55 45 55 17 1 S & 7 i Vol.45,No.17
2025 4F 9 H ACTA ECOLOGICA SINICA Sep.,2025

DOI: 10.20103/j.5txb.202501030019
PR, £, £, S, 40 D0 RS B AN R AR X B b B 35 TR Dol ol R 0 IR RORE . A A4, 2025,45(17) : -

Chen H, Wang B, Wang D D, Fan H, Li Z B.Regulation effects of the roots, stems, and leaves of mixed grassland on erosion processes of loess slope in
northern Shaanxi Province.Acta Ecologica Sinica,2025,45(17): -

L B 3 O (5] 0 4 3 B AL %+ o T B kAR A D

1,2 5 1 5 51 el 2,
o E2 W' xasl # & EFLi
| SEZE R R B, S 716000
2 P TIHFKFK A BE, PIZE 710048

FEE OO R A R4 Tl P A 28 G, SR T P 6 b AN [ 98 X 34 T 2 R 14 80 200 07 1 ke 2 S B AP SR PN A
PARE RIS, RGBS T AR50 T 2 50 | A TR AR S Al R AN [R] B (25 AR X o e T A b A A a4 T 3 g K
T IRARAMBH ST B R, S5 R IR R A DR R D R i R T [ R Y B R, L 5 IR D YD R A R T R L A
T o A HH B (5 25) WAL AR BTHRE v TR AR (ELELIRR v ) AR O DR U) 249 52 B AR AR iy T R A B RRAE . R
R A L S 7 TR AR A A SRS T S T L oA S B AR A Tl B R A X S TS A ) DR 4 LK i
T[S ) AR e, L is 56 (0 T FEL AR oo T ) SR A o TR, e e e AR AR A 3 2l i R P T 9
TIPSy o AN AR R A BT LR B ) 25 5 TR AR o S B SR I BEL AR AL T AR AR A | TR
T AR AR A 2 B2 S 5 A A AR 5 40t 2 A 1 R R AR B, DT SR B S ) RSB R AR T . ARWFSYE R T R
o b P03 IR 28 S5 BT 38 T2k 31 3 -EL 4 TR A0 MU 800, B e L5 A A o, BT 2 ok v 9 25 R B, EL AR
SR B L TR ok T R R R R B SAR SR AT TR R R o e Y T R ok R RS, I T O R B DR K A A
i U RS S R

SRR IR D B s AT AR SR o s R BTV g K Bl ) 2 S v

Regulation effects of the roots, stems, and leaves of mixed grassland on erosion

processes of loess slope in northern Shaanxi Province
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Abstract: Grassland vegetation was an effective measure to control slope erosion. However, information regarding how the
erosion processes and control efficiency differ as functions of grass species combinations and components was lacking. In this
study, a series of artificial rainfall events (60, 90, and 120mm/h) were conducted on experimental plots (2 mX0.5 m)
with a slope of 15° and treated with three different grass species combinations ( Festuca elata (F. elata) , Medicago sativa
(M. sativa) , and Festuca elata+Medicago sativa (F. elata+M. sativa) ), with measurements of the runoff generation,
sediment yield, and runoff velocity. A bare slope plot (BS) served as a control. Three erosion control scenarios were
evaluated ; intact grass, stems+roots, and root only. These results showed that the mixed grassland ( F. elata+M. sativa )

demonstrated superior runoff and sediment reduction across all rainfall intensities, outperforming both monocultures, with F.
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elata showing greater efficacy than M. sativa under equivalent treatments. The above-ground components ( stems/leaves )
primarily reduced runoff volume, while roots dominated sediment yield reduction. Grassland vegetation regulated erosion
dynamics mainly by its above-ground parts reducing flow velocity and increasing slope resistance. The mixed grassland ( F.
elata+M. sativa ) showed the greatest benefits in reducing flow velocity and increasing slope resistance among the three
grass species combinations across treatments, with F. elata outperforming M. sativa under equivalent conditions. In
addition, grassland vegetation enhanced soil erosion resistance mainly through its root growth activities improving soil
properties in the topsoil layer. There was a significant difference in soil erosion resistance enhancement efficiency among
grasses with different root systems. The ability of F. elata with fibrous root systems to strengthen soil erosion resistance was
better than that of M. sativa with taproot systems. However, the mixed grassland ( F. elata+M. sativa) performed the best in
enhancing soil erosion resistance due to the obvious improvement of topsoil properties by its dense and fine roots. This study
revealed that grassland vegetation could control slope erosion processes through the joint action of above-ground parts and
roots to regulate erosion dynamics and soil erosion resistance, simultaneously. The more complete the vertical structure of
grassland vegetation, the more significant the slope erosion reduction efficiency. The mixed grassland had the optimal effects
on controlling soil erosion of loess slopes. These results could deepen the study on the regulation of slope erosion processes
in grasslands and provide an important technological support for grassland restoration and management in the loess region of

northern Shaanxi province.

Key Words: soil erosion processes; vegetation vertical structure; soil erodibility; soil critical shear stress; hydrodynamic

parameters ; loess slope
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Fig.1 Schematic diagram of the layout in the experimental plots
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Fig.2 Runoff rate process on bare slope and the grassland vegetation plots with different parts under different rainfall intensities
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Table 1 Mean runoff rate and mean sediment yield rate on bare slope and the grassland vegetation plots with different parts under different

rainfall intensities

i e THERE FERE

= Rainfall Mean runoff rate/ ( mm/min) Mean sediment yield rate/(g m™> min™")

Grassland . .

. intensity/ . .
vegetation Bt iEE Bt B3 ity iiED Bt E73
(mm/h)

[FES2 60 0.69+£0.05aA  0.61+0.08aA  0.51+0.11bA  0.38+0.11cA  2.46+1.23aA  1.33+0.51bA  1.11:0.41bA 0.83+0.49bA

F. elata 90 0.89+0.21aB  0.84+0.2aB 0.73£0.2abB  0.64+0.22bB  8.22+1.75aB  4.14+0.83bB  3.71+0.93bB 3.14£0.85hB
120 1.36£0.33aC  1.32+0.32aC ~ 1.27+0.30aC ~ 1.14£0.30aC  19.11+4.16aC ~ 9.38+2.70bC ~ 8.01+2.64bcC  7.28+2.48cC

BT 60 0.69+0.05aA  0.63+0.10aA  0.53+0.12bA  0.36+0.11cA  2.46+1.23aA  1.43+0.56bA  1.18+0.468bA  1.03+0.58bA

M. sativa 90 0.89+0.21aB  0.86+0.17abB  0.80+0.18abB  0.69+0.23bB  8.22+1.75aB  4.49+1.10bB  4.05+0.91hB 3.75+0.716bB
120 1.36+0.33aC  1.3420.32aC  1.32+0.32aC ~ 1.11+0.35aC  19.11x4.16aC  10.03£2.91bC  8.46+2.82bC 7.96+2.99bC

[FES23-F 60 0.69+£0.05aA  0.60£0.10bA  0.50+0.09cA  0.33£0.12dA  2.46+1.23aA  0.97+0.31bA  0.90+0.39bA 0.68+0.23bA

F. elata+ 90 0.89+0.21aB  0.82+0.16abB  0.70+0.19bcB  0.61+0.22¢cB  8.22+1.75aB  4.21+1.08bB  3.38+0.89bcB  2.92+0.64cB

M. sativa 120 1.36£0.33aC  1.31£0.25abC  1.20+£0.23abC ~ 1.05£0.31hC  19.11+4.16aC  8.58+3.03bC  6.91+2.44bhcC  6.81+2.08¢C
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Fig.3 Sediment yield rate process on bare slope and the grassland vegetation plots with different parts under different rainfall intensities
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Fig.4 Relative contribution of the roots, stems, and leaves of grassland vegetation in slop erosion reduction at different rainfall intensities

2.2 FERAS[REB AN AR K B 1 2 SR s R

P2 WoR TSR TG T 4 b S 45 5 A7 ALk B R g/ N DX T A2 3 7K 8l J1 22 R AIE . #5088 /N X FE [R] — M 9 T
M AR TR (V) BV, s>V iz > Vaesr > Vi o TRFIE , FLZEAR R R 3R T A9 EI{E 50 9.33 em/
5.8.55 cm/s.6.68 cm/s A1 5.38 cm/s, PRI, FHEF#H /N X, B A HR 2R /INX BRI /DN X R 4 e /DN IXOF 3573k
HRALRE ST K 8.4% 28.4% F1 42.3% , WIHERE () 25 AR RSP H4I a8 25 50 51 13.9% ,20.1% 8.4% , 7] WL
Bl Hb 1 FB A 5 2R GRS R R T RAR R, 534, [RIBB A 4% FE4 /0N DX [B) 9 4% O 0 0 222 B0 1S R LA Sy
Vit >Vagiier >Vegse s  SEEEIHIR 7.06 em/s (6.91 em/s 1 6.63cm/s , Kl R V- 149 0 i 2% 25 5391 1
24.3% 26.0% 1 29.0% ., #5155 /N X728 it i 3 i A T 2 1) 1 R S B 2 R I 4

Darcy-Weisbach FH 7 240 (f) i H TR B AR R BT RRIE . FHR 2 v LAE R, Al —/isR T, £ 50/)s
X f BN fop > it > iz > o » FLAEAS ISR T A3 6 £ 506505100 2.91,2.06 ,1.09 F10.75, fF
DL AR T H /N DX B AR R /N BRI /N X R e/ IN X ST X7 384 B A% 45 43 310 45.3% ,174.2% i 287.6%
HRE PR 2K AR R BH AL RS 4 K 113.3% (128.9% (45.3% , Ui A FE 1 b b 355 40 - 5 2K %) 4 BH 28 25 G
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REFPARR, [FIRE, [RIFBAL A SN DK A 3 T S 30 PR N o > e > » SL S E 500 K
2.28 .1.96 F1 1.82 , AHR B F- I BHA 43 B1°H 204.0% 160.9% F1 142.2% . H 40, B850 /N X % T £ B4 F o
Ay 488 RS PRSI

F2 AEWRETHRBREAAEEH/NREERRAIN N FZS BT
Table 2 Characteristics of hydrodynamic parameters of overland flow on bare slope and the grassland vegetation plots with different parts

under different rainfall intensities

_ [ . ”
Rmmfﬁimm/ - nwﬁfmw fii%ﬁiil i I 9i
(mm/h) Treatments (em/s) resistance coefficient Reynolds number The Froude number

60 B 8.21%0.31aA 0.82 24.58 0.05
[HE = 4.40+0.55cA 3.01 14.53 0.03

[CE= e 5.40+1.00bA 2.40 14.85 0.03

[SES 2 7.41x1.45aA 1.19 16.44 0.05

HAE o 4.50+0.29dA 2.84 14.43 0.03

A gt 5.98+1.36cA 1.98 15.72 0.04

Bz 7.25+1.13bA 1.29 16.44 0.04

[HES - F PN 3.92+0.44cA 3.89 12.46 0.03

[CE= Sa=F e 5.36+0.90bA 2.46 14.21 0.03

[SE= = F 7.56x1.74aA 1.27 16.10 0.05

90 Bt 9.39+1.31aA 0.73 32.16 0.06
[E= 5.30+0.68¢B 2.80 22.70 0.03

17 2 6.41+0.93bB 2.05 22.36 0.03

[SE S 8.48+1.50aA 1.02 24.17 0.05

B 5.69+0.83¢B 2.52 23.33 0.03

RGN 6.92+1.09bA 1.89 23.66 0.04

R 8.56+0.88aB 1.01 24.33 0.05

HEF T o 4.89+0.59dB 3.30 21.25 0.03

T 6.07+0.90cA 2.30 21.47 0.03

[SE= = F 8.14+1.08bA 1.07 23.18 0.05

120 it 10.40£2.02aB 0.70 49.22 0.06
[ == 6.78+0.90cC 2.41 36.93 0.03

1 8.03+0.94¢C 1.72 37.88 0.04

0 10.04+0.90bB 0.99 38.44 0.05

B 6.94+1.13¢C 2.29 37.60 0.03

B 8.41+0.46¢B 1.58 37.73 0.04

Bz 9.85+0.74bC 0.93 38.05 0.05

[SESE UK 6.01+0.88dC 3.11 35.81 0.03

1+ 8.03+0.95¢B 2.12 34.09 0.04

[SES Su-F 9.67+0.69bB 1.02 36.13 0.05

[f]—FN AR /INE S BE R 7RAH R R 3 T W] — RER A RO AL /N X 2 8] 225 5 182 (P<0.05) 5 [F— S AN [ K 5 538 IR (] — A [R) 31 o7 Ak
BN XA R 3 2 (0] 22 57 3% (P < 0.05)

T (Re) IR (Fr) BRAK M ZE S 5 2 ZBENRS S, mE 2 /A, [ —FR T, %45
INKAZ I Re FEAS L2 Bl Reyyy, >Re gz >Repyyy > Re oy MUFFAE , L AE AR R MI5R T AUF2 IR Re ¥I1E 20 30 35.32,
25.92.24.66 F124.34 AHEFREHL/ N X, FREIHR 2R /NX BRI /INKORT AR/ X AR 3 Re 34080/ VR 2R 4301
9 26.6% 30.2%F1 31.1% , W HE4% (I 25 AR R IB/IMETR Re SFXI8035 50 518 0.9% 3.6% .26.6% , AH IR
S EPNX AR Re FEA LI IUHEN Rep>Re gy ¢ >Re gy g » SEXIE S50 25.7 ,25.4 .23.9 , A0 R F4 95

IR Re “ERI38 58 050 27.3% \28.2% 32.5% , iR 50 /INX AR Re Bl T 5 [ 14 327 52 B0 HH 184 o 35
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AR5 N ARG/ N AR Re T 12.46—49.22 Z [H] (Re<500) , X P WA 415 /NX AR I 4 020, S itk
G R [R R 88R T &R5e /M AR T Fr A T 0.03—0.06 Z [0 ( Fr<1) , X iR I /N X AR WA N E R, A
IR BRHLA AR Fr KRR/ NX ZE A FR A AL BBl /N rh | B AR R /N AR Fr 38K, BRI /NIX
/NIRRT Fr 227 AU, B NX AR RN BRI /N XAt/ N X AEA R R R T B4R Fr S4{E 5
5124 0.060,0.050 ,0.033 F1 0.030, AH b TR0/ X, P ATAR /N IX BRI/ INXORT R /N X AR Fr 1298
/NSRS 16.7% (45.0% F1 50.0% , W B4 0 i 25 AR RSB/ FroF- B30 5 1R 5.0% . 28.3% |
16.7% , AHFEFRA A FgE ARG Fr G B 225, AN S K /NIRRT Fr A MR 1 KA T2 5
2.3 FOYCAS R ER A % 3 I A A=k B T )5 e

H R phE K(s/m) A E3EIG R8T Y) ) 7 (Pa) JE AR, 1 + S HEHT IR A BH S RRAE , 38 n] oM K
g S S 7 N 3T - SR Ty Bl A, IR R B RIS s Sz A SR o N | g B8] )
K, DI85 T - e N 25 5 W ARk, AR B R AR A SRS L A N DX AR b i) A v
A= 3 TR TR 50O B V) T AT 2R P AU A A5 R R AE S 1 AR b B 528, B - S nT o (BA TR Y
RER) F G A BT Y] ) (PLE HERAERASR X fh A EHE) (B5) . 36 3 IR T & S [ AL AR #/N X
() L ST b P AN - S e A BT, R HERT bR (K) RS R AL RN DX E] S B B RRAE A Ky > Kz > Ky >
Koy, FEBIE S 514 18.81 /m 9.22 s/m 6.35 s/m A1 5.12 s/m, AALTFHRM/N X, B AR /N BRIF/NX
R Ak INX Y 3 n] it 23 108N T 50.98% 66.24% 1 72.78% , W) w9k (it 25 KR 28 %o 39wl b 4 531 i
INT 6.54% .15.26% 50.98% , 7] UWLEEPE AR Z2 X BRAR A 35 m] otk 5946 Oz K F R4 i S 25 91E T, Bt
A [R1EB A7 A B (] 3] f ot 2 IR AR AR N K > Ko > Ko g » S22 E ST R 8.58 s/m 6.42 s/m Fil
5.69 s/m , AHR By 38 Al b PE 2 /N T 54.39% 65.87% 1 69.75% . 5 4 S A] it A [R] 3G FL T
(7,) E G AR AL BN X B A RFAE R 7y ST iz >T o >T oy » JLXIE S04 0.32 Pa 0.29 Pa 0.28 Pa
F10.10 Pa, S5#EH/INKAH EE, BB AAR ZR /N X BRI /N X R 4 ik /N X 381 BT U0 3 43 035 m T 190% |
220% 1 180% , AT WL AR AR 7R 4R 2 -3 IG SR BT 0 1 LR B SR, IR0 4% /N IX [ ) -+ el S 8 1
EIEFIEN 700 ST otps STy » SLEIE 53904 0.32Pa 0.29Pa il 0.28Pa, M1 Y 4 $ 11 L 5471 F1 43 331
HEINT 220% 190% 1 180% ., Z5 LA 1, SRR /N XA H | A [ B4 5 5 A7 Ak B/ DX 174) 0 38 ] b bk B S i)
AFE P - 81 S5 ) ) R HE 0, 3 DA WA [ B 25 38 4o A B/ DX 1Y) - 3842 okt BHL ) 45 58] Jb 2 3 i, G P IR %
b i - 3R T BE ) AR RS i T AR Rk, L RS R R ) SR AL RS = T E A . R
{2 BH 77 fie ) E R TR R ER

v &tk X B oo BE o ¥
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Fig.5 The relationships between sediment yield rate and sheer stress on bare slope and the grassland vegetation plots with different parts
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£3 RUEARBMLLEEF/DRELREEME (SYR) SKREY A (7) EIFFE

Table 3 Regression equation between sediment yield rate and sheer stress on bare slope and the grassland vegetation plots with different parts

n

- Region oo Kivm /R v
b Bare slope SYR=18.817-1.881 18.81 0.10 0.709 <0.01
W oy F.oelata (g SYR=5.217-1.459 5.21 0.28 0.301 <0.01
FFEF gy F. elata () SYR=5.767-1.728 5.76 0.30 0.327 <0.01
B F g F. elata (o SYR= 8.297-2.404 8.29 0.29 0.305 <0.01
BTG oy M. Sativa (1 SYR=6.157-1.476 6.15 0.24 0.835 <0.01
B g M. Sativa (), SYR= 8.34r-2.919 8.34 0.35 0.585 <0.01
E iz M. Sativa (o, SYR=11.257-2.813 11.25 0.25 0.151 >0.05
FETAH R oy F. elata + M. sativa (¢ SYR = 4.017-1.243 4.01 0.31 0.505 <0.01
B+ E M oy F. elata + M. sativa  yy, SYR=4.957-1.535 4.95 0.31 0.352 <0.01
B+ s F. elata + M. sativa gp, SYR=8.117-2.676 8.11 0.33 0.260 <0.01

K. H3EnT i soil erodibility ; 7, L IEIE SRS F7 soil critical sheer stress; 1G : & 4£ Intact grass; NL: % - only grass stems and roots; OR; RE

only roots

ol b RO AR B SR ] 45 A L ) H Rl - R B P TR R TR 4 P i SRR B g,
Hras i/ NX S eV E O B (36 4) AT R/ NI, Fgo N A AL & i SR AR RGAE T
AR IR N T3 pH SR [R] R B o 52 W 2 ke 4, T - 09 7 o D) 4 25 PRI, X R B
B/NX A R)Z L PR BTRCRR /I DX 8 5 | ] YR A e il 1 A 3 2 SR A M RS M e A BB R DT
T A AR T 35 o TR R . BeAh e PR S AT OIS OU R (38 5) , W/ NX AR ZRRRAIE U 25 57 2%
TIN5 720/ NX AR 8 8 SRR I 4 B e e T H A /D X (AR B FE A R BT AR /NI E—2P
IIHT A BN R AR AR RS R IE R (B 6) |, i F o /DX RFE AR 2R £ 2 <2 mm BRI R 2
B, HRIE A< mm ARG AIAR ZR o AR AR T RO MR 5 B2 ot LU MR AR E o L R R 3 T AR B o
FEr 3R 95.4% (55.4% 1 80.6% ; T H e /INX AU MR R £ 2 >2 mm AR R AR, ANz A2 4 F ORI
TRV o LU RIAR R ARV 2 5 L6 43 1R 88.7% F1 57.2% ., FRE - 5 HRE/DNXRBRILE S 2557 £
T = F IR R R F Bra, BARR B E S AR Kok MR Ko SOHAR 2R SRR AR, H
FEH>2 mm ARGRURZL I T Z00AR 28 0 2 B0 W A ) AR S IR, AR R o 25 00t A AR AR
ARG AL, BOLARK RARR % E R, B FZH <1 mm BEAARA AL, RIF R EF+H ) DX
AR S <0.5 mm ARG IR S BE 5 L J i (36 5 AIIAT 6) ) DRI LA AR A% B EDAR AR A [ £
RE T HRE A, ORI T Bl R i 35, AR R A 1 M rP il o 5 0 SR 81 205 S 4, BE S A A0 3t AR A
B, RS 5 SRR B )

F4 BHMBEE/NX 0—10cm RZETERLIER
Table 4 The physico-chemical soil properties of the topsoil layer for the bare slope and grassland vegetation plots (0—10 c¢m)

LR A Rt AR
i i 2 Sl O}r\ anic SR AR Hhidhi Saturated Faxy TR AL IR
G dm 'ttg Y ’ Mean weight Soil hydraulic Bulk density/ Total soil pH

round cover zna If r) diameter/mm  cohesion/kPa  conductivity/ (g/cm®) porosity/ %
&/ke (' mm/min)

#RHb Bare slope 1.22+0.84c 0.16+0.03b 12.15+2.60b 0.16+0.02¢ 1.47+0.18a 35.28+4.57b 8.11+0.06d
FESF F. elata 3.69+0.79ab  0.17+0.02b 12.84+1.11b 0.20+0.03ab 1.41+0.35ab  42.96+2.81a 8.90+0.13a
B M. sativa 3.19+0.46b 0.16+0.02b 13.03+3.66b 0.18+0.01b 1.39£0.21bc ~ 44.89+2.57a 8.70+0.10b
o o
ARk 4.65+0.91a 0.19+0.02a 14.90+2.09a 0.21+0.01a 1.34+0.17bc ~ 43.65+1.81a 8.67+0.11bc

F. elata + M. sativa

(7] — B AN [ /NG 5 B3R s AN ) Ml 1 3 5 7] 22 5 {25 (P<0.05)
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Table 5 Parameter characteristics of the aboveground and underground parts in the grassland vegetation plots

W LR =Ry
Aboveground part

AR H S Underground part

A i i ks T
Grassland vegetation i R = o Root length Root volume Root surface
Biomass/ X Stem . . .
/m?) Height/ecm Coverage/ % diameter/mm density/ density/ area density/
(g/m (em/m?) (em®/m*) (em*/m?)
" F. elata 282.19+12.30a  37.03:8.52a 53.2+1.9a 7.06£0.51a  113483.31+11236.04ab  471.59+£38.49h 16690.80+10256.12a
EE M. sativa 157.46+6.32¢ 26.54+6.34¢ 49.1£2.7a 5.81£090b  97077.99+34978.17h 765.2+397.97a 8914.42:+4602.39¢
HEFHETE F. elata + M. sativa  207.778.86b 29.07+7.79hc 52.1+1.6a 6.93+047ab  124280.37+8168.93a 553.88+90.35b 12005.38+1018.80b

I — S AN [F) /NG B AN ) B Y ) 22 5 12 (P<0.05)

WAZS [ ]>2mm 1—2 mm RBXX 0.5—1 mm 0—0.5 mm

1001 — = 100f — ——  — £ 100p —
S X =
= 7] o
Z 80f £ 80f 2 80F
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g i g g
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Fig.6 Characteristics of root parameters proportion of different diameter classes in the grassland vegetation plots

3 e

3.1 YA R CH D [ b A 0T B T AR e R A R

YA B AR K PR R K A TR L A A AR A AR R L R A
FHEE R, X T AR A RE 2 7 | BV AEAR R 09 56 B2 25 1 T, HOE R TR A 450 AR R T LA A4 Y K 23 ] 43 A AT
YRR 25 TR0 M X 42 ol A ) R 350

AHIGE AR RIS AT BT ) Dl T 0 VD 8 i v T R b, LR S I I s S TR, S
PRHOAH L , 5 2F 28 VT8 R E P+ B A TE A BB AL B A P 400 A0 25 7030l 15.319% ,13.26% F11 19.36% ,F-
IR EE 53 B R 56.43% (52.57% 11 60.42% (3 1) ,iX SPF L2234 H BT 45 FARRL, Li 20 3@ a3 BF4h 3 Al
WO/ N DXBLAUA B8 W 0 e B, AR T VDT I 55 U 0 48 , 8 s R R A Ve 3 1 el J2 5 4 S AR ARRAIE , DT 22 28 ¢
AR R P IR RIRE , Zhang 251 R FH 2 P8 R/ XA ADL A R B0 46 1, 5 A AR M L, 7 241
W AR R B RIS N TR AR ok R A VR R R 5 AR ST R 0 R SR SR S B B oA ERA R - X A
KK ORI RO (AR Y AR 1 22 5 S BOUK L RFFDIRE A T AT, 325 B T = E 2 557 /D
XAEIEAARRAE 22 5 A E 25 BEAH R R IS DL, EAR 2R B 45 /N DX 1) Z5FF AR GRS i/, b 1 5 )2 A ) i
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WA R B (7] BB /INX ST AR BRI T K 431 TS i AR KA G ) AR R AR RS 8l >2 mm 12
PR ARZH AR s 2R 3R R 5N X i 1 5e 2 AR O £ A E SRR WA Y 2T B, &k i 8
B AR ZE A AR A R D B AR R LT BAR R B WS 0+ A IR e T3 A 1ok
Py B Z3 AV AR AR RIEARHE B R (AR 2 B R T a5 ) |, [l ph T VR0 2 A 4 AR 3R 43
S INE FAZ UK A I B R I TR 3R 5 36 I AR — £ 2 A AR HT BT SR | BRI 4 T B
M5, IR P R AR B, IR Ah, Sl b b 56 )2 5 M 28 o el 37 0 v 35k 35 9 AR X s kA BT 22 55 (A
4), Fg )z (5 28) DR A AR DTk R AR AR AR R DR AR G BT RN R T R OE 2 X 5 DA S
GER—FO 2P R PR Ry B R 2 X A R A TR D55 T o 3h BB | A 28 R AR & AR T AR i
B AR 30 Aok S [ 26 N e R R T R AR R A ROE R T TR B AR T O R R v
05 RV S HAE
3.2 FERISH KU b bR A AR K B ) 2R AR Y I

o2 AR TR R D B ) W AN BH ) RRAE S FAE B 1R AR K Bl ) SRR
(H AR R . ARBIFGE A IR T (4R 0G50 bt X b T 728 T 100 Dk 444 L 26K 25 TR 1 B 96 B b , HL om =F 5F 1 aaek
HEBHA R KT S  ARBCT M S50 A8 JOm 20 + B S TR A TR AL BT (%) PS4l 3 A8 4 73 301l A 26.0%
24.3% 1 29.0% , -1 BHAL 25 73591 h 160.9% 142.2% F1 204.0% ( 3% 2) , [ 505 T 15 45 R i g 5% ) T % 1
A2 T 1) Dl 4 B A8 et K, O HL R A — AR B L E T AR T A 10 45 R T 45 B /D X A2 Tk
JE BRI X 5 2 BT sT el AR —20 | DR A 2 R A AN ) ] S SOH X 33 1T AR 37 7K 3h T A R A Y
SR I] 22 500 RN R R SR, i 3 A0 ) T bR, ZEAT R | BT FURDH: A,
R Z5UAR 2R 1 E 50 AR I AR S5 R X RIS - A5 8 3 B8 A8 $e s A DL & i BOK AR E T SR 1A%k
PR T BAEA (3R 4) , @50 LR AARAE (A5 A0 28 35 11 428 T it 3ok S 48 g 1o 442 3 BEL g P 4 25 B
B E A A PR E N B RIS ZEFF B AR RO EAR L IR MRS Kk i EAR R A O
MR RTEA K R P 2l 4 8 R T R AR AL A R b i T LB e TR RN AR . S LAY,
DR A A5 R i 22 5 7 2 2 A T, 0 4 498 0 358 17 o, R T 7 e R 5 TR T A B T SR EOR T K
W, B2 W BRI FEXEE AR AR], RO A R R ERTREE TH&EEF (RS, I
G, 32 TR TN A2, BN X R 2 Ko Fe A A AR R e R AR K SR  EB H IAE AR 2R
RS/ INK N RASEL B 5 P AEAR Y TR BE IS T B T R 434, AT (A5 =5 2 2P LA il 26 4%
MARE IR TERE . b EORIBRE R (S R+ EE ) B R 1K IR DESERIR, AR YL S5
TERE BAF, 3 H G RIRREE A AR 2R o0 A0 TR BE AN [A], B B T 008 3454, X 78 UAE o vh 215 3IHIE
S R T EA S ER S EENEEA VR, BORRE X b A8 T A vl 48 SR 25 B s TR e, AR
TF 53 340 32 B R b 38 (b 55 250 ) R T A0 U ) Do 1 LA 455 00 5 v AR R S LR ) T Rt - 38 4
5 T 3 A S AR ORODR (75 L Rt T 422 s 5 22, DT T 305 T 3 ) S MRV AG , b | 7 25 1 b e 1 g e
JZ X Y T AR 3 AT A By B BEL R e 0 Rl AL e s T A R AR AR i Bl S EE b A
XoF 35 T A28 30 P 38 T A EL 7 18 i She S B, ST 395 T 428 T 7K 50 24 S B0 5 e 5 A 2 R R o AR AE )~ A
I,
3.3 RIS R AR R0 v 4= ik BE g A 4

Rl RH ) R KPR B A RE T, AR R bt B b a] - ] il K (s/m) RS IG A B D) )
7,(Pa) ERRAE Y AEF NG 1R b AR mp 45 305 1 A BN X7 A 305 1 AR ol R S K R BT U R v L A5 31
T ZFRAEA/NX AR i H ) B S8 (e nT i A - IR A BT ) (R 3) . AR TR, ERAR RN X BR
I/ INIX B ARk /IN X (18 = ST Tl S SN T 50.98% 66.24% Fil 72.78% , H R 14 = S8 I - 55 11 7 43 3034 Jm 1
190% ,220% 1 180% , i UL AR 3 1t A= K AR Y , 2205 i A AR Z ok b5 + 3942 bk B, 3X S5 A B9 wF
FEAERFAR LT A R RN X 2 R A A T AR N X (R 4) Xt IE R
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AHIEFE R B/ X A AR P BH A5 AR SR i N FE SR N, S L Rk R g s i T 4358 1 SRR B
ESTHBRE S Y MR AT SRR RE R K, S5 1R T itk fn - G B b0 o kA ARk,
AR, 3R ik 5 - I S B U1) 7 Bl - SR S5 A AR Ak S AR SO A S FE A AT e A ) TS
WE, FHOC R IA (&] 7)), IRl Dl B - 3 A DL 5 i | R B LR B AR AR 25 Je<0.5 mm 2R
K% 2 B ARG R (P<0.05) o B, B3I A BT U1 ) 5 A AL & f J 3 IR R /KOR &2 35 OF
FHRK R (P<0.05) , HHERTpivPE 5 - 3geim  85 U] 77 1) ) 52 4 25 SAH DG OC &R (P<0.05) o A, SH AR L,
I ETE NS G /N SR o A BN T 65.87% (54.39% Fi1 69.75% , RN ) - SR I SR 8T 4
S3E I T 190% \180% Fil 220% , 15 TR #25 B i 35 5 - 4= 1ok B 0 A8 25 8 T R4 B b, HL = 350 3 o 1 4
RAMBE 7 3% 25 T A, Bpk ] R i BE 9 25 S AR B R R TAR RS RURR B8, 5 AR R E 15
AH LG (HAR R SRR 2 E 2 >2 mm AR AL AR ) | TR 2R 10 v =550 DB Al B AR 45 (AR A B
MR EE R, HEZd <1 mm BHEAYARER) (K5 5K 6) , HOHAENGE R LA BT, JE Mg s +
FER R AR AR T EAR R B X e AR R AR 8] T R RIEsE ™ AR AR w g A 4R v b
fRMfe DA B AR R 2 X B T AU R AR R AR AE AR T 282852 S0P LT 08 AR
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