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Fig. 2 Freezing strength vs. freezing temperature

P 3 S VAR 23 IF TR X2 flh T R 45 56 J3E )20 o A
9L MG LA, R K 0.999, Fe/hh
0. 961, 7 W] 3 fp I 14 P 45 588 B2 5 VAR 4% ) ) i B AT
RGO LA I, VAR 45 5 T2 T 7 245 I 1] 1) 34
R om . H R - XA O R 2 12 s T e
i fe , IIRTT 20 B AT BRSSP A, ICRE A R
45 1 R O R ol P 1) SRR AL 3, 2 T A A

TSI RE AR T AR, A L R e ik B R 4
S, TR LB R AR S R IerE S RS R
JE o B URES I A A SE S, B PR b R A TR 4k
SERRAR, BT BOE IRAS IR, TR VRS 1 LAk
WIT O S A2 VR A, 0 o0 42 fik A 7 4 o 2 3k — 20 4
Tho HARGERTRES, SIGEIRIE R BPATI, 5
fih TR 14 V% 45 9 B8 0L it 2 8 8 e KA, A 1 B VR 4G

JEB W TAE Mt # o a FRAT  BRAR hy : H 8] i 224k o
ol =5% 500 w.5C 600 w.5C
«-10°C R=0.994 450F e-10C R=0.997 550 «-10°C R=0.999
350 -‘y/ & a-15°C <s500F 4-15°C
Ay & 400 . £ .
=l | R=0.998 5350 [ « R-0994 40T /
Boasot e 20 / =00~ P R=0.961
b b nH - Y
B0l e To50 b o & 238 7
8 5 2 b4 2= LOWT o R*=0.996
150 R=099%6 ¥, | / 0.993 250 F
100 - 150 [ 200 [
50 1 1 1 1 1 1 1 100 1 1 1 1 1 1 1 150 1 1 1 1 1 1 1
3 4 5 6 7 8 9 3 4 5 6 7 8 9 3 4 5 6 7 8 9
VREE I E)/h YRS I TE]/h YRG5 ] /h
(a) K FE R 14% (b) BKFEH16% (©) BIKFER18%
(513 UREETE B VR 25 s ] (4 A2 Ak

Fig. 3 Freezing strength vs. freezing time



2 4 PINIRRER « 53 o Rh e — TR Al RO i T R 4 5t P2 S0 PR 3R 2k 20 A 511

2.2 EEREEZEXEERANBEEZESH
K% R K K 22 8] 52 HAE F ) 32 v 20 b
&, IC RS F R S8 IEE 235 R

3j=3i

eSS v
z;igkww (2)
e d, g, kORI B KR AL URESIREE B RS
f ] CaxX 34N ZE A N K -1E, Hoi, j, kell, 2,

315 x, AR T AR B2 A0 R 2 5 1

W2, ARINRB IR A AR —E
AL, BRI 380 A% B8 A2 AR (LA KR
1)) 55 % A2 HAE T (LR G5 IR 15 VR &5 ik 18] A 52
B BHRA

5= SIS S
J 3k=3 i= (3>
Spe = 2 z( nyk) =Sy =Sc-y

SR 2257 RS, 5 1R 228 227 O A S, 4 il
e

S, =R -y (4)
S, =8;-8,-S, =S¢ =S5 =Sgc =S¢ (5)

1377%151‘”—5}77{7
Fy=(Sylf) (Splfe) (6)

A XERRIH R LRRERAME; 3258
WEAME., 5IA FREE (WA BIEKEE"),
SERUN 25 R 2RI 0 T . FERITRE O 0
2 0 FAE RT3 3 I A FLs, R iz A
ERRr| PO S &R TS ) S o A
HMEER R EEUL, QA 1 ~ VI, WkK4, XF
FRIEHER ZA B EHEACEHE R, il ik m B
EVERY, WS,

#3 FRRIGMERF(f, f)
Table 3  F test critical values F,(f,, f,)

BEAKF« 0.05 0.01 0. 005 0. 001
£=2, £,=8 4.46 8.65 11. 04 18. 49
fi=4, £,=8 3.84 7.01 8. 81 14.39

TR A Z A R A L SR BE L
T i R 2 0 B ) S RS ARG o,
PRAIUG B KA | VRS I B 5 RN I B 0] 2 fik ThT VR 45
SiR JEE B SRR Sk 255, T 34 DR A A 5 A P Y

FNER I NG, RIEV I, BWREFK
AR URGEITE] | URES I Z A S AR AN 2

X A TR VR 45 5 B 7 AR S . 3R Z v, SR
VRESIELIE AN B R, 5 7K 3 /)

#£4 DEHER

Table 4 Significance levels

B E KT B E TR EVERF
@<0.001 TS I
0.001 <« <0.005 e I
0.005<a<0.01 — % I
0.01 <a<0.05 EERTE S v
0.05< ENTES \

5 FIBNRZIAZ HAEHI L Z 4 2R

Table 5 Significance analysis results of factors

kS AMEf BEFITHS F e 371
FIKRA 2 67 720. 035 332.731 I
HESIREB 2 118243.523  1161.939 I
RgEmT ] C 2 43971. 693 432. 095 I
AXB 4 153.702 1.510 \
BxC 4 371. 599 3.652 \
AXC 4 575.262 5.653 \%
RZEE 8 101. 764
S 26 397 366. 830
2.3 [EEFSH

FIH MATLAB 5¢ AR & P43, HAH 56 R %L
FEFE AN 4 I

kR HERE  GERTR RERE
% : 1.0
% 1.00 041
& 0.8
: .
g
& 1.00 07/
®
=
2 047
®
:cd
% 0141 L0)77 1.00
®

K4 FHOCHR BT LALAR

Fig.4 Correlation coefficient visualization matrix

KELY PSS S GIPNAN S EiSE =l EPS
PERYSRES , SERARIC A1, ERTRIEH 0. IER

FORHN R Z A CHERIIE G, i ETA) DL, RES A



512 K I

R + 42 3%

58K GRASI TR S TEA G, SURGS IR R f
AHG, M3 I ZR Z MR AHSCHE R 0, PR, mf Lt H]
ZICRAE RN, e W7 R .

y=B0+ Bix, + Brx, o B, (7)
s BRAR R y W UREE IR, 28 e X I d 2 1A
G T R mE R, BIHREB,, B, -, B.HEL
WA, IHRLR K6,

Fo6 MIAREH
Table 6 Regression coefficient
fliitAss  pAfIHE pRERE oS P{H
B -551.502  31.708 -17.393 9.912¢7"
B 30. 658 1. 860 16. 484 3. 118e™
IR B -22.905 0. 744 -30. 790 3.373e7
TREE I} 1] 23.290 1. 240 18. 784 1. 889¢™"
T FEA%CE . 27, BREHAME.: 23; HIore.

15.8; R=0.986, %5 R>=0.984; F &1l & vs. W BURLAL .
524, P{H=2.63¢,

N R LA E A BE 7R, IR w.

0. i x,, x,, x,, 1HIEIHIT RN
y =30.658w —22.9056 + 23.29¢ —551.502 (8)

ey R Al T R TR 5 w o AR AR B K
Ry O NTURESIRIE 5 t WRGSIFIA]

P15 Ay ] U= A 76 0 &5 SR 5 X B0 AE 10 56 R A
H AT L, SRNME S B I . R 61T PIE
42.63¢™ <0. 05, WERIZIRNH 7 FR A T SE AR B AT
It 95% PR UESE , IR AT AESE PR T AR TR

600 5
o JEIAHIN ;
---------- 1T
500 | ® o ©
a00 & o £ i
S S L :
2 o o o
230 od i ¢ e
£ LA N 4
WE s g :
¢ §
100 | 9.«’
0 1 1 1 1 1
0 5 10 15 20 25 30
RRAS
PS5 [l YA o 2
Fig. 5 Predicted value vs. test value
3 itig

TEFGRIRGES , M i FLBR K S A= 25 i, 7

T EREE L L, RIREd A ok AT, G
BRI, R S IR EE T URENEK , FIE M — 2
WUk, HAA —E B EE, al UG U1
VEFH o 5 235 0 2 fk i ) VR 45 5 52 B 2 422 fiph g L
AIPK R OIS VR, a2 B RS A .
VEE 45 ) 5 1R 5 3R T ) KL 2 A O, 4 fih 1T O
T, BEE AR R A5 50 B A STRREE N, ZH 45 5 Tk
IR T AR S HR A A4 TR L DR A e T
MR TETE R, HBTD))E oA I R i R 4
1, FATMB B AE B AR A 2 RS JEE R 1
T, PRS2 ik 1T ) R 45 56 JBE e A I, T DL 228 42 fh
T AR B, A% B K S AR T S . SR L
RESI AR E T AR, mT LR ) o0 A Jm i
URGS | BEARTRES | S8 RURES =B, SRR R4S R
JERNIRURAS i T RARIERSS , R AR R S+
SEAF s BRARVREE AE IR AR T, Prfr il 34
RAEURES, VR T RS, R AU AR L,
(ELAEAE U BE AR JEE 5 58 A VR 45 RV R 4 i e 1) e 200K
&, LWATRURES, WABWAATEIR RS . BS
L, sl AT £ R 2 55 JRE A R R I R 4 I 1] DG BR $2
Th, A5G RE AR, n LA AT ST X T) A 45 Jot 26
b TR - ik T ) RS I

R FRLIE , X N R A7 R
HATE Ay EE R PR 2Z 1), A AR F AR /N B
FUBH B P (s AR B BE R IR 2 1], 7 22
R T E VRS GO T R . WEFE A B - Mk AT )
4550 25 L ARPIER SRR | URASI ] | VRES TR 1
A WA UREESRE S IR IR K A
VRESIS (] 12 TEAH G, BRI R 5 K A 8 |
URES I TE] R H , #RR F42 fik i A HR B 22 0K
PETT S o VREE SR B o T TR 4 - 55 TRk - VR 45 40)
WY, UREEIS TR FAERS R T35 KR FAE, RIAK
45 INF [ 0F 42 fik T R 45 500 E RO B (B2, e 2
SN R 45 B ] EE B v 5 7K 3R T B {2 T AR A
RIIREE R . X TR WIGRET R IE , A frt— 2
BT SFZEHFTEE R —8, RETRIE 5 RE IR E
A, WRETIEERRAL, URafom L kit .
i DR VR 3 R A R S T DK P
R R 2 50 5, 3K sl R X R 4 6 T 5
TR 2 A

4 it

R E NI BTk, THREA R A



2 4

PINIRRER « 53 o Rh e — TR Al RO i T R 4 5t P2 S0 PR 3R 2k 20 A 513

KA VRGSIREE | VRES I [B) A9 1E 22 8T, 25
BOHT T 3R M H s AR X R B RS 5
TR BE L HE AR THT VR A 58 E BRI , A5 M E518nT
(DTER B+ SR BE L URES 1), il ad $
TR KA, AR URE R, HE R VR 45 I (] ) 7
I, AT R4 fk o ) S R 45 00 BE AT B ek BT
(2) ARBDUG KR | UREN I EE 5 VR ES I ] X
2 e PO R A5 50 R MR O R 2, AT R E Y
SEHAE AR , HEAS R L2200
(BRI Z UL B Hr 71k, #AL T % E
TR URESIR L | VRGS I E] ok BT AG  S R BE
2 f R VR 24 9 B ) USSR L G A R
K, REPR TRRA SR L.
ARSI B SRR T 58, X 3 ER AR
FHTI o o et - 5 TR 2 i i R 45 56 52 ) B PR 0 A
TN, A REE O, P R,
ST TR S WE i T R 24 i B2 11 PR R 9 A 23
B, g5 i T 3R B /NI, X S BrT
FEHA —EE 28X, W RERKB AT, Al
2 B S BB DR IR A R LA R AR 2R S 10 VR ik AR
P, HREMG B8 TR ATAa 2 AL
Ak, ST A i T R 45 5 TS TR AN £ 3 A7
350 D IA] AR ] 247, 71 52 M) 15 45 A4 M 1T R 45 540
JFE RN Z AR IR T AW ST L, X T2 fih T VR 45
548 88 1) IR R BB A 1 SR AR BIESE

2 % 30 (References) :

[1] Sun Zhaohui, Bian Hanbing, Lu Xiangyu, et al. Direct shear
tests of interface between salinized frozen soil and concrete lin-
ing[J]. Journal of Glaciology and Geocryology, 2018, 40(3):
556 = 562. [FMEHE, FOUL, BT, . ikt — iR
TR Ao ik T L9 RIS (T ). vR)IVR L, 2018, 40(3)
556 — 562]

[2] Li Jialin. Mechanics models of frost-heaving and the research
of anti-frost heave structure for lining canal [D]. Yangling:
Northwest A & F University, 2009. [ 2% Ik . 338 ) 1 %5 K
MR T “# B R B AR IR S F WP (D], Wk - P AL AR
K, 2009.

[3] Choi C H, Ko S G. A study for predicting adfreeze bond
strength from shear strength of frozen soil [J]. Academic Ex-
change Quarterly, 2011, 27(10): 13 —23.

[4] Wen Zhi, Yu Qihao, Ma Wei, et al. Direct shear tests for me-

(8]

[10]

[11]

[12]

chanical characteristics of interface between Qinghai-Tibetan
silt and fiberglass reinforced plastics [J]. Rock and Soil Me-
chanics, 2013, 43(Suppl 2): 45 - 50. [{R%, Al , D44,
A ORI A v ) e e B R (T ],
737, 2013, 34(3T2): 45 - 50. ]

Wen Zhi, Yu Qihao, Zhang Jianming, et al. Experimental
study on adfreezing bond strength of interface between silt and
foundation of Qinghai-Tibetan transmission line [J]. Chinese
Journal of Geotechnical Engineering, 2013, 35 (12): 2262 —
2267. [, AR, skEED, 55 . 75 80E Ui 2L v TR A
il VR 2 5tk BE R B WE T [T, & b TR AR, 2013, 35(12) -
2262 - 2267. ]

Lii Peng, Liu Jiankun. An experimental study on direct shear
tests of frozen soil-concrete interface [J]. Journal of the China
Railway Society, 2015, 37(2): 106 — 110. [ Fl§, Xz 4.
VR 5 R R i B ST BT (7). g2, 2015, 37
(2): 106 - 110. ]

Zhang Saize, Bian Hanbing, Dong Xiaohua, et al. Direct
shear tests on frozen interface between underlying soil and con-
crete lining of channels[J]. South-to-North Water Transfers and
Water Science & Technology, 2017, 15(5): 164 — 169. [#%%
B, MU, FE/NME, G5 BRIE R EME - IREE LA ARG
il BRI WA (1], maKALIE KRR, 2017, 15(5):
164 - 169. ]

Ji Yanjun, Jia Kun, Yu Qihao, et al. Direct shear tests of freez-
ing strength at the interface between cast-in-situ concrete and
frozen soil[J]. Journal of Glaciology and Geocryology, 2017,
39(1): 86 - 91. [FHEMR, TR, AUARNG, 4. BLDEIREEL-1R
o fih I o R T BT R o (T ). vk £, 2017, 39
(1):86-91. ]

Feng Yong, He Jianxin, Liu Liang, et al. Experimental study
of the shear strength characteristics of fine grained soil under
freezing and thawing cycles [J]. Journal of Glaciology and
Geocryology, 2008, 30(6): 1013 — 1017. [ 5 , {25, X
S8, UREIREAE R AR b BT 0T ot BRI T [T
vk 1=, 2008, 30(6): 1013 - 1017. ]

Li Shunqun, Gao Lingxia, Chai Shouxi. Significance and inter-
action of factors on mechanical properties of frozen soil [J1.
Rock and Soil Mechanics, 2012, 33(4): 1173 — 1177. [ ZE)li
BE, WRE, SEFFE . ORI MR B I 2R A S
HAERBEELT]. A%, 2012, 33(4): 1173 - 1177. ]
Chang Dan, Liu Jiankun, Li Xu, et al. Experiment study ef-
fects of freezing-thawing cycles on mechanical properties of
Qinghai-Tibet silty sand[J]. Chinese Journal of Rock Mechan-
ics and Engineering, 2014, 33(7): 1496 — 1502. [#F}, x|gt
B, A, S ORBAE R O D 3 2 P U v ) U
WHELT]. A 22 5 TREEAR, 2014, 33(7): 1496 — 1502. ]
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. [f1RM, #F, kKW . Bt
G5 Ky 4 fik R iR PR DR S R B LT ] wkIR L, 2017,
39(6): 1298 - 1306. |



514 7K I 7 + 24

Significance analysis of factors of freezing strength between
silty clay and concrete lining

SUN Zhaohui', BIAN Hanbing'?, WANG Chenyu', LU Xiangyu', QIU Xiumei'
(1. College of Water Conservancy and Civil Engineering , Shandong Agricultural University, Tai’an 271018, Shandong, China;

2. Laboratory of Civil Engineering and Geo-environment, University of Lille, Villeneuve d’ Ascq 59655, Lille, France)

Abstract: The mechanical properties of the interface between the frozen soil and various structures play an im-
portant role in most engineering in the cold region, which are affected by many factors. In order to study the in-
fluence of the freezing strength of the interface between the silty clay and the concrete lining, the orthogonal di-
rect shear test considering the water content, freezing temperature and freezing time was carried out. Test results
reveal that increasing water content, lowering freezing temperature and prolonging freezing time can improve the
early freezing strength of the interface, and this promotion is linear at the beginning of the freezing process.
Based on the theory of significance analysis, it is found that water content, freezing temperature and freezing time
have significant influences on the early freezing strength of interface, while the interaction between the three fac-
tors has little effect on the freezing strength. Among the three factors, the significance queue is: freezing temper-
ature > freezing time > water content. The second-order interaction between factors was ignored in the multivari-
ate linear regression analysis. The prediction model of the freezing strength of the interface between silty clay
and concrete is established, which is affected by the water content, freezing temperature and freezing time.
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