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Table 6: Age, number of model cycles, and model degrees of hydration for T-1 cements. The
number of model cycles were chosen so as to closely match the experimentally determined
degree of hydration.

w/c=0.4 Cycles o, (model)
3 388 0.539
7 529 0.6
14 770 0.643
28 1042 0.668
60 1370 0.686
90 2347 0.716
w/c=0.5 Cycles o, (model)
3 354 0.5771
7 604 0.7083
14 711 0.7412
28 839 0.7708
60 839 0.7707

For orientation purposes, Table 6 shows the amount of model hydration cycles needed to achieve
a certain level of cement hydration in the T-1 plain cement system. The point of this project was
to be able to extend this model into fly-ash blended cements. For that reason, the following
figures, as well as Table 7, show the degree of hydration vs. time, both model and experiment,
for the cement in the fly ash systems, as well as the fraction reacted of the fly ash vs. the cement
degree of hydration for the same systems. This experimental data for the fly ash system is
unique. By checking against it, we found that the model was definitely overreacting fly ash
phases — at a given degree of cement hydration, the model had much too large of an extent of
reaction of the fly ash phases compared to experiment. The scientific details of what was done to
improve the model and make it more realistic (reaction theory, etc.) are to be found elsewhere
[15]. In the following graphs, which display results of the corrected model, one sees both the
reasonably good fit of model vs. experiment for the degree of hydration of the cement vs. time,
which we had before, and the extent of reaction of the fly ash vs. the degree of hydration of the
cement phase, which is now much improved from earlier work. There is not perfect agreement
between model and experiment, but one must remember that the uncertainty in the experimental
data points is about + 0.04 (absolute), so that there is approximate agreement within
experimental uncertainty. Having good agreement with both the degree of hydration of the
cement simultaneously with the extent of reaction of the mineral admixture means that the model
is more likely producing an accurate blended cement paste microstructure.
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Figure 16. Degree of hydration of the cement in T-L, w/s=0.4
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Figure 17. Degree of hydration of the cement phase in T-L, w/s=0.5
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Figure 18. Fraction reacted of the fly ash phase in T-L, w/s = 0.4
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Figure 19. Fraction reacted of the fly ash phase in T-L, w/s=0.5
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Table 7: Age, number of model cycles, and model degrees of cement hydration and fraction
reacted of fly ash for T-L cements. The number of model cycles was chosen so as to closely
match the experimentally determined degree of hydration.

Fraction Reacted Fraction Reacted
w/c=0.4 Cycles o, (model) (exp) (model)
3 398 0.5897 0.0347 0.0346
7 519 0.6535 0.0636 0.05101
14 926 0.7443 0.0723 0.11007
28 1046 0.7568 0.1099 0.1179
60 1272 0.7752 0.1532 0.1303
90 1663 0.7964 0.2053 0.1443
Fraction Reacted Fraction Reacted
w/c=0.5 Cycles o (model) (exp) (model)
3 386 0.5952 0.038 0.035
7 556 0.686 0.0741 0.0492
14 812 0.7648 0.0971 0.0856
28 955 0.7943 0.1431 0.1134
60 1230 0.8348 0.1857 0.1564
90 1397 0.8534 0.2416 0.1751

4.3 Conductivity modeling

4.3.1 Determination of the conductivity of regular CSH for
T-1 and T-L cements

A relative conductivity for regular C-S-H of 0.005 provides the best fit to the experimental data,
for the T-1 cement, in the absence of fly ash. This was determined by running the conductivity
code, for a range of cement paste microstructures, with different conductivity values for the C-S-
H phase. It was scaled so that the pore solution conductivity in the capillary pores was 1. The
uncertainty in the conductivity value for the C-S-H phase is probably of the order of 100 %, as
its value can vary widely without changing the predicted bulk conductivity that much for w/c =
0.4 and w/c = 0.5 cement pastes. This same value of 0.005 was found to hold, within a similarly
large uncertainty, for the pozzolanic C-S-H that was formed from reaction of the silica in fly ash
with the calcium hydroxide phase in the cement paste.

4.3.2 Results of conductivity modeling for T-1

A fitted value of relative conductivity (relative to the pore solution) for the regular C-S-H that
comes from cement hydration is enough to proceed to compute values of the bulk conductivity
for the plain (T-1) cement pastes and compare them to experimental data. Table 8 shows the
modeling results for the bulk conductivity for the T-1 cement systems. There is reasonably good
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agreement, within uncertainty, between experiment and model results. Note that model computes
the cement paste conductivity relative to the pore solution having a conductivity of unity. A
separate part of CEMHYD3D computes the principal ionic concentrations ([K+], [Na+], and
[OH-]), from which a prediction of pore solution conductivity, G, is made [13]. Then, following
the equation for F, the formation factor, one gets the bulk conductivity by o, = (1/F) o,.
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Figure 20. The experimental and modeling values of the bulk conductivity found for the T-1
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Figure 21. The experimental and modeling values of the bulk conductivity found for the T-1

w/c = (.5 cement pastes.
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Table 8: Bulk conductivity data, experiment and model, for T-1 cement. The uncertainty in the
bulk conductivity is about + 1 in the least significant figure. The uncertainty in the model data is
larger, about 10 % of the total value.

Degree of Bulk Bulk
cement conductivity — | conductivity —
hydration exp model
T-1w/c=04
0.539 0.1404 0.187
0.600 0.1195 0.117
0.643 0.1150 0.0858
0.668 0.09550 0.0719
0.686 0.08950 0.0681
0.716 0.07700 0.0533
T-1w/c=0.5
0.577 0.2239 0.396
0.708 0.1537 0.177
0.741 0.1402 0.142
0.771 0.1274 0.122
0.771 0.1307 0.122
0.802 0.09230 0.102

4.3.3 Results of conductivity modeling for T-L

Table 9 shows the modeling results for the bulk conductivity for the T-L cement/fly ash systems.
Note that model computes the cement paste conductivity relative to the pore solution having a
conductivity of unity. A separate part of CEMHYD3D computes the principal ionic
concentrations ([K+], [Na+], and [OH-]), from which a prediction of pore solution conductivity,
Gp, 1s made [13]. Then, following the equation for F, the formation factor, one gets the bulk
conductivity by o, = (1/F) o,. Conductivities were only computed when the predicted value of
fly ash reaction was within 25 % of the experimental measurement, which explains some of the
missing data points in the third column of Table 9. Figures 22 and 23 display the same
information graphically. There is rough agreement between experiment and model results,
although probably not within uncertainty. It is difficult to tell what the model uncertainties are,
although they have been estimated at 10 %.

28



0.3 LI I LI I | LI I ‘ LI N | ! LI N |

= 025F 3
£ C ]
F) C ]
< o2f 3
> C ]
= - ]
= 015 -]
prr]
g C ]
5 01 fF 3
c L _
8 C ; : : 3 |
005 E ¢ wis = 0.4 | | Wiy
0 AR SN RNV U (N SN ST SR SN NSNS ST S NN S N
0.55 0.6 0.65 0.7 0.75 0.8

Degree of cement hydration

Figure 22. The experimental and modeling values of the bulk conductivity found for the T-L
w/s = 0.4 cement pastes.
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Figure 23. The experimental and modeling values of the bulk conductivity found for the T-L
w/s = (.5 cement pastes.
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Table 9: Bulk conductivity data, experiment and model, for T-L cement

Degree of Bulk Bulk
cement conductivity - | conductivity —
hydration exp model
T-L w/s=0.4
0.590 0.2514 0.239
0.654 0.1500 0.149
0.744 0.1367
0.757 0.1110 0.0470
0.775 0.07320 0.0393
0.796 0.05640
T-L w/s=0.5
0.595 0.2916 0.487
0.686 0.2604
0.765 0.2296 0.197
0.794 0.1814 0.152
0.835 0.1231 0.0982
0.853 0.07590

5 Conclusions

This project was designed to systematically incorporate a fly ash into the CEMHYD3D model
and therefore into the VCCTL software. This would be a start to allowing cement manufacturers,
and others, to virtually see how this waste-stream material affects the properties of concrete
made with this material. The complex chemistry of these materials necessitated a unique
experimental approach to be able to so incorporate them. Because of this project, which involved
novel work never done before for these materials, we ended up with: (1) a new SEM-based point
counting technique for measuring how fly ash (and other materials like slag), and cement in their
presence, reacted over time; (2) a unique data set of individual phase reactions vs. time that can
be used to check model refinements for a particular fly ash and cement; (3) greatly improved
models of how these materials reacted with water and cement over time; (4) bulk conductivities
vs. degree of hydration and fly ash reaction extent for cement pastes that included these
materials, and (5) model predictions in reasonable agreement with experiment for cement pastes
that included one kind of fly ash material.

The uncertainties found in the experimental measurements certainly propagate into the model

results in the formation factor work, as the experimental formation factors were used to calibrate
the conductivity assigned to the regular C-S-H and the extra C-S-H formed from the mineral
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admixture. This calibration is only necessary because we do not have a nano-scale model for the
actual nano-pore structure and nano-adsorption qualities of C-S-H, from which we could
accurately predict the conductivity.

However, the improved models give us a useful tool with which to address hydration up to 90 d.
The reactions of the fly ash were only measured up to 90 d. The formation factors of the blended
cements were not that much different from the plain cement pastes. It is possible that the mineral
admixtures go on reacting strongly after 90 d, so that the formation factor of the blended cement
pastes would eventually be much larger than that of the plain cement pastes. This would be
useful data to collect.

Doing the experimental work necessary to properly characterize one fly ash material showed us
how much improved characterization techniques are necessary to be able to handle the many
kinds of cement/fly ash in use in the United States today. This will be the focus of future
research.

6 Acknowledgements

We would like to thank the EPA for partial support of this project, and specifically the direction
of Heather Tansey and Vincent Camobreco of the EPA. We would also like to thank Dr. Clarissa
Ferraris and Dr. Arnold Rosenberg, of NIST, for useful comments on the manuscript.

7 References

1) D.P. Bentz, Three-dimensional Computer Simulation of Portland Cement Hydration and
Microstructure Development, J. Amer. Ceram. Soc. 80, 3-21 (1997).

2) P.J. Williams, J.J. Biernacki, L.R. Walker, JH.M. Meyer, C.J. Rawn, and J.M. Bai,
Microanalysis of alkali-activated fly ash-CH pastes, Cem. Conc. Res. 32, 963-972 (2002).

3) D.P. Bentz and Sebastien Remond, Incorporation of Fly Ash into a 3-D Cement Hydration
Microstructure Model NIST Internal Report 6050, Gaithersburg, Maryland, August, 1997. Also
found at http://ciks.cbt.nist.gov/monograph, Part I, Chapter 4, section 2b.

4) K.A. Snyder and J. Marchand, Effects of speciation on the apparent diffusion coefficient in
nonreactive porous systems, Cem. Conc. Res. 31, 1837-1845 (2001).

5) E. Samson, J. Marchand, and K.A. Snyder, Calculation of ionic diffusion coefficients on the
basis of migration test results, Mater. Struct. 36, 156-165 (2003).

6) K.A. Snyder, C. Ferraris, N.S. Martys, and E.J. Garboczi, "Using impedance spectroscopy to
assess the viability of the rapid chloride test for determining concrete conductivity," J. of
Research NIST 105, 497-509 (2000).

7) J.C. Russ, The Image Processing Handbook (CRC Press, Boca Raton, 2002).

8) E.J. Garboczi, "Permeability, Diffusivity, and Microstructural Parameters: A Critical Review,'
Cement and Concrete Research 20, 591-601 (1990).

9) J.W. Bullard, ed. VCCTL 2003 Annual Report, NIST Internal Report 7096.

10) X. Feng, E.J. Garboczi, D. P. Bentz, P.E. Stutzman, and T. O. Mason, “Estimation of the

'

31



Degree of Hydration of Blended Cement Pastes by a Scanning Electron Microscope Point-
Counting Procedure”, to appear in Cem. Conc. Res. (2004).

11) C.F. Ferraris, V.A. Hackley, and A L. Avilés, “Measurement of Particle Size Distribution in
Portland Cement Powder: Analysis of ASTM Round-Robin Studies”, June, 2004, in press.

12) S. Diamond and R.S. Barneyback, Expression and analysis of pore fluids from hardened
cement pastes and mortars, Cem. Conc. Res. 11, 279-285 (1981).

13) K.A. Snyder, X. Feng, B. Keen, and T.O. Mason, "Estimating the electrical conductivity of
cement paste pore solutions from [OH], [K'] and [Na'] concentrations, Cem. Conc. Res. 33,
793-798 (2003).

14) D.P. Bentz and P.E. Stutzman, SEM Analysis and Computer Modeling of Hydration of
Portland Cement Particles, pp. 60-73 in Petrography of Cementitious Materials, edited by S.M.
DeHayes and D. Stark (ASTM, Philadelphia, 1994).

15) J.W. Bullard, X. Feng, P.E. Stutzman, and D.P. Bentz, in preparation (2004).

32



