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Abstract

Starting from the common mercury intrusion porosimetry test, the fractality in cement based ma-
terials is examined, which might be the pore mass fractal, the pore surface fractal or the solid
mass fractal. The results indicate that the MIP test reveals the most probable fractal type being the
solid mass fractal, and meanwhile the fractal dimension depends on the scale of interest. Moreo-
ver, a general approach of the solid mass fractal model is proposed to simulate pore structure in
cement based materials.
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1. 3]

IIEER ] IZ WARAE T R BN T 2 ALk A, a3, Ba. FResE[1] [2] [3] [4]-
BT T, A4S DR R IERITVERSAU 2 AL B 2R 454 [5] . ARBCE @ 2 AL KL, /KRR
AR REIARMNZ LA, FLALBR R T 8 5 55 K (nm) BIRCK (um) B~ E 4 (6] BEFER A, /KR HEA
B 2 FLEE R FIRE A 20 TEARRE o 511 4, Lange 4538 sk 5 i #7414 FiL Bt (Backscattered electron-scanning
electron microscope, BSE-SEM) &l 73 Hr B AW 75 FLBR R A 0.2~2 pm ¥ Bl N 1 20 TEARFAE s IBEAL K8
I AEAE SRR TH 4> T (Pore surface fractal), . EI2FLER - [& A0 %1 4 7% (Pore-solid interface fractal),
BBORL N 1.25 HAEA REWRBIE[7]: Winslow Z5@id/NMAEE X G2 ECS HR (Small-angle X-ray
scattering, SAXS)H 7t FLBERE A 3~150 nm Y[ 4 170 TEHREE, AR KR 2% Hh AT BEAFAE PR FRAS IR 1)
R, RV AH 43 % (Solid mass fractal) FILER - [EAH A0 T8, HA4EHCHN 2~3 H A REHE8]:
Ji 558 3 7R S5 (Mercury intrusion porosimetry, MIP)HF 7T FLE R A 13~34 nm 1 44~5625 nm i [ P4 )
I TEREAE, INAAE A K e e A7AE %5 FLIR 43 T (Pore mass fractal), FL4E%r4) %14 0.98 F12.98 HEA R EK
HTE[9]: RIFERI A R SRS, Zeng SE N AL K e FRAEFLBR R BE 43 7114 10~60 nm Al 3.75~5 pum 35 [
WAFLESLRR - AR 0, 480N 2.59~2.96 HEA REZAKHITE[10].

METAMIG T KPR EA R 2 AL M /3 TERHE P IR AP E — B BRI M . BRI S, —: KR sEpt
BHO 3 AT T8 2 S8 T LB . LB - B SRH 2 TEIE 2 B s . KU R 73 T 2510 2
A R WA RERT 1) JE S IX PR A, RTS8 20 TR U] 5 iR IR 7K e Bk 2 FL 45 R 1)
CIERR 2P~

2. SKIg

Wz 1R, =HANEKIREMEMA 2 T4, BP 5@ 7K Y2 ¢ (Portland cement paste, OCP),
W7k Je 2% (Portland cement-slag paste, BCP), 1 /K7K ik (Portland cement-calcite filler paste, LCP), 7K
Joz LE AN S B —20Ch 0.45 1160 Ko A E, /KR KIREAEAT Ca(OH), Il 7747, #REH 20°C £ 1°C.
FE, AKIRHRARBY) SN U T . RIS s R 1 fos, &k 4oy = 0CPAT I )
SPYME. 18T Laplace 77 fEHfi it in 7y P 5ALBREAR d IR RWT
_4ycosd

d

y RAKARIRT TR ), 0 2R FLER R T Al A o ATy A 0 433 HLy 0.48 N/m Al 140° [11]. %
DUFE 5 1 FLBRUR S 534 (Pore size distribution, PSD)R A 25 £ A bx &, R dV/dlogd vs. logd . W1l 2 i,
=K IR S AU R ST KERLE 100 nm BLR, B logd < 2. WK P 28 AL 0 A% T 0.5 < logd < 1.5,

][l

P )
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W KV AN KK HIILBR A SE T 1 < logd < 2. FEFLJEK, HTF Ca(OH), F= I HIMEA, B
BRI P EH > KRB E 787, AMEFER T B SLE R B4t 17 LS5 .

Table 1. Mix proportion of cement pastes
%= 1. PRI ALK ERER

Mix proportion (%)

Sample
Portland cement Blast furnace slag Calcite filler
Portland cement paste (OCP) 100 0 0
Portland cement-slag paste (BCP) 30 70 0
Portland cement-calcite filler paste (LCP) 90 0 10
160 oD
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Figure 1. Porosimetric data of cement pastes
1. 7K ER MK Lk

800 —OCP
——BCP
600 —LCP

400

200+

incremental intrusion volume
dV/d(logd)

0 T T
0 1 2 3

pore diameter logd

Figure 2. Pore size distribution of cement pastes
B 2. HCREFLIR S hZ
3. FBER
T B = FITE R K TR IR 2 ALA R R 73 TRARFAE, L3 Ji J7A[9], Neimark J77%[12], Usteri

JPE[I3]. SO BIABLS R, BV, LI - ERRIAE, A
i 0 SRRV RORAE AR SR O SR B R AR
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B, H M0 7 AR KR I 2 LA R AT R TILBR M . sl 3 iR, logV vs. logd 2tk
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Figure 3. Examining the property of pore mass fractal (a) 0.5 < logd < 5; (b) 0.5 < logd < 2
& 3. KRR ZFLEEMFLBR 2 M5 (a) 0.5 < logd < 55 (b) 0.5 < logd < 2

ok, 1208 Neimark AR IR BEAL K e K 2 ALE R A& 75 R T LRR - A S 701 . Wnlsl 4 Bz, logS
vs. logd FIZIEAR S ERERE & LA B 2 R ER . R T8 @K PRI AN BOKTE R, BB 7 7 et =B A
AL RS X T8 3T KIS, AREABIAL R FLERST XAl R4 Zeng SEHIML AL, AFAE =KAH
MIFLERIXTE], BCRBISLRR(BAIAL), BUNIIFLER (R L) LI AL[10]. Forb, BRI FLBR BN FLER
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J& T AU - BEAH A 0T, LI ALAS A 2 TEARE . 280U, X6 2480 1) logS vs. logd Hh & 43 X 1] 25 14 41
By SR WNF 2 B o BTV KR AN AE B 5 (03 FLIX 8], AH . R 26 PR UL 5 43 BIFE logd < 1.5 F1 logd >
1.5 YU kAT . T FIEKYEIE, BEKIRHRK, AAOKIEHRK, BAFLIFLBIZ 7718 0.98%. 0.78%.
0.75%, PRIULIZER 7> FLBRA T & X TR AL, W e Il s T FLB - WA S 08, B A3 201
SITCHERL Sy R 2.98, 5.78. 2.99, X5 TR AERN) —MCESRAHIE Y, B 2 < Dps <3, KL, IAAAELIK
TR ZALE5H0 8 T-FLBR - [EAR S 2 T R A& 3

& —OcCpP =1
@ ! ——BCP| g 17
S o ——LCP| = 01
° 8 1]
& &
g £
§ 4 5 41 —OCP
R= E 57 ——BCP
6 -6+ —LCP
05 10 15 20 25 30 35 40 45 50 0.5 1.0 15 2.0
pore diameter logd pore diameter logd
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Figure 4. Examining the property of pore surface fractal (a) 0.5 < logd < 5; (b) 0.5 < logd < 2
B 4. KRRZFLEEMTLER - BHEFE A () 0.5 < logd < 5; (b) 0.5< logd < 2
Table 2. The property of solid mass fractal in different pore ranges
2. KERILEE - BHEFE SN XE6LE
Specimen Porosity (%)  Small (C-S-H inter-granular) pores  Transition pores Large (capillary) pores
Porosity (%): 11.31 Porosity (%): Porosity (%): 0.98
Slope: —0.98 5.65 Slope: —1.35
ocP 17.94
Range (nm): 6~42 Range (hm): Range (nm): >100
Acceptance (%): 99 42~100 Acceptance (%): 97
Porosity (%): 15.42 None Porosity (%): 0.78
Slope: —3.78 Slope: —-1.17
BCP 16.21
Pore range (nm): 6~32 Range (hm): >32
Acceptance (%): 99 Acceptance (%): 98
Porosity (%): 14.64 Porosity (%): Porosity (%): 0.75
Slope: —0.99 7.46 Slope: —1.22
LCP 22.86
Range (nm): 6~40 Range (hm): Range (nm): >100
Acceptance (%): 99 40~100 Acceptance (%): 98

R, T Usteri J5 ki g il K Je sk 2 L4525 8 T B3 7% . 1nl% 5 Bizx, logy vs. logd 12k
PEAHSGPERB L & U U AEE — B N ZE o AT I@ K Ve RN IOKIE I, 45 Ty o % P BN A ) AL
FRIX ], /NFLBRIX[E] 1 (Region 1)A1KFLERIX 8] 2 (Region 2). X FH W/KIESE, MIFRASEIZ KX A 2.
T X I ZE A logy vs. logd FIRER, g5 5Rande 3 fon. WRMVOKIER Z LGB T B2, o
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TEAEBON B KIE S : 3 —0.06 =2.94 (IX[H] 1), 3-0.22=2.78 (X[a] 2); H#/KJEH: 3-0.21=279;
FRIKPEH : 3—0.09=2.91 (X[A] 1), 3—0.31=2.69 (XId] 2). AXMERIN, Fr HI5> LRSI & — M2
3K 2 < Dgw < 3. HIL[FEIRS, 4857 FIFLBRR At 0 T A4, RIEE/K e 2K : (11.31 + 4.74)/17.94 = 90%:;
WKVEN: 14.61/16.21 ~ 90%; A1 K/KIEH: (14.64 + 6.54)/22.86 ~ 93%. HIULINA, HELL/KIEH £ 1L
SR JE T AT, HEA R, RIS R FLRR R ST X E) A A [R] P [ AH 43 T 458

0.00- 0.00
-0.024 -0.024
&5 &5
2 0.04] S 0041
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ﬁ .08 ﬁ -0.08 S
S 010 OoCP| 3 20,104 Regionl |—— OCP
“ —BCP, ——BCP
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(a) (b)
Figure 5. Examining the property of solid mass fractal (a) 0.5 < logd < 5; (b) 0.5 < logd < 2
B 5. KRS ALEMERS 4L @) 0.5 < logd < 5; (b) 0.5 < logd < 2
Table 3. The property of solid mass fractal in different pore ranges
3. KERERS S XE K
Specimen Porosity (%) Region 1 Region 2
Porosity (%): 11.31 Porosity (%): 4.74
Slope: 0.06 Slope: 0.22
ocCp 17.94
Range (hm): 6~42 Range (hm): 42~51
Acceptance (%): 99 Acceptance (%): 97
Porosity (%): 14.61
Slope: 0.21
BCP 16.21 None
Pore range (nm): 6~15
Acceptance (%): 96
Porosity (%): 14.64 Porosity (%): 6.54
Slope: 0.09 Slope: 0.31
LCP 22.86
Range (nm): 6~40 Range (nm): 40~51
Acceptance (%): 99 Acceptance (%): 96

4, ER

ik 6 Ao, AR @ IEACH) — BT iR, A FLBE AR AT AR AR [14] [15] [16] [17] [18]. A
RIS, S6fE E g h i GO K N L A A X, ZXEHE—5 0N = nf /A X, E¥%n
RoRBGANEERE LR/ NS AXIEEH . EARERGEH AL E w A b frke, BIRRERERIERM T &1
EEBIAIECH , 2R b=wN. B FEVER TIECH . BEEEARD BT, FUBAIZENZ, &R
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AHB Wl > o SRS FE P A IE 1 2 LS AP i R BT i .

F—: RSN ap = Un FREARAHFFLBE AL H 23508 wN Fl(L — w)N.

b ReFA ay = Un® AR ANFLERAREL B 40519 (WN)? F1(L — wywN?.

$ib: RSN a = L' ik AR RIFLBR AR S B 4350 9 (wN)' FiT (L — w)Nwd Y,

WRIERG)ME L, &t | WiEkRP B2 G, SHAGEHWMELERN 4= w. WERELHEHR D =
log(Nw)/log(n), FEAAARZRI a= L' AN =nf, B4 ZFLEEHIIBFSZRE 0 2

%= (aﬂ ®)

IR E L @) R KIS FIE N 2 ILa IR T E e EM -, HHES Y

# N D.
. pore . iterating
N B
Figure 6. Schematic illustration of the solid mass fractal model
withE=2,n=3,andb=5
E 6. EHRSHEN—MRIEKGERER, n=3, E=2, b=5
5. BB

B il = ZHAN[F] 7K ZK EL(0.4, 0.5, 0.6) @ mifh K Je e, Hd M —F0h 28 Ko G, KIeFHiRB
BEAE 95% + 10%FHXE A, 20°C £ 1°C R JEMIMEEH. FI 5, Kie K] s/ NN B4R 5 F
ATHERMNR, SR E 7 Frs. M, 150k % SR 5 AL RS FEXT B4 A5 & logy vs. logd i HY . 4[]
8 Fian, FETZRMEAHICHE, ¥ logy vs. logd 73 PRANIX A, BI/NFLER X B AR FLERIX A] o 58 X dypp F1 digw
BN FLBEURST (1 EBRATR R, die ARG FEFLBRNSE . HHE 8 FIAT, digw = 0.004 pm, dipe = 0.1 pm, dypp = 2
ume #HFZ, NLEXIEN dp~diows B 0.1~0.004 pm; KFLBRIX A dypp~dines BF 2~0.1 pme /NLERIX
B0 BB AL, RALBR X [ B B4 AL . I 7 X R 4D, T3 HAH B BB (Kup, Kiow) o X T E=3
Yrqa), LI X R AN /INFLBER DX 1] 14 [ AH 73 T 4E 50 (Dupp, Diow) i /2 Dypp = 3 — Kupps  Diow = 3 — Kiowo 11545
R 4 Frw, A (fupp fiow) 2878 RALBE DX I/ FLFR DX TR AH B FLFR 28

FR A [ A 73 TSR, ALK YE 2K 1) 2 FLAE BRI NP R 70 o X T RALBR X 8] dypp~Clne, 73 TEAE AL 1
IZE0 0 H iy Nupp 18EE S T2 iupp = 100(dupp/Denr)109(Nupp) K Nupp = 25 ypp = 25 Nypp*Dypp > 1o SCHIFF
SARIRFIBE . IEACH AT S A% H 85 1og(Wage) = (Dupp — 3)109(Nugp)» Bupp = Wapp: (Nupp)® 15510 A
EFLBREE £ = 1= [bupp/(Nupp) ] Muppo K T/NFLBRIX ] dine~Ciows 3 TERALR IS EL T, 0 B fiows Miow TR
W 12 Tiow = 109(din/Aiow)/109(Niow) 22 Niow = 25 Tiow = 25 Niow-"Diow > 1o IEAH T 5 H LRI B 3BT log(Wiow)
= (Diow — 3)109(Niow)» Diow = Wiow (Niow)® 55 e ATEFLERZE £, =1 — [biow! (Niow) ] MNiowe
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Figure 7. MIP test data of ordinary cement pastes with
varying w/c ratios

B 7. TEIKREL 88 (ke 3% FE sk M=l 2%

0.00

solid fraction logy

pore diameter logd

Figure 8. The property of solid mass fractal for ordinary
cement pastes with varying w/c ratios

8. REVKREL BBBUKTREAS T

Table 4. Structural parameters of ordinary cement pastes with varying wi/c ratios

4. NEIKKHCEBARRE S FLERSH

wic Diow fiow Dupp fupp

0.4 2.9393 0.1497 2.9794 0.0746
0.5 2.9089 0.1769 2.9701 0.1052
0.6 2.9008 0.2161 2.9467 0.1789

AR ARV IR 22 FLEE R TR A 2 AR R AL ISR R B INEEAT o B SR 203 Ty OB AR R ALIR S
K, SR IEAARRRSE, B 2330 dies (Dupp)-Niuppe SRIF AL iow YIEARAE BN LIRSS o 7EBELFE A,
HATEFA T done H1EARARAREEHEATIE O TR . R SURCT e 3% PR AR 8 08 47326 PO T 1 EE 99
y (< 1), EBIN BN FISMEHI9(L — ) KIEARAIA BRSSO T, R A R
BT, AR ZLEMILIRZEIIRA | = T+ fo, 7 (W ) Nupp o RS, FLBRURF o3 2
B > dyy 0 =dyy /(N ), F (2 ) =1, A, J =10y s
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upp

FZIE BRI S 2 H AN R KK B S AR AL K R 2 AR 7 TR AR R 28, ek 5 . [T
I TR B B K e I 2 LA RGN 1] 9~11 P S, SBACHH, LIS K FTAH By 7E 45 7€ S5 44 2 5L
RIRTEE N AER E MBENL A BT, TRk IR SR MR IR AN B St ) Z AR R &R . A AT
HHFRIFETAE 73 TEAR R, T SEIUX KRR 2 AL = B R R 54k, Sia e R =42 L4l
AIRTC K& T BUR L2 )7 B TR W e — DR RK R R SR . F1A 1 m . B 12 P AR 2>
TR FLIE RS 0 A 5 Bk SEIR IR AT LA, — B 75 LT

AR d <dy,, d = dthr/ (0, ), (2 d) = (1= W Mgy )+ (1= Wigy ) 7+ (W Mg )+ =15y o

Table 5. Parameters of solid mass fractal model of ordinary cement pastes with varying wi/c ratios
= 5. NEIK&REEERKREE RS RIS

wic Diow Niow fow 4 bupp Nupp lupp
0.4 25 0.7115 62

0.5 24 3 3 0.8123 62 4 3
0.6 24 0.8928 60

(b)

Figure 9. Modeled pore structure of ordinary cement paste with w/c of 0.4
and curing age of 28 d (a) capillary pores; (b) C-S-H gel pores, where white
denotes solid component

9. JK7KEE A 0.4 7537 28 REVEEK R E R 7 F4E#I(a) EHFL;(b)
BT, BaRKEN

(b)

Figure 10. Modeled pore structure of ordinary cement paste with w/c of 0.5
and curing age of 28 d (a) capillary pores; (b) C-S-H gel pores, where white
denotes solid component

10. 7K7xEEH 0.5 FriF 28 REVEBKRRE R 7T FE10() EATL;
(b) ERFL, BENKKRERE
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e, RIS

(b)

Figure 11. Modeled pore structure of ordinary cement paste with w/c of 0.6
and curing age of 28 d (a) capillary pores; (b) C-S-H gel pores, where white
denotes solid component

11. 7K7kEEF 0.6 Fr4F 28 REVE B/ R EE S FE10(a) EMFL;
(b) EERFL, BENKKRERE
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Figure 12. Comparison of pore size distribution between
measure and model
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