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Table 1 Chemical composition of cement w/%
Ca0o SiO, Al,O3 Fe,03 MgO SOz Na,Oeq f-CaO Loss (ol
62.89 20.56 431 3.39 3.36 2.25 0.55 0.75 2.27 0.02

w is mass fraction.
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Table 2 Specimen No., water/cement ratio and its curing age

Specimen No. Water/cement ratio Curing age/d
28A/28B/28C/28D/28E 0.30/0.35/0.40/0.45/0.50 28
60A/60B/60C/60D/60E 0.30/0.35/0.40/0.45/0.50 60
90A/90B/90C/90D/90E 0.30/0.35/0.40/0.45/0.50 90

120A/120B/120C/120D/120E  0.30/0.35/0.40/0.45/0.50 120
180A/180B/180C/180D/180E  0.30/0.35/0.40/0.45/0.50 180
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Center 90‘? pulse 180.° pulse TE/ms
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12.329 8.0 12.4 0.06
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Table 4 Porosity and morphological parameters of pore structure system and effective diffusion coefficient of cement paste

Water/cement ratio Specimen No. Capillary 2.5-10.0nm Continuous Tortuosity Effective difzfusi(;n .
porosity/% gel porosity/% pore size sc/nm factor T coefficientx10™/(m*-s™)
0.30 28A 12.31 15.28 9.91 2.1936 8.0745
60A 11.12 20.18 7.71 1.8021 8.4656
90A 10.29 18.98 6.85 2.006 6 7.3484
120A 9.24 18.39 7.22 2.1890 7.1924
180A 7.10 1431 7.26 2.9193 6.1917
0.35 28B 16.77 15.23 11.89 1.7380 9.1441
60B 15.31 21.41 9.19 1.3988 10.602 7
90B 13.39 21.28 8.70 15265 9.496 8
120B 10.80 19.48 8.57 1.9016 10.1490
180B 8.81 16.74 8.15 2.4340 8.6176
0.40 28C 20.79 15.71 12.71 14112 11.1015
60C 18.70 20.29 10.51 1.2891 12.7724
90C 17.53 19.93 10.32 1.3596 12.3971
120C 15.78 19.63 10.34 1.4770 12.2140
180C 13.45 17.89 9.85 1.7984 11.4140
0.45 28D 24.66 15.32 14.36 1.2503 12.2542
60D 22.22 19.93 11.90 1.1813 14.0187
90D 20.03 20.32 10.99 1.2370 12.748 3
120D 19.01 18.85 11.59 1.3399 12.9423
180D 16.76 18.15 11.04 15100 12.8323
0.50 28E 24.37 15.51 13.60 1.2539 12.7300
60E 21.81 21.01 11.39 1.1639 14.656 0
90E 21.43 19.35 11.90 1.2224 13.4372
120E 18.77 17.17 12.12 1.4440 13.8369
180E 17.84 18.71 11.01 1.4083 13.6505
#5 KERFILRERNSRIEEINGER

Table 5 Fitting results of percolation exponent of pore system of cement paste

Water/cement ratio Specimen No. Degree of hydration o (D4/Dy)x10° Percolation exponent n
0.30 28A 0.6244 2.8053 1.5827
60A 0.6449 29126 1.6912
90A 0.6592 29786 1.7630
120A 0.6772 3.0526 1.8504
180A 0.7141 3.1752 2.0207
0.35 28B 0.663 6 2.9979 0.976 4
60B 0.6908 3.1019 1.2080
90B 0.7265 3.2094 1.4331
120B 0.7747 3.3142 1.6836
180B 0.8117 3.3720 1.8559
0.40 28C 0.6992 3.1300 0.9380
60C 0.7410 3.2452 0.5987
90C 0.764 4 3.2950 0.7683
120C 0.7994 3.3546 1.1252
180C 0.8460 3.4127 14112
0.45 28D 0.7269 3.2102 1.2654
60D 0.7791 3.3219 0.9585
90D 0.8259 3.3901 0.7901
120D 0.8477 3.4144 0.6500
180D 0.8959 3.4560 0.9544
0.50 28E 0.8385 3.4046 1.2174
60E 0.8968 3.4567 0.9027
90E 0.9055 3.4627 09123
120E 0.966 1 3.4958 0.5903
180E 0.9873 3.5045 0.6172
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Table 6 Sample correlation matrix of experimental data of

percolation exponent n, continuous pore size s and

tortuosity factor ¢

Percolation Continuous Tortuosity

exponent n pore size s¢ factor ¢
Percolation 1.0000 -0.7109 0.8224
exponent n
Continuous ~0.710 9 1.0000 -0.7323
pore size s,
Tortuosity
factor ¢ 0.8224 -0.732 3 1.0000
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Table 7 Relational expression of the percolation exponent

n obtained by fitting
Water/cement ratio

Expression of percolation exponent

0.30 n=3.714 46*""®, R?=0.997 6
0.35 n=3.494 24*°%? R’=0.974 7
0.40 n=66.832 96°-99.203 7a+37.562 5, R’=0.8613
0.45 N=45.937 8a’~76.764 40+32.819 6, R°=0.911 9
0.50 n=0.555 76*°°*, R?=0.976 1
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Percolation Exponent of Cement Paste Based on Pore Morphology

XIAO Guanyan, TIAN Zhuang, XIA Jin, JIN Weiliang
(Institute of Structural Engineering, Zhejiang University, Hangzhou 310058, China)

Extended Abstract

Introduction  Accurately and effectively predicting ionic diffusion coefficient of cement-based materials is one of the crucial issues
in the study of concrete durability. Recently, many novel prediction methods based on General Effective Media (GEM) equation have
been proposed and their applicability has been verified. As a significant parameter in diffusivity models based on GEM equation,
percolation exponent n characterizes the diffusion properties of micro-pore structures in cement paste. The value of percolation
exponent n is affected by the shape and direction of the medium, namely the morphological characteristics of micro-pore structures in
cement paste. With the hydration process, the material composition and pore structure of cement change greatly, as well as the value
of percolation exponent n. The value-taking of percolation exponent n has a great influence on the accuracy of the diffusion prediction
model. However, a systematic study to reveal its physical meaning and determine its value is deficient. In this paper, the strong
correlation between percolation exponent n and the morphological characteristic of cement paste was verified, and quantitative
expressions of percolation exponent n was given by fitting experimental data.

Methods Reference cement complying GB8076—2008 was used to prepare 25 groups of cylindrical cement paste specimens
(©=100 mm, h=200 mm) with water-cement ratios (w/c ratio) of 0.30/0.35/0.40/0.45/0.50 and curing periods of 28/60/90/120/180 d,
respectively. There were 3 specimens in each group, 2 of which were cut in the center of specimen height (50-150 mm) to obtain 4
standard test specimens (©=100 mm, h=50 mm) for NEL test, and 1 of which was drilled at the center of height and section of
specimen to obtain a cylinder (©=32 mm, h=50 mm) for low-field NMR (Nuclear Magnetic Resonance) test. Saturated saline water
was saturated into specimens for NEL test using the NELD-CCM vacuum water saturation instrument at vacuum degree of 87%. The
NELD-CCM540 cement chloride ion effective diffusion coefficient tester was used in NEL test, 4 specimens in a group were tested
and the test data was averaged as the representative effective diffusion coefficient. To determine the pore characteristics of specimens
in each group, NMR test was conducted for corresponding specimen twice. For the first time, deionized water was saturated into
specimens for NMR test using NELD-CCM vacuum water saturation instrument at vacuum degree of 98%, and NMR test was
performed for saturated specimen to obtain total transverse relaxation time spectra of water in pore and chemically combined water.
The specimen was then dried in an oven at 110 “C for 12 h and placed for 3 h to reduce the sample temperature to room temperature.
NMR test was performed again for dry specimen to get transverse relaxation time spectra of chemically combined water. Combined
with total spectra, pore size distribution of tested specimen was available. Moreover, the porosity of specimen was obtained by
establishing the quantitative relation between water volume and nuclear magnetic signal.

Results and discussion For all groups of specimens, the effective diffusion coefficient increases firstly and then decreases with
hydration process. Considering the change of gel pores and capillary pores quantity and effective diffusion coefficient data
simultaneously, it can be known that the auxiliary effect of gel pores on diffusion cannot be ignored. Capillary porosity of all
specimens keeps decreasing, while the 2.5-10.0 nm gel porosity increases greatly in the first 60 d of curing and decreases at a
relatively smaller rate after 60 d of curing. With the increase of w/c ratio of cement paste, the proportion of diffusion effect of
capillary pores to that of gel pores increase. As the hydration process carries on, the pore characteristics of the specimens shows the
following rules: the continuous pore size s, of the pore structure system decreases for specimens with w/c ratio of
0.30/0.35/0.40/0.45/0.50, and the continuous pore size s. of the pore structure system changes to a relatively small extent for
specimens with w/c ratio of 0.50; the tortuosity factor ¢ of pore structure system decreases at first and then increases, which is
influenced by coupling effect of hydration products formation and morphological difference between two kinds of pores.

The sample correlation matrix between percolation exponent n, continuous pore size s and tortuosity factor z reflects the strong
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correlation between these three parameters. Percolation exponent n is negatively correlated with continuous pore size s;, and
positively correlated with the tortuosity factor z. The results prove the morphological meaning at physical level of percolation
exponent n. With the increased hydration degree, the percolation exponent n of cement paste with different w/c ratio shows different
variation: the percolation exponent n of cement paste with w/c ratio of 0.30 and 0.35 increases, the percolation exponent n of cement
paste with w/c ratio of 0.40 and 0.45 decreases at the beginning and then increases, and the percolation exponent n of cement paste
with w/c ratio of 0.50 decreases. The different trends are primarily due to different diffusion effect ratios between capillary pores and
gel pores.

Conclusions Based on the theory of micropore structure analysis, the relationship between percolation exponent n and diffusion
property of cement paste is explained from the aspect of mechanism. For cement paste with different w/c, the difference in ratio
between capillary porosity and gel porosity leads to the difference in change law of pore characteristic parameters and percolation
exponent n. With the experimental results, the relational expression of function between percolation exponent n and hydration degree
was obtained.

Keywords cement paste; percolation exponent; general effective media equation; nuclear magnetic resonance



