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Abstract: [ Objective ] The Tibetan Plateau has complex terrain and extensive gravel distribution. This study aims
to investigate the relationship between gravel coverage and hydrodynamic parameters of slope runoff in the region,
and to reveal its impact on soil erosion and ecological environment protection. [ Methods] Laboratory artificial
rainfall experiments were conducted to study the hydrodynamic parameters of runoff on bare soil slopes and soil-
gravel mixed slopes, using four gravel coverage levels (0, 20% , 40%, 60%) and three gravel size ranges (0.2—2,
2—6, 6—10 cm). [Results] 1) On bare soil slopes, flow velocity initially decreased and then increased with
increasing gravel coverage (6.31, 3.60, 3.59, 4.12 cm/s). When the gravel size was 0.2—2 cm, runoff depth
increased with gravel coverage (0.42, 0.51, 0.84, 1.03 mm) , while the opposite occurs for other particle sizes.
On soil-gravel mixed slopes, flow velocity decreased with increasing gravel coverage (5.23, 5.07, 5.26, 3.83 cm/s),
and the trend of runoff depth was consistent with that on bare soil slopes. 2) The Reynolds numbers for both
bare soil slopes and soil-gravel mixed slopes were below 500, indicating laminar flow. The Froude numbers
showed complex variation. With gravel coverage of 40% and gravel sizes of 2—6, 6—10 cm, the flow was
rapid. Under other conditions, it was tranquil. 3) On bare soil slopes, when the gravel size was 0.2—2 cm,
the resistance coefficient increased with gravel coverage (0.02, 0.02, 0.03, 0.04) , while showing inverse
trends for other sizes. The Manning roughness coefficient first increased and then decreased with gravel
coverage (0.02, 0.06, 0.07, 0.06). On soil-gravel mixed slopes, the variation trend of resistance coefficient
remained consistent with that on bare soil slopes. For gravel sizes of 0.2—2 c¢m, the Manning roughness coefficient
increased with gravel coverage (0.03, 0.04, 0.13, 0.17), while the opposite trend was observed for other sizes. 4)
On bare soil slopes, when the gravel size was 0.2—2 cm, shear stress increased with gravel coverage (1.93, 2.34,
3.85, 4.69 Pa), while exhibiting opposite trend for other sizes. Stream power first decreased then increased with
gravel coverage [ 0.12, 0.08, 0.07, 0.10 N/(m-s) |. On soil-gravel mixed slopes, the variation trend of shear stress
was consistent with that on bare soil slopes. For gravel sizes of 0.2—2 and 2—6 cm, stream power first increased
then decreased with gravel coverage [0.11, 0.13, 0.10, 0.08 N/(m-*s) ]. For gravel sizes of 6—10 cm, stream
power first decreased and then increased [0.11, 0.09, 0.10, 0.11 N/(m-s) ]. [ Conclusion] Surface gravel
coverage, internal gravel content, and gravel size have different regulatory effects on hydrodynamic parameters. It is
recommended that bare soil slopes adopt a configuration of small gravel sizes (0.2—2 cm) with medium cover
(40%), and soil-gravel mixed slopes use small gravel sizes with high cover (60%). This study provides support for
understanding soil erosion patterns and preventing soil and water loss in the region.

Keywords: Tibetan Plateau; simulated rainfall; gravel coverage; hydrodynamic parameters; soil erosion

Received: 2025-03-28 Revised: 2025-06-12

TR — A RGN R AT R R
FAEAT, M A A B IR B R e AR AR ER BT A A
LUTHY AT RS R R o A N R T S A I, A 4
R HIE B - B o A B, (A b A 4R b o i A Oy A
B HRZ—. HAT, & E R W R Y
T T R B, ORI BB Dy 3 (B S M X
A K e PR AR AR AR e T e ke SRR b R A Y Bl
J3, T 5 AR R R B M AT 5 e B A TR AR Bl
X 3P T A I S T B R R AR A I T AR kg
FY 4 00 AT 8 5 B8 84 ) A5 AL O 7 1l IXBIE S R

Accepted: 2025-06-30

Online(www .cnki.net): 2025-08-11

B, T 5 A0 T B ol ARk Y AR B 5 AR ]
S5 TE £ SR T AT A L SR AR U ek A R SAR EE
DN B | o = W P A DA N 98
TR 22, e AR ol XU 1 B 2 385 o, i X 2% 3 X 4
HERIR Ry e

BROE N RESY R AL S
FEOT A3 2 AR U A R 10 i B HLOK Bl g R 1 A SR
BEE K SCER Y, DT ] 42 98 45 M 4= i B K AR R R
JEI R AT R AR R T B X K UL 4 VD R )
FIRE HE 7 AR 5 2, 2E T 52 0 - 8 UKL 19 32 3l Al

http. // stbexb.alljournal.com.cn



58 PSRV R 3 5 40 &

DURE o AE/NRUEE b B AT I 43 A1 5 W B A7 30 2% b 3%
K T B T v RUBE - kA 9 8 55 DU DX 394 T
FOK U I S e A TR R HOR BR A
JE 5 3 K B 1 S SRR I OE AR & e E BT
J T — BRI SCRIE G . BU R I S G b AR o S R ik
RS A 0T B, V- 4 L T i A R A 7 i A Y
TN 4% 5 R RORS S AR, P 8 R TR T R B R R
2 R RS s e F I AL T L XA e BT B £ A
o R RE R, W 5 AR A Bl BE 2 BN L 7R TR BRI
JUERCRR 2 R W L B R B A B B, AR
IRV RGN I R VR § 3 N PSS
Ui SR o 2 TR GO O T TR R =k R XA 5
@ b, 4 7 i R R, R L o 5 PR RO L AR
TR KBS V) ) BH T A RO R R AR RO K
R AC AN B s A T R O 4 DX R R L
VR 9 o7 T R BB R A i R S MY R U, & TR R
FR0 FHL T 2 0 Bl A B U0 T AR IR B R B R A
S A R Z MRS O R e AT AL A T Y
Mo DX, B A 5t 5 AR TR K Bl 0 2 AR AT AE A R R
FURU , A 5 Bk A1 B2 o 08 35 TH0 0 UK 3l 0 2 2 B 2
B AH T 0 D X B Y A R A
A5 322 b DXAH DG BFF 58 A i O g

T e RO AR AR TE VS ORI K I
AR 25 I B B 0 Mg 55, o 0 0 I 9 s X ) 2R 2
2 bR E R BR A AR AR I S A
o R DX IR S %, A e L D R A 2 A
TR T W E L CRERE T R D, R B
TR ERERA, A Yl R R M %X
Feis F) 16 IR, 75 FEV AU AR ZUOR FHAR B R, TR 2 AR
A2 AL B A%, S B A D R TR A A BE U
e folt 240 UK [i] AP T 4k 1 A%, A1 g T A 9 v L JBURE
BN AR b A% A AR AR Al R T S W R AR Y B
BB P, BIF T R S DX T AR I X B A1 B4
JL, A Bl T 48 7S e BROK SCIE AR B R R AL O X A
SO RIS UG . % T, e IOV ECR B A

WA (I FPRLAE 5 78 o BE AL B

ja et

—> ARG ARIEN)

(a) ST B 7

SRR A 3 5 A TR S SR S BT 4
0B W 3 5, 43 B AS [6) 0k A B G BE 5 R K B )RR
PRI OC ZR, LA 75 8 i i b X A 49842 il R A B K
A 5 B A AR AR 2 AR A
1 MREFE
1.1 MRERER

BRI DA T PG L A A KRB T 48 4 & AT,
AR 249 3 700 m, = FE 1L b 5, 338 S 34 39 B 257, HL
T AR A . SRR R R AT T R AR
B 7.5 °C AR F ¥R K B 450 mm, B K SE i AE 6—
9H , Z MR T e DL 1 )
+ oA KA R RO, R 2 T A
1.2 RIE R

(AT N ol F ORI TANY) TANE TR A1
75.27% .14.76% .9.97% , pH N 8.25, 44 HL 5T Ji & 43
Bk 2.54 g/kge REM LA KT)E, L 2 mm
i X E AT A A 0 43, 0 B L H TR A R AR &R R e
AR AT RN o B R M ) R B KR
3% , AR F R N 1.45~1.50 g/cm®. i 56 B FH Ak
A R 358 v i 4345 3] RE AR 2~100 mm,
1.3 Rt

KR ERA S5 TR M & AR T
R A2 TR A TR CR R Bk ARLAR K/ R A
TR E 3P AL (B D, SRR SRS R, 2
— Y TR K R 5 S 20 mm/h, {H 7E WA IS I AT G ik
130 mm/h; J5 |7 S PUHF T & B0, BB S B
k157~ 25" 1 DX 4= it B A e, B Ok 25°~ 3571 IX.
WM EE R Z . UL, a5 A N TR
A A Al AR, I AR 0 X R T 19 S 8 e 5 RO
H T BRI 2 R 60 mm/h, BEFN DT 60 min, 3 B 564
25", KEMAEH T4 M 0.20% .40% F160% , 7 o5 ik
A1 REAR 73 N 0.2~2.2~6,6~10 cm, + &KL I 43
4l 4 (100% 3O+ AR A (60% 15 40% B
AR RIS 2~6 cm) , 23t 20 410 Ab #E B Ak P
WE 2AEE BCEE .
B (R DR 42 15 7 7 FEE A )

> &1

OO O O b Hk@EmaEN

(b) TR AR

E1 REaAERE

Fig.1 Schematic diagram of experimental treatments

A 50 7E VG AL R BN B e N TR R T
17, 5 TR 25 8 0% 5 ML 5 3 240 9 m, PR R 34 40 B W] Gk
90% . IR 2 m(£) X 0.5 m(FE) X 0.5 m(E )

Rl AR R i 4 2 AR IR A O T AR IR A e v
KR MEMFIRFREIA 1TZ V5 (20 em) I AEH 1 T5
A, B kK o BUR o MG T AR R AR AR

http. // stbexb.alljournal.com.cn



&1

RIS A5« N TS AU T T o 53 X300 TRT A28 30 /K 8l 3 6 1 X 2 A 8 3 F) e i 59

PR L ARBUR R AR A T T R I
B LSRG R . B2 RN 30 em, 4l 1+ FiR
ABR AT KR 0.2~2.2~6 em I, 43 3 2% A H 4 2 11
R R 10 em IR ABRA KR 6~10 e ], 43 2 2 3%
A H AR A R 15 cm. e LR E D Z,
FERE 2 R UEAT T B AL B . SR U/ 120 B R Y B
JRUE A A B A K T A ) 4k B A v A S
o BUGRE SE UG W B R A LT

S A T A R W T A S R R A 5L B
W —E RN RAYS) EESHNEE 1 mX1m
(R S R A L ol I A2 A5 B 50 mm B9 4 [ 3ok 2E A
BIL, DN IS 1 3R 24 3 m A I T ) EAT A HE, RO &
GIS F1 IDRIST# {44y e ab BRI, 1F 550 Al b 19 B8R A
Vo I VA VR A e R VA TR A A PN A
ik A 50 TA] A X R 56 R 0.2~2 em Bk A1 Y=
0.969X, R*=0.97,n=53; 2~6 cm Bk £1 2 Y=2.930X,
R*=0.93, n=50; 6~10 cm Bk f1 N Y=1.713X, R*=
0.99,n=42CY WA EEE, % ; X NF i, kg;n N
FEARKO . MRS R IFRR R AR 5 55 B T 1)
Bk AT R, A6 A [) 5k A Ah B3 56 v R A Y B Y
Wh A AT A B o
14 K AhSHNE

I 1A AL AR el R A VD B T A AL RO T 3 1
WA K 3h Iy 2R e . Hoh, R I Cod AR T
TR ChO H5 38 Y 18T A% U R AIE 5 5 15 55 (Re) 1 3 55 185K
CEr) 40 590 35 T i U 28, B W 38 T 3 )22 7K i 7K 8l g 27
FEVE 5 BH T3 2 85 (O R 7 i 58 28 B0 Con) S5 B 395 T 97 11
BH 3 45 1 5 K 8T 91 1 Cod R 3 36 Caod) 8 3R £ 32
Sy B HE S B A HEAR ki R

1 3w 3t 3 Cod o AE I 0.5~1,1~1.5,1.5~
2 m A A KMnO, Z% 8,57 75 0 5 3 3, 8 DU 45 09 328
RO Y (E, 285 B OE J5 AR b B T SE i, AR
KR B IE R 075

2) FIRCh) o BT AR I Y P BIK R B e 3T
RIS, AR Al

Q
= Bur (1)

Ao AR  ms o T m /s 5 Q S BUREH [] 9 1Y
SR, m’ s S URERT R] s B A 2k 7K B 1 5 B, m.
PN S O I v =

3) TR (Re) o FAE K I U 3 1% B 1) G 2 44
B, R ) MBI R . Re<<500 B, i A
Wik, WIZ W ;s Re i 500~2 000 i, 3 44 &b F 1t
PEAR 25, 3 P W 5 Re=>2 000 B, 37 14 R 8 48 A Fa

€SB ME R . Hat a0y

R
Re:L (2)
y
0.017 75

y= - (3)
1+ 0.0337T+ 0.0002217T*

K Re B FE WG R K 1248 AR T Cho 3 AR
B sy KK A iz 2 Bt R B, m? /s, R OKIR T
BRI AR A B0 v P R T

4 57 CFr) o A 3 B R K U A 1 G 4
SRR RE N ERM . Y Fr<1l, KNk
G Fr=1, kW AR Fr>1, kAR, H
HHEARXR:

Fr= (4)

JeR
A Fr o 5 55 1880, g M F TN, m/s%

5) Weisbach FH 7 2 80 () o Sz W35 181 7K 37 BH 77
FRAE, 55 OM0RE B U AR BT AN B RS A G . KR
NS

=2 (5)

v

A £ Weisbach B3 288057 /K T3 3 B2, 2 B %
4 IE 52 {H

6) 2 THRER R A G o WX A BE 1 52 0 i JE
i AN R A GO (BB, %) I A4 B MK 7 HLAt 25
AR B L i ot e s o a5 A 50

RZ/Sjl/z
n pum—

(6)
v

T KW Y 7 (o) o KR AE B i B v X AR
FEAE R BT Y ), T A RN L R . K IR
Y1 R Tl YY) g i T A R A AR il R
CIRIDAD NI I o 70 E o S S g = /N Wy

= pghl (7)
Ao MK BT Y] 1, Pas o KOS  kg/m’,

&) KM H (w) o BN [E] PN 7K BE I A 2y, L
W K I 7R B U B i T B HeRE . HOF R A
J—:tﬂ‘j:

w=1v (8)
Ko HKTEYIFE, N/ (m-s),
L5 HESH

K H Factoextra R A X} K [A] 7K 8l J) 2= S 80k 17
F A B (PCAD I X 43 B 45 R 2047 T Ak 5 >R
i 13 1 b AR 25 2 A A [R] Ak 3R 6N [R] K Bl ) 2 4%
Y 52 5 2k FH Excel 2021 844 4b 31 F0 43 17 K 3l 01 248
Hdfi , I Origin 2024 #4F BEAT il 14

http. // stbexb.alljournal.com.cn



60 KRR

40 %

2 H#RESW
2.1 EZRRK IR BR A B 5 A9 KL

JFH U 3R AR A A R A 3R 3 T AR K ) e
5ok A s B OC R (B 2) R BT, 6 T4l + 3w, 7e & m
TCHR A7 B 56 4 0F R, W AN AR R 40 3 4 6.31 em /s |
0.42 mm. FEA BR AT 35 500 TF TSP X O o 0
M 1547 % ~T73.62% ; TEBR A 1 75 S 4020 .60 % Bk
AR R 2~6.6~10 cm B, 2 L TR W/ |, 0 A
11.14%6~26.91 00, HAb 254 T 34 m, B9 05 0 16.26 76~
143.20% o 4k 7 78 5 5 3000, U S 0N A 4
FEVRAE A RV 25 A RIS [R) - Bk A R AR 0.2~2
cm B3, R 4% 2~6 .6~10 cm B 9 /) o

Xt F AR A P 7E R TR A 6 AR LT
R 5.23 em/s, /N4l 3T RN 0.47 mm, K

) a3 i ARSI
96'
9
i2

2_

0 H

0 20 40 60 0 20 40 60
WA /%
I

Taithm. EABRAEERNT  BRakiRh 2~
6 cm Bk A 5 O 209,409 B Bk A KL AR N 6~
10 em BR A1 4 5 B O 4050 .60 %0 B, SF- 349 G0 3 /)
IR R 6.54 90 ~65.45% , FoAth 4% 8 T 1S, 3 0
7.57%~34.65% ; Mk A KA K 0.2~2 cm W fif A 7 3%
FE BRA KRN 2~6 e 1 2090 B R AT LR
TEME N, B0 R 13.97 % ~113.16 % , Hifth £ 14 F i
ANV R 3.78 %0 ~31.21% o AL B Wl Bk A1 7E T Y
T 08/ IS A28 Gk TR 114 722 Ak 45 5 a4 Bl T — B koA
RIAR R 0.2~2 e I, BB A7 76 5 B2 3G Jin ifii 385 o, A 42
2~6.6~10 cm W] 3l /) o 7E 8k A K42 0.2~2, 2~
6 cm ik £ 7 55 7 60 % FBR A RLAE 6~10 cm k£
TR 209 KM F A Y R F AR
A A ST AR . AR AR A Y
EREES/TRY NN REL [ o 1118

121 ()
1.0

ity

AR A Y

g 08}
£
K 0.6
ES
04tk

0.2

0

0 20 40 60 0 20 40 60
TR 7 /%

N 0.2~2 cm [ 2~6 cm [] 6~10 cm

B2 HEERKAFERGEAEESNEWL

Fig.2 Variation of slope runoff hydraulic characteristics with gravel coverage
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Fig.5 Variation of slope runoff dynamic characteristics with gravel coverage
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