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A [E) 4 PR R 4R AL 39 15 iR i 48 + 1 4 5 58 FE AN SR M RO =2 i)
MEA, AT, BREAEX, B F
(1. AEETRL R sk AR 2B, JEET 1000835 2. JLEi 42 A SR A RA T, JL5T 100085)

WE: [ B8] KA TR SR DR IEEN T4 TG A A L3530 A4tk B3R F kA T e Hmm, A
BTSN AR ARG LT ERBEAE, [ FE] A3 ERRAWEFFR (5. 10, 15a) 69 ZHik AR Lo B K
ABARAG IR EAE AR R, G RN EEMFIEG AN MIARKAL TG BRI, M@ FR), ik
WAL | SE AN, BT FMERIFTENF i, RAAIRE TR PHEL 238 kA3 3 At 69 T
#, [#R) OMAREFRGIEIn, DR S HEAFELZE IR EFR M (P<0.01), 1ZKE 1SabrkikTZ a4
DHARF, QEKRL 1Sa b LEAMNBEELEE, UTFHAERFHYRETAEIEE Sa TS MNEKT 96.10%. 12.17% =
26.23%, XA EIEH RARGGAE AR BIEIR, 15 WIRE A RAYOKTF, QMM LIEIEARAT T LIEF e fe
P AR AR A 83.42%, LI TRk K AR UAT -3 542 0938 hn LM AR (R7=0.902) 2 ) JRAK AR 32 04 38 dm 22 12 3%
m (R*=0.776). L3EFEH KL S HEFEE (R*=0.660) Fo 5 & 6438 hu ity 538 hm (R*=0.750), 1B 7 W) KA A8 A Bk B
R (RP=0.816), [£&# ] & . Wofe bR ERIUT-FH ARE LERFRTRRG ABEH AT, THELFME
HIEAF, A IR G E IR E LR AR I AL, BT GE T T £ P RARIEDL B A0 F XA
RIHM Robinia pseudocacia, 7+ AW 10 a Wb skt 4718 g fe, B 4 %k 4 £ 31
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Effects of different years of spray seeding greening on soil shear strength and
anti-erodibility of expressway slope

HAO Jiahang', GUO Xiaoping', OUYANG Qunwen', GUO Yu®

(1. Soil and Water Conservation College, Beijing Forestry University, Beijing 100083, China; 2. Beijing Green Source
Ecological Technology Co., Ltd., Beijing 100085, China)

Abstract: [Objective] This study aims to explore the effects of vegetation and soil dynamic characteristics on
soil shear strength and anti-erodibility of spray seeding matrix after the construction of high-speed slope spray
seeding greening project in Beijing, and to provide reference for the formulation of sustainable road slope
vegetation restoration scheme. [Method] A shady slope and a sunny slope sprayed with thick-layer base
material, and a natural slope without artificial disturbance (ck) with similar basic parameters were selected from
3 expressways with different restoration years (5, 10, 15 a ). The change law of anti-erodibility and shear
strength of vegetation and soil during slope restoration was explored by redundancy analysis and regression

equation. [Result] (1) The diversity and coverage of slope vegetation increased significantly with the increase
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of restoration years (P<<0.01), but did not return to the level of natural slope at 15 a. (2) The soil organic carbon
content, geometric mean diameter and mean weight diameter increased by 96.10%, 12.17% and 26.23% at 15 a
compared with 5 a. The stability of soil aggregates gradually increased and returned to the level of natural slope
at 15 a. (3) Vegetation characteristics and soil indexes explained 83.42% of the soil anti-erodibility and shear
resistance indexes. The K value of soil anti-erodibility decreased linearly with the geometric mean diameter
(R>=0.902) or increased linearly with the aggregate destruction rate (R’=0.776). The soil anti-erodibility
increased linearly with the diversity index (R*=0.660) and bulk density (R°=0.750), and the internal friction
angle decreased with the saturated water content (R°=0.816). [Conclusion] Bulk density, saturated water
content and geometric mean diameter are the direct control factors of soil anti-erodibility and shear strength,
which can be used as evaluation indexes. In order to better improve the anti-erodibility and shear strength of
shallow soil on the slope, it is recommended to adopt the spray seeding and planting method to plant Robinia
pseudocacia in the spray seeding greening construction scheme, and to carry out appropriate topdressing on the
slope when it is restored for 10 years. [Ch, 4 fig. 4 tab. 31 ref.]

Key words: vegetation restoration; slope spray seeding greening; aggregate; soil anti-erodibility; shear strength
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WA S 790 e ik - S SR A RO IE R AL, 5 T SRR S R - 52 5 PRU 1, R B in A A [ 4
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AR —E R LR LA AR BT, T S PR B R A K R, R SR e A 0
et M IR R R R E M, R R TR L S IR AR A IR RCR
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NER, R TR T % . AR A BB 58
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BRAG A EEIE, SRDBARIS B ShASOTFE, (RIS T30 M % KL B A e fe AT S MR RE ST T, R
R e LN SR AR R AR A SRR BT AT BT RE ) S A AR R P AR, L AR R L S O
FEPREIREIR o ABTF B U R FHAR RIAE Y . Rt ICT5 i 2 A Wit 75 3CRY 3 FfAS [R5 4 R Y
o AN TR A R I F SRR IR FER 5, IRFTAE BRI i At rh B R AR R R AR, 0
WROZAFRR | RIGORFAE . H IR R B S iR St . HUBIPERERI YOG AR , AR R A 1o A 4 2
A AN B RE Sh A E A SR R R, AU b X i A B SR A A TR R S5 Hl

1 BrRMX 585 T %

11 TARXHER
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55 42 B4 6 1) RS« AR FRGE S A 785 T2 4 - ST B 5 B R0 pe M (4 2 1223

et . AR, B T MBI KR E AR, ERRET, AFES TR, RN 114
C, 1V AFMK, 7 Af&e, AR 191 d. AFEHREKEHR 585 mm, FEH7EE E, HHEEM A Km &
W £ . ki bR o AR Y R A T AR WA Platycladus orientalis . A Pinus
tabuliformis . J# Robinia pseudoacacia . 11145 Populus davidiana. % ¥k Quercus mongolica 55 ; AN
SLFEBE Amorpha fruticosa . |5k Vitex negundo . WKL ¥ Lespedeza bicolor ., LI{5 Armeniaca sibirica, FRAL
Ziziphus jujuba 55 ; EARVIMEEL Setaria viridis . 346 B 15 Medicago sativa N ¥ .
1.2 #EMiEESHEAR

K 25 AR A 73, A AL (R A S a) . SRR (10 ). HU/RGE (15 2) 55
3 HANFIRSE A BRI E VRO T | B R A EASEOHEML, RHEZEM BRI B . B3 DL R
ZNTTIEESRET . FHYE (ck) 4 13, JL 12 bl PR AR . AKSCRIE S SR 3 AR — 8, maA g
MRS ML R Z -, JFECA AR R DL R R GR DRAGRI AR, iR IR FEE Y 15 em. F 3t
e b PABREAREDT (1 mx1 m), FERFETT (5 mx5m) & 3 MENER, 4L 108 NI, M EA
FRIEDLZE 1, ZBREFRED G, RAKRIA 100 em® AU JIBCEFFFRE, B0Ah, #%RSBUREL R R
JZ 0~10 cm 1Y T HEAE S, BEABIEAEH MISLIRE , KT, BFEE . b0 DA TS 2k - AR B . W]
B RAE L HETT N 0~10 em MY JFOAR £, ARG IS0 =, % R T3 A RSO R /N3, SR A
Yoo WMREMBMEYFRIRTE, LTS24

&1 FEMERER
Table | Basic information of sampling sites

e B o o
SN e gtk

Wy i em/ Yok B/

m m ()

H1 & Vitex negundo var. heterophylla. $#iF Lespedeza bicolor . Bk

LA T Viola philippica . JiJE%iSetaria viridis 36.1 110.1 363

BB, e T MR FH3E 375 1156 384

P 2. BIBIF . HIPlatycladus orientalis 555 41.7 190.2 33.1
% R FHE 396 2057 362

Egﬁjmfg?;;n})’iig{m KM Robinia pseudoacacia B 135 1301 352

TR . SEREHE . 4 FH%E 372 1507 358

5 KI114+100-K114-230 2R ETEMedicago sativa, LR . MR FH¥E 447 1304 389

5 KI114+100-K114-230 25HWR . SEIEEHE . i drtemisia caruifolia M3 353 1301 338

[ 10 K40+220-K40+435 A&, ML, MR, W4 REBidens pilosa LY 431 2146 373
WHERERS R 10 K40+212-K40+415  HEREMR. RIS AR FRY 303 2134 352
15 YK27+400-YK27+540 F1%%&. 24~ ik FHSE 324 1395 3211

15  ZK26+982-ZK27+102 SHEMRL. Z24 . AR BI%E 301 120.1 30.6

1.3 HEHESITETTE
FIH] o ZREVEFR B B RETE B9 Fh Z2 REVESRHE , Shannon-Wiener Z2FEVEFE S (H) . Pielow Y5) FE 45
0 (E). Simpson {EH#SEFEE (D) A AT -

H=-Y" PixinP;; (D
i=1

E =H/InS; 2

D= I—Z(N,»/N)Zc (3)
i=1

X (D~Q) o PRV i EGETERE TS LB, B P=N/N, HA N2 AR @ A%, N2
DTN IT A IR ARG S ST AR RS B R
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B 7 5 R SR FH EL A I DA
1.4 TEEIBLMRNE

T hEgEE . SALBREE . BIREKE . MRS K EE BRI KL (100 emd®) WAE 5 pH R pH HHIUE
OK AR 2.5:1.0); SRR ILRTENE ;A PR FH 3 3% TR AR BRI E
1.5 TEAREKKIEENE

WX 4 0 S5 45 2 R H R AR (> 2.000 mm), P HT R AR (> 0.250~2.000 mm), {3 AR iR
(>0.053~0.250 mm) FIEF MR 2L A AR (<0.053 mm) 25 4 PSRRI A BAE, W& R TRiFRE, HEA
RAREFT G E b, FE S B 50 ¢ £ 4F, BEBG T K HE 4 e AT (FLAE 551k 2.000 .
0.250. 0.053 mm) FFATILREAR /N OIIK B H % 2/3 4b, 218 5 min J5IFHLIETS 30 min, FRFHHE N 30
remin’'s IRGE ARG, BRI R UERR I TR AR &, ML R R, IMRARR E . AR
AR E MBS, IR HAE Duw) . JUATER EAR (Doy) . HIRIBBEIRZ (Dpa) M HERT 0l K (ERY
FHICIHRRA R

n
DMW=Zx,-wi: 4
i=1

Zn: (wilnx;)
1

Dgm = exp l:n— ; (5
2 v
i=1
A-A
Dpa = WS % 100%: (6
lgDgm + 1.675
K =7.954%40.001 7+0.049 dexp|-0.5x | =2~ 272 |, (7
{ GXP{ ( 0.698 9 )

K @~ i W ERR A RARA T HE (mm); w5 A RIK BT A 3 Aws WRAR
>0.250 mm KEME AT SRR & 25 4 RiAE > 0.250 mm T ffe o 1 A R AR ) B
1.6 TIEHBEESNE

HERHR 61.8 mm, &K 40.0 mm B3R T3 G FE T N4 H 4 S E R 8, REERT PR 825
M- JRIEY) . BRA, BRI SRAESE RS IR S BRRRTE, HEAKARR SR A
BB & RIS GB/T 50123—2019€+ T3 /b AnfE ) RLE , iXE T KRBT UIM 8 6 mm, By 1)K
FH 0.8 mm-min~', £ 4 FORFEAEERN ST (0=100, 200, 300, 400 kPa) F#fTiA%: . H 57K R4
B sl AR BB, B B SR BN S M A B I 0. A4l Mohr-Coulomb /A5 i45 3P
FESESA [0, ()] FIREERTT (¢, kPa):

Tmax = O X tang + co (8)

K ®) H: Tmax APUHHREE (kPa), HETUINIHE N 4 mm BTN SIME s o Alimlfif 2k (kPa).
1.7 HESH

K F Excel 2021 XiF # % yE A7 AL B, R I SPSS 9 £ & L4 : (LSD). ¥R & J5 2 0 1 (one-way
ANOVA) X AR AEBRAE AR . HHEAL R . KA AR IR RS 1 . BE e ik i AL B9 B Ty 2047
25 W EMW . RAITRSTHT (RDA) B L iR £ 48 br Z 18] A9 A SC M IF 2 7 M A 7 #2 . A Origin
2020 £,

2 HERESN

21 AEREERBEHIFIE
W 2 s 3 AS[RIK A2 48 FIR 100 355 A ) V% = B W) i@ ) Fabaceae, RASEL Gramineae, 2§7F;
Asteraceae FIJEIE R} Lamiaceae. 7F 5~15 a PR FEH, A REEIE S T LM+ IEHE -+
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o — ST R S0 8 B — SRR IR SRR Dy 2 2 A R [ E R e TR RS (T R A R
Ak, AR VR FRAETE L S VK B i i R HP ORI AR 4k, Shannon-Wiener Z 14840 (H). Pielow ¥5] g
¥ (E). Simpson It $% B 48 ¥ (D) FIAH ¥ 75 55 B 09 28 466 [ 43901 4 1.08~2.00, 0.90~0.94, 0.61~0.83,
52.96%~89.39%, IREVKIZAEFRAIG N2 I E A Hrb, MRS, LR R B Ko v o5
R B B 3 K i e (P<0.01), KB 10, 15a5WKE SatitL, AN T 14.80%. 8.20%.
20.77% 1 44.44% . 22.95%. 40.45%, 5 ASRABAZEFEZE N, B AINE] AR ABOK, WA
RO B E 2R

®2 AREREFEREWSFE

Table 2 Vegetation characteristics of different restoration years

W= Shannon-Wiener Pielow45) % Simpsoﬁjﬁﬁ“fi““ FHBE g
A fi/a EZ s dix (07 TBEU(E) THHU(D) EI%
ck 2.00£0.29 a 0.91£0.03 ab 0.83+0.07 a 89.39+7.07 a W%, BIRCE . SAEIT . MR
5 1.08+0.29 ¢ 0.90£0.04 b 0.61£0.11 b 52.96+11.68 d SN, SAEETE . MR
10 1.24+0.28 ¢ 0.91+0.03 b 0.66+0.10 b 63.96+7.38 ¢ Sk, SEHEM. MR, AR
15 1.56£0.24 b 0.94+0.01 a 0.75+0.06 a 74.38+6.66 b A SETEML. 24 R

Uil Hi  F I EEAREZE , AN TR R R FIWRE AR A 22 53 .35 (P<<0.05)c 34> RIS BE BOF- M8, n=54; 1]
PREAEIRBT . BHSEEHCE A ME, n=18.

2.2 AERE R RN RIS

AN TR 52 A R 1 38 1+ SRR PE i 2 A0 A 3 22 59 (36 3). AWK AR BROARWT I n, H 4% & A
pH ¥ RS, 2G50 1.01~1.19 g-cm ™ Fl 7.46~7.71, AT HIEAERLAET HAR
DY, pH EEREFME, M Sa 10a MRELFET, pH B FREEMT HRDYE . T & KR
ﬂéﬁﬁ%%ﬁﬁ%%%ﬁi@%WMWEWWE%WMKﬁw<MD.fmamwaﬁﬁﬁﬁ$f
i AR IKE, TE 15 a BF23 ik 54.62% 1 1.53 g kg'o 38R FLBR TN+ A ALK i 20 BSOS AT
FEl 53 3114 50.119%~54.6% F1 3.85~7.55 g+ kg ™', o 134 HLAR T 40 BOR MR BE T 57, 2 BERAE PR 5 4T PR3
IR, HAF ST X BEN I AR IR E] H AR K

£33 AEREFRLEEHLER

Table 3 Physicochemical properties of soil at different years of restoration

PR AFRR/a AH/(grem™) SFLBRE % RN K2R /% +4épH TR (g ke ) TIEAE IR/ (g kg™)
ck 1.21£0.06 a 58.73+2.23 a 49264227 b 7.67+0.18 ab 1.38+0.14 ab 7.78%1.17 a
5 1.17+0.04 a 50.11+1.80 d 44.0242.24 ¢ 7.71£0.17 a 0.8240.20 ¢ 3.85+1.77 ¢
10 1.10£0.07 b 52.50+1.76 ¢ 45.65+2.22 ¢ 7.60+0.13 b 1.26+0.32 b 6.13£1.16 b
15 1.01£0.08 ¢ 54.62+1.38 b 52.26+3.80 a 7.46+0.11 ¢ 1.53+0.35 a 7.55+1.18 a

U] Bl I EEAR R, ARG TR RN AR AR R A 22 57 .35 (P <0.05).

2.3 AEWRE FER T EE RS TR E T

B 1 AT 3 AN AR A2 AT BR il 33 ) K Rt AT SR A 32 21 >0.250~2.000 F11>0.053~0.250 mm #7428
h A, B AR BRI T R AR AR R . R R AR BRI R AR SR L R
TP B AN T A B A 5 L B 3 TS (P<<0.01), HIEIKE 15 a h A BRI S E S, Sk
59%, AT HARABAKFE, KFREKE L 17%, #Bid ASRIOKY . 52k, A RAREL Rk 5
PRTE S 52 38 A v LU ) 2 PR B 35 R a8 (P<<0.01), Sk 5 a ML, 15a T 1% Fl 4%,

MR 4 AT AR EE (Dov) . IR BAE (Dyw) PA S BIRAIKIEIR R (Dpy) BEVK
RAEBREIIEINS [ SR Z BRI /N, Doy Al Dyw 28 BINE T A SR 3% 9.34% F1 19.88% i 2 5 T
HERAYE, Dpa Nim T A RN 18.01% FEEALF AR . H I RARE E R B/IMKIR S 15 a.
ck. 10a, 5a, TEEWMME KAEHTENBORE B, ZEVRE 5 R0 10 a B 4300 & T H 2R i3 24.41% Fi
9.42%, 1E 15 a MK ZCT A RDIE 1.07%, T3P E 2 [ R0k
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H 20 20
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ck 5 10 15
AR /a WE AR /a

[C1<0.053 mm [E3 >0.053~0.250 mm >0.250~2.000 mm [ >2.000 mm
AR K G P B R AN R AR ) 2 57 422 (P<<0.05), RHV/ING P RERIRAS AR AR 8] 22 5 2 2 (P<0.05).
B 1 REWESFRT. 20 AREEES A

Figure 1 Particle size distribution of wet sieve aggregates with different recovery years
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Table 4 Soil aggregate stability indexes of different restoration years

WE AR /a JUAH B AR (Dy)/mm A5 AR B4R (Dyqw)/mm PERARRIR 3 (Dpa )/ % T kK
ck 0.76:0.05 a 1.27+0.05 a 14.67+1.25 ¢ 0.047+0.003 ¢
5 0.610.04 ¢ 1.15+0.04 ¢ 17.3140.59 a 0.058+0.004 a
10 0.690.06 b 1.2240.05 b 15.72+1.21 b 0.051%0.005 b
15 0.77+0.06 a 1.29+0.05a 14.46+1.78 ¢ 0.046+0.003 ¢

LWL Bl I EEpREZE , AR/ INE T RIS R R R AR FR ) 22 57 B 35 (P<0.05).

24 AREREERBEERT T IERIEETISE

AN A2 A BR s ik 3B 7 - B2 e ani& 2A F1 B s . BUNE RS 4 mm BT Sy, $00A AR TR
AR R P sy R AR I R AN & 2C PR . VKA S A 10 a B A HT BT SR EE RULA -7 T F SR
Ye 1T, MPKE 15 a BEE HIERBTSR BEALA M2 S A SR MM, UAITEREE 5 F 10 a B - HEbT 5T 58
BEE T ASRLY . BRI 3 AR R EAEBR A BT sy am i 0 5o 114.22, 121.83, 124.31 Ml
110.55 kPa, EISCHGINS /N H

3 A [) 9 52 AT R 0 340 B 0 BE AR SR AN K] 2D iR, SAIRIRE 5. 10, 15 a AL SRRV EE SR
J153 500 27.83 ., 28.67. 30.21 Fil 15.18 kPa, P& VK A FRAAWIG I, A T3 0 B L F SR
Yoy e T 83.33% . 88.87%. 99.01%. MK 5 F1 10 a By PN EEEE A YK T A AR AR, A &
FZR, WK 15 a BRPAERBR TR, AR0IREE N 18.16%.
25 ARGEERBHEE RN NN mMEER

JUA BT (B 3) B - HE Bl RF AF A 4 24 bR 6 2 e MRS T 3l Rn 565 1 %l 149 ik B8 22 0 0l o
70.82% Fl 12.60%. £ HR RS, WAEKE, JUTFEE ER . ZREPEREUR R AR BR R & 5
TR E R bR, TR BN 65.7% . 11.8%. 6.3% M1 5.0%., Hrb HHErIphik K 55 . FRIK
SRR B IE MG (P<<0.05), SIS ACK . BIREILAT- EAE . FIRROE 3 5 B AR W Uk o6
(P<0.05); ZHR I SWAMEKE . SRR E EAHSE (P<0.05), S EEBFH ML (P<0.05); 1M
BRI AR U] S5 RN Kk R e 2 IE AR DG, 54 R i 3 UG (P<<0.05).

E— 2B XA RAE . AR S RS MR AR EA T M A3 BT (18] 4) BB HIERT i K {E T RAE
h A (R=0.627). RN B K R (R=0.699). K1 & & LA F 34 H 4 (R*=0.902) A1 Al & 14 i 38 %
(R*=0.776) B pREL . B JITT LLRAE N Z T8 5L (R°=0.660) FIZETE (R*=0.750) [tk k%, LS
FE K (RP=0.816) 1) 7% PRE o PN JEE 488 1 W) 0T LA R AE A 25 3 (R*=0.813) AR AT % 7K % (R™=0.699) 1)
TEREL
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Figure 2 Comparison of soil cohesion and internal friction angle of matrix layer under different restoration years
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