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Frictional behavior of rock pipe jacking in mixed solutions of varying

pH with coexisting debris
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Abstract: Previous studies have indicated that the sudden increase in jacking force and pipe sticking in the
Guanjingkou rock pipe jacking project is closely associated with mud cake formation from crushed debris. To
address this issue, acidic and alkaline solutions are applied on-site to corrode the mud cake and restore jacking
progress. However, during the rainy season, these solutions may be transported backward by rainwater, potentially

affecting subsequent pipe sections. To investigate whether the coexistence of karst water and acid and alkaline
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cleaning solutions influences the frictional characteristics of subsequent pipe sections, this study combines indoor

direct shear tests, scanning electron microscopy (SEM), and field monitoring. The frictional characteristics at the
pipe-rock interface under different pH conditions and debris mixing scenarios are systematically investigated, and
the effects of key factors on the friction coefficient are analyzed. By comparing predictions from the experimental
model with field monitoring data, the reliability of the results is verified. The findings provide a theoretical
foundation and practical guidance for friction control and pipe sticking mitigation in karst environments.

Keywords: rock pipe jacking; karst water; pipe sticking; solid liquid ratio; particle size distribution

Ty e g 5 PRI £ (i L 93K A 0 7R 8 5 A 3K IR G 1) B LR A 260 X K 42 1)
RO i T SR R S e ol 9 b R SRR R i SR (H A WY 2 T R S OKAL R R R R AT
JK B 28 v R S B TR R BT RE S AR AS o AN A BCA AR O SR R A A R K R FR R (i CO,
AR TR A ) 2T R 3 A e SO T A e R A A A A AR U B R 3 DR KL e e ) 4
e 55 4 2 T A AR A A T, 25 R T BORE Z E A IR 23 0 A1 o SR, A S ok — B0 JFS G % - SR T 3 1 22 TR KR
A HLH R R G R IR R RIR A S A K A A T R S S BRI R S

P it T B 37 £ i = 22 B 9 0T, 22 (80 ] 5 79 o ol Xt R AR B2 00 ™ o 4 bRk A 2L, DA T 68 4 45 I
A, T TIIEAAES A—7 A ERIEERS, B R TR 7 8 SRR 2L, AERERT K
2 R KA AR S A 18] B R B A AR A (AT AR TR 5 180, I 180 Jm 5 B9 A I 2%, S BU 2 4 i T e 9
F1% 7 1 - 906 9 e figh 6 01 2 T e A DA YR S S RS ) BE R AR O L O I A T B AR . AT, 2l AR A
MU 5 R AR B EE SRR BT A 2 R A e B S e T KR B B IR S AT S TR R AR AT 5
B 38 T 5 M 5 D A AR R sl g DR Ak B Y 5 S m T A KUK

i LRIk, SOh M E N B IS, TS F pHIR & S A FURAR R RE S  E ARG LA T A
UV A9 PR 5 P AR o) J TR BB I35 0 i 5 1 B 458 % A 52 o LA, O M) P A 43 F 7 S BB ( SEMD) A 3 T AL
it A (SRMO) X FEAN [ 2% 11 422 fk 9y 42 i 1o A9 A2 4k o de e, R0 S Jier vy T T 2 =55 B 3 W i 8 o
XL 6 a0 A T P o AR SRS A TR it L e A T i ke B B B A | 3 Ay K A A T
TR BB A T A A B BR 3CHF

1 MEHMARREARIESS

U 9 R b R VA R N A S R CI Rr  e= =0) r  s W S O N P 5 07 NN U
VR H 2 — o K JEBE B ST A0 29 55 km, BUE AR 1.52X10° m?, A7 FEZX 1.19 X 10° m’, £ 3¢ 1 77 A4k hiy
AKUR o I LG K PRI Y TR K IR 25.03 km 19 i K 45 3E TR R 5O 5.09 m/s. B K 4R 3 E AL
16 15 BRI 15 JC R BRI 15 B 25 JC R BRI (3 5 T BRI 45 JE R BRI L6 5 A R BRI 7 5 T R
W& 8 5 JC F R ) i 7K 2 i T 2 o R ) b SN 0 R R A D TR BT A AU SR RS R
7.8 5 BRI, Horh 745 BRI HER 15~34 m, 200 BRSO KE b A RO 2 R T K
A e 2R R IV 85 TR ML N 13~63 m, b Ak | 4 <5 1) R AZ 56 , 2 10 B Fil A N KA R b
A RO =58 KA R A T KT BRI 2R O T2 R IV 2

AP T g K42 H AR 3 220 mm, Pic 25 4K 3 TR 56E 1 T 442 3 170 mm, 4% 4 2 650 mm, 45 BE
9260 mm, WA 1 B7R . B 2.5 m, By T 37 T, A4 ORE S N A TR BE 1 TR BE LR EE SR 9 €50,
BTN 2 2 EH, 423 60 AR E AR N 12 mm B9 HRB335 4 il A EL A A7 , 18] #5 4 150 mm , ELXFRAG & .
T6] 5 A5 KLAR 55 2 1) A9 55 AR I, ) 100 mm

H %W\



80 %49 %

o o 70 56 BE VR -

3170

Sy

260 | | 260
T T }
3170 25

B1 EHR~TE"(RA:mm)
Fig. 1 Pipe section size "

2 RE-RELTETEZFERE

20 AWMU FE G &E

E R YZW-30 A B ORI 42 1 R A e B 895 43, 18T 2 () e s o a8 b 48 R B 21 T A M 1 A
B FE XS G, e b 2 AR AR AT ST S 25 mm X 50 mm; T 2 ER S 2 B 8 L 242 O R=25 mm, B K

(a) WA (c) JREER
2 MESKGERTHE

Fig.2 Instrument and specimen size



%5 M BXA ,F: AR pHRASGREHFEEALFMHTEEME BRERAR 81

100 mm, 3C AR FH b ol S 780 422 ik 5 8 XoF B 482 4 1k 1AE AT AF 520 0 T A8 O i IR TR LA A W IE A LE TR
N HE Sy W 5 A A M T R R L TR BE I N B C A . H SR AF 9l €50, LA R SF 2 180 mm X
180 mm X 100 mm (& X 55 X &) , FF7E T #EFF 5 140 mm X 52 mm X 26 mm (£ X 55 X %) B9 M 4n /& 2(b)
FE 2(e) firR o DABERLAE 7 100 5 s il 1 22 ) i 4 il APk o 3R 09 ) 2 S 80 3R 1R o

®1 KBRGENFESHY

Table 1 Materials properties in the direct shear test

g % /(kg-m™) HER/NEA NEEHEfR/(°) FHE Ji/MPa PR /GPa
KA 2750 0.3 28 0.6 34.5
TR BE 1 TG B 2550 0.2 — — 4.0
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Fig.3 Photographs of on-site contact objects
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Fig. 4 Schematic of pH decrease outside the pipe
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Fig.5 Diagram of pH preparation for acid-base solutions Fig. 6 Standard particle size sieve analysis
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Table 2 Friction tests orthogonal table

B 2 PSD SLR pH 08 R PSD SLR pH
1 1:1:5 4:1 4 19 1:15:1 4:1 7
2 1:1:5 3:1 5 20 1:15:1 3:1 8
3 1:1:5 2:1 6 21 1:15:1 2:1 9
4 1:1:5 1:2 7 22 1:15:1 1:2 4
5 1:1:5 1:3 8 23 1:15:1 1:3 5
6 1:1:5 1:4 9 24 1:15:1 1:4 6
7 1:1:15 4:1 5 25 5:1:1 4:1 8
8 1:1:15 3:1 6 26 5:1:1 3:1 9
9 1:1:15 2:1 7 27 5:1:1 2:1 4
10 1:1:15 1:2 8 28 5:1:1 1:2 5
11 1:1:15 1:3 9 29 5:1:1 1:3 6
12 1:1:15 1:4 4 30 S5:1:1 1:4 7
13 1:5:1 4:1 6 31 15:1:1 4:1 9
14 1:5:1 3:1 7 32 15:1:1 3:1 4
15 1:5:1 2:1 8 33 15:1:1 2:1 5
16 1:5:1 1:2 9 34 15:1:1 1:2 6
17 1:5:1 1:3 4 35 15:1:1 1:3 7
18 1:15:1 1:4 5 36 15:1:1 1:4 8
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Table 3 Summary table of friction coefficients under different test conditions

W 4 T J0) P 45 AR J WY 5 R W o T 401 P 45 2 B I W 5 R
1 0.806 0.711 19 0.646 0.580
2 0.781 0.709 20 0.517 0.610
3 0.824 0.592 21 0.692 0.558
4 0.838 0.612 22 0.728 0.687
5 0.765 0.609 23 0.558 0.620
6 0.731 0.559 24 0.628 0.553
7 0.758 0.706 25 0.619 0.612
8 0.855 0.643 26 0.472 0.634
9 0.818 0.525 27 0.556 0.615

10 0.813 0.624 28 0.633 0.671
11 0.817 0.674 29 0.615 0.620
12 0.697 0.568 30 0.544 0.502
13 0.597 0.652 31 0.576 0.638
14 0.682 0.617 32 0.497 0.693
15 0.558 0.549 33 0.561 0.624
16 0.642 0.649 34 0.546 0.608
17 0.650 0.669 35 0.604 0.581
18 0.608 0.545 36 0.496 0.524

x4 FESWER
Table 4 Results of ANOVA

5 B B 2= 5 F-J5 A S ¥55 F p
SLR 0.026 5 0.005 1.903 0.139
pH 0.014 5 0.003 1.021 0.431
A JF 8 90 DR A0 4 2R
PSD 0.345 5 0.069 25.634 0.000%*
R 0.054 20 0.003 — —
SLR 0.061 5 0.012 33.607 0.000%**
pH 0.033 5 0.007 18.292 0.000%*
R I 58 Az B LA R
PSD 0.004 5 0.001 1.966 0.128
WE 0.007 20 0 — —

3.2 PSDXEE R E
SRS AS T[] PSD X B8 488 22 i HLAA 5 i 5 EE 8RR M R R R 4R AR K 88 ) 62 B8 ok AR 1t 2R 43 B[R] — SLR
TAN[E PSD 5145 BEHE R BN RS2 . R 58 AR a6 25 R A 24 Ttk 5 LA, B B SLR=4:1 5 SLR=1:3 X 2 F #}
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Fig.7 Summary of indoor friction test results
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Fig. 8 Photographs of ploughing effect
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Fig. 9 Diagram of the variation of different rock 10 EME®RR
debris gradations with total mass Fig. 10 Turbid rock powder suspension
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Fig. 11 The high viscosity “cake-like bentonite”
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Fig. 12 Macroscopic and microscopic comparison diagram of contact objects after the experiment
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Fig. 15 Macroscopic and microscopic comparison of limestone surface at different pH levels
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