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Shear Strength Deterioration of Remolded Loess During Freezing-thawing
Process Based on BP Neural Network

XU Jian, FENG Can, WANG Zhangquan
(Xi’ an University of Architecture and Technology , School of Civil Engineering, Xi’ an, Shaanxi 710055, China)

Abstract: The damage law of loess strength caused by freezing and thawing cycles is very complicated. However, the tra-
ditional method based on only one factor is difficult to quantitatively determine the statistical relationship between the
damage law of shear strength and many factors. Based on that, freeze-thaw test was firstly carried out to get the shear
strength index data of Xi’an (; remolded loess under different dry density, moisture content and freeze-thaw times. Then
a prediction model was developed using testing data based on BP neural network. The results show that the cohesion of
loess decreases exponentially with freezing and thawing times. With the increase of water content and dry density, the co-
hesion decreases and increases linearly respectively, and has approximately same variation after freezing and thawing. The
internal friction angle changes undulate with a small amplitude and has no obvious variation during the whole freezing-
thawing process. The relative error of prediction value of cohesion compared with experimental data is little, indicating
that BP neutral network forecasting method has good accuracy and can describe the quantitative relationship between fac-
tors and cohesion.

Keywords: remolded loess; freezing-thawing; shear strength; BP neural network; prediction model

WA TIRE PR LI, & WK SR R ERMZ — R ST SR T
I SRB BEEE A S B LS I REE T R A R AT BT 08 BE 4 b A A SE B 4
MR o VREIE R R K AR R A SRR R R R ST, B
ARG RS L A E R 24 B URELE R PO R 2 (L SR T

¥ #s B #A:2016-07-17 f&%% H #1:2016-08-12
E£WA:EE BRI I4 T H (51478385,51208409) ; B PG 45 20 T L WRHIF XI5 H (12JK0914)
EBET 3 f(1980—), H IARBE LN A, BlHER, FENFEXE L TR . E-mail: xujian@lzb. ac. cn



14 KA S 25 T RE2ER

%14 5

TEE T AR, BRR T — @ RHPCR . £ AT
ST AR M A EUIR 3 O BRI R G2, B SR ARG 2R
XPICBY YIS BRI SR R A S R 22N
RSB FE A R, URBRAE HIA AN [R]85 0
FEAE SR AN AR, I i b S SO T A 1
KRR o 58T R X AN R R R 9 )1
oA T =Rl BT VIS, RS T R BAE PR A T B
+ SRR S R SR S o F
o VR R R R R 5 AL TR TR AR
7 22 OV S T R R P X 45 24 £ 0 T
SEH W S PR AR, H R T R R 6 2
B IR A LR 2 RO g
T URRIGERAE A IR 52 3 ok oy oAl S8 Je
JEAE TR ) A B s R

SR, VR Rl B 3 B0 9 A o A e —
AR 2B A, DI T R Rl A v T o
FESRPRHIDTFER 25 o TR IG5 HE FE A ) 8
JEE 5 KR e O R R S S DY 2R 2 T Y B — 22
G R AR o AEE B — D RPN B R B AR Y
5 EE FE b 25 AR DT iR O T 45 RAEAE 5 S P O
AR 22 o X T U Rk A 2 D0 58 A bttt
PRV HERR AN 5 255 5 I8 T3R5 KR R
AR 2 A R IR . ARG T IR e 2]
o b URES R BT 3R SRR R S Z IR Z ]
MRS R R o FE T I, 75 53 5ROBT A R A2 ok fige bk
AL, BP 22 4541 0 {5 AL BRIK — FiORT 7 i, fiE
UEAR YT 1 58 2 JCAR LM A AU A (5 LD RE , 1F
17T A 37K BB R M [N 3R 2005 4 - R R B 9 JEE 5

ZIa s e R g e i % U2 R ek BP
WL B L UBT 9 B RS AR VAT 1 B 5 A7
A BP 4 AR ST T T B IR
FAU T J7 1% s 22 5 A T R A
Je AL G B R Y BP AR Y 5 v e g 115 3
T A A 2 A 245 RS TR X B - R S AR E
HEAT T BOUBSE . SR B R R Rl R 2 e B o B
i brA O LR P N T 22 10 248 TS TR T 5838 A X
B HAE R G 4z, ASREAR i o4 7 VR Al A TR
o AR 25 A A AL

FT I, ASCHE A% Q B M GIF
JRE A PN R Rl i 10, 43 M 4% DR 3R 0 2 R Rl e oY
SR SRR RLEE . AR5 T BP 22 R 45 5303
Xt a8 PRI Kt HEA T 27 ~ AN Sk, 2T A5 321 4% 52 0
PRI 2R [ 5 i BE 4 s 18] ) 22 30 50000 7, LU A5 3] —
P RERS LR G PR 22 DN Z 0 B T VR T BT 5 5 1
TN 7 i o

1 I B b i < ISR 5

AR FE R 1 B 4 76 % 71 5 B
SEBUTARBL I TRHE S m~ 6 m, I T 16 3B
Qs #t o EABRSEHR RIS T3 i 7
BLOYHR AT bR 5 (L FF O T 3 K% T
PR BRI ST, R 4 AT
e B 7 R EK AR, SR BT AR ) U R U
ST (L 1), 36580 80 24 -+ LR il
B L

Fz1 RAEMLE
T KR FKER2  FHAKEI HkEK4 FIKFES R I/ C i1l /h
/(grem™3) /% /% / % /% /% PRRSIN pited B, Hrak B,

1.4 15 18 21 28 33.6(Huf)
1.5 15 18 21 — 28.9(ffA) 0.2.5. 20 20 1 0
1.6 15 18 21 — 24.7(HaA) 10,20 N
1.7 15 18 — — 21.0(HfuFI)

T RS —" FRALEAE B FREE

1.1 FHEAH R A AR F ) BRSOk [ RS54, 8 Ak

1 25 o AR R R ) S R R B A L
2k, M1 HRal DUA bR TR 26 R
AR RS R PG TRES, e il FE
FR 3 PR VR b RO N2 A7 08N , (B AR R 2
W o UREETEES 5 W IR R T T — R
TERE, AR B 3 . T RN, BT
HRIURE S LKA AR T VR ZE , £LBK 45 b 3

SRS B AL, BRI R . 2R, L
PRESH SR L T8 5E IR SR I, B R 1 IR T
Ko BLAN, AR K R BE 30, B K38 2, U5
P 7 0 i) e A 1T A% 5 TR, (4 B D7) T % 7K
RN PRI R e TR 2o 2R T SR R R %

2 G MR 58 KRR R . A
2 AT U L B SR IE N, 2R T B 2k



%6l

VF O, A T BP AR I 45 ) B B R R 0 58 B S AR ST 15

LR AE , HLVRREE 2628 715 5K R i 2 AL LA
LIEME G X 2R PSRRI, 615
KL (8255 /K B &, S B AR B AR, L
S, UREAE NS B PRS0 A 5 T P 0 , Bt VR

120
—a—15% —o—18%

100 \-.;‘_21% ——24.7%(H1 1)

:\i\\,tﬁ

o
(=}

(=
(=1

Fi® H1C/kPa

— o
40
20‘
0 5 10 15 20
R RlBIN
(a) p=1.6 g/lcm’

A REREAT , ARG B T — N AE B 5k A% i B AR (L
(P 1) DAL 5 il i 6 2R 0 45 23 AR i A2 A pL A
LEPES

160 ‘ ‘
q —a—1.4g/cm’ —o—1.5g/cm’
140 ——1.6g/em’ ——1.7 g/em’
120
v
§ IOO‘¥
2 80p X . .
60
& o
40
20 F
0 5 10 15 20
RN
(b) w=15%

1 #HEHEFBRBKXAMEZE

120 —a— N=0
—o0—N=2
100" —A—N=5
——N=10
< 80i ——N=20
A~
=
5 60
& 40
20
0 1 1 1 1 1 J
16 18 20 22 24 26
FIK Ew/%

2 HRANSEKEXRHML (p4=1.6 g/em’)

B 3 s AR5 T A i 2k
P 3 AT, 3SR T T B g e i, 2 B
LS S YIRS S Y S O s
SR, 3 (ACRIURE 22 8] F) A 2 AN , 23565 7K I R
DRI 266 SR B vy o e b, e T R R A O B
SRR RE T AR 1, b AR B T — R R AR
SBERCMEL (& 1), DM R il 2628 1 5 T3 BE R A&
AL LA B 45, X -5 AT IR 3 2R T B 35 7R 1Y
AR R — S
1.2 NEER

] 4 T 7% DAy T IBE 455 A I 7 il 0 802 A R
2o MNIEL 4 ol UG i, PN BRSO Rl O B2 £k
SPRIE AR S, B s B, s s A 50
AN 33 i A Ay o it e P B 45 A G 2 A2 1
XM FCIEID , 32 PR DA 2 i B R PN R R Y
RN R R B MO 2 1] 4 S T AR R L R E
AR MR RLAE R LA 1 PR 2R TE W e 52

100

80

(=
(=}
T

Fi % J1C/kPa

1.4 1.5 1.6 1.7
T EA/N(g * em™)

B3 #RASTEEXRHE(w=18%)

1.3 itig

IR 2 SR A] DA R, o e AR B R A
R T 8 SRR R R RO 52 4 W 2
A E A TEAER T3 RN, T BP A2 K
25 n] U R B YIZRbEAR 22 ) SR A St 2
(] 1% e E A E L Mt 5C 2R 3 TR AL e . It
Hh, N BB AR S IR AR A LA, {H U B9 R 3D
A R Rt 75 N 45 AR T W] 8 A8k BRI, TR 3
SIATVPAN VR il R U A AR 5T 9 B AR 4 AL LR
b, AN %o 266 2R g g N7 AR Y. BP P28 IR 2% Tt 0 5

it

2 BP fh& g% IR

TSR R e 0 0 B A 25 AR 7 7K
R TR R R R B T B R b D ke
AFMRNF . HeT I, A SCHEPERTIR 80 4125 i
BEVRTER T SRR KT 64 4URHBAE Wl 2kt



16 PRI RS ES I

%14 5

A5 16 LB IR A B B A5 2R AT e k. i T M)
RN LAl R S RUBRE, Hdth iy 0 31 1 2
[l EELER o LA, /N AR il TR R
ZE B R T B N B B BER LA S
PR 28 W A 7 X RS AT U — (e Ab Bl SR

40 -

y

2
S zoﬁ—V\V\ﬂ
B
g - 15%
1ok —o—18%
—A—21%
——24.7%(1 )
0 5 10 15 20

U il v
(a) p=1.6 g/cm’

U A — e R SO0t A At R R T TUAL B -
(y,p,) = mapminmax(p, ¥y Vi) (1)

ey i A — AR s p, W BIRES 5 p O

TR 3 Y i PRI BT 55/ NBUELs y e 9 D1 B

=)
*ﬂ‘ﬂijﬁﬂl{go
40
30F
N
S
=20}
i —a—14g/cm’
= —o—1.5g/cm’
10} —A—1.6 g/cm’
——1.7 g/ecm’
0 5 10 15 20
VR Bl BNV
(b) w=18%

4 HNEERSHFMRBXFRMLE

K 16 ZH T00EA A9 S0 AN S A I 2558 A i 22
P26 PR L | AT IR U, T 45 SR AN 1&] 5 R,
A5 RN, vRRl I R 2 R (S (7]
FARFERZERUIN, B KRR R ZE AL 0.08724 , 155
S PEMME AR A U AT By i — 2ok o B

35
< —— R

30 —e— T AH

<

£ s

=

R

B ool

15 20 25 30 35

T IK Ew/%
(a) N=20,2~=1.4g/m’
80 r
q —— 50 {E
oa | —e— T
<
ay
=<
= as}
S
32+
|6 1 1 1 J
15 18 21 24 27

T IK Ew/%
(c) N=20,2=1.6 g/m’

22 W25 FUA VR Rl od e T B R R R ) AR B AT
FEOR I, BE T S 2 R R Rl 2 R 3R
TR R | AT e 41 3 T 9 B VR R R
R g ot

60

—a— B
—e— LI AH

(%3
[}
—e

% )1C/kPa
~
<

(%)
[}
T

20 1 1 ]
15 20 25 30
T IKEwl%
(b) N=20,2,=1.5 g/m’
120
—a— 00
30
100 —e— T Il {EL
£
= 80
5
73
ﬁg\\ 60 .
40
20 1 1 1 J
14 16 18 20 22
K Zw/%

(d) N=20,p2:=1.7g/m’

B5 #ARKBBEEAMRAMNUER



%6l

VF i, 5T BP R 0 455 ) B8 B R VRRE R BT Y 5 25 AR DS 17

itk — B RE Bk BP s 45 B 72 AL AR
J1, R A S 28 R Tl o B R 6 i
AT IR AT, B A SRR 2 Fin . M
EGIIIVE R NN ER T ST - RN puN
TG 5 TOEL 22 (8] A X 152 25 IR /N, e R AH X i
2600 0.1123, 3% 7847 B _F 38 P 25 ) 28 A5 A B AR
GF Iz A RE ST RN AT SR

R2 WABERARBEATMINER
Rk TEE ok

o A FHES) C/kPa %t
o BN Od w N
TR em)  s% Wb m AE
1 1 1.3 16.5 21.65 21.319 0.0153
2 3 1.3 16.5 21.37 19.781 0.0744
3 5 1.3 16.5 21.10 20.887 0.0101
4 7 1.3 16.5 21.13 19.372 0.0832
5 1 1.3 16.5 21.56 21.319 0.0112
6 3 1.3 16.5 21.23 19.684 0.0728
7 5 1.3 16.5 21.10 20.587 0.0243
8 7 1.3 16.5 21.04 19.972 0.0508
9 1 1.3 20.5 15.31 13.591 0.1123
10 3 1.3 20.5 14.23 12.835 0.0980
11 5 1.3 20.5 14.00 13.531 0.0335
12 7 1.3 20.5 13.80 12.863 0.0679
13 1 1.3 20.5 15.07 14.591 0.0318
14 3 1.3 20.5 14.05 13.435 0.0438
15 5 1.3 20.5 13.85 12.531 0.0952
3 & ®

W IR AR B, RS R R R X T
W KR R IRR S oy W 2. 2T BP
E YRR VAN ) Ny & Y&V € T
R T WAL, 75 DL R E5E

(1) o8 - URE R 3R 7 B U il R0 o S 45 B0
DBUE s b 3R T B 5 7K R T BE G 0 ) 2 B
LRMETEDCMIG IR AL, ELURRRIS 2525 T 5 5 KR A
TR LRI Ao A EESE A B VR R KK
AR S IR IE A Ak i EL i 3 B/, T B A
1t

(2) FET BP it 2 (3 205 AR f) 0 A 356 1
ZIAAHRRZE RN BE L5 6 SO B kR K
URRCRION 658 7 B2 50 4 3 T 98 8 R
SUREE P LA ek S e

AL BP 2 451 £, Wi B A R Rl R T
B BE R R PEAT N R A2 2T, mT LR 21 g
ZRAE T H DO SR AR PR BUER I 2 %

Sk

(1] VLW RARIE A T 8 Y Bk AR LA (D]
W - PE LA K %, 2010.

(2] JA #h,ik B E RS ORAIGEER T R AR
BRI AR SRR (0] vk % £, 2015, 37(1) : 162-
168.

(3] TR, X L, 2% . AR RS IR A o SR R
me G AT [T ] KR 224, 2014,45(S2) : 14-18.

(4] ThHEE. o w3 i 3k 30 9 52 e 1 3 0 B 5
[D]. 4% PELRHE R ,2012.

(5] F8A7, 808, X/NE 2% 583 K AR (1 R4 A
R+ RRlas e TR oE (1] . A £ 0%, 2010,31(8)
2378-2382.

(6] REEE,FTHHE, XIZHL VR AR X 22 0 35 + T 24k
TR T] . A+ 12 ,2008,29(4) - 1077-1086.

(7] 57 ek, DA . VR AR B VR %o 3 At Pk B2 1)
LT Uk +,2014,36(4) :922-927 .

(8] e, ik ZZE B, 5 KIAVRAL IR IR 5] A2 5 + 98
FELARIEUF S ()], TR b 5 2+ 9], 2010, 18(6) :
887-893.

(9] MAZE ApEt, ZEE F HMIEHRSE8)#E+0
PeRERE = AR LE R aT [T] A A e S TR
24 ,2012,31(1) :199-205.

(10] ZE=E,D 4,2 7,%. el E5iE L TR
RSN R B B AT (] KR 5 R 5 TR 4 4
2010,8(4):5-7,20.

(11] #AEAE RS PE e T LT AR (M. bt 2 R
#1:,2006.

(12]  Sedfedi, & B, 5k 7, % B TRy BP #2445
XV P R R AR RS (1] KR S @A T
2R 4R ,2000,7(2) : 1-4,13.

[13] # o, ERM, AR 87 5 LRG0 4 0 BP
P28 7 [T]. VAL R4 (A 8B/ , 2007,
37(5):815-818.

[14] Z=FEFE T Matlab 1 BP 28 W 45 76 28 + AL A
FREIR D], 22 22 M BT K2, 2006.

[15]  F@ss WS, BRHEES . 38 4 vl Bl RS i Tt A 7
WEFE ()] . A £ T4, 2011,33(S1) : 163-169.

[16] TEHeZ:  RAMER 8 - TRER SR [ D].
W - DAL AR K% ,2010.

(17] 8K . VRGER R 8 1K 20 30 85 K o B 1) 0 9%
[D]. P4 PY L RSB K2, 2014.



