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Size Effect and Representative Volume Element Analysis of Meso-structure in
Dairy Manure-wheat Straw Aerobic Composting Based on Micro — CT

Qiu Rongbin  Zhong Weizheng Yang Xueqi Yang Zengling Han Lujia
(College of Engineering, China Agricultural University, Beijing 100083, China)

Abstract: The representative volume element ( RVE) served as the foundation for quantifying the
effective parameters of heterogeneous materials which was a prerequisite for characterizing the mesoscale
behavior of aerobic composting by using equivalent continuum theory. Micro-computed tomography
(Micro — CT) and the nine-point cubic coverage sampling window method were employed to measure the
multiple structural characteristics ( such as total porosity, connected porosity, enclosed porosity, fractal
dimension, specific surface area, and connection density ) of undisturbed aerobic composting piles
composed of cow manure and wheat straw. A statistical-based mesoscale structure analysis method using
Micro — CT — RVE was developed. The results indicated that the structural characteristics of the piles
exhibited significant size effects within a range of 0 ~51. 2 mm in edge length, and the degree of response
to this effect varied with the characteristics. When the structural characteristics were determined to be
statistically stable, the coefficient of variation was 5% , and a sample size of 51.2 mm x 51.2 mm X
51.2 mm met the technical requirements for RVE. The findings revealed the correlation between
mesoscale heterogeneity and macroscale uniformity of the pile structure, providing theoretical basis and
technical support for the multi-scale studies on microenvironmental interaction mechanisms in aerobic
composting.

Key words: microcomputer tomography; aerobic composting; meso-structure; representative volume

element ; size effect

0 3= Ak WA R P A R AR AR
- WFSE 0 R0 — i AL 5 B 750 2
SF SN (TR ML) 2 — RS B 5 6 R, OO SZ M N JRUR R A e PR R R DL S

Wk H . 2026 —02 -03 &I H . 2026 —04 — 06

BB BERESHFETITH (2022YFD2002101 ) FEFKIALAO 7= Ml B A FR 35 H (CARS - 36)
TEER AN ot (1992—) , B W44 FE NI AP R TIPS, E-mail ; qiurongbin@ cau. edu. cn
BIEEE: HE8E(1964—) , %, #8%2  WHE S, FENFLNAEY R TRV, E-mail ; hanlj@ cau. edu. cn



370 B A1 R = 4

2026 4F

AR B PR S R s Y i LR A 1A
(TRIFRFLER) B HAE SR N TR s BOR g2
AT 5 0 AR B AR IR SCHIEA sl A= Wi 3h A LB
WA S A A AR R AR B L5 S
B, BHEME B 8 2T I E RS AR S0 % 57
PR A HERRN A, HALRZS | R e B 4, 2
EESEE AR PE A ) S A M, 25 5 T A
(0. 1 wm ~1 mm ) LS5 #4358 19 47 S HE E AL
gk TRk

H AT, © A HEA LS 04 SRR 58 G045 L 5T JUkE
FUBE TSR HT ) RGeS 23 R B (1 i Ak i o A
R BE A 25 K FAETT LA B HE A 8 A B FLBR
A8 ORI AR X AT VR AR AE M
A ER AR HEAAR L B A0 WA TIE 1) Sy FRAAE

ROTRUN SR M R B A7 WU S o
WEFERE S RT B AN A B B LA, MR
Sl At WL 22 RO RS o 22 LR B A el R i
SEROT M Z REE 2R 5" | It Z 504 Bkt
LR SR o U AN 7 N AV o N A
( Representative volume element, RVE) FlHE & # {&
HELA R, IR RVE 75 AR F Ja v (n
FLBRAR ) By BT (g ads 2 ) WA Sl AR R Bl A7 1
AR AN BEURR Y i/ N i BT L, BN R B AR R AR
TRV (EOPERE ), DATIT IR 4 R 1153 20 B 23R
CL I Z2 LAY Jox 22 RUJEE A o 17%) o 5 P R Al
R ATFA AN R R AR R S
G Z LA B

RVE M T 200454 F AU , (H i T 0F 5861
BHAE TS IR 2R e e 2257 B T 2
PSRN 1 B AEAE T RE AR HE AT HE AR RVE
SERRAAE , PTAE R 2 WL ROV B 5 s A 2,
HETT 53 A AT HE 1A AL A% BT, LA F00 R > HE I R 458

A1 BRI ACHER A LSS H Y RVE R 5E
IR i R DL ARGE
ARICLAAR ARG S =t S HENIE 5 A i R iy
Be(00hh T i PRI A ) B0 R R S AT
TG, ST HERAIULESF I 00, LU oA ERE R
PRIE H AR AL 22 ] BT 5T £ 1) 2 JodE A ik
S
1 #MEEFE

1.1 FEHERHEERTENEFTHERNE
1.1.1  HEACH] & AU

FEAFEORE TAMAEE T I E 4 4TI
HEAEIRSS: KRR R 1 A8 B A o AR 4 SR
[ B B (FHi g i B R 2 ) o HEAE JFORER H
BRI SR [ AR ISOR J /N AR A, ARk
B ERE B S B ZRIE T A TE+
Bk S RAENT ZLBRAR TR A TR | BCEAT
B E 1.5 ~2.0 em, AT SRR
(W) 12. 50 1 Fe iR A, &K 3508 65% ,C/N Ky
20 ~25(K 1a)

4 ADHERE S 2 25 AR TR, A U R 15 L
(N#E . @25 ¢cm x 30 cm) TSR FH TR B R RE RS T
P, MERRRS BN RS AR IR SR Y E T R
F AR BN A RO B L AR E A 2 B
FEHENE I RAERS (B 1e) o FdR3 RO # A4
fiff 4 ZH SO a MEAR BT 2 (6 kg) LR (277. 02 mm +
0. 86 mm) JEA 3, AR HTIBEIT, HENE IR SR ]
S 30 min/fA] Bk 30 min 3 W, HE R 2N
0.25 L/ (kgemin) " Hrfr | SRR 28 8 31 A T F
JIC VU B RG2S 1 AR LS54 IR AR x )
4 @ 80 mm x 70 mm BEEH 2 mm, AR 0.34 L,
i FHER BE I (PAL2, B 1.08 g/em’ , A JE I JEE

| BEEEEES )

ke S \

TR

l:rQ:kA
./ ey

OF: 5

(b) Micro—CT##

() FEfRAb 3

B SRR ICEE R B R i R I

Fig. 1 Digital sample construction process of pile unit structure



4

ERZRK 2 BT Micro — CT {94 2R 4 S HENE AULAS 4 RS 8008 55 RVE 734 371

HDT g yipay M 130°C ) WOGHESE M, e A3 5 £
RO.5 mm, i 2R 13 g( Kl 1a) , ikgaat f i, 1
HENE S0 gl FH 2 A RAE RS, LAARAS 8 5 1% 1A
JOFE S, ARG IR

SR THEAR 19 h 3 d.5d FT15 d ARk &5 RAE
S FELRC W B TR A (0 BY ) K BRRAE 4%
SRR Z R, BT IR AR W % B 45 4% (PMMA
M, A% . P86 mm x 100 mm , BEE .2 mm) N, T
Micro — CT FH43 47 (& 1b) . RFEJG , 155 1 AH W
N A
1.1.2  Micro — CT JEf7 iif%

ZHTHA AT, SKYSCAN 1275 Micro — CT R G51Y
ARG SR X G MK G AT 3510, DA
REARR P A5 R 4 o e 1) MR 7 5 487 | T 90 kV 4 HLUAL
110 pA 360° 8 HEHHL K R 0. 20 P-4 2% 3 B
JCIFE S 312 ms, 43 HFR Ky 50 wm/ 18K [ HTERE
1 mm HE G R ARG A AR 5 R BEBLES
S TAEROH R IIE N2 (I 1b) o B
A% 3 616 1 16 17 K ERGE L
1.1.3  HEERA P

{#i [l NRecon 4%} Micro — CT 3R 1589 K
JEBERE EUGIEA T AL BRI 2 e, SR 4R A
Ve L AT MG AL IRE PR A IE R N 1,
MARTH B IEAE BE BN 30% , 2% v 307 07 i (JETE
TR 2 1R ) X 4% 52 UL UEAT 2617 T g %
o FH Feldkamp % o H 44 350325 2B BRI B2 7 )23 L4
J¥ 51,

R T I RR L BN, Ad A CTan 300 DGR i
FUDER BT 1 NRSF R 1024 18K x 1024 12 % x

¢80 mm
H e
‘ i F Gy
£ | i -~ i A5~ B
£ T [ CET T
N AR Rl
Vo C
B s 13
/ a3 4
W A B
F
=}
AR
(@) VB (b) B4V,

1024 12 (X 51.2 mm x51.2 mm x51. 2 mm) i
LR IRTIATT VE RS HRE (B Le FIE 2a) b5
WAV, KN e, . I Osu =44 R —{EI5E
L EIIT RV, WALBR AR, R H 6 1% Ty
FCFIZ 5 DAz B DA L Bt s T v i B 3 L i
FIFLBE, Wl e s, 20 X 3 e L i IR i 0
X IR RALBR . R SR i i R ROK 9 53 PR
BRI 5 AT A AN o MENE e e e S o
AR BALTT 55 70 B0 o R R 20 3 2 5 A 3
>,
1.2 HEFFHEMIWERE

T RAE T L ARBOA [R) R i B 7+ i ik
FitrgEt ', SEFPRBEH TR RVE JUEAR, 1
KT e L, B 2b 89 7 R 5k FETE
TEV, “YEG RS, LD S E 8 AN T0 A,
(AB.C.D.F .G HF )RS WSk Ty m LAE &
FREEY ST T R X IR, BB R E VI A B T
PN VR ERBY A TR) RUE 37 5 (R XS Ry
TR, I W BT e AR AR A AR

TER RGP BRI, A 9 N EE R (B 2b)
PRC RV, K AL (mm) o Hor i S RO RSB j
R E AR, RN

l,=1{3+dill,;<l, ,ieN"} (1)
Krf o d—— B UL mm
N —IER4

BV E 48 A RSP RS RE I R T 432 4>+
Fedho T, =51.2 mm, 241, >25.6 mm W}, {7 T 8
ANTTS L AR AN AT b et & AR S A, T
B R EIFEREILE 2d FE 2e,

0 (4 mm=/=<25.6 mm)
e "‘ 77777 —' y= (2[‘—512)g

7 x100% (1>25.6 mm)

100

10 20 30 40 50
TR /mm
(&) V. EGE

)V, zREE

B2 FHARAETT SR ER

Fig.2 Schematics of sampling scheme for sub-samples

1.3 ARSHIEN

RVE it )5 i M A R R A e 5 A 2 ek
TERET =40 RVE B, AR S EE 46
FLBA S5 R Rp AR 2 B (A il B A R 4
B (Fractal dimension, FD) DL XY BUEVE (s

BRI INGEARE ) H AT A FLBR 2R ( Total
porosity, P, ) . ¥% i fL B *R ( Connected porosity,
P, EFFLER (Closed porosity, Py, ) . HLFR IR
( Specific surface area, SSA) . FD F1i& & % J&
( Connectivity density, CD) , HH P, P, FlP, It



372 A&k WL

M2 R 2026 4F

CE W
VTnl
Py, = % 100% (2)
VW)I
VCun
Pe, = % 100% (3)
VV()I
PCln = P'I'nr - PC(m (4>

KL v, —BFLBUAR, mm’
Vyo—FE B ER AR, mm®
Ve, — i FLBA T, mm?

FLB 2 T AL R AR S 4 i 00 57 o 2 MEAE 1k
VR EZ 7 SSA(mm ™) SRR AR
fLBR R AR, 11

S porasity
SSA = m
X Sy, ——FLBELER I, mm’
V porasi——F LBLEA R mm’

FD FH TR 5 58 50 2 T JUART IR R AS B0 v i A
Zebk, FD BOK LR A 2% it = e &t
BRI FD 8 SCHALBR R TR R 37 7 &8s 557
J7 SR BERTE X E A 2k 11y

_p1eN(D)
FD‘lz‘lf)‘lg(l/l)

Rt i
N(1) — @ LR TR
CD(mm ™) W i = 45 2 2 P P,
SURLATA P AL BT AR B8 3 ConnBulor $0%
eSSt

(5)

(6)

ﬁVUI
w:m (7)
1.4 IERR~TEE

RVE Rtz 2R SRRAE | B pr s P A it
FAFREHE R MR, B OGS — bR e,
it ot B bsIE PR 5 RSt el e &
HUE(EE M GHE RVE T, & A E s B
SFNWT AR 2R R AR5 R EL(Coefficient of
variation, CV)F5I (BOSEREE: | HHZR 4815 FIK (05 HK 43
Mre, BRI A HE AR AL ELS " e
HHfE RVE 300 Ak IR R Cv 315
2 38 AR R RS AR S a2 Rl I — b 25 55,
TS AL RVE RSFS 20 oV N, B s s i
A, RVE B FE S [ BrbE iR, Y OV fEnT 23230
FEL IS DA R i 5 A R D B (2 R BB, Vv, A
HAFGRESERN
1.5 HUES AR

W3 CTan 1.19. 4.0 ( Bruker, FCFIM) P& A

ARG RV, 8 B M S8 (v, ) T
i H Excel 2019 ( Microsoft, & [E ) F1 OriginPro 2021
(OriginLab, &) 5E Gt i1 Ar Fn R 2

2 ZERE5HE

2.1 HEERELER

HERE AR AR AR e 2 A 3 TR,
&l 3 AT L, MEAE A S R b A M AR (0 ~ 19 h) |
FE(19h ~3d) FEIR(3 ~5d) FMIER(S5 ~15d)

4 BB,
701
eor — ERLRA
£ — S5
% — JZR#EC
o — [ Ni#eD
g° —
301
205 3 6 9 15

HEAERTE)/d
Pl 3 AT R o o AR R A A 25

Fig.3 Temperature changes curves during composting

2.2 HEKEEH] RVE 4

CAMFTRTE AR T Z LA B RS 4
RVEP! | 1] 4 Sy HE A 240 W0 45 4 5 11 2 BB A i
IR 6 NI RRESEL («, ;) BEFE A R
(1) BB AN [RROST A i T, 1) 22 S A4 ] RO A
), 0 A 22 A8 A AN S 3, e B WY S e Sl
P R RS FRIE T A ES— B RVE, 16
— R RSHTE R, 2% 8] 407 6 A i A R 3 e 10 5 i
FARES TR,

MRS RTINS GHK R 4 ~25 mm) S5 FFE

1007 100

& 80t & 8ot

& 60 5 60

f? 40t —.—% _._E _._% g 40+ _._% _._E _._%

pia) —— —— . o L — —_— —
20 —C —H —I i 20 G —H —1I
0 10 20 30 40 50 0 10 20 30 40 50

K /mm FEfhi K /mm

el THETESE L

S 0.8f —D —E — 2.7F

o G —H —1I e

& 06} &4t

= 04 Roaaf —A —B —~C

E R —D —E —«F

702 4 1.8+ G e ——T
0 10 20 30 40 50 136770 20 30 40 30

FESh K /mm R K /mm

, Wy —A =B ~C o L& —A —B —C

£ 8 —D —FE —F g L5y —~D —F —F

£ -G ——H —1I £ 1.

g9 ;

sl

® ol

2
0 10 20 30 40 50 0 10 20 30 40 50

FE S /mm B K/ mm
K4 SIS ECS0IIR B BORE i ROT Z T 56 &
Fig.4 Relationship between microstructure parameters

and initial sample size



4

ERZRK 2 BT Micro — CT {94 2R 4 S HENE AULAS 4 RS 8008 55 RVE 734 373

ES R AR 2 TP R il RO 28 A O SO, I
I, A it 5 R RPAE 20 I 20 L 3 BEAIL AN 24 5
HEBAEME LI R MR AR S by, R 1 840, 4
sty USSR R )52 W 38 3 Dl 563 9 T AN H
xR AR TR — e, B SRz
FAAE/MRGETHR BN, W 2 GE 3 23k . U FE
YONELS RS ISR R . A 25 AE S
B, BT RGE W BRI AR P s e
PRESHIHFIE RVE , BE I, A f 45 44 i A 3228 VLA
T B BT S P AU S o )k D 4 | B TR 25

AL 1 AR £ B A AN AR A7 A T HE T 0L RBE T
HEREHE B AR RUEE S FEAILRE A 7E B35
FOFHAEE A2 BT S TE BYAE i RSB B N, A7 7R RE
PN HEVRLEHE 5 WIEL W Y RVE,
2.3 AEEHIFHER T 2R

S A 0 W25 K R 200 1R T 4 S 45 K PN Y
SRR 22 ROBEE, DL RAE A W) RUBE B % 25 1) 53
JRPERRE Sl A0, BR T H LR A (&1 4) ik
A FHBCA AL T RVE, Q& 5 fis, #AE T
HER AL SE Y RAE S B, .o FNCV BEL B 75781

VN SE] R Bl o s g S ) =X —
TR O, 1 227 7R B ROT B EE b 9 AN i i b
2 o PRy, N , B
g5 bRk NE ARG R MG AR e i,

1007 P 150 1007 —— A 150 05r —— P 1200
8o} CEREEC 10 s sof CESEMC 10 04 © ERRE 1150
N —— Exponentiolfll5 S —— Exponentiolfl{f} Q = —— Exponentiol £ N
% {0 & 0% Kos =
& 60 O000000066400000000000606000006600000000 W ;j, 60 MWWM W ;j, 100 ¢

= W =
= y=1.6147+ 120 HJ\ i A y=1.6151+ 120 HJ\ =02 A /=5.0837+ m#
ol 43,5840 00 ® {fj a0l 43.0566e00 # = o .‘/'} 259,557 160195 5 X
R=0.9671 110 4, R?=0.9674 10 0.1 R*=0.9678
20 L L L n 0 20 ; 1 n 0 L 1 ' 1 1 J O
0 10 20 30 40 50 0 10 20 40 50 0 10 20 30 40 50
FESh K /mm FE S A /mm FEfh 21K /mm
3.0 120 10 S-S5 50 151 100
k2t —
2.7 - 8t o AHER 40 - 12F IRE 80
¢ e T 15 & g 1 —_— E;ro/n‘entiolﬁ{% g ‘§ AR R 8
E L s 2 £ g ) 130 = £ oot — iolfll & =
& 24 %i#‘ﬁ* 10?«2 ¢ y=1.6012+46.27560-0972 30§ & 09 Exponentiolfll & 4 60 ﬁ
2 SN L = R*=0.9803 A o N
& 2.1 Exponentiol{ll& j}i w 4 1 20§§ A 0.6 ¥=5.7936+ 140 j}i
¥=0.9295+58.67840320] 5 ey A ) 156.5543¢-01816x =
L8 R2=0.9685 = 10 0.3 o R2=0.9682 120
145 L L n Ay O L 1 1 O I I Il n O
0 10 20 30 40 50 0 10 20 40 50 0 10 20 30 40 50
A K /mm FESR K /mm R fmm

K5 S5HSHUE S S IR By Bobe bl RO Z A 56 2

Fig.5 Relationship between variability of structural parameters and sample size in initial stage

HI Pl 5 AT, 5 R 4 i AR S M 5 R R S 1
2K, Rlor, FCV, YR 1, B 38 I i 25 0 /0 | 35
DIFEEII A KRR R L 0, AR ZHREIE S5
(I CV B, 75 Ak 1 i SRR 0L, 35 0T 48 £ R 5L &
CV 3 BB AR 2274 1 8h 22 S R B R R 25 A e ik R T
OB (WSS ) A7 AE B35 25 5, DA (] — HERE A 5 v
AN F IR A SR R T AR AR AR ], ifE—2F
PENET AR R AR B3 1 RO M 22 52, Bk
FHAHRE RVE J2 AN A1,

SR A e 5h (5 ) MR, G R (181 6)
FEVEAL RVE J7 4L 7 8 &5 i i v (LSD, p <

100 a 100
g 75 g 75 a
W 50 ﬁf 50 b
H}"‘R 25+ be  be be b E}"'R 25+ ¢ c é
R lEaP camsm ¥ a4 &

o o e R o et B
AR G RN AR AR TRk
S e %@@m@‘%@&@w

ioE 2 LB E
(a) VIR BOE S (b) FrARER

Ko ZEMSH ROT RN 22 5+

Fig. 6 Size effect difference of structural parameters

0.05) . M5 .6 RN, A 40 W25 K e iE RUBE RN
WURFEEHE PR A . Py, > CD > Py, ~P,,, ~SSA >
FD, CAEMREMN, M THAZ LR R G M 21
I, RVE 23 5T 5 1 45 4 R AF 58 4 B4 A [ i
fE—E 22 Wik, EMFEREZR T, £ 25
LR RVE ZE5 PN A B T2 R HEIRZ5# RVE &
B R AT R
2.4 PRI REMAR TR

RVE 52 21 i A HE S5 K REAE RST 200 %0, I
LA HE AR HE At ¥ S TR PR AR BE IR ARG, LA
FEAR SRR IE SR OV, S IR ST 3508 15 T Sk 23544
FRESHURVIADE, FEMEAL AR MEAAR RIS
Zh St 2 AR, SREE T R, R IRIHEAR
By BERE R LI il FL R S T AR ORN 4
JEGLERBRIE S B CV LT A B EWER (p >
0.05) , {ELANAF 1A o B A R £ o A T3 ml LA 1, 0 3
FEA7 3 By BRI A B B, HE AR 35 g S5 o R J3E A X ¢
15, AT BEZ R R 7 fi W B, AT 35 R R SR 7
HEPRALTFERIRES , 55 HERE ) 46 B BEHE R AL IR %



374 & Ak MO ¥ 2026 4
& 30 s a 30 . a a 22 e £200% —£=5% 28 —6200% —£=5%
2y a a 3 a . -&e=10% - &=2% s —-&e=10% —&=2%
% 20 a ﬁ 20 a g 40 g 40
8 bk =30 £
EFJ& v E:ii ° E 20 E 20
0 0 10 10
3 ——— y o i y 3 0 L L L ! (V- y : : L
WG FHE TR MR I8 Wl FHE 2R R B 0 4 8 12 16 0 4 8 1216
HEAR B WA B ]/ B )/
(a) BILBE (b) HEILEE (a) Bl (b) HEE LB
160 8 601 ~p=50% ~e=10% 60r o 10% —e22%
- & g 50 —£=20% ~£=5% sof +f;lg[7 *i;f,f/[
b S E 40 g 40f
W& b 4 a E 0l £ 0l
B e b molr oa o2 *20%}1 =2
Bl 40 < 2 x 13 4 ?g
0 0
. ol L
Wl FHR TR MR Wk FHE R IR IR o 4 8 12 16 b 4 8 12 1o
g ey SR d SRR )/
(c) HIALBIE (d) 4BHE%L (o) HPLECE (d) SHBAEAL
40 80 001 L e=00% ~e=5% 00r L e=50% —e=10%
g 39 € 6o 50F 1 «e=10% ~e=2% 50 -~ e=20% ~&=5%
\;]Gé 20 b b b E}]@é 40 a s 30H = 300
o\ S S—
0 0 . R . ! \ 1 . . . ,
VIt TR Pl Ve VI TR o Ve "0 T %0 R
BRI RS d 3

(e) bERMH () &k
7 SR AR AR S S T 22
Fig.7 Difference of pile structure heterogeneity in

composting process

R A IE BUARIE R, 200 Fe e AR TR | 0 A R 3 By
B, T HERE 7 ORI AR A P TR A LRI
HEAZERE R HRFER 800N | 2548 S B A RRAIG ; XS HENE
HEA G B, AR B T S s, S BRI 4544
SETPERCA RN VEE TR R, S HE AR
A RRE LB G IR/ < 1% ), HHERL )5 1
EFARE  BPAALER AR 5 5 BCTE AN R AR
BR—EZ(p<0.05), AIRERG IR fE@TEAN 2
FITEC, AN ) HE R B B L 3 i AR S R B 22 57
PR 5 I O XTS5 5T rh R AR .
2.5 HE{KZEH RVE BT

RVE RUT A T 400 R 22 0 R 22 [a] i — F
b PR AR e Rl H v B Sy
T HARFRIE S B R 1, I 32 I DG S M1
AT B Am2ZER T, i LR & RS [R 25 A4 HE
SHRVE 253 (E 8) , £ RVE 5 Jr 6k 45 F4 F# iF
SHCEYVINC , IF A FEBE 2 , RIS 5
FHEMPAR, RVE RF @ EfsfE A5, 25
2R e o EEAH 0%, 20%
10% 2 1 H1 59 12911 4 & /N, RVE UK, Bk
EREMEA R R H . T RVE RSP af i
SRR (AN JFURHEC H | BE T B K R R SR
25 L RIVE FH 25 51, A TR S5 A R AE B 800 1, 28 AR 1Y
TUR R R] (&1 8) , M LA AR R Y & B[R] — 44
BHEARFISSHEIESECT RVE RF, WL, 254
JEFEARZA G SEL, T B U KA BAEAE 0 RVE

(e) LKA OF= =4
K8 HEAEE FRHEIAL Y RVE T2

Fig. 8 Size change of pile structure RVE during composting

RGT AT A

[l 8 Hid/Iy & X I gt th 26, HE T ) 4h B B A
S B, A L5 FRAE RVE RSPk, 5 2.4
HEARLERE S R 22 ST AR . T e =5% , i
FEHEIRSE R0 Py, (P, P, JSSAFD F CD X 1F
J5K RVE 1K 43514 (30.3 +4.0) mm, (30.6 +
4.2) mm (43.1 £4.5) mm (7.9 £0.7) mm.(29.3
6.2) mm f1(39.5 1. 1) mm, i THIK P, FH{E
INT 1% FART Py, SUNMESIRE XS CV,, 77 IR
SO RO E R, 3 AL RO HE AT 1
SRR AR, R A B RVE, fEAHF] &
T, RVE ., TEJIT 2% JE R S5 K FRRAE v ROST AE X B K,
LRl €D VERHEIRZEFY RVE PR RS, S 4R +h
HIEMAEZ AN B W N E 3, IR 9 &
ST SRR LA TR E A (E 2), L
e RUN YN LT SVAQ 1P 9=y d VAR I ¢
50 pm/fR E R F, AT LI & 5 M G R
(51.2 mm x51.2 mm x 51. 2 mm) BB %98 51t
REPEMTCREE , REfs T R HEIR S5 1) RVE 20K, It
Eﬂ‘RVEVORﬂ‘( 1.342 x 10° mm® ) LERTZ10° mm’ 1Y
YA PR SR ORRE A7) 3 1 AT 3R R A S IE 3 (R M Ak 4
¥ 7 A BEAN AR I . X TR HENE 3 A TN
IS e HE R AR S5 R AR AE  ZEHEIR AN RVE i A7 42K
ARAGZ R EE e 1, TR T AW RUBE RN, R RE FE
TSR AR T AT

M T 2 LA Bt AR KA T b HR e T 4544
ALFGFLBREE | LR AR R B B AT, WUR S )8
PEEA RN W S B IR & AT, 7Rl



4

ERZRK 2 BT Micro — CT {94 2R 4 S HENE AULAS 4 RS 8008 55 RVE 734

375

UL 2T =4ELBU LRSS RVE 0] fE L2
TYRRPE B A OE B R AR AW
ARAT BT T 15 0 H R AR 1) = 4R 1R
fli RVE RERS AL 35 4 i (4 38 2 20 MLAS A5 R

3 HFRIE

%54 Micro — CT ARG Ik, i 7448
R HENEHEAR R USSR RRAE (8246 Py, Peyn Py
SSA FD F1 CD) Je R SFRUN , eIk T HEAR 40 L4k

) RVE f1E, J3HT 1 AR 45 0 R A X i RS 1Y
BURPEZE S & X RVE Il 5 RSF RO 520, LA K AN [
HERC R BeAE i RVE RSP 284k, 45 R BN 1t ¢ =
5%%%1437‘4,51. 2 mm % 51.2 mm x51.2 mm K50 R
PRGN, ST T MBS A R AR 40U
FitE SR M A Z M YK & . Micro — CT — RVE
BEALHN 7 A HERC AW FE ST S At 1 P A B
fitlt, R e AR A0 WML ER AN T 25 Ak Y 22 1RO 1 9 42
BRI IR T A

2 % x #t

(1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

RN, RIRWT, ERETK, AF TR L S Al M P RSB S [ V] AU, 2024, 55(5) : 395 - 404.
Li Hua, Zhu Zhenming, Wang Jufei, et al. Design and test of aeration and mixing system for rotary composting reactor[ J].
Transactions of the Chinese Scociety for Agricultural Machinery, 2024, 55(9) : 395 —404. (in Chinese)

Fmiw, KBEE, AN, AF. FEXARN AL RGBT 5K [ T]. ARHEH, 2026, 57(2) : 364 -374.
Wang Lili, Zheng Jingke, Xu Minghan, et al. Design and experiment of aerobic composting system for rural households in cold
Transactions of the Chinese Scociety for Agricultural Machinery, 2026, 57(2) ; 364 —374. (in Chinese)

Wang Y, Ai P. Integrating particle physical geometry into composting degradation kinetics[ J]. Bioresource Technology, 2016,
200 514 -520.

Walling E, Trémier A, Vaneeckhaute C. A review of mathematical models for composting[ J|]. Waste Management, 2020, 113
379 -394.

Hath, BOURE, B, . JEFERRORIE ROE R RAERIEINERIE[T]. AP, 2015, 46(3) : 192 - 196.
Ge Jinyi, Huang Guangqun, Huang Jing, et al. Quantitative characterization of particle size and shape of pig manure[ ] ].
Transactions of the Chinese Scociety for Agricultural Machinery, 2015, 46(3) : 192 —196. (in Chinese)

Ge J, Huang G, Yang Z, et al. Characterization of the dynamic thickness of the aerobic layer during pig manure aerobic

regions[ J].

composting by Fourier transform infrared microspectroscopy[ J]. Environmental Science & Technology, 2014, 48(9) ; 5043 -
5050.
Guo X X, Wu S B, Wang X Q, et al. Impact of biochar addition on three-dimensional structural changes in aggregates
associated with humus during swine manure composting[ J]. Journal of Cleaner Production, 2021, 280 :124380.
Ruggieri L, Gea T, Artola A, et al. Air filled porosity measurements by air pycnometry in the composting process: a review and
a correlation analysis[ J]. Bioresource Technology, 2009, 100(10) : 2655 —2666.
Huerta-Pujol O, Soliva M, Martinez-Farré F X, et al. Bulk density determination as a simple and complementary tool in
composting process control[ J]. Bioresource Technology, 2010, 101(3) ; 995 - 1001.
Illa J, Prenafeta-Bolda F X, Bonmati A, et al. Empirical characterisation and mathematical modelling of settlement in
composting batch reactors[ J]. Bioresource Technology, 2012, 104 . 451 —458.
Fish J, Wagner G J, Keten S. Mesoscopic and multiscale modelling in materials[ J]. Nature Materials, 2021, 20(6) ; 774 —786.
Wang J, Zhang W, Tan C, et al. Multi-dimensional size effects and representative elements for non-persistent fractured rock
masses; a perspective of geometric parameter distribution [ ]J].
2023, 15(9) : 2339 -2354.
Koestel J, Larsho M, Jarvis N. Scale and REV analyses for porosity and pore connectivity measures in undisturbed soil[ J].
Geoderma, 2020, 366 :114206.
El Moumen A, Kanit T, Imad A. Numerical evaluation of the representative volume element for random composites[ J ].
European Journal of Mechanics-A/Solids, 2021, 86.104181.
Zubov A S, Khlyupin A N, Karsanina M V, et al. In search for representative elementary volume (REV) within heterogeneous

Journal of Rock Mechanics and Geotechnical Engineering,

materials; a survey of scalar and vector metrics using porous media as an example[ J]. Advances in Water Resources, 2024,
192.104762.

HEAFE JHER, Berbi, 45, A R LBREAE T ST ROAE ) ] P Rz BORBR: 2021,51(9) 11107 - 1126.

Chu Zhaoxiang, Zhou Guoqing, Rao Zhonghao, et al. Porosity-based representative elementary volume for geomaterials and its
fractal theory-based approximate criterion[ J]. Scientia Sinica Technologica, 2021, 51(9): 1107 = 1126. (in Chinese)
Zhang X, Ma F, Yin S, et al. Application of upscaling methods for fluid flow and mass transport in multi-scale heterogeneous
media; a critical review[ J]. Applied Energy, 2021, 303. 117603.

Ge J, Huang G, Huang J, et al. Mechanism and kinetics of organic matter degradation based on particle structure variation

during pig manure aerobic composting[ J]. Journal of Hazardous Materials, 2015, 292, 19 - 26.



376 PO TR A S 20264

[19] Xiong J, Ma S, He X, et al. Nitrogen transformation and dynamic changes in related functional genes during functional-
membrane covered aerobic composting[ J]. Bioresource Technology, 2021, 332.125087.

[20] Qiu R, Zhong W, Zhang H, et al. A novel Micro — CT approach for in situ visualization of the spatial dynamics of mesovoids
in aerobic composting piles[ J]. Journal of Environmental Management, 2024, 369 .:122329.

[21] WuH, Yao Y, Zhou Y, et al. Analyses of representative elementary volume for coal using X-ray p. — CT and FIB — SEM and
its application in permeability predication model[ J]. Fuel, 2019, 254.115563.

[22] Singh A, Regenauer-Lieb K, Walsh S D C, et al. On representative elementary volumes of grayscale Micro-CT images of
porous media[ J]. Geophysical Research Letters, 2020, 47(15) :2020G1.088594.

[23] YioM HN, Wong H S, Buenfeld N R. Representative elementary volume ( REV) of cementitious materials from three-
dimensional pore structure analysis[ J]. Cement and Concrete Research, 2017, 102 187 —202.

[24] Fang H, Sang S, Liu S, et al. Determination of representative elementary volume of digital coal based on fractal theory with X-
ray CT data and its application in fractal permeability predication model[ J]. Frontiers of Earth Science, 2022, 16(3) ; 657 —670.

[25] Yu L, Zhang J, Liu R, et al. Estimation of the representative elementary volume of three-dimensional fracture networks based
on permeability and trace map analysis: a case study[J]. Engineering Geology, 2022, 309 106843.

[26] Yang L, Xu W, Meng Q, et al. Numerical determination of RVE for heterogeneous geomaterials based on digital image
processing technology[ J ]. Processes, 2019, 7(6) :346.

[27] GeJ, Huang G, Huang J, et al. Particle-scale modeling of oxygen uptake rate during pig manure-wheat straw composting: a
new approach that considers surface convection[ J]. International Journal of Heat and Mass Transfer, 2016, 97 735 - 741.

[28] Wang G, Qin X, Shen J, et al. Quantitative analysis of microscopic structure and gas seepage characteristics of low-rank coal
based on CT three-dimensional reconstruction of CT images and fractal theory[ J]. Fuel, 2019, 256 115900.

[29] Gundersen HJ G, Boyce R W, Nyengaard J] R, et al. The conneulor Unbiased estimation of connectivity using physical
disectors under projection[ J]. Bone, 1993, 14, 217 —222.

[30]  FBEW, ARAT. BB R RAE TR BT RO SR [ T]. %A+ 15%, 2015, 36(12) :3456 - 3464,
Wang Xiaoming, Zheng Yinhe. Review of advances in investigation of respresentative elementary volume and scale effect of
fractured rock masses[ J]. Rock and Soil Mechanics, 2015, 36(12) :3456 —3464. (in Chinese)

[31] Gitman I M, Askes H, Sluys L J. Representative volume: existence and size determination | ]J]. Engineering Fracture
Mechanics, 2007, 74(16) ; 2518 —2534.

[32] AKMUH, #RER, TLER, 55 FIOIARFHR G RIL SR Z R )], Al TR, 2023, 39(3) : 180 - 189.
Yi Shujuan, Shao Haochen, Shen Yujun, et al. Stratification law of the mixed aerobic composting process of cow manure and
maize stovers[ J ]. Transactions of the CSAE, 2023,39(3): 180 —189. (in Chinese)

[33] Fan M, Chen Y, Wan K. Representative elementary volume analysis of hardened cement paste during hydration using X-ray
computed tomography[ J]. Construction and Building Materials, 2021, 277 ; 122268.

[34] Xia L, Zheng Y, Yu Q. Estimation of the REV size for blockiness of fractured rock masses[J]. Computers and Geotechnics,
2016, 76 83 —92.

[35] Zhang D, Zhang R, Chen S, et al. Pore scale study of flow in porous media; scale dependency, REV, and statistical REV
[J]. Geophysical Research Letters, 2000, 27(8) : 1195 —1198.

[36] Li M, Zhou Z, Chen M, et al. Topological representative element volume of fractured rock mass[ J]. Applied Sciences, 2022,
12(6) . 2844.

[37] Wang Z, Wang T, Wang W, et al. Size of representative elementary volume for heterogeneous rocks evaluated using distinct

element method[ J]. Acta Geotechnica, 2022, 18(4) : 1883 —1900.



