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Abstract

Cement paste is comprised of anhydrous clinkers and hydrates of irregular morphology, which
manifests an intrinsic structural heterogeneity in spatial domain. Taking ordinary Portland ce-
ment paste cured at 7 d and 28 d into account, we use the X-ray Computed Tomography (XCT) to
acquire their 3-dimensional structural features. With the 3-dimensional XCT images as input, the
multifractal analysis is performed based on a definition of local porosity. Results indicate that the
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multifractal analysis shows a good applicability in quantification of the structural heterogeneity in
cement paste. Besides that, a generalized binomial multiplicative cascade is introduced to model
the multifractal structural heterogeneity.

Keywords

Cement Paste, Structural Heterogeneity, X-Ray Computed Tomography, Multifractal Analysis,
Generalized Binomial Multiplicative Cascade

Copyright © 2022 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 518

IRZ LRI B P S5 MR 8 T AORVRH 2B T 0 VG o AT A A, /K B AR AE TR A4 ket
AR OCE AT, KA R DAL RS T R AR A, HL SR o B AR L
S, BULTEZSa4EE F 2 AW R i, NEASH, TR R CEIRE KRR KK A
A RO SRR B ST, BT ERZAT AR B, S0 H A0 R MR e 2R 98
R

N AL /NS BE X I 2R U S50 BE il b A 4 T B 3 IR 7K e oA 45 0 S o Mk [1] . ARAC T8
FRREEALGHCE TR, /IR BA s s, RS2 0. BN X STERU AR
Ab, FRRSHARR]. EREARB], SRR A4 R X FH LT HE AL Z i (X-ray Computed To-
mography, XCT)$iAR[5] [6] [7] [8]% th 4 FH T ¥R 1 /K Y A4 1 3 FEAREAIE

H b, BSZAEH, SRR TR KRR — A R[9]. — L, AL
FHIE, HA TR ARBUEE, IS AR REWEE: B—Jm, KEEEKISHERS
W R 2 Ta)3d A peil I A R R OC &, RIS A P2 L B 4) JTRARFE. Stanley #1 Meakin 4
t, FECT R, 2 E TR B T S S B IR AR [10]. L4k, 2 EEHEIR TR
I3 AT B S AU A LS R AP [11] [12]. A, ST KU RE A R 5T, Valentini 555 FH £
FOM B IR KA TR A L 1) 1 A [13] s Gao 25 & BL/K e JE A (1 o5 2B FLIR 28 20 A S B H 7Ry ) 2
4 FEHFIE[14]; Paggi A1 Carpinteri $2 H R %+ 44 MU0 21 2 510 T R AR [15] . 1RSSR R M TR R
INZ B T BB AE IR R A 2 450 e M T T A BRI AE AR 3

2. M Ese
2.1 HEElE

ASCAF /NI PN 525 7K, il & AN R TR R (7 d, 28 d) @ R EhK e R Ak, KK L
SEN 0.4, FKEHRETEE, BIABREST, JaTH 3 708, UPNESGIRMTE. 25, IMAFREL T
K TABERELINK, R ERAR AN G 4% HRARIE 3 0%h - mid 2 08P - K3 3 B I R 4
SEHESE RN 40 x 40 x 160 mm® fRBAE R E R, FEREIIREN & LARSD 60 UK BB AR AR A A
BT E, BRI L RSB b5 B T hedEs=y S (EE 20C £ 1°C, MR > 95%)
FP BRI Ry se)a, MR OO A I E R 2 mmy S 5 mm FES, BETES
B L mm. 5 4 mme SRR B T SRR IR 48 AN E KA, I DA R T AT A
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2.2. XCT 5£I&

W 1R, AR SOR FH R S04 38 2 48 [ ) 6 1 25 7] Xradia 510 B X 28 S ee, 32 2t i A
U5 KB G mr RN 50 LS UR BT T . AR B S NBIR RS, R
R X BT UATTBOR, 55 Z 902 ¥s X SR INIRAA S Ak ml WG 2 J5 R St AT OG0k, Btk e
DAFERCRAE S R B0 TARPE B R SEBUEROR M S ) /3 28 . X SRR AL i, AkHR )
X SRS RBAEAE 22 5, T AR ES B A F R R KA . R T/KBE IR FE S, — R0 X3
LM RBEME R IRKFEME S R R BE SR LE R R

XCT EUE I 25 18] 53 HE R FUG 20 LU 52 25 28 D R AR S RIS . — 5T, B (R S 2 o e 3
S R, (ARG RN H—rT, BEENAER SECE s EN IR NSEENZ, 4R
iR, LRGSR R T ) 152 BARE RN s, ToVEARER IR RKVE IR . AT 5 A
60 KV [1] X S U Ae A 83 pA MIHEITIHAT, FEGEES S EFIERIZE 73 519 14 mm. 80 mm. Bk
#3545 1601 i — 4k XCT B, AN BEHIRER A 6 s, BRITE PR 1 um DB R KA
A IE N 0~255. Wi 2 Fros, HAFEREL 128 I — 48 XCT K14(128 x 128 pm?), K H EM =48 XCT
KI1%(128 x 128 x 128 um®). & 3 Fio A E MG HIEA R =48 XCT B%, HrpREEE i — k3.
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Figure 1. Xradia 510 X-ray microscopy and schematic of work principle
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Figure 2. Schematic of 3D XCT image reconstructed from 2D XCT images
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Figure 3. 3D XCT image of cement paste at a curing age of (a) 7 d; (b) 28 d
3. NEIFIPICHIRIACRRIA=4E XCT Elf%(a) 7d; (b) 28d

3. ZLENHHEIL
Mach ZE M\ BENLIS AR FE 5 B8, K o0 AN IR B C IS, FFA R @ BN R N E 52
8] )] U R [16]

N
@(q,1)=§§—; 1)

N NEITEEH, qv c NSEEARE, pi 6 VBTG | B FIMERIE . SEIRE. STFE2ESE, Wl
o, 7)=1. B =0, o), WH
N
x(a)=2 pfl oc 57 @)

2(Q) .« c(q) RNR A EEL. REEES. RQMALL g NERERNEZESHRER, M, @
LA py = p UL ¢ WEABR IS EAHFRER. q WIRERRE, X o, TR, B,
o q NUERE, pi, K BSR4 q NIERRG, polhk. R MITTREOC . o q BN E R,
% g R—Hr S8 W

iz::(p{‘ Inp,)oc o™ In5d2—gq) ©)
I\ a 2
> (vt p) =3[ piin(s7®)] @
K@), RQIAFIAE), WH
a(@)- 25 ®

a(q)%#‘jﬁﬁi?gﬁ&% Holder *E‘%&’ %E Omin < 0 < Omax> ﬁ\:l:':] Omin = a(q - +OO)1 Qmax = a(q - _OO)O
Holder 154 o ELIRIK REMANEL p 5EERE 6, B
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law

p=0" (6)
HAT Holder $840CH o 15 ICHH
N,=N.5"@ @)
f(o) PR A Hausdorff 4E8. f(a) a(q) LA S (o) AN HARMST [, i 2
f(@)-a(e)-a-[a(a)] ®

f(a) % a FIERBOR RIR N Z BT
4. ZESESh

X =48 XCT BR, BRERME RO SRR LBl  FHoh R R LB f, & Lan k-

__1-h,
" l-<h > °

h, e[0,1] REBREME— KM, <SREXTEENITEBRENTIOE, f BARILER. X h, =
10F, f,=0; X h, =0k, f,=f/1-<h>)LR<f>=".

s 4 s, EZEEHr, K =4k XCT BIG K] 7 A F 2518 R ISR B0 XT84
TR, FORE LRI p RS R

©)

2
pi = z fv
D AREI I T BB E R, YARFEX XCT BGRaEHATaGERM, 280G p=1.

(10)

Figure 4. Schematic of the multifractal analysis on a digital image
4. XF XCT BgEEN Ko hrnER

w2 AT 08 77158 $E Stanley F1 Meakin 32 H %E 777%[10], Chhabra 1 Jensen #2 H ) BEL#27%
[171BA K Arnéodo 545 F 1) /INE &R £k [18] [19]. A SO Bk, R

> {#(a.8)-In(p,)}

a =lim- 5 (11)
Z{ﬂi (9,5)-In [,Ui (qﬁ)]}
f(a)= {Li_r}r(l) ! e (12)

1(9,6) FROSHTT i A — I, it SR
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H; (q,5)= : _ (13)

5. ZESHERM

TE2 BTN, A8 TMREIIEN, a0 Saucier $ Hi 1) Wk JE T 2 H 43 £ [20], Perfect 2%
JEH I 3704 Sierpinski £[21], Cheng 4 Hi i) — AL TS AUA22]; DL B TREFLE RS, &
% Barral A1 Mandelbrot £ H 11 8 & VAFA 54K 23], Muzy 1 Bacry 2 H ()% /3 BENLAT £ [24], Chainais
I TC IR AT 4%k [25] . AR Cheng $2 H 1 — M fb — Tk AR 7 250K B 244 (1 22 4y TR 4540 57
R PE

% & =4 Euclidean 78] i BAT BAL K FERIST T ARIEARIE, ERANERE I h S, Bl Rl nd
AKFEN Un BISEITRNRTG, FERE T /NG FOAE I B . SEBEHLIEEL my A, BN wa/my R4
RIPE; FREHLEI mp A, BEAEC wolmy FIRESRIIEE: 62 my+mo<h® Rowy +w, =1, JI% j %R
J&, HLTCREER I A

p(j'k):(wl/ml)k(Wz/mz)jik;k:Ov"':j (14)
FHREH, BRI p(j.k) oo H
N(j,k)zml"mz"k(:j (15)

¥ (14). NAB)RARX(2), Hlsrekh
Z(a, ) = (méowd + mé oz ) (16)
AR R e B

In(m%wd + mi9wd
()2 — ) an

Holder #5451 o 11 Hausdorff 245 (o) M 2
( )__gln(Wl/ml)+(1—§)ln(wz/m2)

a(q (18)
Inh
In(&/m)+(1-&)In[ (1-&)/m,
(Ta(q)] - EnE/m)+( In«:h>n[( £)/m, ] (19)
Hrp
£= m,~wy! (20)

g+
6. R
6.1. GHaRRMESHT

B o B3k J7[-30 m, 30], HHx(11). RQ2)itEZ H T, WK 5 . AR, KieHEgk 20
H LAY 2 B A T A5 S T i, RO EAIEMT T R0 “ e iy ZEA . HE o — 0, HA(6). X(10)
AT amax AT SR FBFLBRAZR f, IR AMEL,  omin X RLF R I ALERZE £, KA DA Euclidean 4E%k 3 Syt
HE, o> 3 XN RERFLBR R £, B MERIEERAL), o < 3 XN R AL R f, i K (R BnfL). 75
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ZE RS, WEEHE S Aa = tmax — amin TENEH TR RIS Bfkth, BEKIEIEARFE
PSR IN(7 d — 28 d), HZ E LA (0.98 — 1.01), HNE REBILIRE f, 2 MTEHEKE S, L5
— 0, HA@)IE: f(a>3)HK, RWEEENEMIBRE KRB Z, WERAZHINZ ; fa<
kN, RIAGTHBREFMILER f, (R cE H D, BEAILEHRD . $ T2 E SR LT RE
B AL BN FL A LA LT TSR, DR R AE il 7K U8 3 1 FLI 45 R 25 A T EL A AR 4 1003 P
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Figure 5. Multifractal spectrum of (7 d, 28 d) cured cement paste
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m, =exp[ f (e, )Inh] (21)

h=(m +m, )%
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KRB Wi W B2J5, SN mes mos Win W BRI TR (18) 38 (10) 173 B K U 3 A ey
WZ EAIRE . WE 6 Fim, — Ml I A VBT M %ot 52 B A0 T R BEAAR TR (I B 28 7 YR AT A,
HRTERSE PR — B AR
7. &ig

A BE XCT HAR % B A HE & Eid K RS I 5 R . % T 2 B A B B 7R IR A 2
WL R AR 2 S, A MBI f B A A % A TR FRIR 1 — M Ay ZEULEER |, MOXCT
IRIEEUGH R, 8 XOKIRIEAR ) REBFLER R, gty 74T 2 0 8 (B335 AL (— i —
WHEART ). BRI

DOI: 10.12677/hjce.2022.119114 1043 T ARTHE


https://doi.org/10.12677/hjce.2022.119114

i ]
mea_ oo MfE 30

ST
e

2.5 2.5 N
2.01 2.0
S Ol
K151 K15+
1.0 1.0
0.51 0.5
0-0 A L v L} L L} L T = L} v 0-0 ] L] L L] Lod ] o ] b T i
28 30 32 34 36 38 40 28 30 32 34 36 38 40
a a
(a) (b)

Figure 6. Analyzed and modeled multifractal spectrum of cement paste at a curing age of (a) 7 d; (b) 28d
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