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Characteristics of aggregates with different particle sizes and their effects on

slope erosion process in the rocky mountainous area of north China

Chen Shiyuan', Ma Lan', Chen Peiyan®
(1.School of Soil and Water Conservation s Beijing Forestry University s Beijing 100083, China ;
2.Faculty of Geographical Sciences, Beijing Normal University , Beijing 100857, China)

Abstract: [Objective] The aims of this study are to investigate the process of slope erosion under different
rainfall patterns, to elucidate the quantitative relationship between the stability characteristics of
agglomerates and slope erosion, sand to provide theoretical basis for soil erosion management in the rocky
mountainous area of north China. [ Methods] LB method was used to analyze two typical lignite soils
(calcareous lignite and loess lignite) with particle sizes of less than 2 mm, 2~3 mm, 3~5 mm, 5~7 mm,
and more than 7 mm. Four rainfall types (intensification, weakening, valley value, and peak value) were
designed to analyze soil erosion processes under different rainfall patterns, and the characteristic parameter
K, for the stability of agglomerates of each particle size was substituted for the corrosivity factor K; in the

WEPP model to calculate the predicted values. The applicability of the model was assessed by comparing the
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simulated and measured values using the Nash-Sutcliffe validity (E). The impact of aggregate stability on the
process of soil erosion under these different rainfall types was also examined. [ Results] A comparison of the
stability of big and small particle size range aggregates under the three method treatments revealed that the
stability of two types of soil aggregates was lower for the size of fast wetting, wetting shock, and gradual
wetting, the most stable aggregates were those with particle sizes between 2 and 3 mm, and the aggregates
made of loess brown soil had less stability than those made of calcareous brown soil. With 1.6 and 1.3 times
the runoff and sand production of the peak type, the total quantity of runoff and sediment production on the
valley type's slope was the highest under the various rainfall kinds. The runoff intensity and the rate of
sediment production were significantly impacted by the same rainfall intensity that fell at different times.
Specifically, the runoff intensity and the rate of sediment production were higher in the early stages of the
peak and valley types, and sediment production rate of the loess brown soil were greater than the calcareous
brown soil. The results demonstrated that the aggregate particle size had a better simulation effect on the
downslope erosion of both strengthened and weakened rainfalls. The aggregate particle size of 3~5 mm had
the best simulation effect, and the computed effectiveness value was greater than 0.8. [ Conclusion ] The
simulation effect of measuring soil corrosivity characteristics with the stability of aggregates of different grain

sizes is better, and this can serve as a reference for the assessment of the efficacy of soil and water

conservation in the rocky mountainous area of north China.
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Table 1 Basic soil properties
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Fig. 1 Fragmentation characteristics of aggregates of different grain sizes in two soils
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Fig. 2 Stability characteristics of soil aggregates of various grain sizes under different treatments
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Table 2 Significance analysis of the stability of agglomerates of various particle sizes under the treatment of LB

P 2 4 AR AR 1 CERCT
¥if2/mm  MWDgwy MWDsy MWDys GMDrw GMDswy  GMDysg MWDy MWDsy MWDyws GMDgyw GMDsw  GMDys
<2 0.232¢  0.534a  0.475b  0.498¢c 0.895a 0.641b 0.171¢  0.471a 0.373b  0.434b  0.864a 0.491b
2~3 0.211c  0.502a 0.472b  0.523c  0.826a 0.605b 0.172¢  0.457a  0.379b  0.436b  0.807a 0.459b
3~5 0.200c  0.529a 0.421b  0.489¢ 0.836a 0.602b 0.188¢  0.472a 0.341b  0.425b  0.834a 0.436b
5~7 0.199¢  0.497a 0.412b  0.522¢ 0.78la 0.570b 0.167¢ 0.422a 0.305b 0.409b 0.831a 0.419b
>7 0.189¢ 0.443a  0.398b  0.493c¢  0.820a 0.522b 0.151¢  0.398a 0.316b 0.410b 0.781a 0.407b

VE IR — 7 T 5 R ) 5 R [ b B 1 SR R 1 0% 3 83, <005

P - 18 A% R A T SR A4 A X6 31 HICHE 2 (RSD il
AR HLBR A 7% 45 B (RMD A8 46175 00 UL 2 3, Bl e i
I Ak B 7= A ) T HICVE FE X AT R A o) i e R P
1 i P 9% Ak B A AL AR T R AR . B R Ok AR
H4 K, RST A RMI 44 5 188 34, 130 1 [ 3442 3]
TH HCVE FFROAL AR B 4 P A% 2 3 3 K L T SR AR i
W, ZEER S LB ik 3 R AL BE R 45 R AR A R IR F
Y0 AR M LA S Y AR R A% AR Ak R B A [ R
REM BB IEAR — 2, ARMFRAE T 5T b
PHF B i Ak AT SR Aok A2 7E WEPP 580 rp i 1 F L 25
S 7 BEORE AR 1 RO TR SR AR RRAE S50 K A 1 R

e, 55T AT SR AR A P R AR 49 A T ) 1) 5 R —
5, U B FE B E AR Pl B P OR [R) HRR ORL AR X
WEPP B AL rha] fh Pk 280 K, 52 0 5 D i J0R: R 42
AR R AT i S BO T A OR

22 FRGREUHSMEMEEEMTENEn
2.2.1 B FRZY PR AR 4 FPOAS [R] [ T 5
FEA G TN, W46 7 i i )L A v LR 4
FE R T A R LT . 4 Fh AL 7 0 i pR s 3 (IR
R R A L (120—30—120 mm/h) = 55 % (90—
60—30 mm/h) > (30—60—90 mm/h) >E(E
A1(30—120—30 mm/h) . A KM T AEE P A



5% 2

WRAL 0 55« A6 5 bl DA [ s A5 A 508 A A0 A e HG 0 35 T 42 At o 7 ) 352 )

107

R0 = U i e KL P 4 B R 667.10,1 059.10 L, 7=
VPN 76.91,79.91 kg, Al 35 WEH R 7= R A9 1,31,
1.65 4%, P2 Vb 1.69,1.35 /5. % 4 Ha kYW L
IV AP A 2 o PR B R U ) G O )
V55 TR A (TR e DR A R R ) D L R R K
RN AR AR 2 A RS L BT A B R T A
5ER 5~ 9 T AT 4 0 S o A T R R R T
i 0 s i A P 4 R IR L R R e T R,
A 1) e N R B FE LR K A B Z B, KA B
PRI - WO P S R 4 A OF LR T A K P+
M2 (1.29 g/em®) /N 8 MW £ (1.33 g/cm®)
BORL S I A AR 25 R B 0N e 3 ok AR A 1% ) o
A T AS 5y P2 37 o A R 48 0 4 7= 3 B ) % 8
PEM 0, R —FR R R 8 PR PR Y e
AORYEM £, T LB 3l a2 g5 R, 8 + M £ A

RARTGE M/ T8 e L, JF HL7E W 5 8 R
e, R AR S R AR N LA X BAR RN,
PO R T e S P AR R T . RS R R B L
PEME AERE T th B G P A AR i, LI R D R R
TR A A - U WY B A B e A K M A
N R R

®3 BHEITEARME RS RMIZH

Table 3 Changes in RSI and RMI of soil

aggregates by particle size
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Fig. 3 Variation of runoff intensity with rainfall calendar time under different rainfall patterns
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Fig. 4 Variation of sand production rate with rainfall duration under different rainfall patterns
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Fig. 5 Predicted and measured fine gully erosion under different rainfall intensity combinations
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Table 5 Comparison of predicted and measured fine gully erosion under different rainfall intensity combinations

<2 mm 2~3 mm 3~5 mm 5~7 mm >7 mm
(R E fii AR 1R 22 E fii AR 1R 22 E fii AR 1R 22 Efii A 1R 22 Efii AR 1R 22
Y XHH/ Yo EEROR N EEROR N Y XHH/ Vo Y XHH/ Vo
B 1 0.66 32.05 0.80 20.49 0.90 12.30 0.86 17.49 0.83 7.78
ok 553 0.84 0.19 0.58 10.75 0.89 26.08 0.56 20.68 0.54 27.46
AT 0.89 6.85 0.82 16.64 0.60 34.72 0.43 19.35 0.44 41.20
W A 71 0.35 58.61 0.36 56.96 0.42 53.96 0.44 53.56 0.47 51.58

PPN L4 Ak, BT 5K MR T S LD A9 i i AR 0 T 7= O ol
3 H® Bk Gy 5L AONE TR 4% . 2015, 31(11) :179-185.

(1) LB ¥ 3 Al gb BT L R [ 60 42 905 B B B8 1k Liu X L, Tang C, Zhang D L. Simulated runoff processes
SEpE 2SS 2 W R R T B R R s T on collu.v1a.l de})OsHs of Llantan.ggang Benggiar.lg and t}-lelr
B 18 ;E\éflei A <2 mm K 23 mm [ water élstrlbutlons[}]]. '.I‘ransactlons of the Chinese Society

of Agricultural Engineering, 2015,31(11):179-185.
géﬁi%l“%‘rii%ﬁ{ ’ E_Efj:‘]’i%%j: 7 %‘%1213%,:?‘@4\?6 [5] Dunkerley D. Effects of rainfall intensity fluctuations on

IRYERE o P SRARR S ik v iy 0 (0K RO U Dy 12 32 150 infiltration and runoff: rainfall simulation on dryland

{8 = 3 108 % v = DR 4 77 Ak B soils, Fowlers Gap, Australial J]. Hydrological Processes.,
(2) ANFFESRALE T P ™ 7™ v i B 28 S 55 2012,26(15) :2211-2224,

K PR L=V E i B HE T Y o A (E A [6] Mohamadi M A, Kavian A. Effects of rainfall patterns on

A R B I 3 (T e B R S W19 | AN R runoff and soil erosion in field plots[J]. International Soil

SRASAY H AR — B, [5]— T o H PR R [ Y 76 AR and Water Conservation Research, 2015,3(4).:273-281.

FE T 7 Vb R R ] 5 A P A8 - A2 R R U 2k (7] MR 38, /5 58 A5 WAL ZR A0 AR B - XI5 39 2 1 38

F R+, 1 SR T S M L ] A LA 7 415 2016, 47(2) : 90-97.
(3) FURRIRIHIR PR i M K, 152 Pheng [l Blan T, L et al, Bffects of rinfall ptierns on

X L . . _ hillslope erosion with longitudinal ridge in typical black soil

{5 HSARHEAT B o BT 6 2R S 2 A TR T 2 region of Northeast China[J]. Transactions of the Chinese

I BEARISTLORAN ] B 1 1 55 A M 05 RSO T Society for Agricultural Machinery, 2016,47(2):90-97.

AR & T A E AV E Y, HORARAE 3~5 mm i [l [8] Le Bissonnais Y. Aggregate stability and assessment of soil

P R ARAR S BOR e b A ST E R 2 0.8 DL L, crustability and erodibility: 1. theory and methodology[]].

2% Uik ( References) : European Journal of Soil Science, 2016,67(1):11-21.

[1] Fang NF, Shi Z H, Li L, et al. The effects of rainfall (9] 2=, X . L fil, 5. 0 Le Bissonnais i F 5 3
regimes and land use changes on runoff and soil loss in a e g XA (Rl AR B DX R 38 1) X - 198 AT 3R AR R S A AT
small mountainous watershed[J]. Catena, 2012,99:1-8. PR ML) ] A SR IR 24,2016, 31(2) : 287-298.

[2] 2248, F U, 202 FE N IS B 0 4 + RS 28 b 1w + 45842 LiYY, LiuL, An S S, et al. Research on the effect of
SRR TR 247 ,2017,33(24) :150-156. vegetation and slope aspect on the stability and erodibility of
AnJ, Yu Y, Wu Y Z. Effects of rainfall patterns on soil aggregate in Loess Hilly Region based on Le Bisson-
hillslope soil erosion process of cinnamon soil in contour nais method[J]. Journal of Natural Resources, 2016,31
ridge system[]J]. Transactions of the Chinese Society of (2):287-298.

Agricultural Engineering, 2017,33(24):150-156. [10] Yang W, Li Z X, Cai CF, et al. Tensile strength and
(3] Mg, HEAE 2L, RN, S UL T 25 11 °F g Jr ML Y friability of ultisols in sub-tropical China and effects on

Al i - R g AR R K R [T K LR aggregate breakdown under simulated rainfall[J]. Soil

% ,2015,29(4) :23-26,84. Science, 2012,177(6) :377-384.

Huo Y M, Bi H X, Zhu Y J, et al. Erosion process and [11] &7, ZEM, kU, % At £ A 1L KA T +

its affecting factors of southern typical clay slope under
simulated rainfall condition [ J]. Journal of Soil and

Water Conservation, 2015,29(4) :23-26,84.

M FE LT ] AR ML AL =4, 2015,46(2) :153-161.
Cheng ] H, Qin Y., Zhang H J, et al. Splash erosion

under artificial rainfall in rocky mountain area of north-



110 b e S & ) T %32 %
ern China[ J]. Transactions of the Chinese Society for [21] HFEFF AR ZHFE T A M pde 22 2 23
Agricultural Machinery, 2015,46(2):153-161. [ K A AE [T ] At S5 R 3B 1 58, 2015, 20(2) : 201-208.

[12] Barthes B, Roose E. Aggregate stability as an indicator Zheng Z F, Qi W, Li Q C, et al. Statistical character-

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

of soil susceptibility to runoff and erosion: validation at
several levels[ J]. Catena, 2002,47(2) :133-149.
ARJA B X042 I, J IE S B v et o el A S
7] 73 A 45 A B 5% i P2 [T 0. K PR 45 2 4k, 2023, 37
(6):50-56,64.

Zhu Q M, Liu J E, Zhou Z C. Research on the spatial
distribution characteristics and influencing factors of
soil erodibility factors of the Loess Plateau[ ] ]. Journal of
Soil and Water Conservation, 2023,37(6) :50-56,64.

PR SRR WRA T, 45 213 3% 1 A1 3R (AORE A2 0 3 T 42
ol AR A [ ], A2 50, 2007,27(6) :2516-2522.

Guo W, Shi Z H, Chen L D, et al. Effects of topsoil
aggregate size on runoff and erosion at hillslope in red
soils J]. Acta Ecologica Sinica, 2007,27(6):2516-2522.
Rimal B K, Lal R. Soil and carbon losses from five dif-
ferent land management areas under simulated rainfall
[J]. Soil and Tillage Research, 2009,106(1):62-70.
B AN [R) R AL 34 1 42 o A2 K R 5 A g 4
FE SRR DAL R b miAkol K44, 2019.

Chen P Y. Slope erosion process under different rain
patterns and its quantitative relationship with soil erod-
ibility[ D].Beijing : Beijing Forestry University, 2019.
MR, B i A A AR dE o 1l RO TR A2 %
P 3¢ A AT T JF 55 e T 422 o s i 56 R () L AR st ARl R
P ,2018,40(8) 1 64-71.

Chen P Y, Ma L, Xue M J, et al. Characteristics of
soil aggregates with different particle sizes and their
quantitative relationship with slope erosion in rocky
mountain area of northern China[J]. Journal of Beijing
Forestry University, 2018,40(8) :64-71.

Le Bissonnais Y, Arrouays D. Aggregate stability and
assessment of soil crustability and erodibility: [l. applica-
tion to humic loamy soils with various organic carbon
contents[ ] |. European Journal of Soil Science, 1997,48
(1) :39-48.

Shirazi M A, Boersma L., Hart ] W. A unifying quan-
titative analysis of soil texture: improvement of preci-
sion and extension of scale[ J]. Soil Science Society of
America Journal, 1988,52(1):181-190.

G IR B | Ay e w2 B LR G S S
TR 19 25 8] A Z0CIC B (T M BRI 5, 2010, 29 (6)
1017-1026.

He J J, Cai Q G, Wang X Q. Study on optimized patterns
of soil and water conservation measures on sloping fields in
earth-rocky mountainous area of northern China [ ] ].

Geographical Research, 2010,29(6):1017-1026.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

istics of precipitation in summer in Beijing area during
2007—2011[J 7. Climatic and Environmental Research,
2015,20(2) :201-208.
FEA LA, TR RIS R R R+ X ] il
PEAERLE A 2 B LT ] Al T 5 4. 2012, 28 (6)
126-131.
Wang B, Zheng F L., Wang Y X. Adaptability analysis on
soil erodibility models in typical thin layer black soil area
of Northeast China[ J]. Transactions of the Chinese Society
of Agricultural Engineering, 2012,28(6):126-131.
Tl T 43 T 2 0 - 8 141 SR AR R M PR AN B 5 AT
T O R D] B K ULRE = B, 2015.
Xu C. Stability evaluation of soil aggregates based on
fractal dimension and its relationship with erodibility
[DJ]. Wuhan: Changjiang River Scientiffic Research
Institute, 2015,
Zhang X C. Calibration, refinement, and application of
the WEPP model for simulating climatic impact on
wheat production [ J ]. Transactions of the ASAE,
2004,47(4) :1075-1085.
AT, FREA T 2 8, %, WEPP U8 7 46 57 1L X A9 3
PR LI AL UM 27412 . 2015, 37(12) : 69-76.
Ge L. B, Wang Y J, Wang Y Q. et al. Assessment of
WEPP model applicability in Beijing mountainous area
[J]. Journal of Beijing Forestry University, 2015, 37
(12):69-76.
PR AT 0O A BT IR A5 AL 5 L DX A AR 3t 354 1T )
7 I ) PR 2R LT ] b K R AR FERES, 201917
(4):1-8.
Jiang Q L, Xin Z B, Yu X X, et al. Factors affecting
the initial runoff time of Platycladus orientalis planta-
tion hillslope in Beijing mountainous area[ J]. Science
of Soil and Water Conservation, 2019,17(4):1-8.
EVRI X 55 4305, 4.4 RURR S8 ke B ol 4 9 42 o ot 7
AR 0= AELT J K - G444, 2019, 33(3) £ 64-60.
Li G, Liu Y Z, Chen H, et al. Rill erosion process
and sediment yield characteristics in cinnamon soil and
brown soil slope farmland [J]. Journal of Soil and
Water Conservation, 2019,33(3) :64-69.
L AOS BIB AR 55 BT BAR XS R 45 A S
SRR SZ IR L) K AR REIIESE . 2022,29(6) :104-111.
Ma G G, Li G L., Mu X D, et al. Effects of raindrop
diameter on topsoil structure and infiltration character-
istics| J ]. Research of Soil and Water Conservation,
2022,29(6) :104-111.

(F 4% 139 70



5% 2

S A AN TRy R A T I B X 1 98 B AR M BRI K Ui B B AR 1 5 R

139

[25]

[26]

G2 BRAT . B B A A IR X A AU KoK B
MR SEL) ] P E AR 22 4 . 2016.,32(9) 1 148-154,
Han R Y, Chen Z, Yang S Q. Effect of straw-retur-
ning on nitrogen and phosphorus and water of soil[ J].
Chinese Agricultural Science Bulletin, 2016, 32 (9):
148-154.

B3 ik S VA DA o e DO e g L PR A
B R A IE S5 i 57 ik e [T ). A A % 4k, 2015, 34
(4):1158-1165.

Jiang C Q. Zheng Q S, Zu C L. Research progress on
effects of straw returning on soil potassium and its
substitute for potassium fertilizer[ J]. Chinese Journal

of Ecology, 2015,34(4):1158-1165.

[27]

[28]

[29]

X . 3 SR FE I TGS 1 e85 44 1 | 3% 43 R BLER 4 4
52 0 [ DRI A v Al K2, 2015,

Liu W. Effect of continuous straw incorporation on soil
structure, nutrient and organic carbon fraction [ D].
Wuhan: Huazhong Agricultural University, 2015.
Morales V L, Parlange J Y. Steenhuis T S. Are pref-
erential flow paths perpetuated by microbial activity in
the soil matrix: a review[]J]. Journal of Hydrology,
2010,393(1/2) :29-36.

Ge SQ. Pan Y Z, Zheng L. W, et al. Effects of organic
matter components and incubation on the cement-based
stabilization/solidification characteristics of lead-con-

taminated soil[J]. Chemosphere, 2020,260:127646.

IQVOVAVAVAVAVAVAVAVAVAVOVAVAVAVAVOVAVAVAVAVAVAVAVAVAVAVAVAVAOVAVAVAVAVOVAVAVAVAVAVAVAVAVAVAVAVAVOVAVAVNV

(E#% 110 7

[29]

=)W B L 2R sk AR AR 2D DR R R R AT S B TR
o Bk O AR LT LA TR~ 412, 2009, 25(3) - 37-41.
Yan F L, LiZ X, Shi Z H, et al. Quantitative relation-
ship between aggregate characteristics of red soil and
slope erosion[ ]J]. Transactions of the Chinese Society
of Agricultural Engineering, 2009,25(3) :37-41.

[30]

T & R FAGTT A% 55 T B XS A b 28 1 X A 3
- B AR el ) 0 F 5T L) KR 24 i, 2012, 43(9)
1084-1091.

Wen L L, Zheng F L, Yang Q S, et al. Effects of rain-
fall patterns on hillslope farmland erosion in black soil
region of Northeast China[J]. Journal of Hydraulic
Engineering, 2012,43(9):1084-1091.

IQVOVAVAVAVAVAVAVAVAVAVAVAVAVAVAVOVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVOVAVAVAVAVAOVAVAVAVAVAVAVAVAVAVAVNYV

(E#% 121 )

[27]

[28]

[29]

XIH A B8, 5 5L, 4 B0 R 0 AT B A 9 AT SR A 2
B A HURR S R 2w L] 1K L AR 52 4, 2021, 35(1)
326-333,355.

Liu X M, Tian J, Zhang H, et al. Effects of amend-
ment on aggregates composition and organic carbon
content in reclaimed soil[J]. Journal of Soil and Water
Conservation, 2021,35(1):326-333,355.

Bai Y F, Cotrufo M F. Grassland soil carbon seques-
tration: current understanding, challenges, and solu-
tions[J]. Science, 2022,377(6606) :603-608.

W T A, AR AR L B R AR = h R RS [ O B A F X
P A AL R O T S [T ] R R AR L 2015,
52(3):665-672.

[30]

[31]

Jiao L N, Li Z H, Yin C C, et al. Effect of incorpora-
tion of crop straw on composition of soil organic matter
and enzyme activity in black soil relative to depth and
rate of the incorporation[ J]. Acta Pedologica Sinica,
2015,52(3) :665-672.

Segoli M, De Gryze S, Dou F, et al. AggModel: a soil
organic matter model with measurable pools for use in
incubation studies [ J ]. Ecological Modelling, 2013,
263:1-9.

Six J, Callewaert P, Lenders S, et al. Measuring and
understanding carbon storage in afforested soils by
physical fractionation[ J]. Soil Science Society of Amer-
ica Journal, 2002,66(6):1981-1987.

IQVOVAVAVAVAVAVAVAVAVAVAVAVAVAVAVOVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVNV

(EE# 130 T

[27]

[28]

Wang R, Min J, Kronzucker H J, et al. N and P runoff
losses in China' s vegetable production systems: Loss
characteristics, impact, and management practices[]].
The Science of the Total Environment, 2019,663:971-979.
ARERNK, T/ BREETER AR SR K A ANE b ik xR
58 B2 A WA B2 [ )R R4 2017,31(5) - 25-31.

Li X X, Wang X Y. Cai C F, et al. Response of soil
water content and subsurface flow to rainfall intensity in

purple soil[J]. Journal of Soil and Water Conservation,

[29]

[30]

2017,31(5):25-31.

Ziadat F M, Taimeh A Y. Effect of rainfall intensity.,
slope, land use and antecedent soil moisture on soil
erosion in an arid environment[]J]. Land Degradation
&. Development, 2013,24(6):582-590.

Zhang R R, Li M, Yuan X, et al. Influence of rainfall
intensity and slope on suspended solids and phosphorus
losses in runoff[ ] |. Environmental Science and Pollution Re-

search International, 2019,26(33):33963-33975.



