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Pore Structure of Water-Saturated Cement Mortars by Low-Field
Nuclear Magnetic Resonance

YANG Zhenli, ZHOU Chunsheng
(School of Civil Engineering, Harbin Institute of Technology, Harbin 150090, China)

Abstract: Calcium silicate hydrate (C-S-H) gels shrink upon drying and swell upon on wetting due to the specific water sensitivity,
making that the pore structure of cement-based material depends on its water content. The representativeness and accuracy of the pore
structure characteristics and its development obtained in a totally dry state are questionable because of the influence of drying
preconditioning. To explore the evolution of pore structure of cement-based materials with respect to water to cement (w/c) ratio,
several typical white cement mortars were investigated by low-field nuclear magnetic resonance (LF-NMR) and mercury intrusion
porosimetry (MIP). Meanwhile, their permeability coefficients to water were also measured. The results show that the discrete pore
size distribution (PSD) achieved by LF-NMR in a water-saturated state can be used to predict the water permeability through a
classical Kozeny—Carman model based on the parallel cylindrical pores. The effect of w/c ratio on the pore structure of
water-saturated mortars is consistent with that on the water permeability. However, the PSD curves measured by MIP scatter
remarkably, which cannot reflect the effect of w/c ratio on the pore structure of mortars. As a result, the pore structural characteristics
obtained in a dry state are limited, which makes the typical pore classifications questionable. Since the pore structure plays a
fundamental role in interpreting almost all the properties of hardened cement-based materials, it is essential to detect the more
relevant pore structure in a water-saturated state through LF-NMR to avoid the effect of drying preparation.

Keywords: water-saturated cement mortar; pore structure; water to cement ratio; water permeability; low-field nuclear magnetic
resonance; mercury intrusion porosimetry
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Table 1 Chemical composition of white cement w%

CaO SiOz A1203 MgO 503 F6203 Rzo

62.60 21.71 4.59 234 2.30 0.48 0.41

w is mass fraction.
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Table 2 Measured water permeability (k,) and Kozeny—
Carman(K—C) model predicted values of mortar

specimens
kwx10%/m?
Sample No. Relative error/%
Test Predicted
WM35-1 2.10 2.31 10.1
WM35-2 2.15 2.31 7.5
WM40-1 2.27 2.18 —4.1
WM40-2 2.22 4.62 108.3
WM45-1 3.50 4.75 35.6
WM45-2 3.59 291 -19.1
WM50-1 9.72 3.69 -62.1
WMS50-2 4.94 9.03 82.7
WMS5-1 5.47 3.62 -33.8
WMS5-2 10.09 6.39 -36.6

101 _=— Tested
—©— Predicted by K—C model

k<102 /m?

0.35 0.4 0.45 0.5 0.55
Water to cement ratio

K1 R KMEE R SENNE f K-C B FRNME X EL
Fig. 1 Measured and K—C model predicted water permeability
for various mortars
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w/c ratio is water to cement (w/c) ratio; LF-NMR is low-

field nuclear magnetic resonance (LF-NMR).
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Fig. 2 Pore size distribution curves of mortars of various w/c measured Fig. 3 Porosity of various mortars by different methods

through mercury intrusion porosimetry (MIP) technique
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Fig. 4 Volume fractions of four types pores in mortars of various w/c ratio
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Table 3 Discrete pore size distribution of water-saturated mortars obtained by multi-exponential fitting (MEF) method

Components pore radius/nm

Components pore content/(uL-g™")

Specimen /% Sx107/m™ re/nm
Ist 2nd 3rd 4th 1st 2nd  Ist+2nd  3rd 4th 3rd+4th
WM35-1 0.98 9.19 760.64 657421 5270 1339  66.09 526  20.06 25.32 14.18 2.36 1.20
WM35-2 1.07 13.56 305.36 395798 55.62 1594 71.56 477 1278 17.55 13.82 227 1.22
WM40-1 0.96 5.93 356.02 676582 59.57 1652 76.09 396 11.10 15.06 15.47 2.77 1.12
WM40-2 1.21 8.29 416.40 5628.55 5320 2071 7391 3.73 9.09 12.82 15.84 1.97 1.61
WM45-1 1.16 6.69 446.19 8257.80 6345 2401 8746 3.05 11.08 14.13 18.23 2.40 1.52
WM45-2 1.02 4.77 439.59 740481 6832 1272 81.04 320 1042 13.62 17.53 2.90 1.21
WM50-1 1.02 4.44 311.66 7943.78 58.58 3825 96.83 144 3.93 5.37 18.34 2.75 1.33
WM50-2 1.23 5.28 702.40 50699.75 43.05 5343 9648 4.74 2.30 7.04 19.19 1.88 2.04
WM55-1 0.87 3.87 57.17 1678.09 55.01 3685 91.86 1.26 1.69 2.95 19.30 3.00 1.29
WM55-2 1.33 5.44 240.45 5106.67 54.83 4583 100.66 1.44 1.73 3.17 18.15 2.06 1.77

Ist, 2nd, 3rd, and 4th components represent interlayer pores, gel pores, fine capillary pores and coarse capillary pores, respectively. ¢ is the porosity; S is the

specific surface area (surface area per unit bulk volume), and 7. is the characteristic dimension of pore space, i.e. critical radius, and is equal to 2¢/S.

K5 C-S-H BRI 0= TH) LA RS, FLES F s i 1R
Fig. 5 Structure of interlayer and gel pores in C-S-H gels
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Volume fraction of pores/%

..

Ist+2nd 3rd+4th

Ist 2nd 3rd 4th
Pore component
6 LF-NMR SR BT #5 A F] KK LU Sl A AL B 44
A
Fig. 6 Volume fractions of various pores in mortars of various
w/c ratios by LF-NMR technique

BE— 2 AT IR LR S L 2% LR AR 73
B (K o) AT &, BB KK EROHE R, BEAR



5550 5 5 R %

MR K YD I ALES ) AR BE LRI 6l 3 A .+ 1397 -

JZ2 B FLARFA 73 HOZ A PG, R B FLAR AR 70 B . 3
R, FFAEEER N LR AR AR Bt g ok Xt
RV, MK GO, C-S-H B Hifa %
FL, FE R RIALE T C-S-H i ok i HE R S8 A s,
B LR H . shah, BAFLIARR - EbE K
RGBTk /N, A B e 0 FL R AR AR 5 EL ik
N, X ERE A ECHERR 1) C-S-H B 212 o H AN
FLBR A (H]

BRALBUAR > Hoh, KK LA SR ALt —
SESZI o BO AR LR ) S5 LA Bl 7K K LE T
BAHERIE 7 Fros. W7 AT, ZE LIS
LR LT AR KK AR 4L, HAE A(1.0940.14) nm,
X5 Feldman LA K Jennings %5273 3T /K 28 S M it
SR ARSI ) 2 1A FLILAR AR H B 0 B F
2 PR B AR MEAER T SRR 4 BUR /N R AL A 38
IR G Bt TGN 8] St B Sk f LA, RVE D EA
(R 2 B 48 FLAIRL B 48 AL B S5 LR B RO, (HAS
R EF, N2 KKEIR RN SR, BEAREE
JBFL R 28 25 FLAR W Sl B 7K AR B FR 3G KT B, Lt
IR ¥ S AL AR FR 20 B B 2 2 25 38 R (B 6), Xk
F B FLAICER Bl KK L3 KT 2 2 38, B C-S-H
UKL HE AR B B 1] B AR 2 FL

25

- Ist 105
- 2nd SR
20 - 3rd 11 S—
o 4th J

10°

st ‘*\a———e———\

102

0.35 040 045 050 0.55
10-\&3;
5_

& o
©

r/nm

Pore size #/nm

a
&

0.|35 0.;10 0.I45 O.ISO 0.55
wic ratio
Bl 7 AR LK A & 4 LR 1) S5 A LA

Fig. 7 Equivalent pore radius of each component for water-

saturated mortars of various w/c ratios

3 IEMGSFHF NN

3.1 %81 Kozeny—Carman %!
VEREERY AL R Re s, BER 5K

SRR AMERER O RAER Y, Mg, ek

ZAMER LA ME—PuE . B8 2 RAIES

ERESEA TR, HBBEE kAR S LT RoR g,
k=191 “)

Hdr: ¢ AL @At BRI e %R
fEfLAE . BARSE LR LG5 ) B AIE e L 5805
H k ERAPFIRHREAZ, HA LR T EH
B AR ) K-C 1AL 5 A ] 5o AR s 22 FLAR N 8
FLBR LA R KA A BT B E
WA R, WKHE IR BN E NIBARTLEN ) Poiseuille
J7FEM Darcy SEAEP), K-C B %2 FLARHT
BIER k FRN:
N Ttr,-4L B N Vﬂ?z

k_,zzl“ 80 =8V )
Horf )y A2 FLEPERHOARR r(m)A Vi(m®) 53 51
RN WEMERLAESE. BT RREEN
BERSIAER T IEN . XL A VE )
PIKJe A Rk, BN A NG)#AT IR R s
B kK DBOILITIES], X5 SEPR AR .
7 [8 7K e F AR A 3L SEFLBR O H A2 R FL)AN T
BEAR MR AT B ROBRE B 2 AN, A fd
K—C 7Y 58 5 U b sz B 3 A £ &5 #9505 R V) 52
M, 4 2(5) SRR RATE 22 FLA R B A 14 5 (1) LR 2
¢ AR LR A S(m ")k FREY, Mt K-C Ry
Al EAE:

VA #Y

k—ﬂ'§5—5‘¢(§) (6)
Hr: REp SKEEMEHLE . fLAR TR
MEBEEESHE MR, FR6)5K4), HEE
BRI S HR IR R S R T A, K-C BiA%
H R FLAR re MR 50 N

r =%,r:£ 7

Y 4

g G A% 37 Wl 3 4R 4K BT 43 S kRS L AR A A
Slriar) PTEL, BERAABHRAAFREE R TAR S v 5 4E:

S=p(1=HX 2/ i )
Horf pkg/m®) WS A BB . & O AR
(R B m FLUEARER v, 7EFIF LE-NMR A3 4F
W R 728 R K S & mOE7 I)_I\UE%E,DS N

py=m—my)/ (V—my/p,) ©
Ho: py(kg/m®) K25

R (6) TN, K-C FBERYNBIFER k 5RAE
FLE MR S A B /8" B, J5& A M
LF-NMR # AR BT P I A 2.
3.2 K-CEEFNLESR

ERACIRE T, RIE LF-NMR R 45 Bt 5
K—C #R P SRR FIS7, WE 5K EE
Rk ATERMEM A TR RS = 0452, ZES




+ 1398 - CREFR Eh22 4D

J Chin Ceram Soc, 2022, 50(5): 1391-1400

2022 4

AT BANE B MR IR 0.5 JRHEE
EP, VR AR L 8, AR R B RP=0.412,
B E 2B B AN(6), AIHHHEARE] K-C A T
3K BER kb, BAREE N 2.

M8 BT, AR PR A AR G B A iy HLAL
P B EOR, (H K—C BRI\ AR MBE R k
S04 ¢/S7 1Al 2R 1 5% R AL . K—C R
T 7K 3835 R AP ARAE 2.18%102°~9.03x10 % m®
T, 5 ST B IE AR 2 N [-62.1%,
108.3%]. 1ZAHX iR ZH AR s, (H 5 SCHR[29-33]
RN ZIE | MES AT, &
SRR BIE R R R IR % . KPR 2
M 1 FREE R, K-C BTN i32iE %S
SEMME AR R, HBEK K L AR A e 35 5 Sl 45
AR Y we=05 I, SEllkmBiER
Jo K—C AL T e 2 5k 25 i 35 1 K o MBS AL
P53 A MR LS R vl HAEE L 7KK LA A R
PE TN 3% 3 R TR B2 >k, FIH LE-NMR ik
B A3 MK s (1 FLAE o A B B EANME

O WMx-1
2F O WMx-=2
[ —— k,=0.452¢%/S%, R>=0.412
10F o o
E 8
£ I
% 6f - £=0.452
e r O
4 o o
7 [ (o]
0 L I | | |
0 5 10 15 20 25

Variable ¢>‘X 10*/m?

2

K8 sKoriBiER S K-C A AL & ¢/S” Ao
Fig. 8 Relationship between measured water permeability and
combined variable ¢/5” in K—C model

WeHE LE-NMR 075 v K Wb S LA 93 A
H 3 (7) T4 B e /K B 0 R R EFLAR 7o
SERIER 3. WXL AT AL, RRHEFLAR ro 2 T2 1H
L5ERAEHIEE, HSZRALERILIETE
R . AR, KRR RLRK B iE R
B C-S-H & N B FLBRZ5 F ¥ g« LE-NMR
AR B EALHE C-S-H B P B FLBRTE 4 14 B A FLIR
FRAE, JE T8 B Fr A K b 2 LSS MR, B
I FH B 187 B TAT B 4H A SRR, AR m A A s i
MK B ERIG IR . 5 McHE RN AT
THIRE T LA A R AT T, K-C BT

MPFAF7K P BEZR LA R K 2~3 MRS
B E AT SR AR R S B I B e
2R IR, (B R Y e RV S i A5 T
R TR ATREAT T, BRI 437K 053
RGP RN 2 AT 1 ANBCE R P,
XFEFEBE, HoRIR AT TR N LR 73
ARG 2T R B K520, K
IRAETIRARZS T HALEG A B 0 DO IO, R
JRAET C-S-H BHRAA B 1K EhER 2,

4 FLEAEAE

WA HIT S Al L AR IR L
FH AR WD AL AR AE BE K IR EL AR AL B LR )
TR . T HIKAD S ALE AR, RIER
i i B AR P AT B G SRR R RV R HE A U D S
K&, XM EE— UK R R
FLARATHE HARME RIF. % C-S-H BER/KEUIER
Wi, T ARIRAS FLAG ) B 7Rk 28U PR S TR 1K 45 2R
HIARRMEARSE, AR LAM IR BA —E
R BRAE
4.1 IRIREEXSFLEE M HFAERI R MR

HEH NN, C-S-H LR AR # Bl 7KK B 32
BN, KR LI KA FL B < 18 n HL AL &5 F At AL,
JE R T ARKACK & B3N, #e S9Em L+ 2
JUBGURIEE A BN Z, RN AR 5L
PRREE FLAR R RS 42505293 MR Ry S g 3
PRI PRI AL R, AR EE 3 B
C-S-H HEIBURL ) 2 (A HERVIRES, RPOKILTE #E
RI7K 73 4 B B AR FLARAR G BRI, B REZK K LY
ARAR N o KK FEIE K 32 BAH A2 AL AR L) 10 nm (1)
B ALECRIE 2 B BUE K, 2R
BEmETEML.

WK SRRV ERE M L, I H Ay C-S-H
RSSO N B K 70 I 2 R i, AR IR FESREN T
Ky 2 BAE R A FLBR i sl . /KK L s K
I, 1B T B 2K, A ER WS E R
e 42500 R R RIS LRI IR GE SR AT
FEACRE T, C-S-H BERAMB KB4 LA 73 2
BN, KRR K 731538 5 2 B R AL
BRRSE . FEE KK LEHE R, FLEHIIAR b 32 2 AR
FEEEALARZ) 10 nm [KIREEALIE 2, (R thAE 4041
REBARRFEIG N, X AR K B IER B 2
JRH . K IEEEM B BB SEEE 1077 m™~
102" m® JEHE P, T e SRAHESLE K9P 7 BUE



5055 5

MIRIE S KK DI FLAS R AR SR I 0 + 1399 -

b, WIERTHE IR, BRI BIE R NRHELR .
TEJUNGKR R, T AbT C-S-H B P9 3 FLER I R
SPYEE. Bk, KK EGEE K 32 C-S-H LI L
FER IR IK 53538 28 K 1) 3 B A
42 FLESEHN

PP EE MR S 2 M RE R R A R, T
e AR AR g7, BB R B8 S R
L SR, TR IR ARIE R G BRI AT 0 2o
TE NI, Mehta S5 AR HE H LT 50 24
77 IR T AN IR/ INFLBGUN 5 B RS 3 1 55 () 5
migt 71 34 SR, TR PR R LA R AR
W, WEEAREENE. MER T AR KN LR
X oRBREVE RE (1 R M R, Tovkab AT s I AT
XL T % BAG IR I AN . B E
J&, %2 C-S-H HER/KBPER R, 75T R T
BRI WMAREMERZE, XiE—PHIT T&H)
FLAR A 7 A 1

FERIACIRES R, 5223 (89 38 K 25 J7 2 I
W EEIIR G, IR LR M R AR R e K
RS BERALA BAFLERE, ok T
LA KRR . R, Z48E0 TR BT
5 BALBR I E LR AR B TR & TN, A
H BEHERA S K K R FL a5 ) R 1, iR R 2
BHUHER TR K BB, Rk, 454\ m i
C-S-H BB RTRLIAZAR 454 B R HER AR AE, 2T
TRIHRESEIRMRGE R, KK Y8 A K] P S LI K1) 4
NEFL BERFLERT R 2 R EfL, FIE
HN—FE B FLAR S 9007 e B BT K JE AR
FEARH B FSE R AR REE N, 1
FMAR R EE AN TG 4 5 OBV B 43 B 7 THD R B
w5 N A EIE A 230 .

5 &b

1) FEHACIRES T, (RS IEARIA T 5
B FLEE M R U KRB R [ Z AL B AL
HBAHMSL FBHILI RS AR5, B SRk T
32179 1 nm F1 10 nm 2 A1 FLREER AL o5 H 46K
TR FLBR A () o JE T /KD I B ECRL LR A, A
H Kozeny—Carman A543 GEAER TN H 22 WK 735 1%
#, R TION 285 SR 1R ZE R [-62.1%, 108.3%]

2) JKIKEEFE R C-S-H #k5e Fioks 2% (] HEFH
PR EFEEE, HERCEAEZ) 10 nm B L2 KK
Lsm AR R B35 & T B4l . #/KKEIE R, &t
Joe FL 3 3 22 HARRRIE N, X2 WP IRoK B iF bl

K FEERA

3) T C-S-H B BA T4 Rt , HAL
TRALEERS 7K Ve HEA B FLEE A s ma A0 W28, SR
TR T LA A6 0T RE TSR A 30 W FLES /I Fl
M RE AL . 7R SREAE B SR LR
Gy R ITIFERS K Pe IR LS MIFFAE . KK LS
G2 PN PEE— € JRIRTE . KRR E AT R
PL TEAMR I ACIRAS T 1 FL 45 M RRAE 38 T T 45
YEF B, AR ZE AN BT 15 25 B Y K FL &5
FREAE,  RIXS 7K YR 3 M L A S AL BR AT 253 2o

SE R

[1] ALIGIZAKI K K. Pore Structure of Cement-Based Materials: Testing,
Interpretation and Requirements[M]. London: CRC Press, 2006.

[2] KUMAR R, BHATTACHARIEE B. Assessment of permeation quality
of concrete through mercury intrusion porosimetry[J]. Cem Concr Res,
2004, 34(2): 321-328.

[3] POWERS T C. Structure and physical properties of hardened portland
cement paste[J]. J Am Ceram Soc, 1958, 41(1): 1-6.

[4] POWERS T C. Physical properties of cement paste [C]//Proceedings of
the Fourth International Symposium on the Chemistry of Cement.
Washington, DC, US, 1960: 577-613.

[5S] POWERS T C, BROWNYARD T L. Studies of the physical properties
of hardened portland cement paste[J]. ACI J Proceedings, 1946, 43(9):
101-132.

[6] POWERS T C. The physical structure and engineering properties of
concrete [J]. J PCA Res Dev Lab, 1958, 90: 1-28.

[7] FELDMAN R, SEREDA P. A new model for hydrated portland
cement and its practical implications[J]. Eng J, 1970, 53(8/9): 53-59.

[8] SEREDA P J, FELDMAN R F, RAMACHANDRAN V S. Structure
formation and development in hardened cement pastes[C]//
Proceedings of the seventh international congress on the chemistry of
cement, Paris, France, 1980: VI-1/3

[91 DAIMON M, ABO-EL-ENEIN S A, ROSARA G, et al. Pore structure
of calcium silicate hydrate in hydrated tricalcium silicate[J]. J Am
Ceram Soc, 1977, 60(3/4): 110-114.

[10] FERRARIS C F, WITTMANN F H. Shrinkage mechanisms of
hardened cement paste[J]. Cem Concr Res, 1987, 17(3): 453-464.

[11] SETZER M J, WITTMANN F H. Surface energy and mechanical
behaviour of hardened cement paste[J]. Appl Phys, 1974, 3(5):
403-409.

[12] WITTMANN F H. Interaction of hardened cement paste and water[J].
J Am Ceram Soc, 1973, 56(8): 409-415.

[13] TENNIS P D, JENNINGS H M. A model for two types of calcium
silicate hydrate in the microstructure of Portland cement pastes[J].
Cem Concr Res, 2000, 30(6): 855-863.

[14] JENNINGS H M, TENNIS P D. Model for the developing
microstructure in portland cement pastes[J]. J] Am Ceram Soc, 1994,
77(12): 3161-3172.

[15] JENNINGS H M. Refinements to colloid model of C-S-H in cement:
CM-II[J]. Cem Concr Res, 2008, 38(3): 275-289.

[16] JENNINGS H. A model for the microstructure of calcium silicate
hydrate in cement paste[J]. Cem Concr Res, 2000, 30: 101-116.

[17] MONTEIRO P, MEHTA P. Concrete: Microstructure, Properties and
Materials[M]. New York: McGraw-Hill, 2006.



+ 1400 - TERR #h 24 ) J Chin Ceram Soc, 2022, 50(5): 13911400 2022 £

[18] MEHTA P K. Studies on blended Portland cements containing exponential decay curves[J]. Biophys J, 1976, 16(1): 27-41.

Santorin earth[J]. Cem Concr Res, 1981, 11(4): 507-518.

SR TR BE L RE A ORI I R R TS T AR (0], RERR Eh 4R,
1979, 7(3): 262-270.

WU Zhongwei. J Chin Ceram Soc, 1979, 7(3): 262-270.

GALLE C. Effect of drying on cement-based materials pore structure
as identified by mercury intrusion porosimetry: A comparative study
between oven-, vacuum-, and freeze-drying[J]. Cem Concr Res, 2001,
31(10): 1467-1477.

SNOECK D, VELASCO L F, MIGNON A, et al. The influence of
different drying techniques on the water sorption properties of
cement-based materials[J]. Cem Concr Res, 2014, 64: 54-62.

ZHOU C, REN F, WANG Z, et al. Why permeability to water is
anomalously lower than that to many other fluids for cement-based
materials?[J]. Cem Concr Res, 2017, 100: 373-384.

ZHOU C, REN F, ZENG Q, et al. Pore-size resolved water vapor
adsorption kinetics of white cement mortars as viewed from proton
NMR relaxation[J]. Cem Concr Res, 2018, 105: 31-43.

ZHOU C, ZHANG X, WANG Z. A discussion of the paper “Dynamic
microstructural evolution of hardened cement paste during first drying
monitored by 1H NMR relaxometry by 1. Maruyama, T. Ohkubo, T.
Haji et al”’[J]. Cem Concr Res, 2020, 128: 105928.

ZHOU C, ZHANG X, WANG Z, et al. Water sensitivity of
cement-based materials[J]. J Am Ceram Soc, 2021, 104(9): 4279—
4296.

KUMAR R, BHATTACHARIEE B. Porosity, pore size distribution

PROVENCHER S W. A Fourier method for the analysis of

[37]

[38]

[39]

[40]

[41]

[42]

[43]

SCRIVENER K, SNELLINGS R, LOTHENBACH B. A Practical
Guide to Microstructural Analysisi of Cementitious Materials[M].
Boca Raton: CRC Press, 2016.

HALPERIN W P, JEHNG J Y, SONG Y Q. Application of spin-spin
relaxation to measurement of surface area and pore size distributions in
a hydrating cement paste[J]. Magn Reson Imaging, 1994, 12(2):
169-173.

JEHNG J Y, SPRAGUE D T, BHATTACHARIJA S, et al. Pore
Structure Evolution and State of Pore Water in Hydrating Cement
Paste at Cryogenic Temperatures[M]//Stewart W J ed. Engineering,
Construction, and Operations in Space V. New York: Amer Society of
Civil Engineers1996: 600-607.

XIE E, ZHOU C, SONG Q, et al. The effect of chemical aing on water
permeability of white cement mortars in the context of sol-gel
science[J]. Cem Concr Comp, 2020, 114: 103812.

R, AR A RIS IR0 B AL BOR T /K e 416}
IRAPBIBHT]. RERR EL 54, 2020, 48(11): 1808-1816.

XIE Enhui, ZHOU Chunsheng. J Chin Ceram Soc, 2020, 48(11):
1808-1816.

GOTO S, ROY D M. The effect of w/c ratio and curing temperature on
the permeability of hardened cement paste[J]. Cem Concr Res, 1981,
11(4): 575-579.

PHUNG Q T, MAES N, DE SCHUTTER G, et al. Determination of
water permeability of cementitious materials using a controlled
constant flow method[J]. Constr Build Mater, 2013, 47: 1488-496.

and in situ strength of concrete[J]. Cem Concr Res, 2003, 33(1): [44] GUANG Y. Experimental study and numerical simulation of the
155-164. development of the microstructure and permeability of cementitious
] BAROGHEL-BOUNY V, WANG X, THIERY M, et al. Prediction of materials[D]. Netherlands: TU Delft, 2003.
chloride binding isotherms of cementitious materials by analytical [45] POWERS T C, COPELAND L E, HAYES J C, et al. Permeablity of
model or numerical inverse analysis[J]. Cem Concr Res, 2012, 42(9): Portland cement paste[J]. ACI J Proc, 1954, 51(11): 285-298.
1207-1224. [46] JENNINGS H M, KUMAR A, SANT G. Quantitative discrimination
] REINHARDT H W, GABER K. From pore size distribution to an of the nano-pore-structure of cement paste during drying: New insights
equivalent pore size of cement mortar[J]. Mater Struct, 1990, 23(1): from water sorption isotherms[J]. Cem Concr Res, 2015, 76: 27-36.
3-15. [47] MCDONALD P J, RODIN V, VALORI A. Characterisation of intra-
] GARBOCZI E J. Permeability, diffusivity and micro-structural and inter-C—S—H gel pore water in white cement based on an analysis
parameters: A critical review[J]. Cem Concr Res, 1990, 20(4): of NMR signal amplitudes as a function of water content[J]. Cem
591-601. Concr Res, 2010, 40(12): 1656-1663.
NOKKEN M R, HOOTON R D. Using pore parameter to estimate [48] BHATTACHARJA S, MOUKWA M, D'ORAZIO F, et al
permeability or conductivity of concrete[J]. Mater Struct, 2008, 41(1): Microstructure  determination of cement pastes by NMR and
1-16. conventional techniques[J]. Adv Cem Based Mater, 1993, 1(2): 67-76.
] EL-DIEB A S, HOOTON R D. Evaluation of the Katz-Thompson [49] HOLLY R, REARDON E J, HANSSON C M, et al. Proton spin—spin
model for estimating the water permeability of cement-based materials relaxation study of the effect of temperature on white cement hydration
from mercury intrusion poro-simetry data[J]. Cem Concr Res, 1994, [J]. J Am Ceram Soc, 2007, 90(2): 570-577.
24(3): 443-455. [50] REINHARDT H. Penetration and Permeability of Concrete-Barriers to
] CHRISTENSEN B J, MASON T O, JENNINGS H M. Comparison of Organic and Contaminating Liquids[M]. Stuttgart: CRC Press, 1997.
measured and calculated permeabilities for hardened cement pastes[J]. [51] COSTA A. Permeability-porosity relationship: A reexamination of the
Cem Concr Res, 1996, 26(9): 1325-1334. Kozeny-Carman equation based on a fractal pore-space geometry
BAGEL L, ZIVICA V. Relationship between pore structure and assumption[J]. Geophys Res Lett, 2006, 33(2): 1-5.
permeability of hardened cement mortars: On the choice of effective [52] CHEN X, WU S. Influence of water-to-cement ratio and curing period
pore structure parameter[J]. Cem Concr Res, 1997, 27(8): 1225-1235. on pore structure of cement mortar[J]. Constr Build Mater, 2013, 38:
] TUMIDAIJSKI P J, LIN B. On the validity of the Katz-Thompson 804-812.
equation for permeabilities in concrete[J]. Cem Concr Res, 1998, 28(5): [53] HALAMICKOVA P, DETWILER R J, BENTZ D P, et al. Water
643-647. permeability and chloride ion diffusion in portland cement mortars:
] PROVENCHER S W. An eigenfunction expansion method for the Relationship to sand content and critical pore diameter[J]. Cem Concr
analysis of exponential decay curves[J]. J Chem Phys, 1976, 64(7): Res, 1995, 25(4): 790-802.
2772-2777. [54] AP, JREE M AE MR, TR R AR, 1982(2): 2-10.

WU Zhongwei. Concrete (in Chinese), 1982(2): 2-10.



