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Fig. 3. (a) characteristic relaxation time ¢ as a function of I';Inset: the fitted stretched

exponential parameter £ as a function of I';(b) Steady-state volume fraction ¢f asa

function of vibration intensity I';

3. 2 BRI EA T E

FURLAR 2 TR AL B A 25 ) D SR . e T AN RIS ARl 2 A Sy A
I Ae Sl IA M R 2R (A AR 22 5, RIS e A HER 3 EAT I, L AO0L 284 th mT RE DA
PRBN SR L IAS R T A T IX 0 A IR IX S AT RFAEIN , SRR A Ay — A SR 1
itz i, BT BURAC B IVE R R BRI, s b DL A TE AN KL T 15 5K
el —h Al B R BETCPR B, H AR /N T ERIBR SRR, VAR AV %
i, DALEIEE T A DG BORMG THA R AT Bl 2075 R Aste 55
NAESETUF BT Z R BRI TR R0k HE AL A5 R I 2t

ABBE 19 A LR Ak B RORL ) A2 70 33008 R, AT R, EATToE L 2Z 8] ) RS

vy AR B EE W] LIRS 6 =

rol— R, — R, o XF T ERARREBRUR HERL, 0k
IAAELE R S, HRMIAEE & A0 NAE S = 0 A B TAR, X B T 1T 4B 0k AH B
B . SR, ASEIOEEHLEIR, 8 Mo Ai SOl 7 o A6 FRRAE,  Gn A
4@PT7s. Sbr b, Aste S NAEXTIEBRBURE AR 25 14 BORIE S8t 0 2] 1 S840
KR RS A o ABATIHE Y, N TR E A AR R, BARE LT S 4y
A AT KR8 & BRAECRIR s (H R T MR AL B A OBORL T 0 5 AR AR AE AR SE I,
Z SEBRFE AR BARERTY, ELSCHE AR v AR T (] B AN AR 5 T 5 =0,
MR —E R, HEEAT 6 =0 1Sk EuL LA .

171 -5 20 48 R R THI 1] PR A5 KORT 2 H O0 B Sl A 8 o 0 o A 3 20, X — 40 4k
BN SN T AR B SRR . STk, AMASHE T Aste 2 ANFEH
IREARE ST T 7105 E T SR P R 22 = S5 0 o 0 A RO 14 2% T [ 24415y 22

8



MK RL 5 5 BB B8N i oA e DRI, 4 00 HDCA 2 i ) b ) {1 A 04 i A
AT, (AT EE R HRAG AR R AR S R . BT X R, I e
5, KRMEEEAKT 5, KIPIASBURLA] 2 A TRk, 3E 15 2 B A HERR Y
PEIFEANE SR AR . A HE A AT X S B R i ORI 2
i BB R I B R 2R Z(6,) » WA T SR 1) B A AR 7B, BRG]

PR 22 R B3 AT A -

2o 207

R e @)

Forbt () R IR R R0 T I AR, o R4 B0 R 0 97 R
BREE . BT AREAR 2, LA e 0 MO A R R I, 645
MR B R 2, S -

Zoy(8,)=Z(5,)+keH(5,)%5, 3)

exp

Horp k ARRZNE R B R

15 T T 10
(@) ® Surface distance (b) o
— Gaussian distribution "'
8 '_Zﬁ:
10F — Error function
Iz, 6-- Linear fit
Q N
& !
5 E
2 L
Seegqeeeste L
0l —ea + 0 . NSl " .
0 0.04 0.08 0.12 0.16 -0.04  -0.02 0 0.02 0.04 0.06
Ar/pixel 0‘”,1(mm)

Kl 4 (a) ACARWIRLR TR R AT, SRR LG /LR (b) 1505 i e 545 fd 1 W o) {1 )
IR H e
Fig. 4. (a) The probability distribution function of surface-to-surface distance between
neighboring particles, the solid line is the Gaussian fitting curve;(b) The relationship between

global average contact number and contact threshold.

s ESCHIwt st ris, W DL EAR R R KT i B, Seia SRR, i

9



Z SIRENRIET 2 M N R, SRR ¢, SIRERET 2 R 2
HIRERIRY, W1 S@FFR. T4 RAFIRA R T R 10T B 5 R R
REVHL % R AN SO\, RTINS S AN, DI R 0 e o

e B AR A B ek
(a) 6 [ T T (b) 6 T T
¥ l iy

| . I'g
vl //I; ® 16
1 1 \’ — ‘ ‘ ‘ 1.7

5.6} : i o 1 5.6} F.ﬂ/ 18
N | | N 25
L I I 3.0
| | ~ > 4.0
l | : ! ® 60

52F ! ! 1 52¢ H 30 1

0 3 6 9 0.625 0.63 0.635 0.64
r ¢

515 (a) Hefih$t Z BgRah5RE T A HIER; (b) FRASHERRE L ¢ 5 T Rl s Z %
o

Fig. 5. (a) Contact number Z vs vibration intensity I ; (b) Relationship between steady-

state volume fraction ¢ and average contact number Z .

3.3 ZFRMSHTHE

B T AR T B, A R ) VAR T R AR A RUR HE R S5 M RAE B ) — ok
SR A FR IR A RT3 5k B (Minkowski tensor) R Hi R 2 1) 4% 18] S A
Emmoﬁﬁiﬁnﬁﬁﬁﬁii%ﬁ,%mW?:Lj®MV,ﬁ¢r%ﬁﬁﬁ
R0 5 6N R AR B TG I AR i T I Minkowski £ W, BTH AT LAY
MIRIARAEAE, JETE X o R TCH R NI KRR 1 FOAE . X T [ [R) 7 19
WA, a=1L WK, 1E2mAE, fix Fee & m Rt rfgi, o=0tkn
SPGB T ) R S HUAR LAy R RIHER S R, %A
SEPEREREE/N . B 6 i RVRIR, B EDUR RN, AR R % ) R R RO AR
£ TS R, N TAENRRS R A ST RS LR R, &R

10



PARBUIAAAE R . X —INRERY], RIEHERR S FEAH ], UKL A4 SR AE AN [ R
B 50N W R A BB 4l A 45 AT B 25 X ]

(a) 0.84 - b) 0.84
' | > @16
1 1 ® ./ w17
0.835} . . 0.835¢ 1.8
.I ] . 2.0
3 ! | 3 2.5
) I 3.0
L ! ' | > 4.0
0.83 ! ! - 0.83 - ® 60
m 80
° : °
0.825 : —t * 0.825 : :
0 3 6 9 0.625 0.63 0.635 0.64
r @

K 6 (a) MRS o BEIRFNRE D AL (b) ARRSIEEE T % [ 5525
o BEHERRVE B @ IR 2R
Fig. 6. (a) Variation curve of anisotropy parameter ¢r with vibration intensity I : (b)

Dependence of the anisotropy parameter ¢ on volume fraction ¢ for different vibration

intensity.

3.4 Edwards #2%HHE

I oy AR NIRRT RS RS MR, AT AR 3 — AN SR T R SR Y
#0381 AR Edwards 28 NIWLAL, SRECRCPEES RS0 R Bk 5 1R
JEE 1) 5% R 1T A] LAAS BRI AR R £5 A SRR, ZE RO 3L A B Ry AT s 4
B

L.y (4)
2@ 2 Fvarv)

Htvar(V) = oy | m ARG, o, R m ASRLF1E Voronoi HAR Y (#177
72, ¢ NS WS I HER E L IX BE SONBEN UM B ER VIR (RLP),  HAT R
NTCTTR, AHFFEEE RS By 0.593, I I S 45 5 nT UG 24N [R] HERA 3%

N7 2%, il =k 2 I TG

11



var(v)=0.3810—0.5908¢ —0.5214¢" +0.8392¢4’ (5)
S5 R ST 4 AR UO), (RS AR SR X R G, rEd A
DI EHERER RPN “TTRAR” p, ERWOE TR, 25, Bidika s

VIR 3% R, Edwards S A HL5E ST BURDERUIN SOV = kIn Q)
ook k B AR, AR BB /R 26 B RO . 35T Edwards #, Edwards i,

R LA 5 Z:”;—ZVO BET AR, AR

S@) Sy = [ 20

: (6)
¢ PP

Wt Ja W 7 R LA 2R st BRI 1]« ST 52 8 p AR TN S 22 [B)ip5 2 Adam-Gibbs <

¥

lnioc !

z-0 lSc

(7)

XERFEWIEE, T SR ARG — XS R AT 1t Ak P

D0 o b gty RS, ARIGE RLP KA F MR

S RLP — S RCP ¢RCP - ¢RLP

S =

FE S5 HIFLES 20, 3 g R 7@)fEE TR, 2, W@ Adam-
Gibbs ERECN RN A 7 5 xS, Z B R REATIE, AL RWE 70)iR. 4
RRIAET =3g FIT =2g 7l mi, X5 2§ Frie 2 iR % 1 S5 IR5h 55 5 1)

BT AHIE N o

12



(a)8[ 09 (b)! 0
0.8 -
1o ° -~ _ = -
0.7 m
7 0.6 ) ¢ ] p << -~
08 085 09 095 107 F S~ 1
T ¢ &~ > ~
--®
6 I'ig -
® 16 2.0 4.0 -
" 17 25 ®60 10" ]
= 1.8 3.0 = 8.0
5 . ; ,
0.62 0.63 0.64 3 8 13
¢ (xSe)”!

B 7 (a) “FIR4ER” (RIS, SRS ¢ AR HEEL LR AL S
SR G KR, () RIS (rS,) " Z A R, Horh g 2k R
MINEE R, A NHEH.

Fig. 7. (a) Inversed compactivity 1/ y asa function of ¢. Inset: Rescaled configurational

entropy S versus rescaled volume fraction ¢ : (b) The relationship between relaxation time and

1/(xS), the dashed line 7 ~ exp[ A/ ( xS)]is a fitting of the right, and A is a constant.

4 45 #

AHFFRA X JHEWZHMEAR, RERF T B A FRS)
SEE R B HERESRTE AT Ty o S2B0 R I, AN EUIE T R — I S
TR HER R RITVE R B E A, MR FFLEM M Z MRS TAH
R B0 5 BE T A AR IR HE AR B B R B OB BUE LSRR S KWW
(Kohlrausch—Williams—Watts) SRR o th Aok, SZEGMMN 2| — A EIL R .
FER RBENZAIRZS AT, a2 HE R 25 B B Heah 5t B 1) A2 1 52 300 A B
AR NRIOZIER AT NG ARE, B R T B TR
fiEE, AR S RS GE T Minkowski TKRE T . 45 H &
Ny BUETEAS [ RN 58 FE N IR AFAE T ) 2 W HE R B, L i S M TE %

ful b2 5 & AR EAVEAE RE R . LS Edwards $J)5AHE

13



Y5 Adam-Gibbs K%, ANHE TR B HER S B R AL AT IR B s L Ak,
Adam-Gibbs % R [ BB N4 o DL ESSRILEERNT, $RahVEH T8I
R 28 1) ot BRI R T B[R] I A7 A2 28 /D PR SE S L . AR IRBN SR T,
ORI 12 8l b 33 5 BB R 50 BEREA, UKL IRLIZHTIE iRF AP A,
BEI S FE PR 3 BRI M I A 3, S BOERE R I T
M YREN SR EEBE— DN B AR 4 G I, R RHERR S BT BT
AW FCE RADON B AR RN 5 1) &AL 5 5t B sl 7y e ik 17 B s g ik
&, WONAFLE 2 BB A5 T e 1R R B 3T 1 E B A SR 2
fiffo

14



SR

[1] Gennes P G d 1999 Rev. Mod. Phys. 71 629

[2] Jaeger H M, Nagel S R 1992 Science 255 1523

[3] Jaeger H M, Nagel S R, Behringer R P 1996 Rev. Mod. Phys. 68 1259

[4] Kadanoff L P 1999 Rev. Mod. Phys. 71 435

[5] Forterre Y, Pouliquen O 2008 Annu. Rev. Fluid Mech. 40 1

[6] Nagel S R 2017 Rev. Mod. Phys. 89 025002

7 Reimann J, Vicente J, Brun E, Ferrero C, Rack A 2017 Powder Technol. 318 471

8 Gan Y, Kamlah M, Reimann J 2010 Fusion Eng. Des. 85 1782

[9] Bernal J, Mason J 1960 Nature 188 910

[10] Briscoe C, Song C, Wang P, Makse H A 2008 Phys. Rev. Lett. 101 188001

[11] Onoda G Y, Liniger E G 1990 Phys. Rev. Lett. 64 2727

12 Schréter M, Goldman D 1, Swinney H L 2005 Phys. Rev. E 71 030301

[13] Scott G D 1960 Nature 188 908

14 Yuan'Y, Xing Y, Zheng J, Li Z, Yuan H, Zhang S, Zeng Z, Xia C, Tong H, Kob W, Zhang J, Wang

Y 2021 Phys. Rev. Lett. 127 018002

15 Zeng 7, Zhang S, Zheng X, Xia C, Kob W, Yuan Y, Wang Y 2022 Phys. Rev. Lett. 129 228004

16 Knight J B, Fandrich C G, Lau C N, Jaeger H M, Nagel S R 1995 Phys. Rev. E 51 3957

17 Nowak E R, Knight J B, Povinelli M L, Jaeger H M, Nagel S R 1997 Powder Technol. 94 79

[18] Philippe P, Bideau D 2002 Europhys. Lett. 60 677

19 Ai X, Yuan H, Zhang S, Zeng Z, Li H, Xia C, Wang Y 2025 Commun. Phys. 8 157

[20] Xia C,LiJ, Cao Y, Kou B, Xiao X, Fezzaa K, Xiao T, Wang Y 2015 Nat. Commun. 6 8409

21 Richard P, Nicodemi M, Delannay R, Ribiére P, Bideau D 2005 Nat. Mater. 4 121

15



[22] KouB, Cao Y, LiJ, Xia C, Li Z, Dong H, Zhang A, Zhang J, Kob W, Wang Y 2017 Nature 551

360

23 XiaC,LiJ,KouB, CaoY, LiZ, Xiao X, FuY, Xiao T, Hong L, Zhang J, Kob W, Wang Y 2017

Phys. Rev. Lett. 118 238002

[24] Cao Y, LiJ, KouB, Xia C, LiZ, Chen R, Xie H, Xiao T, Kob W, Hong L., Zhang J, Wang Y 2018

Nat. Commun. 9 2911

25 Xing Y, Yuan Y, Yuan H, Zhang S, Zeng Z, Zheng X, Xia C, Wang Y 2024 Nat. Phys. 20 646

[26] Yuan H, Kob W, Wang Y 2025 Nat. Commun. 16 10567

[27] D'Anna G, Mayor P, Barrat A, Loreto V, Nori F 2003 Nature 424 909

[28] Aste T, Saadatfar M, Senden T J 2005 Phys. Rev. £ 71 061302

[29] Schréder-Turk G E, Mickel W, Kapfer S C, Schaller F M, Breidenbach B, Hug D, Mecke K 2013

New J. Phys. 15 083028

[30] Schréder-Turk G E, Mickel W, Schréter M, Delaney G W, Saadatfar M, Senden T J, Mecke K,

Aste T 2010 Europhys. Lett. 90 34001

[31] Jin Y, Makse H A 2010 Physica A 389 5362

32 McNamara S, Richard P, de Richter S K, Le Caér G, Delannay R 2009 Phys. Rev. E 80 031301

33 Pica Ciamarra M, Coniglio A, Nicodemi M 2006 Phys. Rev. Lett. 97 158001

[34] Edwards S F, Oakeshott R B S 1989 Physica A 157 1080

16



Aging of Tapped Granular Packing Using CT Imaging’

HUANG Wei) ZENG Zhikun ¥ JIANG Yonglun? YUAN Houfei® WANG Yujie V23 '

1) (School of Physics, Chengdu University of Technology, Chengdu 610059, China)
2) (State Key Laboratory of Geohazard Prevention and Geoenvironment Protection, Chengdu
University of Technology, Chengdu 610059, China)
3) (School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract

Granular matter is ubiquitous in both natural and industrial settings,
and its unique physical properties have long been a focus of research. As a
central theme in this field, granular packing is of particular significance due
to its direct relevance to industrial applications. Among various particle
shapes, spheres, owing to their high symmetry and geometric simplicity,
serve as the most ideal model for investigating packing problems.

In this study, the granular packing was subjected to continuous
external vibration by tapping. The volume fraction at different times was
obtained by combining X-ray tomography with Watershed image
processing algorithms and Voronoi tessellation.

The results show that under different vibration intensities, the
relationship between volume fraction and the number of vibrations is
described by the Kohlrausch—Williams—Watts (KWW) function. However,
a non-monotonic relationship was observed between the steady-state
volume fraction and vibration intensity, indicating that external excitation
does not simply "accelerate densification" but may also alter the accessible

configuration space and rearrangement pathways of the system. To uncover

17



the structural mechanisms behind this non-monotonic behavior, we
introduced structural descriptors such as contact number and Minkowski
tensors. The analysis revealed that even when systems reach the same
volume fraction under different vibration intensities, their internal
structures exhibit significant differences in their scale and morphological
features. By further calculating relevant thermodynamic quantities and
combining with the Adam—Gibbs (AG) relation, we find that a crossover in
the AG relation occurs at the turning point of the volume fraction. This
phenomenon is hypothesized to be related to a transition in relaxation
mechanisms: at higher vibration intensities, granular packing relaxation is
dominated by inertial vibration; as vibration intensity decreases, relaxation
shifts to a combination of vibration-driven inertial motion and contact
sliding; and at very low vibration intensities, relaxation becomes entirely
governed by interparticle contact sliding. These findings not only provide
important experimental evidence for understanding the aging behavior of
granular materials but also suggest that multiple relaxation mechanisms
may exist in granular systems under different vibrational conditions,
offering insights for further research in related fields.

Keywords: X-ray tomography technology, compaction process,

volume fraction, KWW fit
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The relationship between the volume fraction ¢ and the number of vibrations ¢ of the system

under different vibration intensities. The solid line represents the KWW fitting.
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