141. ]

Pan Jianli, Gao Haidong, Shi Peixin. A study of combined pipe-
roof scheme optimization for the bored section of the Gongbei
tunnel[J]. Modern Tunnelling Technology, 2015, 52(3): 55 —
62. [HEHES., Wi A%, ST, SRR R s B R AL A T
FALOFIEL ] BCERIE R, 2015, 52(3): 55 - 62. ]
Cheng Yong, Liu Jiguo. Scheme designing of gongbei tunnel
[J]. Highway Tunnel, 2012(3): 34 —38. [#£55, xI4kE . #t
JEREE BTSR[], AREEIE, 2012(3): 34 - 38. ]

Cui Guangxin. Similarity theory and model test[ M ]. Xuzhou:
China University of Mining & Technology Press, 1990. [ 4£)"
O ARUEE SBR[ M . M. A A Ry
1990. |

Cheng Hua, Yao Zhishu, Zhang Jingshuang, et al. A model
test study on the effect of freeze heaving and thaw subsidence
for tunnel construction with artificial horizontal ground freezing
[J]. China Civil Engineering Journal, 2007, 40 (10) : 80 —
85. [REHE, WhT A3, SR, 45 . AT RS it T 5% E
ik 5 RN BRI AT [T ], R TR, 2007, 40
(10): 80 -85. ]

Cheng Hua. Theory and technology of shaft sinking by freezing
method for deep alluvium [M]. Beijing: Science Press, 2016.
(A . R PUZGRAE Y I IE SHEOAR M. dbat: B
kL, 2016. ]



490 7k JI| R + 42 %

Model test of freezing temperature field of the freeze-sealing pipe roof
method under different pipe arrangements

DUAN Yin'?, RONG Chuanxin', CHENG Hua', CAI Haibing',

XIE Dezhu', DING Yanglong’
(1. School of Civil Engineering and Architecture , Anhui University of Science and Technology , Huainan 232001 , Anhui, China;
2. Department of Architecture and Civil Engineering , Huainan Union University, Huainan 232038, Anhui, China;

3. China Coal Special Drilling Co., Ltd., Hefei 230000, China)

Abstract: As the key project of the Zhuhai connecting line of the Hong Kong-Zhuhai-Macao Bridge, the Gong-
bei Tunnel successfully used the Freeze-Sealing Pipe Roof Method (FSPR) for the first time at home and
abroad. Based on this background, a model test of FSPR under different pipe arrangements have carried out and
the temperature field variation have been studied. The results show that during the active freezing period, the
temperature of each measurement point decreased sharply in the first four hours, then slowed down gradually,
and finally tended to be stable after falling to the sand freezing point. The three configurations of pipe arrange-
ments all met the freezing design requirements. The freezing tube inside the hollow pipe first cooled the pipe
wall and then reduced the temperature of the surrounding soil via the surface area of the pipe. After 21 hours of
active freezing, the vertical range of the frozen wall in Configuration C was the largest, and the average thick-
ness of the frozen wall directly above the hollow pipe wall was about 105 mm. On the premise of meeting the de-
sign requirements of the rigidity of the pipe roof, this configuration could be adopted to achieve the purpose of
forming a frozen curtain quickly. The temperature curve of the measurement point within the vertical distance of
100 mm at the concrete pipe middle line had a distinct rising stage in 4 hours after the opening of the limiting-
tube, but it still remained below the freezing point and the frost wall between the pipes was stable. The existence
of the frozen wall was stable, indicating that the limiting tube can limit the frost heave of the formation within a
certain range under the condition that the water was effectively sealed between the pipes. The proposed opti-
mized double circular freezing-tube can meet the requirements of freezing design, at the same time, it was more
convenient to install, economical and environmentally friendly.

Key words: freeze-sealing pipe roof method; similar model test; temperature field; pipe arrangements; Gong-

bei Tunnel; Hong Kong-Zhuhai-Macao Bridge
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