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Abstract: [Objective] Biochar plays an important role in improving soil physicochemical properties and

enhancing soil structural stability. It achieves this by increasing soil organic matter content, enhancing nutrient
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retention and availability, and improving soil structure changes that further promote soil aeration, water
infiltration, and root penetration, thereby strengthening soil structural stability. Soil structural stability is critical for
sustainable agricultural production, as it influences soil erosion resistance, water-holding capacity, and overall soil
health. However, few studies have explored the effects of biochar addition on the mechanical stability of soil
structure from the perspective of rheological methods. [Methods] To address this research gap, a two - year field
experiment was conducted. Soil samples with different biochar addition rates (0%, 1%, 3%, 5%, and 10%) were
tested for basic physicochemical properties. Additionally, amplitude sweep tests were used to measure soil shear
strength and viscoelastic parameters under varying water contents (30%, 37.5%, 45%, and 60%), aiming to
analyze how biochar addition levels affect the shear strength and viscoelastic properties of the soils. The amplitude
sweep mode is a robust rheological technique that allows for the assessment of soil behavior under different
deformation conditions, providing valuable insights into soil mechanical stability. [Results] The results showed
that biochar addition significantly improved soil structural mechanical stability by enhancing soil basic
physicochemical properties, such as increasing soil cation exchange capacity and organic carbon content, which in
turn increased soil energy storage modulus and shear strength This effect was particularly pronounced at lower
water contents ranging from 30% to 37.5%. At these water contents, the soil structure was more stable and better
able to resist external forces. Furthermore, biochar addition also resulted in an increased range of the linear
viscoelastic zone and higher soil yield stress, thereby improving its structural stability. Notably, at a 10% addition
rate, the soil maintained strong stability even under high water content conditions. [Conclusion] Biochar addition
enhances the mechanical stability of soil structure by improving soil shear strength and viscoelasticity. These
findings clarify the mechanical mechanism underlying soil structure improvement via biochar application, and thus
provide a scientific basis for formulating targeted soil structure optimization measures in the Loess Plateau region.

Key words: Biochar; Soil structural stability; Shear strength; Viscoelastic parameters; Amplitude sweep test
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Table 1 The physicochemical properties of wheat straw biochar
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Fig. 2 Schematic diagram of amplitude sweep test results
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Table 2 Changes of basic physical and chemical properties of soil under different application amounts of

wheat straw biochar

S CaCO; A HUHED RO AR A R ®
Treatment oit /(g'kg™h) /(g'kg™h) / (m?-gh / (cmol-kg™)
CK 8.0840.04¢ 68.70+1.99a 7.26+0.26d 32.23+2.42¢ 13.12+0.36¢
B1 8.29+0.05a 62.38+0.76b 21.07+1.74¢c 40.63+7.67b 16.18+0.72d
B3 8.18+0.02b 52.53+3.61cd 31.274£2.19b 45.69+3.56b 17.50+0.14¢
BS 8.16+0.02b 53.20+0.51cd 32.46+2.39b 49.94+0.57b 18.3540.08b
B10 8.04+0.01cd 49.84+3.15d 85.74+2.83a 61.58+7.24a 18.72+0.03a

(DOrganic carbon, (2)Specific surface area, (3)Surface charges number.

HE: CK: ATIAEMT R Bl 1%IKAEYITURE N B3: 3%MAEMITUREN N BS: 5% TR ANN; B10: 10%I)
AW HAR NN 5 2R B9 T PR HE R 22 (n=3) , [FFIA A PR 205 A R AL B R A T B A o 22 57 18 35 (P<<0.05)
Al s Note: CK: No biochar added; B1: Biochar application rate of 1%; B3: Biochar application rate of 3%; B5: Biochar application
rate of 5%; B10: Biochar application rate of 10%; The data in the table are presented as mean + standard deviation (n=3), different

lowercase letters in the same column indicate significant differences at the 0.05 level between treatments. The same below.
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Fig. 4 Storage modulus and shear stress of soil with different biochar application amounts under different
water content ((a, b, ¢, and d represent moisture contents of 30%, 37.5%, 45%, and 60%, respectively )
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Fig. 6 Soil viscoelastic parameters of different biochar application amounts under different water content
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EZ GO, W9 1 IR LR RE X (W N BE 77, A T 3R 55 AR Y [ N R B B
SR DU E /7125

T HURR R N RGBT IR R SR R B o AT SR, IR LR S R R
HE I E G IR e, AR IR R R PN (R 2). XEZRATHIEK
fEE s B RESE M, A B TR IR, I R R AT s ™), X5
Markgraf SEPHRIRETEAE RIEA 2, AT BUA PURK S S 1 SRR B A B mi i
BIYIN T o BEAL, ATHUI S B3 IR o] S0 H e i i A I B0 . I8, SRR R I
AR, G LA ) R IRRURLCE BH 88 10 R A ZERBURE IR (e 5, ki et - 3 P R Ak 1Y
TR B4 m 3R S5 ) AR Ak PRItE, Tt AP B vT A R e 3R U BT S

3.2 VBRI IR F R MRS

2k AL IX 2% s M i e i P AR SR R B i T 3R AN [R] B A3 /KPR AR TR PR AN 45 4
Rk FEARVERFAX &, THERBUM BRI FIERINL, S ThRe4ERr s B, 1M AR
Wb G TIRE M SE IR . AR TURIL, S EMFURES I IT 5%, & AW bk
IO TSN, A 24 1 k3 [X 2% s Ak (R B U 2 AR AT i R B D) A 45 S M s 5 (181 7D,
X5 Alves FERIHFL— 2, RUVEMFURIE S T LRI T BV pA Nk i
5%KT, LRI AT R R E N (R 20, XN T IR R A ELAER, S
FESAIEAR T BERE S Ak 52 BRI AR08, ab, ACHIE T8 A B AR P o o s I e sk - 38 AL AR
2 (K2, AP RER TR S LHORAH BG4, Wi LIEER 7, A ht
HRFEREF T, MNTISE e ko), SR, BEAE S/K R AN, IR RO RS, X5
zhou FEUONFIHI T —H0, 32 B PR /K 70 M 0S¢ B0 SRR 1] ) TR B84 K, /s 17 0L 18] £
RSy, AL N O B, SAEYIBURISINE AT 1 2RI Z L R X N AE,
IR RESESE LR AR RE AT S 25 48 i b S 25 R B0 2% 14 R IR T RiE

B 7 S 1 3R AN BT DI NAS N T RE R AEHIURAE . 72/ NI DI AR X, 25 A0 B 457
MR AR, BRI A TR R X, HIEUAFIIEAT o8 T A BT YIRAR X, FAER
TORIEN, O RERL R AT SRR RN, TR T UK R T A A B AR AR A A SR A2
W5 R (RTINS 28 PRI 7 vt S22 DX PRI DR 1 (L, X 3R B SEL e o 8 i AR 1] P 4 A 7 2
M, e 7 R E, TR T REE R K. EARNERAR, KRR AR
PR RIS N, A 1 7K R R S8 3 BURURL T A% 5 5 R

4 45

(D VT RBINEERC T LI pH RS S, 5 7 HIEGHmSE.
KRR AT dcE. 5 CK AL, BEEAEY RIS, HIEa VS E1En T
190.2%~1081%, ELFREAIEIN T 26.06~91.06%, ZFH AT 23.32~42.68%. (2) [



EHEYTUR B INE XG0, 386 Re s A BTN ) 3G IR BV TR INEA 10%
I, AIERER KM R X AR E . JE RS RERLE A BT UIR Js 248N 5% A
JORES, L3R IA B B KR PERE SR IX BY DI ) o BEE & /KZ3E 0, IR R A 8T )
N2 NER, LL37.5% G KFE N, UEKERET 37.5%0, HIEGIBIEE TN
Fo (3) 5 CK AL, 5%H1 10%AE 4 5 ¢ s 10 £ mT 438 o - 398 28 2 et [X R e R o5 AR PR B 1)
NAR . BEE S KR I, 28205 DRI JE AR AU BT D) R AR R s N, TR B7KER A 37.5% 0 #
nTE.

SE WL (References)

[1]1Zhou Y C, Shao M A, Wei X R, et al. Response of soil qrganic carbon pool to vegetation restoration and its
influencing factors in Loess Plateau[J]. Research of Soil and Water Conservation, 2024, 31(6): 395-405. [ & R,
22, B, A B I A LB R R S A o 1 K R e DR R I U R[], K R AR FRRIT AL,
2024, 31(6) : 395-405.]

[2]Yang Y, Liu L X, Tong Y P, et al. Advances and driving factors in soil organic carbon storage during vegetation
restoration in the Loess Plateau, China[J]. Journal of Earth Environment, 2023, 14(6): 649-662. [#FH, XK /&,
#KF, A SR AR S R v SRR i S R D R FUHE R D] HBERIR AR, 2023, 14(6) 1 649-
662.]

[3]Xu C, Su C C, Chen Y P, et al. Structure and functional heterogeneity of soil microbial communities in different
farmland types on the Loess Plateau[J]. Journal of Earth Environment, 2023, 15(4): 653-664. [1&:/=, Jr35, [
a5 s EASFEF R R E IR A5 5 ThRe R DT (T]. HBERIRIE A4, 2024, 15(4) : 653-
664.]

[4] Bronick C J, Lal R. Soil structure and management: A review[J]. Geoderma, 2005, 124(1/2): 3-22.

[5] Ball B C, Bingham I, Rees R M, et al. The role of crop rotations in determining soil structure and crop growth
conditions[J]. Canadian Journal of Soil Science, 2005, 85(5): 557-577.

[6] Wei Y X, Zhu T Y, Liu H. Effects of successive application of biochar on soil improvement and maize yield of
black soil region[J]. Transactions of the Chinese Society for Agricultural Machinery, 2022, 53(1): 291-301. [57k
B, AR, R EFEREIN Y RN B A X IR R 5 TR R[], ALK, 2022, 53(1):
291-301.]

[7TWuYY, Yang M Y, Zhang F B, et al. Effect of biochar application on erodibility of plow layer soil on loess
slopes[J]. Acta Pedologica Sinica, 2016, 53(1): 81-92. [RI&HE, %X, HRE, 5. BIMAEYRY EE L#E
IR R R[], IR, 2016, 53(1): 81-92.]

[8] Tan C L, Liu Y, Huang X G, et al. Effect of biochar on soil microbial metabolic activities[J]. Chinese Journal of
Eco-Agriculture, 2022, 30(3): 333-342. [IEHF, XIFE, BEW, & AW LIERA YIS ) 52 m[)].
Fp AR A Ak 2R, 2022, 30(3): 333-342.]

[9] Gao X Y, Zhang Q M, Wu B, et al. Experimental study on dynamic performances of soil under high strain rates[J].
Transactions of Beijing Institute of Technology, 2014, 34(6): 551-555. [/ % 5, 5KKHH, 5238, & LI
i R E M RE SZIR T AL [I]. AL Tk 22244k, 2014, 34(6): 551-555.]

[10] Zhou L, LiJ W, Xu C Y, et al. Effects of Pisha sandstone additions on microstructural stability of sandy soil in
Mu Us Sandy Land, China[J]. Soil and Tillage Research, 2025, 248: 106437.

[11] Bao S D. Soil and agricultural chemistry analysis[M]. 3rd ed. Beijing: China Agriculture Press, 2000. [ffl 1 H..
TR HTIMI. 3 B JbaG: AR AR, 2000.]

[12] Li H, Hou J, Liu X M, et al. Combined determination of specific surface area and surface charge properties of
charged particles from a single experiment[J]. Soil Science Society of America Journal, 2011, 75(6): 2128-2135.
[13] Wang J X, Hu F N, Xu C Y, et al. Effects of soil bulk density and water content on the mechanical stability of



soil structure using rheological method[J]. Transactions of the Chinese Society of Agricultural Engineering, 2021,
37(19): 147-155. [E4=e, HZER, VPRI, 5. & TURASSAIANT JOAR BN S /K F0 L 450 V22 e e R Y
SmAI]. Aol TRE2AHR, 2021, 37(19): 147-155.]

[14]Zhou L, Hu F N, Xu CYY, et al. Study of the rheological behavior of pisha sandstone slurry based on dynamic
oscillatory shear[J]. Journal of Soil and Water Conservation, 2024, 38(3): 45-53. [J&#k, #H¥R, VFRM, 5. &
T ARG B VIIRERD 5 AR AT N AL [T]. K EAREF2EIR, 2024, 38(3) : 45-53.]

[15] Nguyen V B Q, Kang H S, Kim Y T. Effect of clay fraction and water content on rheological properties of sand—
clay mixtures[J]. Environmental Earth Sciences, 2018, 77(16): 576.

[16] Hong B. Research on water, air and heat conduction characteristics and its heat-moisture transfer of loess[D].
Xi’an: Changan University, 2020. [, 3 T/KSHE SR R AR E AR A [D]. 7% KZeX
%,2020. ]

[17] Holthusen D, Pértile P, Reichert J M, et al. Viscoelasticity and shear resistance at the microscale of naturally
structured and homogenized subtropical soils under undefined and defined normal stress conditions[J]. Soil and
Tillage Research, 2019, 191: 282-293.

[18] Awe G O, Reichert J M, Holthusen D, et al. Characterization of microstructural stability of biochar-amended
Planosol under conventional tillage for irrigated lowland rice ecosystem[J]. Soil and Tillage Research, 2021, 212:
105051.

[19]1 Qi W L, Yang Y, Xu Y, et al. Synergistic effects of unmodified tea leaves and tea biochar application on
remediation of Cr-contaminated soil[J]. Toxics, 2024, 12(12): 888.

[20] Konduri A, Bharti V' S, Kumar S, et al. Paddy straw biochar amended sediment enhances pond productivity,
growth and physiological profile of Penaeus vannamei cultured in inland saline nursery ponds[J]. Environmental
Science and Pollution Research, 2024, 31(52): 61711-61729.

[21] Uwingabire S, Chamshama S A O, Nduwamungu J, et al. French bean production as influenced by biochar and
biochar blended manure application in two agro-ecological zones of Rwanda[J]. Agronomy, 2024, 14(9): 2020.
[22] Li M Y. Hydro-mechanical properties of biochar-clay mixture[D]. Shanghai: Shanghai University, 2021. [Z=8]
. EVIR-FiHIREG EROK-JIRE[D]. B iR, 2021, ]

[23] Sun Y D, Wang X T, Wu Q, et al. Use of rice straw nano-biochar to slow down water infiltration and reduce
nitrogen leaching in a clayey soil[J]. Science of the Total Environment, 2024, 948: 174956.

[24] Markgraf W, Watts C W, Whalley W R, et al. Influence of organic matter on rheological properties of soil[J].
Applied Clay Science, 2012, 64: 25-33.

[25] Chen H, Ma W M, Wang C T, et al. Effects of shrub-encroached grassland on the stability of soil aggregates
and cementing materials in alpine grassland of Qinghai-Tibet Plateau[J]. Acta Pedologica Sinica, 2023, 60(1): 151-
163. [BRaT, SoCHd, FKEE, 55 moe gl A bt H 8 SRR A e M R LIRSS R IR [J]. 882 4R,,
2023, 60(1): 151-163.]

[26]A0 H, Chen C, Zhou H. Effect and mechanism of food waste compost on the stability of paddy soil aggregates[J].
Acta Pedologica Sinica, 2025, 62(3):716-728.[FE, Brid, JEST. %55y RS 7K FE b A SR A A e 1 ) 52
KAL), £3E2A9R, 2025, 62(3) : 716-728.]

[27] Alves A R, Holthusen D, Sarfaraz Q, et al. Short-term biochar effects on microstructure viscoelasticity, shear
resistance, and resilience of a weathered soil[J]. Journal of Soil Science and Plant Nutrition, 2024, 24(2): 2138-2151.
[28] Holthusen D, Batist® A C, Reichert J M. Amplitude sweep tests to comprehensively characterize soil
micromechanics: Brittle and elastic interparticle bonds and their interference with major soil aggregation factors
organic matter and water content[J]. Rheologica Acta, 2020, 59(8): 545-563.



[29] Sun AB, AnJ, Yu N, et al. Effects of iron tailings combined with organic materials on compression and rebound
characteristics of cinnamon soil[J]. Soils, 2022, 54(6): 1300-1306. [FhEE{#, 2/, EL4, 5. 20 ERbEitiA Nl
WRL o R4 % [ R g S [J]. L4%, 2022, 54(6): 1300-1306.]

[30]Wang X Y, Zhou L, Meng J, et al. Rheological evaluation of soil mechanical stability during vegetation
restoration[J]. Journal of Soil and Water Conservation, 2024, 38 (5): 175-183. [ 35, il Bk, duiff, 2. JE TRAR
IR E T L3 R e MR [0). K LR34k, 2024, 38 (5) : 175-183.]

[31] Jeong S W, Urgeles R, Bahk J J, et al. Rheological characteristics of marine sediments from the Ulleung Basin,
East Sea to estimate the mobility of submarine landslides[J]. Marine Geophysical Research, 2022, 43(2): 16.

(FfE4R%E: BiHAD



