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Abstract: This study presents results of an laboratory triaxial
experimental program with respect to study the effect of
wheat straw reinforcement on the shear strength of soil.
Three-axis shear tests were carried out under four
reinforcement rates (0.1%, 0.2%, 0.3%, 0.4%) and three
reinforced lengths (5, 10, 15 mm). The mesostructure
changes of reinforced soil and plain soil during loading are

compared and analyzed by using computed tomography (CT)
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scan image. The results show that: the shear strength and
deformation resistance of wheat straw reinforced soil are
significantly improved than plain soil, and the reinforcement
effect is better when the wheat straw length is 10mm. In this
condition, the cohesive forces of reinforced soil are 1.1 to 3.3
times that of unreinforced soil, the internal friction angle
changes in the range of &2 degrees. Compared with plain
soil, the macroscopic shear failure of reinforced soil during
shearing is not obvious, and all of them are bulging failure.
the effect of
reinforcement is significant, and the effect on the stiffness of

When the confining pressure is small,

soil is fine. With the increase of confining pressure, the effect
becomes weaker. CT scanning results show that wheat straw
reinforcement can restrict soil deformation and crack growth.
It is concluded from this study that wheat straws are a suitable

reinforced material for cohesive soil.

Key words: wheat straw reinforced soil; triaxial test;

computed tomography scanning; shear strength; failure

mode; mesostructure

IR —Fh A A R RS R AR, HRR SR
FARAB A —E LB AL, LA 3R 1 44 B 5 BE
FasEdE, NI RN B RS BUsy i bl e
S8 AR, RUZE TR PR R T T Z R, n
+#E3 E R R A N, W4 5000 ZAERT K # &
WK RGE R AT XF TEM. mERAE
FAA i+ AR ik E TSR - 4k
(Henri VidaD7E 1963 4F (W2 5255 FH VR FI B 5
3225 &) 1 R0 e, RE%E 5HRA
BB F &R 4RO i - e T H
HRF T 22 1 T N T A i 20 S A ok, R
W R T RARAEW N /R P R R S5 B 5T
FI, SRR S BRI B R M) AR 5 B R 1 R

EETH . ERBRBETES (41472266) ; T YL AR E AR 45 2% 52 B0 H (310826172007, 300102268209)
B—1EH . MEKA975—), &, PEE, T¥ L, FEMR T R AE AR E R Z 2. E-mail: haojb@chd. edu. cn



LA G

IR, , 5 - ZEREFTI0 A5 - (038 BE R e AR MRS F 3 A7 765

I EBERZED, fek v+ s A SIS 4k, m i +
RIBE R R 50% U L, Y44 58N
0. 4% 4K B4 5 mm B, AT {8 4 9 T6 0 BR 5t &
SRR R K. ZERERK £ i A BE RRETF 4, T B
P 1R AT BY 5 B A Bk 1 A TG0 PR T 5 AR,
IEAh  FEAR R AT HR R E R R T, AT iR +
PRAPTEY 5 BED. ZEAE P00 5 A kL, B R
B2 G5t UM 1 38 AR MRS FF (RS T, R FS
FF). Hodr, 2 8% FF B g0 55 B A T I A5 0 3 b
£ Ok £ U IR IR, RN £ A
APk , B R 4 5 13 B R L s, 7E
R PSR GH % TR S U8 A T R i s R R =,

ACETF ZHE A HK (CO R, TR T 2
AT 10 755 286 1 76 [0 0 3 4 B R0 A ) o 757 R 14
PR 9 BE RIS A 5, B T SR R BE A A AL
. [\ B SR A T B LW 2 B # (computed
tomography , CT) #1056 , A\ 1 17441 X0 25 44 i 22 4k
XoF ZFEFE RN AE FHRCR AT T 2047

1 REEHER

1.1 et
AYCAHE A B U T T, TR R
K F BRI E LA+ TR, 15 A Y B ) 24 1
FRARFRUNER 1 F7R , BB B Al Sk R .
®1 THIEMESY

Tab.1 Physical parameters of soil

B KR BRKTHE WRR YRR YA
/% /(g * cm®) /% /% EE
21.7 1. 68 43.3 26. 6 16.7

EABIIE R, RARZFEFT BT BR$ S 4
65 N AU B 08 FH i 22 A AR B 1 74 42 71 1 P
H. ZRHS LIRAHT FH 0. 420 A JOKX HR L 24
h BEAT B I AL BE. 150 AR RS AT AN R BRI 2, AR
e TR HAR I i °F B —E @, I i
EK R AR A . B 1 iR R B 2 4
A FEF N £

1 {58 A ETEF
Fig.1 Wheat straw for

experiment

2 EREFmME
Fig.2 Wheat straw

reinforced soil

1.2 RBRig&EE5AFR

=R BT AR e R Y
() SLB-1 B 77 /7 A4 il = =l 55 U154 , 305
VR ZREFT I R (FZ RS T MR 2 ) 4>
A 0.1%.0.2%.0. 3% 0. 4%, K EFEHHIHR 5.10
115 mm. A EAR 61. 8 mm, & 125 mm B FH:
RE. 25 S bR T2 A A ) 32 B2 R ma R T ) R
X B A R s B H 4 & (50, 100, 200, 300
kPa) , W AE 3~ 2 mm * min™’,

CT B FLES K & KRRk b X A B T
BEEHEPESALREN T CTIRBR RS, %E3
IR R B S . R AN £ 3 & = AMAE.
=PI R AT CT B, R 5 = AR
Wit 4 LR PR (N E RN 1 mm -
min~"), 3RFE 108 2 AR 3 4390 o 2 28 4l i o
A8k 5% .10 %0 15 % i R IR, )5 X #5 i
A HIHEAT CT 345,

2 REERESH

2.1 MAO-METHZ
E 3 FE 4 AR EET R BN S-0 2 (o
) MR DU K Hm 3R 5 B A

500

+ 50 kPa 1+ 100 kPa
400F *200kPa =300kPa | oaesseettttT
gl e
<4 300F .E".. CaAiawassd
ACTTTL w® L laakal
S e L VY
[ 17) S MU Y o —.
) Ve RS S
ook -..‘g..:'.“.“,6 ...................
r.. 1 1 3
0 5 10 15

&/%

B3 REMA-MEXRMLK

Fig.3 Relationship between (6;-63) and g, of

unreinforced soil

4 FXABESREETHBARS

Fig.4 Failure modes of unreinforced soil under

different confining pressures

M 3 AT LU < AN [5] B B¢z -z A8 i £



766 [A] B K 2 2 MH R B 2% B

F4T%

Y0 0 4k il 28, WA BA B A 04 (. {8 R (50, 100
kPa) T, i 4R HL 45 F-2% 5 1 v [l . (200, 300 kPa) F
MR B IR, HE 4 sTLUE W FEH 50 kPa
B, SRR A PROR 2 S B B S B R R AR AIE » TG
B S5 BY MG IR ; R R 100 kPa B, “8% ik Bk 387 R BH
8, MiZE R T u B> B e B AL B RS 200
kPa B , 3 T o 2490 m 8 e 2l H s
[l A 300 kPa B, 120 H B BA S A BY DTk .
H5ZR M, L PB ARG EZREFT, H
WEIRRAE B BB S 25 55, 0 A3 - 349 1 B S B
V7, BRI B A By VIR, | 5 R hnfi 4
FE I 300 kPa B REIR G MITEAS. BT L, 22 #6 FF hn
MR AR R, ZE R SRR AR A E T o AN H B

i A
20.1%,10 mm b0.2%,15 mm c0.3%,1 5mm d 0.4%,10 mm
B 5 inft#EREE 300 kPa TR
Fig.5 Failure modes of reinforced soil under

confining pressures of 300 kPa

2 AR AN L 5508 98 BE 4 AR I 45
RONFK 2 Pl IR, 2R REHN 10 mm
Bf, LN R A E R NH R, F 41. 3~85. 3 kPa
2L, ANE LRSI 2~3. 3 5 R K,
0575 = A R4 A A8 A BT A5 3R ) 1 R 52 R o SR
B 3 i AR A LR, 2358 D0 BY 98 B2 ) P T4 4 » TA
R EAEM A K BE N 10 mm. A7 10 mm FEE K,
INEERy 0. 2900 0. 42 B I Ve FAER , KAl &

x2 FEMEHFGTME L HIHEEERER
Tab.2 Shear strength index of reinforced soil with

different reinforcement

MMEE/%  HER/Y% FES o/kPa WEEEM o/ O

0.1 343 22.94

0.2 61.7 19. 06

> 0.3 54.8 20, 82
0.4 42.5 23.7

0.1 41.3 21,30

0.2 85.3 17.39

10 0.3 59.2 18. 89
0.4 52.0 22. 66

0.1 28.6 22. 90

0.2 52.6 19. 74

15 0.3 47.0 19.98
0.4 38.6 20. 89

#+ 25.9 21.72

FERIENM T 2ARMBR S OER 2.3 4.5
FHREINT ARRR D GER 15, HEZEHEK
T RIREI B A, T R AXT R IRE R
RITAA BRI RO

H T2 RS AT I8 B /N T A B, S A 3R
BB — 5 FAEF R 52 My 7 = ) P SRR X A
I FEE 2 D7 X R AEART ST B9 A1 B A7 2%
= B HIRE Y P R B R (HiADH sl 2. % &2
RAF R0, AR WA TR R KT 0. 4%
AN = =i, Best, i T AR o 2 BlAAE R
/INERBR A 1A RS 380N » 25 R B RS N B R T
RIEATT RIS R T 15 mm B A0 + =%l
BRI WA KT 0. 4% A KBERTF 15 mm,
X AR BRI R B8 O RN BE B R AR TR R JR SR T TR
FERAX B — 2 OB

S 53A 0S5 S0 AR R B AR R i R, 22
il T IR BES 10 mm B4 A - R 1B AR B2k
4niE 6 Bran. fh & 6 Al I, 0 R N ) -0 AR il 2R
A3 52 BB AR B AL e BT 00 55 25 ) A A Xk £%
FEAR I TC B S . ] s ) 8 AR 1 R 3 » T
05575 2 %ok A R 5 i DU il L S 4 A T i A [
FEL i 25 /IN R i3 A U B2 3% LU 3R - WILBE K 5 B
JE A3 R W BE 22 B 7% 7 46 /s 24 L R 300 kPa
B 383 2 ) 2 i UL AS P A
2.2 CTHH#EZER

o3 ORI A 7R A AR AL R
LS AEA , LA K BE 10 mm AT H Ry 0. 206
i il , 2547 CT 9. B 7~E 9 IR L
FERIIRIR S 5 AR AR (5%.10%,15%0) Bf iy CT
xR B LB L MRS TR L4
T8 22 FLBR A ZE, Xof 44K Jon 471y 482 465 2l 1) iz
ARy 5 Y0mt, ZEAI WA 1 b I TE I AR AL, BER B
B S R s AR A B B 2 1) AR K B 10 01
R B 1) /N SR, B RGCBUE B, 7R B
B SRR A PRI B 2 00 L I A4k T 2
PEARTE B BL. il ] R AR IR B 15 %0 B, T P9 AT WA E
KL, HRAE 102 B AH B, QUK 58, H A3 1
VR 7RI 3 23040  BE B B AR A 4
FRIRBEL.

Pl 10~[&] 12 Jgfinfify 700 R 2S5 AN [ il )
A (596.10%6.1520) Bf i) CT 34 % HL 8. BT
10 W&, b0 A b e R AR SR 5060 I, 4R AR TG
ZAVREE A ) ARAL. 2 I LA B 10 D01 HEBL/INEY



LA G IR, , 5 - ZEREFTI0 A5 - (038 BE R e AR MRS F 3 A7 767

300 350
_ 240¢ . 280t
v) oo“”:::.' " :.A:::u“‘“ &~ 0”.. ....---""'". o
= 180} e < 2104 -";;,mmmmm""” N
© =:._:- aAAAL o0 ORXXXK A ".- &4 “."."-,...-u.--u“
?_ 1201 ‘.:::f“u e .)::,:,::: *.,.-....... ?_ 140l ’;‘” i *f......
b5 A a0 109, 40.20% & £ x0.10% +0.20%
60 (22" +0.30% =0.40% 7014 £0.30% =0.40%
x . . ?i . ‘ £ ‘ ‘ -ii . .
0 3 6 9 12 15 0 3 6 9 12 15
&1/% £/%
a FBlE 50 kPa b ElE 100 kPa
500 550
400} 440t s
et .n L vesestt Xe ...-
§ u!u"’ H o008k § I RTE L asect ““““
< 300 e RS < 330t st
g AAREK xx"i“*'"." - g 3 e
I 200F  u*asgssies 220}
e N x0.10% 0.20% g ‘,i’ «0.10% »0.20%
= ook & £0.30% =0.40% ~ 110L¢ £0.30% =0.40%
& ‘&t v Et
1 L L I J X 1 1 1 L J
0 3 6 9 12 15 0 3 6 9 12 15
£1/% &/%
¢ FBJE 200 kPa d [l 300 kPa

B 6 AFCER 10 mm ByMET LR AR X F h £

Fig.6 Relationship between (61 -63) and g of reinforced soil with wheat straw (wheat straw length is 10 mm)

a FIRRA b A 5% a FIRRA b RiAE 15%

B7 E1+ikF 18 CT AHES B9 =H+ik# 38 CT HME R
Fig.7 CT scanning image of unreinforced soil Fig.9 CT scanning image of unreinforced soil
sample No.1 sample No.3

a MR b ¥ 7E 10% a FIRRE b B8 5%

B8 FELiAH 2/ CTHAMER B 10 mnfftikeE 1 89 CT HHERK
Fig.8 CT scanning image of unreinforced soil Fig.10 CT scanning image of reinforced soil
sample No. 2 sample No.1

P RHSEAEEN AFE R E B (A 11 bR R RS E 12 R AL  (H A X I
TR, X EE AT 8b A 11b il i SR+ AL KL 5 LHEE, R AR S
FERIAEFy 10 0B, il - SRR R B - BRI P8 437 PRI T DL , 2 A o 7 R
PNTR L. RARRE] 15000 B A =4 B LA T s R R BE .



768 Il ¥ K % % ROH R B % 8O

F4T%

a IR b W45 10%
11 jnff ik 2 B9 CT RWE %K
Fig.11 CT scanning image of reinforced soil

sample No.2

b BiAs 15%
B 12 a5tk 3 B CT HHE%
Fig.12

ERI) GLINA

CT scanning image of reinforced soil

sample No.3

3 4ig

ASCHEAT T ZAEF AL £ 9 =5k 39 Ui 56
0 CT Hiids, AT 458 .

(1) ZEREFT I3 v 0 AT LAAR 5 A4 B BT BY 55
BE, H AP X R R MBS A A AW, PR
10 mm BRI AR A4S

(2) REAEBTUIE R AP LB 2 F) 2 W BY L)
R [ S5l ey oz AR B o 055 A5 i BB AR

(3) /)Nl i M P B » 22 0 A 495 o 4 £ 4 1 22
SN, B Rl IR R R B M 2R A /.

(4 CT LR BN . ZFEFF I 72 PR ) 114
ARTE MIZRELY & T5 A AR 3%

(5) BEMHKE, AL B RAERFE L
BB KRR R TR i, R A RA B2k
1 DO N i o107 N ke = ;D e U 7 N v = 8
A XA IR ST,

S 30Hk:

(1] ZFfF. MRS LEMIT]. LRI, 2016, 49
(7M. 1.
LI Guangxin. Earthquake and earth reinforcement[J]. China

(2]

[3]

[4]

(5]

[6]

[7]

L8]

[9]

[10]

[11]

[12]

Civil Engineering Journal, 2016, 49(7):1.

%, Emat, BEM.Z. BT 554480 R
RET]. FIFFREEMEARERD , 2015, 43(3):379.
XU Chao, JIA Bin, LUO Yushan, et al. Centrifuge model tests
of behavior of masonry and reinforced soil composite retaining
wall[J]. Journal of Tongji University(Natural Science) , 2015,
43(3): 379.

FEEAE, R, L. 254 L b g/ FEAE ELAE 4
WFSELT]. TRMEEHR, 2011, 19(4): 610.

TANG Chaosheng, SHI Bin, GU Kai. Microstructural study on
interfacial interactions between fiber reinforcement and soil
[J]. Journal of Engineering Geology, 2011, 19(4); 610.
MFE, KEE, TN, REBL AR L0 =HhoR B A
LT &+, 2011, 32(9):2721.

SHI Liguo, ZHANG Mengxi, CAO Peng. Triaxial shear
strength  characteristics of lime-soil
polypropylene fiber inclusions[J]. Rock and Soil Mechanics,
2011, 32(9). 2721.

TANG Chaosheng, SHI Bin, CUI Yujun, et al. Desiccation
cracking behavior of polypropylene fiber - reinforced clayey
soil[J]. Canadian Geotechnical Journal, 2012, 49(9). 1088.
ANAGNOSTOPOULOS C, TZETZIS D, BERKETIS K. Shear
strength behaviour of polypropylene fibre reinforced cohesive
2014, 9

reinforced  with

soils [ J ]. Geomechanics and Geoengineering,
(3): 241.

CHEGENIZADEH A, NIKRAZ H. Effective parameters on
strength of fibre reinforced soil[J]. Applied Mechanics and
Materials, 2012, 166-169(1);: 1630.

RFTE, Ak, VAR, BEYL A SRR 4 0 5 1 g R
WAFFELT]. K SCH R TREHSR, 2012, 39(6): 77.

WU Yankai, NIU Bin, SANG Xiansong. Experimental study of
mechanical properties of soil randomly included with sisal fiber
[J]. Engineering Geology of Hydrogeology, 2012, 39(6): 77.
BBk, E, BN BURLE 4N 5 1 0 58 BE AR I B3
SRHVERRFRLT]. WAL TR RS FMERBARD, 2016, 33
(2): 19.

QIAN Yelin, WANG Jie, LV Weike, et al.

strength characteristics and improving mechanism of Jute fiber-

Research on

reinforced soil [J]. Journal of Hebei University of Engineering
(Natural Science), 2016, 33(2): 19.

EITH, XIBIE, KA, 5. SREXFUR 5 =B EAR
THEL MK RBMHRI]. &L TR¥HR, 2015, 37
(8):1405.

WANG Yuanzhan, LIU Xufei, ZHANG Zhikai,
Experimental research on influence of root content on strength

et al.

of undisturbed and remolded grassroots-reinforced soil [J].
Chinese Journal of Geotechnical Engineering, 2015, 37
(8):1405.

Y, SHEE, B, EREFTIY 25 MR RR KO A I g 3 5 -
BBUERRERTST]. TRMETZH, 2009, 17(4):545.

LI Min, CHAI Shouxi, WEI Li. Mechanical properties of wheat
straw and strength of its reinforced inshore saline soil [J].
Journal of Engineering Geology, 2009, 17(4): 545.

B, SeEE, R, & ERFTRWE SRR R
BLBUERREEL]. 2ART RS, 2010, 43(3): 93.

(4% 831 ;)



LA G

WEM, % Bk b CRTST AR PUE A W el 5 5 R AL 831

[5]

L6]

7]

L8]

L9

XU Weichang, LI Zhenting, WANG Yonghua, et al. Test and
analysis of track dynamic response on the sections with WJ-7
fastenings of large adjustment[J]. Railway Standard Design,
2014(10): 26.

Eib s, REGEITIERERIE Y MBS RFRT]. 2
Bl 5 TR2EHR, 2018(2):310.

TAN Shehui. State of lifting and
technique of high-speed railway ballastless track[J]. Journal of

inclination correction

Railway Science and Engineering, 2018(2):310.

RN, BB TAEE R T A RF AP R T]. SR
A, 2016(4):107.

XING Xiaomo.
correction of the high-speed railway ballastless track [J].
Railway Construction Technology, 2016(4):107.

B, FE%E CRTSI ZAR R TAEHE M WE AP ]
HRiEigE, 2017, 43(1) 6.

WEN Xihua. Research on the deviation rectification technology
for high-speed railway of CRTS [I slab ballastless track[]J].
Railway Investigation and Surveying, 2017, 43(1):6.
XI5, TREDE, XU % MUBER S DRSS RBRARS
MR SHFET]. BB TR, 2017, 34(3):22.

LIU Xueyi, Su Chenguang, LIU Dan, et al. Research on the
bond properties between slab and CA mortar and the parameters

New technology for lifting and inclination

study of cohesive mode[J]. Journal of Railway Engineering
Society, 2017, 34(3):22.
ZHANG Z, PAULINO G H. Cohesive zone modeling of dynamic

failure in homogeneous and functionally graded materials[J].

L10]

(11]

[12]

[13]

[14]

International Journal of Plasticity, 2005, 21(6): 1195.
HUN, ZEMBAY, OKABE T, et al. A new cohesive model for
simulating delamination propagation in composite laminates
under transverse loads[J]. Mechanics of Materials, 2008, 40
(11): 920.

#iEE. CRTSI AN E S5 AR T 8 T 320 Rt
10T [D]. RER. PEREZCE R, 2017.

DONG Jiajia. Research on damage mechanism of wide and
in CRTS Il
temperature load [ D J.
University, 2017.

XI4E, ®E % . CRTSI AU ICHESNE 4549 )2 5] 3 B 4 F
R HEGKER, 2013, 34(4): 1.

LIU Yu, ZHAO Guotang. Analysis of early gap between layers
of CRTSI slab ballastless track structure[J]. China Railway
Science, 2013, 34(4):1.

WX BbIKFEIE)Z 44k %) CRTS [ Bk 2 JorE B8 12 4%
PR mEIEID]. K. R, 2013.

ZHANG Guangyi. Study of the effect of cement asphalt mortar
disease on mechanical properties of CRTS II slab ballastless
Track[D]. Changsha: Central South University, 2013.
RPEFH, ZERUbR. IELEE NS 4 Sh i AR AT XU R LE
BERBUR AR SE T]. P ESGERE, 2012, 33(1):6.
ZHU Shengyang, CAI Chengbiao. Research on the damage

slab track structure under
Chengdu:

narrow joints
Southwest Jiaotong

characteristics of double-block ballastless rack bed slab under
temperature and vehicle dynamic loads [J]. China Railway
Science, 2012, 33(1):6.

A U U U S U L U U U U L e L L U N i U U U U U U U e L U U U U U R U U U U U L L n U U U e U]

(355 768 T0)

[13]

[14]

WEI Li, CHAI Shouxi, CAI Hongzhou, et al. Physical and
mechanical properties of wheat straw and unconfined
compressive strength of reinforced inshore saline soil with
wheat straw[J]. China Civil Engineering Journal, 2010, 43
(3): 93.

BRAKSL, ATIOLT, VLMGVE, 5. AFA L SEREFT LN £ T
FRETHE 58 BE LB [T ], R == Al 5 TR % )k, 2015, 11
(5): 1216.

QU Jili, YU Hanning, JIANG Haiyang, et al. Comparison of
unconfined compressive strength of soil reinforced by palm
fiber or wheat straw fiber[J]. Chinese Journal of Underground
Space and Engineering, 2015, 11(5); 1216.

PN, 2R, BB, . T YRING L b b R

[15]

Bt R (], BGER: 5 TR, 2017, 14(10):
2138.

LU Hao, YAN Changgen, YANG Xiaohua, et al. Experimental
research on anti-eroding property and protection effect of
reinforced soil with straw fibers[J]. Journal of Railway Science
and Engineering, 2017, 14(10); 2138.

KM, SFE, EHHE %, ERFF NGRS -0z
B B TAERE F ) LT ], R IR T B iR 24 B 2 i, 2010, 16
(3):161.

YU Pei, CHAI Shouxi, WANG Xiaoyan, et al. Reinforcement
effect and engineering application problems of littoral saline soil
reinforced with wheat straw[J]. Journal of Tianjin Institute of
Urban Construction, 2010, 16(3):161.





