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ABSTRACT

A three-dimensional image of hardened cement paste was reconstructed using a

backscattered electron image (BEI) and used to predict the diffusion properties of

hardened cement paste. After the BEI observations, an autocorrelation function (ACF)

was calculated for each phase of the hardened cement paste, including the unhydrated

cement, portlandite, and large pores. A three-dimensional image was reconstructed on

the basis of the ACF based on random distributions. The dynamic elastic modulus and

diffusion coefficient were calculated using a finite-element or finite difference method

with the reconstructed three-dimensional images. The elastic modulus of the C-S-H

phase was determined by micro-indentation, and the diffusivity of C-S-H was calculated

using this elastic modulus based on previous reports. The resulting predicted dynamic

elastic moduli and diffusion coefficients were in good agreement with the experimental

results. Although, it was observed that the predicted values of the diffusivity of the



blended cement pastes is different from the measured values, a new relationship

between diffusivity and porosity of C-S-H in blended cement pastes was developed in

this study.

Keywords: Microstructure, Diffusion coefficient, Backscattered electron image, Image

analysis, Micro-indentation.

1. Introduction

The durability of concrete strongly depends on its transport properties. Recently, the

application of cement-based materials for the containment of low- and

intermediate-level radioactive waste has generated considerable interest. In such

applications it is important to be able to control the transport properties of the concrete,

and also to be able to accurately predict the mass transport properties of concrete to

ensure super long-term durability. Several models have been proposed for the prediction

of mass transport properties of the concrete: Bentz et al. proposed using a cement

hydration reaction model [1], Ishida et al. developed a model based on thermodynamic

principles [2], and Bejaoui predicted the diffusivity of concrete using an

effective-medium theory [3]. However, the distribution and shape of pores and other

hydrates in concrete was only considered in the model of Bentz et al [1]. Kurumisawa et



al. have determined the three-dimensional pore distribution using a gallium intrusion

method with image analysis [4,5]. However, Kurumisawa et al. were unable to

determine the distribution of unhydrated cement particles, calcium hydroxide, and other

components of the concrete. Similarly, the effectiveness of pore structure evaluation by

the image analysis is shown in previous report [6]. Models that can be used to determine

the distribution of pores and a matrix using X-ray CT, microscopy, and other approaches,

have been proposed in the field of geology [7-10]. For instance, a three-dimensional

model of rocks has been reconstructed with auto-correlation functions using a

two-dimensional section imaging system such as scanning electron microscopy.

Although this model can be effectively applied to large pores e.g., pores with diameters

of 100 um, which are typical in rocks, it is difficult to apply this model to the pores of

concrete because the size of concrete pores is much smaller, nano-scale.

In addition, concrete mixed with fly ash and blast furnace slag has become to be used

widely recently to improve the durability of concrete structures, it is reported that the

resulting microstructure is different from that of ordinary Portland cement alone.

Therefore, it is necessary to establish the accurate microstructure for a precise

evaluation, and for modeling.

This study attempted to reconstruct a three-dimensional image of hardened cement paste



by considering auto-correlation functions measured using backscattered electron

imaging. In particular, we focused on hardened cement paste because concrete

properties depend on the properties of the hardened cement paste. Firstly, the validity of

the reconstructed image model developed in this study was confirmed by a comparison

of the measured and calculated dynamic elastic moduli of hardened cement pastes with

a variety of water to cement ratios (W/C). Further, we predicted the diffusion properties

of hardened cement pastes and as well as blended cement pastes (Fly ash and blast

furnace slag) considering the nano-sized pores with the reconstructed image model. In

order to detect the nano-sized pores, a micro-indentation method was used [11]. The

resolution achieved with this method is lower than that of the nano-indentation method

used by Ulm [12, 13], but the measurement employed here cover a similarly wide range

of pore sizes.

By applying this method to existing concrete, it is possible to evaluate the properties of

existing concrete structures from the microstructure level. Moreover, it will become

possible to predict the diffusivity of blended cement pastes more accurately.

2. Experimental

2.1 Specimens



For the dynamic elastic modulus measurements, ordinary Portland cement (OPC)

produced in Japan (Table 1) was used. The water/cement ratios used were 0.4, 0.6, 0.8,

and 1.0 used to generate a variety of microstructures. The specimens were cast in 100

mm long and 50mm diameter cylinders. The specimens were demolded after 24 h and

cured in water at 20 °C for 28days.

The diffusion measurements used cement pastes with water/cement (W/C) ratios of 0.3,

0.45, and 0.6 using OPC; fly ash cement pastes with replacement ratio 0.3 in each of the

water to cement powder ratios (0.3, 0.45, 0.6), and slag cement paste with a replacement

ratio 0.7 with the water to powder ratio 0.45. The physical properties and chemical

compositions of the fly ash and slag are shown in Table 1[14]. The curing conditions

were 1, 6, and 10 months in saturated calcium hydroxide water. The particulars of the

specimens for diffusion measurement are listed in Table 2.

2.2 Backscattered electron image (BEI) measurement

A5 mm cube was cut from a freeze-dried sample of the hardened cement pastes and

used for the BEI observations. The freeze-dried specimens were immersed in epoxy

resin in vacuum; after the epoxy resin hardened, the specimen surface was polished

using SiC paper. Finally, the surfaces of the specimens were smoothed by 0.25



micrometer diamond paste, and a carbon coat was applied to provide electric

conductivity on the specimen surface. The electron microscopy imaging was conducted

under the following conditions: an acceleration voltage of 15 keV, a working distance of

17 mm, an area size of 200 x 150 um, and a pixel size of 0.32 um. The resulting

resolution in this study is 0.32 um, and it was not possible to distinguish pores narrower

than 0.32 um in diameter. Observations were carried out on 16 fields in each specimen.

Unhydrated cement (UH), unhydrated slag, calcium hydroxide (CH), C-S-H (including

fine pores and other hydrates), fly ash, and pores larger than 0.32 um were distinguished

using image analysis software and setting brightness thresholds. The average area

fraction of each phase was considered to be the volume fraction [15].

2.3 Pore structure measurements

The mercury intrusion method (MIP) and BET nitrogen adsorption were used for

determining the pore structure. A5 mm cubic sample was used for both MIP and BET.

2.4 Measurement of the microelastic modulus using a micro-indentation method

Specimens for indentation were the same as the specimens for BEI. Fichers scope

(HC-100) was used for measuring the elastic modulus of the hydration products in the



hardened cement paste, and 100 indents in a 10 x 10 um grid were sampled in each
specimen. The maximum load and speed were observed to be 20 mN and 1 mN/s,
respectively. After the measurements, the indents were observed by microscopy to

distinguish the different phases (UH, CH, C-S-H, and others).

2.5 Diffusion coefficient measurements

The diffusion cell method was used to measure the diffusion coefficients of 30mm
diameter 5mm thick specimens. One side of the cell was filled by 0.5 mol/l NaCl
solution and the other side with saturated Ca(OH), solution. The concentration of CI°
ions in the cell was established weekly by ion chromatography throughout the
experiments. After reaching steady state conditions, the diffusion coefficient of a sample

was determined by equation (1) with the slope of the time versus concentration plot,

- L{se) "
C,ldt A

where D: diffusion coefficient (m?/s), L: thickness of specimen (m), A: Area of
specimen (m?), V: volume of cell (m®), Cy: Chloride ion concentration (mol/l), and
dc/dt: gradient of concentration (mol/l/s). Two samples were used in the diffusion tests

for each kind of specimen, and the average of the diffusion coefficients was adopted as



the diffusivity.

2.6 Dynamic elastic modulus

The dynamic elastic modulus of solid components can be determined by testing the
wave velocity with cylindrical specimens in a surface dry condition. The velocity in
hardened cement paste is related both to the dynamic modulus E4 and to Poisson’s ratio
v. The dynamic elastic modulus E4 can be calculated by measuring V,, the elastic wave
velocity of the longitudinal wave (P wave), in the specimen [16]. The relationship
between the physical properties and wave velocity V, is given below:

2 p(1+ v)(l— 2v)
Eq :Vp - )

where p is the density of the specimen and v is Poisson’s ratio (=0.25 in this study,

because the effect of Poisson’s ratio on the dynamic elastic modulus is not large.).

3. Modeling

3.1 Calculations for an autocorrelation function

To reconstruct a three-dimensional spatial image of the hardened cement paste, the

autocorrelation function (ACF) was used for the different phases (UH, CH, Pores, and



other phases) to generate a binary image from the BEI without the C-S-H phase; the

C-S-H phase was not included because it is the matrix and acts as a continuous phase in

the hardened cement paste. The ACF is also known to be a two-point correlation

function; it is defined as the probability that two arbitrary points are in the same phase

as the function of the distance between them [17]. Therefore, the position of each phase

can be determined using the ACF. The following procedure was used for calculating the

ACEF in this study [1]. The summation S(x,y) was determined for an M x N image using

the following equation:

Y .. . .
- LIRS o

where I(x,y) is 1 if the pixel at location (X,y) contains the phase(s) of interest, otherwise

it is 0. S(x,y) is then converted into the S(r) function for the distance r in pixels using

bilinear interpolation on the S(x,y) values as follows:

2r

()= 2r1+1 Zs(r%]

=0 (4)

3.2 Three-dimensional spatial image reconstruction

The ACF S(r) for each phase mentioned above

is used to

reconstruct a
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three-dimensional image of the microstructure. The pixels in the three-dimensional
spatial image is assigned random numbers with a normal distribution N(x,y,z) that is
generated using the Box-Muller method [1]. This random number distribution N(x,y,z) is
modified using the filter function F(x,y,z) using the ACF S(r). Finally, the resultant

image R(x,y,z) is generated using the following equation:

30 30 30

R(X’y’Z)ZZZZN(X+i’y+j’z+k)* F(i,j,k) (5)

i=0 j=0 k=0

where F(x,y,z) is determined using

S| r=yx%+y?+22 |-5(0)xS(0)
=F ”)H [s(o)y—s<o)x1<o)1 } ©

The threshold operation is carried out to obtain the appropriate volume fractions with
respect to the pixels in R(x,y,z) that were originally assigned to the respective phases of
interest (UH, pores, or CH). For example, if a value of R(x,y,z) is larger than the critical
threshold, the pixel is assigned to the phase of interest; otherwise, it is assigned to the
original phase. The reassigned number of pixels corresponds to the volume fraction
measured using the BEI. The reconstructed size of the image is 100° voxels, with one

voxel equivalent to 0.32 um?® according to the BEI observations. We reconstructed three

11



different images with different random numbers to confirm the reproducibility of the

model, and periodic conditions were also applied. For example, a three-dimensional

image based on ACF and random distribution is shown in Fig.1. Here two models with

the same volume fraction of each phase have completely different microstructures,

showing that ACF was an important factor in the generation of the spatial model.

3.3 Dynamic elastic modulus calculations using self-consistent analysis

The dynamic elastic modulus of the hardened cement paste was calculated by the

self-consistent analysis (SCA) proposed by Oliver [18]. The properties of composites

such as hydrated cement pastes are determined by the SCA by applying the volume

fraction and individual properties of each phase. The equations used in this study are

given below:
_ 9k
3K + ™
471
k= Zf k (1+a( n Zfr[l+a£ JJ
(8)
1 RS
yzzr: fry{u ﬂ(z—;—lﬁ x Z‘ f{1+ ﬂ[z—:)—lﬁ .
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a=—20
3k0 + 4,[10 (10)
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where E is the dynamic elastic modulus (GPa); k, the bulk modulus (GPa); u, the shear

modulus (GPa); f, the volume fraction of each phase measured from the BEI; and the

subscripts 0 and r denote the initial value and the phase, respectively. The input

parameters for the bulk and shear moduli are listed in Table 3 [19]. The area fraction as

measured from the BEI was used to determine the volume fraction of each phase.

3.4 Dynamic elastic modulus calculation using FEM

The reconstructed three-dimensional spatial images were input into the computer

program elas3d.f, which was developed by Garboczi [20,21]. This program treats each

cubic voxel assigned to each phase as a trilinear finite element; the elastic equations are

then discretized and solved by using a relaxation algorithm [22]. The dynamic elastic

modulus was determined from the reconstructed three-dimensional spatial images with

the periodic model of a microstructure using the relationship between the average stress

and a given strain. The program has been successfully used for the calculation of the

material properties of both hardened cement pastes and other compounds [23-27]. The
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bulk elastic modulus and shear elastic modulus of each phase used as the input in this
study are listed in Table 3; they were the same as those used for the SCA calculations.
In addition, the modulus of water was used for the pore spaces as they would be filled
with water after the curing. The calculated size of FEM was the same as that obtained

from the reconstructed image in 100° voxels.

3.5 Predictions of diffusivity

The diffusivity in the reconstructed three-dimensional image is predicted on the basis of
a model proposed by Garboczi [20, 21]. Garboczi proposed that the diffusivity in a
steady state condition, as with conductivity, can be predicted by expressing it in the

following Nernst-Einstein relation.

DO O'O (12)

where D is the measured diffusivity; Do, the diffusivity of the ions being considered in
free water; oo, the conductivity of the solution in the pore space; and o, the measured
electrical conductivity. In addition, it is reported that the result obtained using the

method proposed by Garboczi is the same as that obtained using a random walk method

14



[28].
Because the diffusivity of chloride ions in the pores is known, the diffusivity of C-S-H
can be estimated. For this calculation, firstly, the porosity of C-S-H can be calculated

using the following equation, which is used in the packing model proposed by Jennings

[29].

P. sy =05-0.0077xE_,, (13)

where Pc.s.y and Enicro are the porosity and elastic modulus, respectively, of the C-S-H
phase. The elastic modulus can be determined by the micro-indentation method. The
diffusivity of C-S-H was proposed by Bejaoui [3] to be a function of the C-S-H porosity
(Pcsn) as shown it in Fig.2. It was observed that high-density (HD)-C-S-H and

low-density (LD)-C-S-H exhibited different diffusivities in that study:

D,p =1.34*10° *P2%¥ | (14)

D,p = 2.02*107 *p1&2 (15)

where Dyp is the diffusivity of LD-C-S-H (m%s) and Dwp is the diffusivity of

15



HD-C-S-H (m?/s). The abovementioned porosity of C-S-H is calculated using the elastic
modulus established with the micro-indentation method, and so the diffusivity of C-S-H
can be also calculated. Finally, the capillary porosity was assigned a relative diffusivity
of 1.0. The relative diffusivities of UH, CH, fly ash, and slag are all 0, and that of C-S-H
is determined using the above expressions. In this study, the diffusivity of the C-S-H
phase of blended cement pastes is calculated from the relation of HD-C-S-H, because it
is widely accepted that the diffusivity of blended cement is lower than that of OPC, and

the diffusivity of chloride ions in the capillary pores was kept at 1.81 x 10 m?/s [30].

4. Results and discussion

4.1 Validity of the reconstructed image model

4.1.1 Dynamic elastic modulus

The measured dynamic elastic moduli of the hardened cement pastes at 28day are
shown in Fig.3. The dynamic elastic modulus decreased with W/C as would be

generally expected.

4.1.2 BEI obseravations

Images of the BEI analysis obtained after 28 days are shown in Fig.4. The black, dark

16



grey, bright grey, and white portions in the BEI image correspond to pores, hydrated

products, calcium hydroxide, and unhydrated cement, respectively. Only very few pores

were visible in the specimen with a W/C of 0.4, but they are clearly present in the 0.6,

0.8, and 1.0 W/C specimens. The BEI cannot detect pores finer than the resolution limit

of the microscope, as pointed out by Igarashi [15]. Therefore, the porosity measured

from the BEI would be lower than those determined with the results of different

methods such as MIP. However, the quantity of unhydrated cement particles was

approximately the same as that reported by lIgarashi [15]. The area fraction of each

phase in the specimens as measured from the BEI is shown in Fig.5. Porosity increased

with increasing W/C ratio, but the quantity of unhydrated cement decreased.

4.1.3 Autocorrelation function

The ACF S(r) in Egs. 3 and 4 and the lineal path function L(r) were calculated; the

results are shown in Fig.6. The value at distance 0 is equal to the fraction of the phase.

At low WI/C ratios, mostly unhydrated cement was present; for high W/C ratios there

were many more pores. In different samples, different ACFs were observed, the ACF of

CH, in particular, appeared to be the characteristic one. The production of calcium

hydroxide may have differed with the W/C ratio, but the details are beyond the scope of

17



this paper and are not discussed here. Each phase of the hardened cement paste may

have been distributed at random because the ACF converged to the square of the value

at distance 0. Therefore, the assumption that each phase was distributed at random may

be considered through the reconstruction of the three-dimensional spatial model.

The maximum pore lengths in L(r) were 20 and 2 um for the W/C ratios of 1.0 and 0.4,

respectively. A possible length scale reflecting the lineal continuity of each phase

differed from the specimens, as shown by L(r).

4.1.4 Microelastic modulus measurements by microindentation

The microelastic modulus of specimens after 28 days was measured by

microindentations, and is shown in Fig.7, median values for each specimen are shown

in the figure. At the higher W/C ratios, the microelastic modulus was smaller because

the quantity of pores in the contact area of the indentation affected the measured values.

However, the microelastic moduli for the W/C ratios of 0.4 and 0.6 are very similar to

those reported by Constantinides [13].

4.1.5 Three-dimensional image reconstruction

Three-dimensional spatial images of hardened cement paste reconstructed using the

18



method described in 3.2 above are shown in Fig.8. Black, dark grey, bright grey, and

white denote the Pores, CH, C-S-H, and unhydrated cement phases, respectively, and it

was thus possible to reconstruct three-dimensional image models for the different W/C

specimens. The connectivity of the phases for the Pores, C-S-H, and Pore + C-S-H

phases as calculated by Bentz’s method [31] is shown in Fig.9. The connectivity was

zero when the phase volume fraction was less than 0.2, as also reported by Bentz [31].

We reconstructed three images of each specimen with different random numbers, but the

connectivities were approximately the same. Thus it may be concluded that the

dependence of the generated images on the used random numbers is negligible. The

study here attempted the reconstruction of the three-dimensional images from the BEI

using the ACF without the sintering algorithm for simplicity of the calculations [32].

4.1.6 Dynamic elastic modulus predictions using SCA and FEM

The relationship between the calculated dynamic elastic modulus using the SCA with

values from Table 3 and the measured ones is shown in Fig.10. There is an

approximately linear relationship, but the value calculated using the SCA was higher

than the measured ones, a reason for this may be because fine pores could not be

detected by the BEI observations. The relationship between the dynamic elastic moduli

19



calculated using the FEM and SCA is shown in Fig.11, showing was a good correlation

between the two. Overall, the three-dimensional image model proposed in this study is

shown to perform the reconstruction adequately.

Next, we assumed that the elastic modulus of the C-S-H phase for the FEM calculation

used the values provided by the microindentation (Fig.7) because the detectable pore

size in the BEI was more than 0.32um. The relationship between the calculated dynamic

elastic modulus by FEM using the microindentation values and measurement results is

plotted in Fig.12. At lower W/C ratios, the dynamic elastic modulus calculated by FEM

with the microindentation value was somewhat high because of the effect of the

surrounding unhydrated cement on the C-S-H microelastic modulus. However,

predicting the dynamic elastic modulus using the proposed three-dimensional image

model was shown to be possible within an approximately 30% error. Therefore it would

be appropriate for the elastic modulus of the C-S-H to use the value established with the

micro-indentation method, leading to the conclusion that the porosity in the C-S-H

phase can be measured by the micro-indentation method.

4.2 Prediction of diffusion coefficient

4.2.1 BEI results

20



Images of the BEI observations at 10 months are shown in Fig.13. Unhydrated fly ash
and slag are still remaining in these observations at 10 months. The results of the area
fraction of each phase obtained from the BEI observations at 6 months are shown in
Fig.14. There is a large portion of C-S-H in every specimen, and there are very low
percentages of large pores. However, Bentz reported that percolation occurred with
more than 18% of pores [32]. This would lead to the surmise that the substances do not
transport only through the large capillary pores. In addition, unhydrated fly ash and slag

can still be observed in the blended cement pastes when observed at 6 months.

4.2.2 Pore structure

The changes in the porosity measured using MIP are shown in Fig.15. The samples with
low water-to-powder ratios showed low porosities, and the porosity decreased with
increasing curing age. The porosity of the fly ash sample was higher than that of the
OPC with the same water-to-powder ratio. The values of the porosities measured using
the BET method are shown in Fig.16. The porosities of F30 and F45 were all lower than
those of O30 and 045, these results are different from those obtained using MIP; and

the reasons behind this difference will need to be investigated.

21



4.2.3 Micro-indentation

The median values of the elastic modulus measured using the micro-indentation method

for each specimen is shown in Fig.17. Although the samples with low water-to-powder

ratios exhibit higher elastic moduluses, the effect of the curing age on the elastic

modulus is not completely clear. The range of elastic moduluses measured in this paper

is intermediate between the LD-C-S-H and the HD-C-S-H reported by Ulm [12, 13].

Fig.18 shows the relationship of the porosity measured using MIP, and the sum of the

porosity measured by BEI and the porosity of C-S-H calculated using equation (13).

The measured and calculated porosities were approximately the same for all samples

except for the samples with high water-to-powder ratios. Therefore, the assumptions

about the porosity made in this study may be concluded to be correct, that the

microelastic modulus of C-S-H measured by microindentation includes the information

of the small pores with less than 0.32um diameters.

4.2 .4 Diffusion coefficient

The values of the measured diffusion coefficients are shown in Fig.19. The diffusivity

of the sample that contained fly ash and slag decreased with the progress of the curing,

but that of the other samples did not change markedly. There was a large decrease in the

22



diffusivity from 6 months to 10 months, particularly for the F30 and B70 samples. It is

assumed that fly ash and slag underwent extensive reactions during this period; however,

this is not discussed in further detail here because we did not measure the reaction ratios

of these materials.

The effect of the porosity measured using MIP on the diffusivity is shown in Fig.20. As

mentioned in previous reports, the diffusivity increases with porosity. The diffusivity of

the samples containing fly ash and slag was lower than that of OPC with the same

porosity. It may be concluded that it is difficult to evaluate the diffusivity on the basis of

porosity alone.

The relationship between the measured and predicted diffusivities based on section 3.5

is shown in Fig.21. The values of the predicted and measured diffusivities were

approximately the same for all samples. Bentz reported that the relative C-S-H

diffusivity of OPC is 0.0025 and the pozzolanic C-S-H diffusivity is 0.0005 [33, 34], the

relative diffusivities used in this study range from 0.0001 to 0.014 calculated based on

section 3.5, that is, the value is very similar to that in the report of Bentz.

The diffusion coefficients of hardened cement paste in this report were predicted by

using the relationship in a previous report above [3], and there was a small different

result in all samples. To obtain an accurate relationship between the porosity and
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diffusivity of C-S-H, the diffusivity of C-S-H was calculated using reverse analysis on

the basis of the experimental results, as shown in Fig.22. The relationship between the

diffusivity and porosity of C-S-H in OPC calculated by equations (14) and (15) is

different from that in the blended cement pastes, and the diffusivity of C-S-H produced

by the pozzolanic reaction was 2-5 times smaller than that of OPC. Thus the

relationship between diffusivity and porosity of C-S-H in OPC paste is different from

that in blended cement pastes, this is because C-S-H is different for each of the blended

cement pastes or because of an electric charge effect of the pore surface [35,36].

5. Conclusion

This paper developed a three-dimensional spatial distribution model on the basis of

two-dimensional section images to predict the diffusion properties of hardened cement

pastes. The validity of the reconstructed images was confirmed by a comparison of the

measured and calculated dynamic elastic modulus with the microealstic modulus of

C-S-H measured by a micro indentation method. The measured value of the diffusivity

was in good agreement with the value predicted for the diffusivity. This was established

from the relationship between diffusivity and porosity of C-S-H determined by reverse

analysis, which showed the relations for OPC paste, fly ash paste, slag paste were
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different. This difference possibly arises because of the very large differences between

the pozzolanic C-S-H and OPC C-S-H or it may be because of the influence of the

electric charge on the pore surface. Considering this, it may be concluded that C-S-H

strongly influences the diffusion properties, and it will be necessary to establish the

properties of C-S-H in more detail. However, in this study, it was still possible to predict

the diffusivity of the hardened cement paste using fly ash and blast furnace slag by

applying the relationship between the C-S-H porosity and diffusion coefficient, made

possible by a reverse analysis.
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Tables

Table 1 Physical properties and chemical compositions of the cementitious materials

Material Density Blaine surface Chemical composition (%)
(kg/m®) area(cm?/g) | SiO, | AlLO; | Fe,03 | CaO | MgO | SOs
OPC 3170 3340 21.31 5.39 2.75 64.57 | 1.79 | 2.05
Fly ash 2260 3740 58.46 27.3 5.32 2.19 0.82 | 0.43
Slag 2880 4450 32.57 13.31 0.28 43.72 | 5.12 | 1.89

Table 2 Particulars of the specimens for diffusion measurement

Fly ash BFS
Symbol | W/B | replacement | replacement

ratio (%) ratio (%)

030 0.3 0 0

045 | 0.45 0 0

060 0.6 0 0

F30 0.3 30 0

F45 | 0.45 30 0

F60 0.6 30 0

B70 | 0.45 0 70

Table 3 Elastic modulus of the various phases *®!

Phase Bulk elastic Shear elastic
modulus(GPa) | modulus(GPa)
Unhydrated cement 105.2 44.8
Portlandite 40.0 16.0
C-S-H 14.9 9.0
Water 2.2 0.0
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Fig.1 Computed reconstructed three dimensional spatial distribution images; (a) Pore distribution
with ACF, (b) Pore distribution with a random model, (c) Phase distribution with ACF, and (d)
Phase distribution with random model(white: UH, dark grey: CH, light grey: C-S-H, black: Pores)

Fig.2 Relationship between C-S-H porosities and Diffusion coefficients [3]

Fig. 3 Dynamic elastic modulus of hardened cement paste at 28days for different W/C ratios

Fig. 4 Backscattered electron images of hardened cement paste at 28 days for different water-cement
ratios (W/Cs)

Fig. 5 Area fraction of the phases in hardened cement paste at 28 days. Pore: large capillary pores,
C-S-H: Calcium Silicate Hydrate (including fine pores), UH: unhydrated cement particles, CH:
calcium hydroxide crystals.

Fig. 6 Autocorrelation function and lineal path function for each phase in hardened cement paste at

28 days

Fig. 7 Microelastic modulus values determined by microindentation

Fig. 8 Reconstructed three-dimensional images of hardened cement paste with different W/C ratios at
28 days

Fig. 9 Connectivity of phases for Pores, C-S-H, and Pores + C-S-H phases as calculated by the Bentz
method

Fig. 10 Relationship between the dynamic elastic modulus as measured and predicted by the SCA at
28 days

Fig. 11 Relationship between the dynamic elastic modulus predicted by SCA and FEM at 28 days

Fig. 12 Relationship between the dynamic elastic modulus as measured and predicted by FEM and

modified by the C-S-H values determined by microindentation at 28 days

Fig.13 BEI images of the specimens after 10 months curing

Fig.14 Area fractions determined by BEI at 6 months curing

Fig.15 Changes in porosities determined by MIP

Fig.16 Porosities determined by BET

Fig.17 Changes in micro elastic modulus with curing age

Fig.18 Relationship between the experimentally determined and calculated porosities
Fig.19 Changes in diffusion coefficients with curing age



Fig.20 Porosities determined by MIP plotted against the diffusion coefficients for different curing
ages (OPC OPC paste, F: fly ash paste, B: slag paste, M: month(s))

Fig.21 Relationship between the measured and predicted diffusion coefficients (symbols as in Fig.
20)

Fig.22 Relationship between the calculated diffusivities and porosities of C-S-H by reverse analysis
(symbols as in Fig. 20)



(b)

Fig.1 Computed reconstructed three dimensional spatial distribution images; (a) Pore distribution
with ACF, (b) Pore distribution with a random model, (c) Phase distribution with ACF, and (d) Phase

distribution with random model(white: UH, dark grey: CH, light grey: C-S-H, black: Pores)
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Fig.2 Relationship between C-S-H porosities and Diffusion coefficients [3]
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Fig. 3 Dynamic elastic modulus of hardened cement paste at 28days for
different W/C ratios

Fig. 4 Backscattered electron images of hardened cement paste at 28
days for different water-cement ratios (W/Cs) (Black: Pore, dark grey:
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Fig. 5 Area fraction of the phases in hardened cement paste at 28 days. Pore:
large capillary pores, C-S-H: Calcium Silicate Hydrate (including fine pores),
UH: unhydrated cement particles, CH: calcium hydroxide crystals.
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