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UAV-Based Simulation and Characteristics of Road Gully Erosion in Small
Watersheds under Extreme Rainfall Conditions in Loess Hilly—Gully Region
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(1L.Faculty of Geographical Science , Beijing Normal University, Beijing 100875, China; 2.State Key Laboratory of Earth Surface
Processes and Hazards Risk Governance, Faculty of Geographical Science, Beijing Normal University, Beijing 100875, China)
Abstract: [ Objective ] This study aims to establish a reliable road gully volume estimation model using unmanned
aerial vehicle CUAV) imagery to enable rapid and accurate monitoring and assessment of road gullies on the Loess
Plateau. [ Methods] Based on survey data of road gullies induced by extreme rainfall on August 8th, 2024, from
two typical small watersheds in Danba Town, Zhidan County, Shaanxi Province, empirical models were developed
to relate morphological parameters of different types of road gullies to their volumes. Based on these models, the
road gully erosion characteristics of the rainstorm event were further estimated. [ Results] 1) Significant power-
function relationships were identified between gully volume and both gully length and surface area, with surface
area providing more accurate volume estimates. Notably, the construction of separate empirical models for surface
area and volume relationships across road types (earthen, gravel, and paved) significantly improved the accuracy
of gully erosion estimation. 2) In the monitored watersheds, gravel roads accounted for the highest number of gullies
(67%) , with erosion volume (638.60 t) significantly exceeding that of earthen roads (492.59 t) and paved roads
(51.42 t). However, earthen roads had the highest erosion modulus (29 326.75 t/km”) , which was 1.7 times and
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11.4 times that of gravel and paved roads, respectively. 3) Road gully erosion was influenced by multiple factors.
Road surface hardening and gravel paving significantly reduced erosion intensity, while the effects of catchment area
and slope on gully erosion varied by road type, with earthen road gullies showing the most significant response (p<<
0.001). [Conclusion ] Unpaved roads exhibit the highest erosion intensity, classified as severe erosion, representing
the primary focus for road gully erosion control in the loess hilly-gully region. Gravel coverage or road surface

hardening can effectively reduce the development of road gullies. The findings provide a reference for road

construction and water and soil conservation in the loess hilly-gully region.
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Fig.8 Relationships between gully catchment area and volume of different road types

http. // stbexb.alljournal.com.cn



%1 K SR A FE T 0 ML B 4 I B A% X ity 9 TR SR 14 R /DN A D) VA AR A 4B RN R TR 287
16 [ (a) priti s 8 161 by +-55 <
$=0.209+0.112 1=0.225+0.116 <
2 R=027 p<0.001 121 =028 pe0.001
2 8r %o 80 @ ¥
i il
& &

[ (o) AT
1=0.082+0.32
127 =003 p<0.1

I BoA B m?

10 15 20
Q)

(d) A%
12+
£
=
< 8r
EE-(
&
4+
o B .
0 - a@ E| 1
5 10 15 20

WG EE/(°)

B9 FAREEBERFEESVAERHXER
Fig.9 Relationships between slope gradient and gully volume of different road types

3 3T it
30 AEEERYAEMEEEEITL

AR OGS L W St B R 25 AE R, U0 A R K R A
TRUFN ) 3 (R R 5 2 10 FRSE A X 8 - v T /0N O A
Y U R Ak B0KG B, 3= WA U3 A R 5 3% v AR 7Y
(V=aA") WAl BACR W 5 08 T 908 (R B 5 K R A 7Y
CEL6 B 7D, 5 i AR At X385 35 B b 114 F 5% 45
AR o AE AR ) (Y D3RR B8 25 18 T, T B 2R A B 3
YIRS REAEIN LK R, L YA b
HL3OMERTATFHIDMAK16), £
- I D) 7 A AR T R X R T AR A AR Ak B N U, D0
NUVR B T N S Y)Y (R ke e
B At X SORIE 50 2 SR L, B v AT I U7 A
B o H 5300127 AAR I B + X (0.156) A &4
R R TR DR R EL . (0.060) , i/ T
WP H X (L7TIOMAHCE R, mEF 285 5
J5T b 0 Ml 35T G, B A DL IR R it B 1 3 AR 4 B
TR T P B A X A AT AR SO 5 B
T R Y IR A b N T
N 1 SR e e o Sl v S P S ol | B/ 4
SRR B K, b EUE P oh M AR SR IR I AE R
SR T VAR B R BB .
3.2 Sk X AR A0 BE X E B 1154 12 IR B 3 0

T T R A T BOAS [ S B GE B D) I A T 2% S

0 S B, o 9 45 0 I R K A IR T TR A
T8 % R W D) I8 AR P o S B TR BSE 4
SISO E T o N . 7 R R et DR S i i
JEES TR T B A0 BB P A R30I e 0 et [ B 38 O
e BEHLRE 2, 5800 A2 U BEL 3, e MR AR I U, DA T
H AR T R g o R i Rk . L
S 2 T HE A TCAE W 1, B AR 0 R T UK, B T Ak T
S S AR et N L B o R e, SSRGS B Y R R
B/NIE AN B L SR ES R R T K A B i s R AR
UL, AE 5 T a8 B I, DUBE B 7™ 3L o 3 7 U AL o)
B R AR AR ZL A T, O YDA AR ki 2k T A
BB A TR, B Z AT SR, G S A
H 5 524 S B 1 MRS o BRI S L R
Ui oy A6 AR AR T4 1R pho 3l g B 5 2E T e 2E U9
KE.

T % B ) 2% 235 btk 2 o A A R K DX 1T FRUR
T AR o 7E [RIAE MR | 338 3t 1) T AR 7K 2% 1
T SR K DT ARUGBE O D) AR AL R AR, 4 BT U )
R, DT Fad) 1 9 45 ak  RT T B 7K DX T AR R 5 e
TR SR 5 AR T B, 3
Je 5 MR VD7) el Y R DR R B R R AR DA
R, S O R B RE Y O, T i U0 B9 Kk
B AMAEBA BN ENHK RS, HK R
T N R ST o o I 7 o 11 S o N )

http. // stbexb.alljournal.com.cn



288 KRR

840 %

A2l R A RV o T AT I R I Y R A A
Be A D TR B = HEOK R GE, B A 5 R R
KA T ORISR ZLRE S A U1 4 K X
TG A RRUAH O 1k W S 559 T A0 R - B G T
TECES) .
3.3 NREE R YIAE YT

R A A SC o ST i D) v R R g T R R Y A
N OBy NE T S S S ST I N - R L
39 863.50 t/km”, T VB /N U B 42 1l B £
18 790.00 t/km?, 5 LIAO %"/ 1 XU %5 %} 35 + 5
J/IN B 358 W A% A T I D) 9 A kA R s T A
UL AR N F WANG %2 R a5 6 Wl 55 e
D Yy B v AL Y 4R Dl S 8 (228 075 t/km®) Al
YANG 578 T 7+ 26 5K B W5 5200 A+ % 4
2B (235 000 t/km?) o %22 5 5 MK %54 %
AR RE K SE G BN F R EF 5 KR 7426
RERFR W, BRI 38 /0N T 8% 0V 5 D A 008 5 B

AW FE K B, 2 A/ T S EE B U0 AR T 2 R
DR/ AR RO TSN 2.12 6%
2 /N B <10 km, B K R ME LIPS0 H 1
P o A5 ¥ A Ry AR, DR T B U 9 4R Tl 1 3 25 SR
5 NI S R DA G o LIS RS & B0, B
Hby TR ARG I 106, 3 % R DR /D 0.7 U6, It del K T 4 VA
RN 1.7% . ¥+ B A X LI/ o £
B . T R 0 SR T B0 b B iy SR/ Bk T S O
Ree AT, e T A28 30 385, o L B D VA R Y L TR
SNV B RS TR FR O L R 15 %, T VS /N I el A
SEAR G B BT AR AR 3%, R B KU1 (R
MR R ERT EEMEERNEZ —, Mg EA R
KK BRI AR, R DR 5 02 HE 1% b B
T A% 3 L5 Ak - BT b 1k BB, DA A 50 1 U v 42 1k
KB
4 4 ig

D514 58 1 U1 K B AR E, B8 2% 1 A S R R
F8 A OGP B S, B R o A T I )9 AR i X
BT 43 M V- A B AT G 4R T I AR
AR

2) 40 F B HOR B 4 RN R D) I R R E
) 2 A P (R0l 5 84.3% . BT LT AU,
R AR I 29 327 t/km?, B 35 8 T A T A

3) T R AF 2 5 T % U 78 47 ik 1 G
ES Y TR AR C AT R N a7 3 A [
S e R R B R AN S . R BK R VA AR X
AN D) V8 AR ko 2k TR R A SR G A ST
Jit YA A A K S AR AN A A A T I I R R R I o A

3 Bl B 58 5 1 HE K F G2, AT AT R0 ] - % D3
R E 3 BRI AR X/ I G )
TR AR b 2 A AU

SEZ Lk

[1] YANG S Q, JINZ, HAO M K, et al. Landscape and soil
erosion changes along different types of road over the past
30 years in the largest loess tableland of China[J]. Land
Degradation and Development,2024,35(18):5559-5569.

(2] SRHTES, BOSCEE , fE 405, 45 1960—2023 4F # 4 & 5 )

Ui WA K S P I s SO RRAE [T ] T 5 I B 2025, 48
(7>:1153-1166.
ZHANG X H, ZHAO W T, JIAO J Y, et al. Spatio-
temporal evolution characteristics of extreme precipitation
events on the Loess Plateau from 1960 to 2023[J]. Arid
Land Geography,2025,48(7):1153-1166.

[3] ZIEGLER A D, SUTHERLAND R A, GIAMBEL-
LUCA T W. Runoff generation and sediment production
on unpaved roads, footpaths and agricultural land sur-
faces in northern Thailand [J]. Earth Surface Processes
and Landforms,2000,25(5):519-534.

[4] GUOWZ, BAIY, CUIZQ, et al. The impact of con-
centrated flow and slope on unpaved loess-road erosion
on the Chinese Loess Plateau[J].1.and Degradation and
Development, 2021, 32(2):914-925.

[5] ZHAOY Y, ZHANGY, YUANM T, et al. Estimation
of initiation thresholds and soil loss from gully erosion on
unpaved roads on China's Loess Plateau[ J]. Earth Surface
Processes and Landforms,2021,46(9):1713-1724.

[6] LIAORX, FUSH, WEIJM, et al. Annual soil erosion
characteristics of unpaved roads in the Loess Plateau hilly
and gully region, China[ J].Catena,2024,247:e108483.

(7] SRBIRL, X, Bt 2, 25 A DUR B8 I U1V 25 B AR
SABUGHRRILT] Al TR, 2024,40(14) :81-90.
GUO M M, LIU X, CHEN Z X, et al. Morphological
characteristics and volume estimation model of the perme-
ant gully in the Hulunbuir grassland of Chinal[J]. Transac-
tions of the Chinese Society of Agricultural Engineering,
2024,40(14):81-90.

[8] 24, 5K, A0, %5 R w00 SRS AR W i A< L ]

1l B B XU R RR A RS RL [T ] Rk AR A 4,
2021,37(7):122-130.
LI1Z, QL Z G, QIN W, et al. Gully volume estimation
model using high-resolution satellite imaging in mountain-
ous and hilly regions with black soil of northeast China
[J]. Transactions of the Chinese Society of Agricultural
Engineering,2021,37(7) :122-130.

[9] ol 281, 5F k[, 4 LT Ll 23 X U1V AR BURG 3
BRI T]. P K L REFRL 2 (R 3E30),2023,21(2) : 39-46.
WU K, LIZ, QI Z G, et al. Estimation model for gully

http. // stbexb.alljournal.com.cn



&1

T SN L T TE LB B T e T AR DA S A T 2% R T /N D S 70 9 4R e A8 AT R

289

[12]

[13]

[18]

[20]

volume in the basin of northwest Hebei mountains[J].Sci-
ence of Soil and Water Conservation,2023,21(2):39-46.
FRANKL A, POESEN J, SCHOLIERS N, et al. Fac-
tors controlling the morphology and volume (V) -length
(L) relations of permanent gullies in the northern Ethio-
pian Highlands [J]. Earth Surface Processes and Land-
forms,2013,38(14):1672-1684.

BROSENS L, CAMPFORTS B, GOVERS G, et al.
Comparative analysis of the Copernicus, TanDEM-X,
and UAV-SIM digital elevation models to estimate lavaka
(gully) volumes and mobilization rates in the Lake Alao-
tra region (Madagascar) [J]. Earth Surface Dynamics,
2022,10(2):209-227.
NACHTERGAELE J, POESEN J, STEEGEN A,
et al. The value of a physically based model versus an
empirical approach in the prediction of ephemeral gully
erosion for loess-derived soils[ J].Geomorphology, 2001,
40(3/4):237-252.

KOMPANI-ZARE M, SOUFI M, HAMZE-
HZARGHANI H, et al. The effect of some watershed,
soil characteristics and morphometric factors on the rela-
tionship between the gully volume and length in Fars
Province, Iran[J].Catena,2011,86(3):150-159.

YANG D, MU K, YANG H, et al. A study on predic-
tion model of gully volume based on morphological fea-
tures in the JINSHA dry-hot valley region of southwest
China [ J]. ISPRS International Journal of Geo-Informa-
tion, 2021, 10(5) :e300.

L1Z, ZHANG Y, ZHU QK, et al. A gully erosion assess-
ment model for the Chinese LLoess Plateau based on changes
in gully length and areaJ].Catena,2017,148:195-203.

LIU X, GUO M M, ZHANG X Y, et al. Morphologi-
cal characteristics and volume estimation model of perma-
nent gullies and topographic threshold of gullying in the
rolling hilly mollisols region of northeast China [J].
Catena, 2023,231:e107323.

TANG X, MIAO C Y, XIY, etal. Analysis of precipi-
tation characteristics on the Loess Plateau between 1965
and 2014, based on high-density gauge observations[J].
Atmospheric Research,2018,213:264-274.

XU Q, LIM M, JIANG X H, et al. Response of rill ero-
sion to rainfall types and maintenance on the Loess Pla-
teau: Implications for road erosion control [J]. Catena,
2022,219:e106642.

WRIbe 26, 255 5], SR , 25 . 38 b I e 1A AR X 0 ThT 4 3
Rl S B [T ] 1 b2 4z, 2010, 28(4) : 415-421.
CHEN X A, CAI Q G, ZHANG L C, et al. Research on
critical slope of soil erosion in a hilly loess region on the
Loess Plateau[ J].Mountain Research,2010,28(4):415-421.
BB R R, A VY R XD 3 T IR AR R R A

[21]

[22]

[23]

[24]

[25]

[26]

[28]

[30]

[31]

BUBFERIRI[T]. A4k TR 44 , 2018, 34(6) : 152-159.
L1 Z, ZHANG Y, SHANG G F, et al. Characterizing
gully cross section and modelling gully volume in hilly
loess region of western Shanxi Province[J]. Transactions
of the Chinese Society of Agricultural Engineering, 2018,
34(6):152-159.

ZHANG S M, HAN X, CRUSE R M, et al. Morpho-
logical characteristics and influencing factors of perma-
nent gully and its contribution to regional soil loss based
on a field investigation of 393 km” in mollisols region of
northeast Chinal J ].Catena,2022,217:e106467.

WANG ST, LUO PP, LIW C, et al. Runoff and sedi~
ment deposition characteristics of gravel-mulched land:
An experimental study[ J].Land, 2024 ,13(4) :ed45.
LLIY, AREKS, QIN Z H, et al. Farmland size increase
significantly accelerates road surface rill erosion and nutri-
ent losses in southern subtropics of China [J]. Soil and
Tillage Research, 2020,204:¢104689.

ZHANG Y, ZHAO Y Y, LIUB Y, et al. Rill and gully
erosion on unpaved roads under heavy rainfall in agricul-
tural watersheds on China’s Loess Plateau [J]. Agricul-
ture, Ecosystems and Environment, 2019, 284 :¢106580.
MONTGOMERY D R. Road surface drainage, channel
initiation, and slope instability [J]. Water Resources
Research,1994,3006):1925-1932.

PATTON P C, SCHUMM S A. Gully erosion, north-
western Colorado: A threshold phenomenon [J]. Geol-
0gy,1975,3(2) :e88-90.

JIAZJ, WENG BS, YAN D H, et al. The effects of
different factors on soil water infiltration properties in
high mountain Asia: A meta-analysis[ J].Catena, 2024,
234:e107583.

SEUTLOALI K E, BECKEDAHL H R. Understand-
ing the factors influencing rill erosion on roadcuts in the
south eastern region of South Africa [J]. Solid Earth,
2015,6(2):633-641.

WANG C M, LIU BY, YANG Q K, et al. Unpaved
road erosion after heavy storms in mountain areas of
northern Chinal J].International Soil and Water Conserva-
tion Research,2022,10(1):29-37.

YANG B, WANG W L, GUO M M, et al. Soil erosion
of unpaved loess roads subjected to an extreme rainstorm
event: A case study of the Jiuyuangou watershed on the
Loess Plateau, China[J].Journal of Mountain Science,
2019,16(6):1396-1407.

L1Y, TANG C, HUANG Z G, et al. Increase in farm
size significantly accelerated stream channel erosion and
associated nutrient losses from an intensive agricultural
watershed [J]. Agriculture, Ecosystems and Environ-

ment, 2020,295:e106900.

http. // stbexb.alljournal.com.cn



