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ABSTRACT

This user’s manual provides updated documentation and computer program listings for
version 2.0 of the three-dimensional cement hydration and microstructure development model
(CEMHYD3D) developed at the National Institute of Standards and Technology. Origi-
nally documented and distributed in 1997, several substantial enhancements and modifica-
tions have been included in the new release. The following topics are covered in this documen-
tation, as they were in the original version: acquisition and processing of two-dimensional
scanning electron microscope and x-ray images; creation of a starting three-dimensional
microstructure based on a measured particle size distribution for the cement powder and in-
formation extracted from the two-dimensional composite image; and execution of the cement
hydration and microstructure development program. Additional noteworthy features of the
new version of the model include: direct modelling of the induction period during cement
hydration; isothermal, adiabatic, or user-programmed temperature curing conditions; a cal-
cium silicate hydrate gel (C—S—H) whose molar stoichiometry and specific gravity (molar
volume) vary with temperature; improved pozzolanic reactions between cement and silica
fume (fly ash); and the incorporation of various forms of calcium sulfate (dihydrate, hemihy-
drate, and anhydrite) into the hydration model. In addition, a prototype internet-accessible
database containing two-dimensional composite SEM images, quantitative phase analysis
results, and measured cement particle size distributions is now available to provide key in-
put information for the three-dimensional modelling process. Documented example datafiles
are provided along with the examples given in the guide. Complete program listings are
provided in the appendices. This manual and all of the computer programs it describes are
freely available for downloading via anonymous ftp from NIST.

Keywords: Building technology, cement hydration, compressive strength, computer mod-
elling, correlation, heat of hydration, image processing, microstructure, simulation.
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1 Introduction

A revised package of computer programs for simulating cement hydration and cement paste
microstructure development in three dimensions has been developed. A three-dimensional
representation of microstructure is necessary for the computation of percolation and physical
properties for comparison to experiment. While previous publications have focused on the
validation of the computer model [1] and various extensions [2, 3], the purpose of this report
is to provide a detailed documentation of the latest version of the computer codes so that
other researchers may employ them in studying problems specific to their own interests. It
is strongly suggested that potential users of these models also obtain copies of references
[1, 2, 3] and the original user’s manual [4] to obtain a better understanding of the technical
basis underlying the computer programs documented herein. A NISTIR and a Ph. D. thesis
dealing specifically with the incorporation of fly ash into the NIST 3-D cement hydration
model are also available [5, 6]. The recent use of the model for simulating the microstructure
and durability of high-performance cement matrices is described in another Ph. D. thesis [7].

The steps required for going from a two-dimensional image to a simulation of three-
dimensional microstructure development, along with the corresponding computer program
names, are provided in Table 1. The first two of these steps can now be replaced by accessing
the cement images database available over the internet at
http://ciks.cbt.nist.gov /bentz/phpct/database/images. All of these programs will be de-
scribed in detail in sections 2 through 5 of this user’s manual. The computer codes are
available via anonymous ftp as part of the Computer Integrated Knowledge System for
High-Performance Concrete (HYPERCON) [8] being developed in the Building and Fire
Research Laboratory at the National Institute of Standards and Technology. They may be
accessed in the
pub/bfrl/bentz/ CEMHYD3D /version20 subdirectory from ftp.nist.gov (129.6.13.25), by log-
ging in as user “anonymous” and providing your e-mail address as the password. A postscript
version of this manual is also available at ftp.nist.gov in the
pub/bfrl/bentz/ CEMHYD3D /version20/manual subdirectory .

2 Two-dimensional Imaging of Cement Particles

A detailed description of the use of two-dimensional SEM/X-ray images as a starting point
for modelling cement hydration and microstructure development can be found in the original
version of this user’s guide [4]. The analysis is based on the determination of phase area
fractions, surface area fractions, and autocorrelation functions as described previously [4].
Because these programs (statsimp, corrcalc, and corrxy2r) have not changed from their
original versions, they will not be further documented in this update.

2.1 Version 2.0 Update

A prototype database of 14 cements has been established to supercede this two-dimensional
imaging process. The cements are available at

http://ciks.cbt.nist.gov/bentz/phpct/database/images. From the main selection form, the
user simply selects their cement of interest by clicking on the “radio button” immediately
to the left of each description. When this form is submitted, a color-coded 2-D image of the



Table 1: Steps in Execution of Three-Dimensional Cement Microstructure Model

Step Programs

Acquire and process statsimp.c
two-dimensional image

Determine autocorrelation for

C3S + Cy8 corrcalc.c
(OF) corrxy2r.c
CgA or C4AF
Generate 3-D particle image genpartnew.c

Distribute phases in 3-D image for

silicates/aluminates rand3d.f or rand3d.c
C3S/CyS stat3d.c
C3A/CLAF sinter3d.c
Execute hydration model disrealnew.c

cement will be returned along with information on the quantitative phase analysis of the
2-D image(s) and a measured cement particle size distribution (PSD) for the cement. This
information can be used to generate a three-dimensional starting microstructure as described
in the section which follows. An example image for Cement 133 issued by the Cement and
Concrete Reference Laboratory (CCRL) of NIST in June of 1999 [9] is shown in Fig. 1. The
accompanying quantiative analysis information is provided in Fig. 2, with the measured and
discretized cement PSD provided in Table 2.



Figure 1: Two-dimensional processed SEM/X-ray image for cement 133 issued by the
CCRL (NIST) in June of 1999. Color assignments are: red- C3S, aqua- C5S, green- C3A,
yellow- C,AF, pale green- gypsum, white- free lime (CaQO), dark blue (purple)- K5SOy, light
magenta- periclase (magnesium containing phase). Image is 256 pm x 200 gm.



I nformation on CCRL Cement 133

I mage and correlation files for CCRL Cenent 133, a Type I/11I
ordinary portland cement with a Blaine fineness of about 350 n?/kg

Col or 2D image in cenent133.gif (500X nagnification- 256 pum by 200 um
Red is GS, aqua is GCS, green is GA, yellowis C/AF, pale

green is gypsum white is free lime, dark blue is potassium sulfate,
magenta is a MgCa phase, and burnt red is kaolin
Discretized particle size distribution isin cement133.psd

Extracted Correlation files (1 pm pixel):

cm33r.sil --- GS and GC;S
cml33r.c3s --- G3S
cml33r.c4f --- C,AF

Phase Fractions for four major clinker phases:

PHASE  AREA PERI METER ( SURFACE)
C;S  0.7018 0. 6491
C,S 0.1315 0.1764
C;A  0.0827 0.1138
C,AF 0.0840 0. 0607

Overall phase fractions (average of two inmages):

PHASE AREA
GsS 0. 6216
GS 0.1168
GA 0. 0735
C,AF 0. 0745
Gypsum 0. 0550
Free line 0. 0232
Al kali sulfates 0.0191
Peri cl ase 0. 0151
" Kaol i n’ 0. 00116

Gypsum typically added as 5.4% on a volume basis.
Use the back button on your Web browser to return to the cement image.

Figure 2: Description of the quantitative analysis for cement 133 issued by the CCRL (NIST)
in June of 1999.



Table 2: Discretized Cement Particle Size Distribution for CCRL Cement 133

Diameter (um) Mass fraction

1.0 0.1348
3.0 0.1303
5.0 0.09456
7.0 0.07349
9.0 0.06085
11.0 0.0507
13.0 0.04221
15.0 0.03775
17.0 0.033935
19.0 0.028
21.0 0.02565
23.0 0.0233
25.0 0.02115
27.0 0.019
29.0 0.019
31.0 0.0228
35.0 0.0347
41.0 0.02658
47.0 0.0454
61.0 0.0358
73.0 0.040025

3 Two-dimensional to Three-dimensional Conversion

3.1 Generation of spherical particles following measured PSD

The program genpartnew.c, whose listing is provided in Appendix B, is used to place dig-
itized spherical particles of a user specified PSD into a three-dimensional computational
volume, typically 100 pixels on a side. Periodic boundaries are employed such that a particle
that extends outward through one or more faces of the 3-D microstructure is completed
extending inward through the opposite face(s). Digitized spherical particles are used to ap-
proximate the complex three-dimensional shapes of actual cement particles; previous results
have indicated that this approximation is adequate if the actual cement PSD and phase
volume and surface fractions are maintained in the 3-D spherical particle image [1, 2, 10].
Initially, the user must provide a negative integer to be used as the random number seed.
Following this, the program is menu driven with the following main menu options:

1) Exit: Exit the program

2) Add spherical particles (cement, mineral admixtures, and calcium sulfate) to mi-
crostructure: allows the user to specify the discretized particle size distribution that
should be used, the number of particles to place, the proportion of particles that should
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be calcium sulfate (gypsum, hemihydrate, and/or anhydrite) as opposed to cement,
and whether the particles should be dispersed. The particle size distribution should
be on a number basis. Since most particle size analyzers provide the distribution on a
mass basis (see Table 2 for example), a mass to number basis conversion (easily imple-
mented in a spreadsheet) may be required. An example Excel spreadsheet is provided
in Appendix A of this manual and is available for downloading from the anonymous
ftp site as cem133.x1ls. For genpartnew, as input, the user must specifically supply
the number of different size spheres to use (program parameter NUMSIZES determines
the maximum number of different sizes allowed), a dispersion factor (0, 1, or 2) that
specifies the minimum pixel separation to be maintained between all pairs of parti-
cles, a probability (0.0 to 1.0) for the generation of calcium sulfate particles instead of
cement, and probabilities (0.0 to 1.0) for the hemihydrate and anhydrite versions of
calcium sulfate (as opposed to gypsum/dihydrate). Following this, the user, for each
different size class of spheres, provides the number, radius (size), and phase identifier
characterizing that size class. The user should always begin with the largest particles
and proceed consecutively to the smallest particles. Otherwise, after placing some
of the smallest particles, no spaces where the largest particles can fit may remain in
the 3-D microstructure. The dispersion capability has been included to simulate the
effects of adding a superplasticizer or high range water reducer to the cement paste.
However, it should be noted that for lower water-to-cement ratios (w/c < 0.45), it may
not be possible to place all of the requested particles in a dispersed configuration. In
this case, the program will exit after parameter MAXTRIES unsuccessful attempts at
finding a random location for a particle. Table 3 provides a listing of the number of
pixels contained in spheres of various diameters in pixels, that should prove useful in
creating user specific PSDs. It should be noted that the diameter = 2 x radius + 1, so
that all spheres may be centered exactly on a pixel. One pixel (or 1 pym) particles are
typically added in the program disrealnew, just prior to executing the hydration, to
significantly reduce the memory needed to execute the genpartnew program.

3) Flocculate system by reducing number of particle clusters: allows the user to cre-
ate any desired number of flocs (clusters) by randomly moving each particle (cluster)
centroid in one-pixel increments and aggregating any particles (clusters) that contact
one another during this process. The only input required is the user requested number
of clusters (flocs) to be present at the end of execution of the routine. Typically, if no
superplasticizer or water reducing agent is used, the cement particles will have a great
tendency to flocculate together [11], perhaps into a single floc structure.

4) Measure phase fractions: outputs the number of pixels of porosity, cement, the three
forms of calcium sulfate, pozzolan (silica fume), inert filler, fly ash, and aggregate
present in the 3-D microstructure. This selection is useful for checking the calcium
sulfate volume fraction and the initial w/c ratio of the 3-D cement microstructure
(neglecting the one-pixel particles that will be added at disrealnew execution time).

5) Add an aggregate to the microstructure: allows the user to add a single flat plate
aggregate to the 3-D microstructure for studying the development of microstructure
in the interfacial transition zone [12]. The only required input is the thickness of
the aggregate to be placed, which must be an even integer. Typically, the user should
place an aggregate (if desired) into the microstructure before placing any of the cement



Table 3: Volume in Pixels Occupied by Spheres of Various Diameters

Diameter (pixels) Pixels per sphere

3 19
5 81
7 179
9 389
11 739
13 1189
15 1791
17 2553
19 3695
21 4945
23 6403
25 8217
27 10395
29 12893
31 15515
33 18853
35 22575
37 26745
39 31103
41 36137
43 41851
45 47833
47 54435
49 61565
ol 69599
61 119009
73 203965

particles. Otherwise, the aggregate will simply overlap and replace any solid particle
pixels contained within its boundaries.

6) Measure single phase connectivity: allows the user to employ a burning algorithm
[13] to determine the percolation characteristics of either the porosity or the solids
present in the 3-D microstructure. The user must specify the phase in which they
are interested and the routine returns the number of pixels of that phase which are
accessible from the top of the 3-D microstructure along with the number of pixels that
are contained in pathways that traverse (span) the microstructure.

7) Measure phase fractions vs. distance from aggregate: outputs a listing of the number
of pixels of each phase (cement, gypsum, porosity, etc.) present in parallel planes at
various fixed distances (one pixel increments) from the aggregate surface. When this
menu selection is executed, the results are reported to the standard output (screen)



and are also written in a datafile named agglist.out. If the user wishes to preserve
this output file, they must rename it to a name of their choosing immediately upon
leaving the genpartnew program.

8) Output microstructure to file: allows the user to save the created microstructure to
files. The user must supply two filenames, one for the storage of the actual microstruc-
ture (cement, calcium sulfates, fillers, and porosity), and the second for storage of
the individual particle IDs (to be used in assessing the setting of the cement during
hydration using the disrealnew program).

When adding calcium sulfate to the cement, the user has basically two choices. If only the
composite PSD for the cement and gypsum (sulfate) is known, the user can simply specify
the volume fraction of particles that should be randomly assigned to be calcium sulfate.
Conversely, if the actual separate PSD of the calcium sulfate is known, the user can use
a value of 0.0 for this randomly-assigned volume fraction and specify the actual numbers
of each size calcium sulfate particle to be placed, in a manner analogous to that used for
cement. When the separate cement and calcium sulfate PSDs are “merged” in this fashion,
the user should be sure to add all the largest radius particles (e.g., first the cement, then the
calcium sulfate) first before proceeding to the next smaller radius particles. If this second
option is to be utilised, in the program genpartnew, a phase ID of 1 corresponds to cement,
5 to calcium sulfate (dihydrate), 6 to hemihydrate, and 7 to anhydrite, as shown in the
program listing in Appendix B.

An annotated example datafile for using genpartnew (with random calcium sulfate as-
signment) is as follows:

-3402 random number seed

2 menu choice to place spherical particles

16 number of size classes to place

0 dispersion distance in pixels

0.055 calcium sulfate volume fraction

0.0 0.0 fractions of calcium sulfate that are hemihydrate and anhydrite
1 number of spheres of size class 1

17 radius of spheres of size class 1

1 phase ID of spheres of size class 1 (cement=1)
1 number of spheres of size class 2

15 radius of spheres of size class 2

1 phase ID of spheres of size class 2 (cement)
1 number of spheres of size class 3

14 radius of spheres of size class 3

1 phase ID of spheres of size class 3 (cement)
1 number of spheres of size class 4

13 radius of spheres of size class 4

1 phase ID of spheres of size class 4 (cement)
2 number of spheres of size class 5

12 radius of spheres of size class 5

1 phase ID of spheres of size class 5 (cement)
2 number of spheres of size class 6

11 radius of spheres of size class 6



1 phase ID of spheres of size class 6 (cement)
number of spheres of size class 7
10 radius of spheres of size class 7

w

1 phase ID of spheres of size class 7 (cement)
4 number of spheres of size class 8

9 radius of spheres of size class 8

1 phase ID of spheres of size class 8 (cement)
8 number of spheres of size class 9

8 radius of spheres of size class 9

1 phase ID of spheres of size class 9 (cement)
12 number of spheres of size class 10

7 radius of spheres of size class 10

1 phase ID of spheres of size class 10 (cement)
21 number of spheres of size class 11

6 radius of spheres of size class 11

1 phase ID of spheres of size class 11 (cement)
41 number of spheres of size class 12

5 radius of spheres of size class 12

1 phase ID of spheres of size class 12 (cement)
93 number of spheres of size class 13

4 radius of spheres of size class 13

1 phase ID of spheres of size class 13 (cement)
243 number of spheres of size class 14

3 radius of spheres of size class 14

1 phase ID of spheres of size class 14 (cement)
692 number of spheres of size class 1b

2 radius of spheres of size class 15

1 phase ID of spheres of size class 15 (cement)
4063 number of spheres of size class 16

1 radius of spheres of size class 16

1 phase ID of spheres of size class 16 (cement)
4 menu selection to report phase counts

8 menu selection to output current microstructure to file
cem133wc030n1.img filename to save image to

pcem133wc030nl.img filename to save particle IDs to

1 menu selection to end program

The output created by executing the program genpartnew with the above input datafile is
as follows:

Enter random number seed value (a negative integer)
-3402

Input User Choice
1) Exit
2) Add spherical particles (cement,gypsum, pozzolans, etc.) to microstructure
3) Flocculate system by reducing number of particle clusters
4) Measure global phase fractions



5) Add an aggregate to the microstructure

6) Measure single phase connectivity (pores or solids)

7) Measure phase fractions vs. distance from aggregate surface

8) Output current microstructure to file

2

Enter number of different size spheres to use(max. is 30)

16

Enter dispersion factor (separation distance in pixels) for spheres (0-2)

0 corresponds to totally random placement

0

Enter probability for gypsum particles on a random particle basis (0.0-1.0)
0.055000

Enter probabilities for hemihydrate and anhydrite forms of gypsum (0.0-1.0)
0.000000 0.000000

Enter number, radius, and phase ID for each sphere class (largest radius 1st)
Phases are 1- Cement and (random) calcium sulfate, 5- Gypsum, 6- hemihydrate
7- anhydrite 8- Pozzolanic, 9- Inert, 25- Fly Ash

Enter number of spheres of class 1

1

Enter radius of spheres of class 1

(Integer <=25 please)

17

Enter phase of spheres of class 1
1

Enter number of spheres of class 2
1

Enter radius of spheres of class 2
(Integer <=25 please)

15
Enter phase of spheres of class 2
1
Enter number of spheres of class 3
1

Enter radius of spheres of class 3
(Integer <=25 please)

14

Enter phase of spheres of class 3
1

Enter number of spheres of class 4
1

Enter radius of spheres of class 4
(Integer <=25 please)

13

Enter phase of spheres of class 4
1

Enter number of spheres of class 5
2

10



Enter radius of spheres of class b
(Integer <=25 please)

12

Enter phase of spheres of class 5
1

Enter number of spheres of class 6
2

Enter radius of spheres of class 6
(Integer <=25 please)

11

Enter phase of spheres of class 6
1

Enter number of spheres of class 7
3

Enter radius of spheres of class 7
(Integer <=25 please)

10

Enter phase of spheres of class 7
1

Enter number of spheres of class 8
4

Enter radius of spheres of class 8
(Integer <=25 please)

9

Enter phase of spheres of class 8
1

Enter number of spheres of class 9
8

Enter radius of spheres of class 9
(Integer <=25 please)

8

Enter phase of spheres of class 9
1

Enter number of spheres of class 10
12

Enter radius of spheres of class 10
(Integer <=25 please)

7

Enter phase of spheres of class 10
1

Enter number of spheres of class 11
21

Enter radius of spheres of class 11
(Integer <=25 please)

6

Enter phase of spheres of class 11
1

11



Enter number of spheres of class 12
41

Enter radius of spheres of class 12
(Integer <=25 please)

5

Enter phase of spheres of class 12
1

Enter number of spheres of class 13
93

Enter radius of spheres of class 13
(Integer <=25 please)

4

Enter phase of spheres of class 13
1

Enter number of spheres of class 14
243

Enter radius of spheres of class 14
(Integer <=25 please)

3

Enter phase of spheres of class 14
1

Enter number of spheres of class 15
692

Enter radius of spheres of class 15
(Integer <=25 please)

2

Enter phase of spheres of class 1b
1

Enter number of spheres of class 16
4063

Enter radius of spheres of class 16
(Integer <=25 please)

1

Enter phase of spheres of class 16
1

Input User Choice
1) Exit
2) Add spherical particles (cement,gypsum, pozzolans, etc.) to microstructure
3) Flocculate system by reducing number of particle clusters
4) Measure global phase fractions
5) Add an aggregate to the microstructure
6) Measure single phase connectivity (pores or solids)
7) Measure phase fractions vs. distance from aggregate surface
8) Output current microstructure to file
4
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Phase counts are:
Porosity= 569660
Cement= 406682
Gypsum= 23658
Anhydrite= 0
Hemihydrate= 0
Pozzolan= 0O
Inert= 0
Fly Ash= 0
Aggregate= 0

Input User Choice
1) Exit
2) Add spherical particles (cement,gypsum, pozzolans, etc.) to microstructure
3) Flocculate system by reducing number of particle clusters
4) Measure global phase fractions
5) Add an aggregate to the microstructure
6) Measure single phase connectivity (pores or solids)
7) Measure phase fractions vs. distance from aggregate surface
8) Output current microstructure to file
8
Enter name of file to save microstructure to
cem133wc030nl.img
Enter name of file to save particle IDs to
pcem133wc030nl.img

Input User Choice
1) Exit
2) Add spherical particles (cement,gypsum, pozzolans, etc.) to microstructure
3) Flocculate system by reducing number of particle clusters
4) Measure global phase fractions
5) Add an aggregate to the microstructure
6) Measure single phase connectivity (pores or solids)
7) Measure phase fractions vs. distance from aggregate surface
8) Output current microstructure to file
1

The user can easily calculate that the achieved calcium sulfate volume fraction
(23658)/(23658+406682)=0.054975 is very close to the requested value of 0.055. A two-
dimensional (postscript) image slice from the microstructure created using this datafile with
genpartnew is shown in the left side of Fig. 3. The 2-D raw image file (ppm format) was
created using the program oneimage.c, whose listing is also provided in Appendix B. The
file created by this program can be easily read into an imaging program, resized, and output
in a variety of file formats (gif, jpeg, postscript, etc.).
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Figure 3: Two-dimensional slices from 3-D microstructures for cement 133 with w/c ratios
of 0.30 (left) and 0.45 (right). At this point, only particles greater than 2 pixels (um) in
diameter have been placed in these microstructures. Color assignments are black- porosity,
red- cement, and grey- gypsum. Gypsum volume fraction is approximately 5.5%. Images
are 100 pixels x 100 pixels.

3.2 Filtering of random noise particle image

Once a 3-D image incorporating the desired PSD has been created, the next step is to intro-
duce the appropriate phase volume fractions, phase surface area fractions, and correlation
structure into the initially monophase cement (or fly ash) particles. For fly ash particles,
two specialized programs for randomly distributing the fly ash phases on either a particle or
pixel basis are described in reference [5]. Alternatively, the procedure described below for
distributing phases amongst the cement particles could be employed for fly ash particles as
well, as long as the spatial statistics (correlations, volume and surface fractions, etc.) for the
fly ash particles had been previously determined.

For cement, the phase distribution process is accomplished in a series of steps using one
Fortran (or C) program and two programs available only in C. The program available in
Fortran or C, rand3d.f or rand3d.c (listings provided in Appendix B), is used to introduce
the correct phase volume fraction and the correlation structure measured on the 2-D SEM
image (Fig. 1) into the 3-D cement particle image. Starting with an image of random
Gaussian noise, generated using the Box-Muller method [14], the measured autocorrelation
function for the phase(s) of interest is used to filter the image, introducing the appropriate
correlation structure. This correlation structure is then basically overlaid on the cement
particle image to introduce the correlation structure and phase fractions into individual
cement particles. Each time this program is executed, the user must specify what phase is
to be subdivided into two phases and the value to be assigned to the new phase. A typical
sequence is to separate the cement into silicates and aluminates, separate the silicates into
C3S! and C,S, and separate the aluminates into C3A and CyAF, as illustrated in Fig. 4.

! Conventional cement chemistry notation is used throughout this manual: C = CaQ, S = SiOy, H =

14



To use rand3d, the user must input:

a random number seed (negative integer),

the initial phase ID to be subdivided into two phases,

the phase ID for the second (new) phase,

the name of the file containing the current 3-D microstructure to be processed,
the name of the file containing the correlation data for the phase(s) of interest,

the phase volume fraction (0.0 to 1.0) of the initial phase that is to retain its original
phase value, and

the name of the file to be created to store the new resultant microstructure (file will

contain one pixel/integer per line).
The input for the phase volume fraction can be determined from the 2-D SEM image or from
a conventional Bogue analysis of the cement oxide composition [15], being sure to convert
from a mass to a volume basis in the latter case. To facilitate this conversion, the specific
gravities of the major four clinker phases [15] are provided in Table 4. Due to a few coding
changes from the previously available version of rand3d.f, the new version will require only
10% to 50% of the CPU time required by the original version to execute a single filtering
and phase assignment pass, a significant improvement. The C version is in general 3 to 4
times faster than the Fortran version.

Table 4: Specific Gravities of Major Clinker Phases

Phase Specific Gravity

CsS 3.21
CyS 3.28
C3A 3.03
CLAF 3.73

The filtering process will be illustrated for cement 133 for the microstructure shown in
the left side of Fig. 3. The input datafile to filter the image and separate the cement into
silicates and aluminates (for the Fortran version of the code) is as follows:

-1088 negative integer random number seed

1.0 original phase to be segmented and reassigned (cement)
4.0 new phase ID to be assigned to modified pixels
’cem133wc030n1.img’ filename of input 3-D microstructure

’cem133r.sil’ file containing 1-D correlation function for silicates
0.8333 phase fraction (0.0-1.0) to remain as silicates
’cem133wc030nla.img’ filename of output 3-D microstructure

HQO, A= Al203, F = F6203, and 5' = 503
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: Rh
sinter3d.c stat3d.c
for C3A
i (relativeto CoA + C,AF)

Figure 4: Flowchart specifying filtering algorithm for assigning pixel phase values to the
three-dimensional starting cement microstructure image. Numbers in parentheses indicate
phase IDs corresponding to the individual cement compounds.
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The value of 0.8333 was chosen for the silicates volume fraction based on the sum of the
measured area fractions for C3S (0.7018) and for C5S (0.1315) provided in Fig. 2, obtained
from analysis of the composite SEM image shown in Fig. 1. The file cem133r.sil (along
with cem133r.c3s and cem133r.c4f) was downloaded from the cement images database
described earlier. The value of 4.0 was chosen for the new phase assignment, because for
this cement, the 3rd correlation file was determined for the C4AF phase (and not C3A).
This means that the aluminates will subsequently be split into C4AF (phase ID 4) and C5A
(phase ID 3). By assigning the aluminates an initial phase value of 4.0, simply executing
rand3d again with an original phase ID of 4 and a new phase ID of 3 will conveniently and
directly create the C4AF and C3A phases. If the correlation file had been determined for
the C3A instead of the CyAF, one would simply use a phase ID value of 3.0 instead of 4.0 on
line three of the datafile shown above, as illustrated in the flow diagram in Fig. 4. Finally,
it should be noted that the quotation marks around the filenames are only needed when
executing the Fortran version of rand3d and must be omitted when using the C version.

A 2-D slice from the resultant 3-D microstructure (e.g., cem133wc030nla.img) obtained
after the execution of rand3d is shown in the left side of Fig. 5. It can be clearly observed
that the cement particles have been segmented into silicates and aluminates, as requested.

Figure 5: Two-dimensional slices from 3-D microstructures for cement 133 segmented into
silicates and aluminates (left) and further segmented into C3S, C5S, and aluminates, with
w/c=0.30. Color assignments are black- porosity, red- silicates (C35), aqua- C,S, green-
aluminates, and grey- gypsum. Images are 100 pixels x 100 pixels.

3.3 Correction of hydraulic radius

Because the correlation structure of the 3-D image produced by rand3d only approximates
that of the input 2-D correlation function, a modification is utilized to directly match the
surface area fraction (via the hydraulic radius) of the 3-D image to its 2-D counterpart,
greatly improving the agreement between the 2-D and 3-D correlations [16]. Typically, the
microstructure file produced by rand3d is first analyzed using the program stat3d.c. This
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C program (listing provided in Appendix B), will determine the phase volume fractions and
surface area fractions for each phase present in the 3-D microstructure. The user simply
inputs the filename of the 3-D image to be quantified and the name of a file in which to store
the results of the analysis. The surface area fractions are reported on a calcium sulfate-free
basis, so the user must be sure that the 2-D image has also been analyzed on a sulfate-free
basis (i.e., considering only the C35, CyS, C3A, and C4AF, as in the first table in Fig. 2).
The needed surface area count for a phase can be determined by multiplying the total surface
area count by the surface (perimeter) fraction determined in analyzing the 2-D SEM image,
as provided in Fig. 2. From this, the appropriate value of the hydraulic radius to be used in
the execution of the program sinter3d, Rj, can be determined as:

6  phase(s) volume in 3 — D image in pizels

Rh:—X

4 needed sur face area in pixels

(1)

The value of 6/4 is included in the equation to correct for the fact that a digitized 3-D sphere
has a surface area of approximately 67r? as opposed to 47r? [16].

For example, the following output is obtained when executing the program stat3d to
quantify the phases present in the 3-D microstructure contained in the image file
cem133wc030nla. img.

Phase Volume Surface Volume Surface
ID count count fraction fraction
0 569660 0
1 338509 380581 0.83237 0.84138
2 0 0 0.00000 0.00000
3 0 0 0.00000 0.00000
4 68173 71747 0.16763 0.15862
Total 406682 452328
5 23658 23382
6 0 0
7 0 0
8 0 0
9 0 0
24 0 0
25 0 0

Here, one can observe that the surface fraction of silicates (phase 1), 0.84138, is slightly
greater than the surface fraction measured on the silicates in the real 2-D composite SEM
image (Fig. 1, 0.8255 (the sum of the values for C5S and C5S for PERIMETER (SURFACE)
in Fig. 2). The requisite hydraulic radius is thus calculated as 6. x 338509./4./(0.8255 X
(380581 + 71747)) = 1.36. For the second pass through the filtering process, to segment the
silicates into ('35 and (S, the equation for R;, would be:

6 X volume C3S in 3 — D image in pixels

4 x needed surface area fraction of C3S X (surface pixels C3S + surface pizels CyS)

(2)
Note that in this case, the needed surface area fraction of C'35 is the ratio of the PERIMETER
fraction for C55 over the sum of the PERIMETERs for C35 and CyS. From Fig. 2, for
example, this would be 0.6491/(0.6491+0.1764)=0.7863.
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This hydraulic radius is input into the program sinter3d.c (listing provided in Appendix
B), which interchanges pixels of two specific phases to obtain the specified hydraulic radius
for the first phase. This code was originally developed to simulate the sintering of a ceramic
powder by exchanging solid pixels of high curvature with porosity pixels of low curvature [17].
The program is menu driven and the user must first read in the microstructure previously
output by execution of rand3d, using menu selection 2. After this, the sintering algorithm
(menu selection 4) can be executed to adjust the hydraulic radius. For this algorithm, the
following inputs are required:

the two phase IDs between which to execute the sintering algorithm; the first phase
indicates the one whose hydraulic radius will be increased,

the number of pixels of each phase to exchange in each cycle of the sintering algorithm
(default value=200),

the calculated target hydraulic radius (from equation 1), and

the radius of the digitized sphere [17] to be used in assessing curvature (default
value=3).
For our example, these parameters would take the values:

114 (silicates and aluminates)
200

1.36

3

The sintering algorithm will be iteratively executed until the desired hydraulic radius
is achieved or an equilibrium is reached. At this point, the user may elect to output the
resulting microstructure to a file using menu selection 5. A file named by the user will
be created for this output (for example cem133wc030n1b.img). 2-D slices from the 3-D
microstructures obtained after “sintering” are provided in Fig. 6.

It should be noted that the sintering can only be used to increase the hydraulic radius of
a phase, by decreasing its surface area fraction at constant volume fraction. If the desired
hydraulic radius for a phase is less than the value present after executing rand3d, the user
should simply “reverse” the phases being sintered. For example, in the example outlined
above, while the hydraulic radius of phase 1 is being increased by the sintering, that of
phase 4 is being decreased. Thus, one can also decrease the hydraulic radius of phase 1 by
increasing the hydraulic radius of phase 4. In this case, the first line of input would be 4 1
(instead of 1 4) and the requested hydraulic radius would be the calculated desired value for
phase 4 (instead of phase 1).

After the sintering is used to correct the hydraulic radius of the silicates, the
rand3d /stat3d/sinter3d sequence is repeated to separate the silicates into C3S and C5S. In
this case, the input datafile for rand3d would be:

-188 negative integer random number seed

1.0 original phase to be segmented and reassigned (silicates)
2.0 new phase ID to be assigned to modified pixels (C2S)
’cem133wc030nlb.img’ filename of input 3-D microstructure

’cem133r.c3s’ file containing 1-D correlation function for C3S
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Figure 6: Two-dimensional slices from 3-D microstructures for cement 133 after “sintering” to
correctly adjust surface area fractions (hydraulic radius) following segmentation into silicates
and aluminates (left) and following further segmentation into C3S, C5S, and aluminates,
with w/c=0.30. Color assignments are black- porosity, red- silicates (C3S), aqua- C5S,
green- aluminates, and grey- gypsum. Images are 100 pixels x 100 pixels.

0.842194 phase fraction (0.0-1.0) to remain as C3S
’cem133wc030nlc.img’ filename of output 3-D microstructure

An image from the resultant microstructure is shown in the right side of Fig. 5.

When stat3d is executed on cem133wc030nic.img, the following output is returned:

Phase Volume Surface Volume Surface
ID count count fraction fraction
0 569660 0
1 285898 317785 0.70300 0.70255
2 52611 55562 0.12937 0.12284
3 0 0 0.00000 0.00000
4 68173 78981 0.16763 0.17461
Total 406682 452328
5 23658 23382
6 0 0
7 0 0
8 0 0
9 0 0
24 0 0
25 0 0

The desired count for the surface count of C3S would be 0.7863 x (3177854 55562) = 293563.
Thus, the desired Ry, to use in the sintering program can be calculated as (6 x 285898) /(4 x
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293563) = 1.461. This value was used in sinter3d and the resultant microstructure output
to a file called cem133wc030n1d.img, a 2-D slice from which is shown in the right side of
Fig. 6. The above process is then repeated to separate the aluminates (phase 4) into C;AF
(phase 4) and C35A (phase 3), using the cem133wc030n1d.img file and the correlation file
cem133r.c4f as input for rand3d. After the final sintering, the phase fraction statistics are
as follows:

Phase Volume Surface Volume Surface
ID count count fraction fraction
0 569660 0
1 285898 293384 0.70300 0.64861
2 52611 79963 0.12937 0.17678
3 33911 51701 0.08338 0.11430
4 34262 27280 0.08425 0.06031
Total 406682 452328
5 23658 23382
6 0 0
7 0 0
8 0 0
9 0 0
24 0 0
25 0 0

Note that all of the volume fractions and surface fractions are very close to the values
determined for the real 2-D image and given in the first table in Fig. 2.

Final 2-D slices for the 3-D microstructures for cement 133 for both w/c ratios are shown
in Fig. 7, before the addition of one-pixel particles, and in Fig. 8, after this additon. Finally,
3-D images of the central 50 pixel x 50 pixel x 50 pixel region of the initial microstructures
can be found in Fig. 9 and Fig. 10, for the w/c=0.3 and w/c=0.45 systems, respectively.
These 2-D and 3-D images can be compared directly to the real SEM image shown in Fig.
1.
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Figure 7: Two-dimensional slices from the final (before addition of any one-pixel particles)
3-D microstructures for cement 133 for w/c=0.30 (left image) and w/c=0.45 (right image).
Color assignments are black- porosity, red- C3S, aqua- Cy,S, green- C3 A, yellow- C4AF', and
grey- gypsum. Images are 100 pixels x 100 pixels.

Figure 8: Two-dimensional slices from the final 3-D microstructures for cement 133 for
w/c=0.30 (left image) and w/c=0.45 (right image) after the addition of the one-pixel particles
by the disrealnew program. Color assignments are black- porosity, red- (35, aqua- (55,
green- C3A, yellow- C4AF, and grey- gypsum. Images are 100 pixels x 100 pixels.

22



Figure 9: Three-dimensional central image from the final 3-D microstructure for cement
133 for w/c=0.30. Color assignments are black- porosity, red- C3S, aqua- C5S, green- C3A,
yellow- C'yAF, and grey- gypsum. Image is 50 pixels x 50 pixels x 50 pixels.
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Figure 10: Three-dimensional central image from the final 3-D microstructure for cement
133 for w/c=0.45. Color assignments are black- porosity, red- C3S, aqua- C5S, green- C3A,
yellow- C'yAF, and grey- gypsum. Image is 50 pixels x 50 pixels x 50 pixels.
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4 Enhancements to the Three-dimensional Cement Hy-
dration Model in Version 2.0

4.1 Induction Period Modelling

One of the amazing properties of cement-based materials (both portland cements and pure
tricalcium silicate) is the induction period they exhibit when mixed with water. After a
short burst of hydration, the material undergoes a dormant period where very little reaction
occurs. Then the reactions accelerate and the material sets and strengthens into the hard-
ened concrete. While several mechanisms have been proposed for this induction period, the
hypothesis gaining favor recently is that the induction period is controlled by the nucleation
and growth of the C=S—H phase [18]. To implement this process in the CEMHYD3D model,
the early-time dissolution probabilities for all of the cement clinker phases (C3S, CoS, C3A,
and C4AF) are made to be proportional to the square of the amount of C—S—H that has
formed. As the C—S—H volume fraction increases, the calculated dissolution probabilities
can not exceed the base dissolution probabilities (set in the array disbase in the program
disrealnew).

To demonstrate that making the early dissolution probabilities proportional to some
function of the C—S—H which has formed is a viable approach, a study was conducted
using pure tricalcium silicate (C3S) paste. Isothermal calorimetry measurements were made
for w/c=0.4 C3S pastes at three different temperatures (20 °C, 30 °C, and 40 °C). For the
hydration of C3S, an activation energy of 33 kJ/mole was assumed. The measured heat
release data was converted to degree of hydration assuming a heat of reaction of 517 J/g for
C3S [15]. In this case, the dissolution probabilities were made to be linearly proportional
to the amount of C—S—H which has formed. As shown in Fig. 11, the agreement between
the experimental measurements and model predictions is reasonable (particularly considering
the signal /noise ratio present with the small calorimetry samples), suggesting that modelling
the induction period by making initial dissolution probabilities proportional to the amount
of formed C'—S—H may be a reasonable approach. For cement, as opposed to pure C3S5,
as will be illustrated in the Example Applications section, a better agreement to early time
heat release data is obtained by using a parabolic instead of a linear proportionality between
dissolution rates and amount of formed C—S—H.
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4.2 Variable Forms of Calcium Sulfate

The initial version of the cement hydration model was developed to only consider the dihy-
drate form (gypsum) of calcium sulfate. To increase the utility of the computer codes for
studying the influence of PSDs and sulfate forms on cement hydration and microstructure
development, version 2.0 of the model also includes reactions between the two other major
forms of calcium sulfate (hemihydrate and anhydrite) and the cement clinker phases. All
three forms of sulfate participate in similar reactions, but their dissolution rates are gener-
ally different. Based on data provided in Uchikawa et al. [19], the dissolution probability for
hemihydrate has been set at a value three times that used for dihydrate, while the anhydrite
has been assigned a dissolution probablity that is 80% of the base value for the dihydrate.
The cement hydration model allows for the conversion (hydration) of the anhydrite and
hemihydrate forms of calcium sulfate to the dihydrate form during the hydration process;
these two phases can also directly react with the aluminate phases present in the cement to
form ettringite, etc.

Regarding ettringite formation, based on the experimental results of Odler and Abdul-
Maula [20], the ettringite that forms in the model as a result of the reaction between CyAF
and sulfate is stable and does not convert to the monosulfoaluminate phase (Afm), regardless
of the sulfate concentration remaining in the system. Ettringite formed from C5A is only
stable when sufficient unreacted sulfate is present in the system and the temperature is
less than 70 °C, possibly converting to the Afm phase when these conditions are no longer
met. To implement this change in the new version of the hydration model, the diffusing
aluminate species created from C;AF are given a different phase ID (designated diffusing
C4A - DIFFC4A) than those created from the C3A (in the original version of the codes, both
these phases created similar diffusing C'3 A species- DIFFC3A).

An example of the ability of the new version of the model to predict the influence of
hemihydrate additions on the hydration of portland cement [21] is provided in Figs. 12 to 14.
In this case, the particle size distributions of both the cement and hemihydrate were known,
along with the detailed phase composition of the cement (one of the Dyckerhoff cements found
in the cement images database described previously). The consumption of C3S and C3A
and the production of ettringite were assessed using quantitative x-ray diffraction analysis
[21]. While not a perfect fit, the model definitely captures the quantitative trends in the
experimental results. Improving the model’s ability to predict the effects of sulfate form and
concentration on cement hydration is a subject of current collaborative research between
NIST and Dyckerhoff Zement.
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Figure 12: Experimentally measured (data points) and model predictions (lines) for C5S

consumption vs. time for different hemihydrate addition rates.
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consumption vs. time for different hemihydrate addition rates.
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4.3 Temperature-variable C—S—H Stoichiometry

It is well known that the pore structure of cement paste is a function of the temperature under
which the hydration occurs [22]. One likely explanation for this effect is that the density of the
(-5 gel that forms is a function of temperature, with the general tendency to form a denser
gel at higher temperatures. A denser gel would be consistent with the observed increase in
and coarsening of the capillary porosity in the paste with increasing hydration temperature.
Based on chemical shrinkage measurements and other data compiled by Geiker [23], version
2.0 of CEMHYD3D contains the following two functions to describe the relationships between
molar volume (molarv) and temperature and between water content (watercon- the molar
ratio of H to S in C—S—H) and temperature, respectively:

T —20
80 — 20

oo g
where T is the hydration temperature in degrees Celsius. These equations result in the
following predicted chemical shrinkages for the hydration of C3S: 0.082 g H,O / g C3S at b
°C, 0.067 at 20 °C, 0.034 at 50 °C, and 0.0 at 80 °C. The hydration model should be used
with caution for hydration temperatures above 80 °C, as little experimental data is available
above this temperature and phases such as ettringite are generally unstable above 70 °C,
anyway. It should be noted that while the model varies the H/S molar ratio of the C—S—H
with temperature, a constant molar ratio of C/S is assumed regardless of temperature, since
the data of Bentur et al. [22] appears inconclusive in this area.

molarv[C—S—H| = 1000. x (108. — 8. x ) mm?/mole (3)

watercon[C—S—H| = 4.0 — 1.3 x

4.4 Variable Temperature Curing

In the first version of CEMHYD3D, curing could be conducted under isothermal or adi-
abatic conditions. In version 2.0, these capabilities have been augmented to include the
possibility of curing that follows a user-programmed temperature profile, such as that em-
ployed in steam curing. The desired temperature profile is simply stored in a standard input
file temphist.dat. This file, which must be created by the user before the execution of
disrealnew, contains a line by line listing of the endpoints (low value and high value) for
time and temperature describing a linearized temperature vs. time relationship. Times are
given in hours and temperatures in degrees Celsius. An example datafile (for mild steam
curing at 60 °C during the first 24 hours of hydration) is as follows:

.0 256.0 25.
.0 26.0 60.
4.0 60.0 60.0
24.0 28.0 60.0 25.0

28.0 10000.0 25.0 25.0

0
0

o O

.0 4
.05
.0 2

This file specifies that between 0 h and 4 h, the temperature is constant at 25 °C, between
4 h and 5 h, it is ramped from 25 °C to 60 °C, etc. To use this option in version 2.0 of
CEMHYD3D, the user simply selects option 2 when prompted to enter “Hydration under
0) isothermal, 1)adiabatic, or 2) programmed temperature history conditions” and the file
temphist.dat will automatically be consulted during program execution.
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4.5 Enhanced Pozzolanic Reactions

Version 2.0 of CEMHYD3D also contains more accurate modelling of the reactions between
silica (from silica fume or fly ash) and the cement hydration products. The silica typically
reacts with the C'H phase to form a pozzolanic C—=S—H gel of a different specific gravity and
molar stoichiometry than the C—S—H gel formed from conventional cement hydration. In
fact, in the presence of excess silica, the conventional C—S—H may convert to the pozzolanic
C—S—H form. Currently, the pozzolanic reactions included in the hydration model are:

1.1CH+ S+ 28H — — > (C11SH;3,
CI.YSHLL_O +05H — — > 01_1SH3.9 + 0.6CH

with an assumed molar volume of 101.8 ¢cm®/mole for the pozzolanic Cy 1 SHsg gel [24]. At
this time, unlike the conventional C—S—H, the molar volume and stoichiometry of pozzolanic
C—S—H are not temperature dependent. The current version of the model has been shown
to provide good agreement with experimental data on the influence of silica fume additions
on both the adiabatic temperature rise of concretes [24] and the chloride ion diffusivity of
low w/c ratio cement-silica fume pastes [25].

The pozzolanic reactions are regulated by two parameters and one user input within
the disrealnew.c program. The first parameter, PPOZZ (default value of 0.05), specifies
the base probability for a reaction to occur when a diffusing CH species encounters a silica
surface. The second parameter, PCSH2CSH (default value of 0.002), specifies the probability
for primary or conventional C—S—H dissolution for conversion to the pozzolanic form of the
C—S—H. If conversion to pozzolanic C—S—H is significantly increased due to a high temper-
ature heat treatment, for example, as may be the case for reactive powder concrete [7], the
parameter PCSH2CSH should be correspondingly increased to model this effect appropriately.
The last user input value when initializing a run of CEMHYD3D, called csh2flag, indicates
whether the conversion of conventional C=S—H to pozzolanic C=S—H is prohibited (value=0)
or allowed (value=1).

5 Execution of the Three-Dimensional Cement Hydra-
tion Model

5.1 Inputs

The following inputs are required for execution of version 2.0 of the hydration model (program
disrealnew.c provided in Appendix C):

a negative integer random number seed,

a flag (0=No, 1=Yes) indicating if the final microstructure is to be output to a file. If
a value of 1 is entered for this parameter, the next entry must be the filename of the
file to be created to store this microstructure.

the filename of the file containing the initial 3-D microstructure to be used in the
hydration model,

for this file, the integer values assigned to C3S, C5S, C3A, C,AF, gypsum, hemi-
hydrate, anhydrite, and aggregate (separated by spaces). Typical values following
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execution of the rand3d/stat3d/sinter3d sequence would be 1, 2, 3, 4, 5, 6, 7, and
24.

the phase ID assigned to C'3 A in any fly ash particles present in the starting microstruc-
ture [5]. Often, there is no fly ash present in the microstructure and this value can be
set to its default value of 35.

the filename of the file containing the initial 3-D particle ID microstructure to be used
in the hydration model (for assessing setting behavior). Typically, this file is created
during the execution of the genpartnew program.

the number of one pixel (1 um) particles of a phase to add. The program contains
an iterative loop to continue to accept non-zero values for this parameter, so that the
user can place different types of one pixel particles, at their discretion. This iterative
process is terminated by the user inputting a value of 0 for the number of one pixel
particles to add. Every time a non-zero value is input, the next entry must be the
phase ID of the particles to be placed. The phase IDs corresponding to each phase can
be found in a series of #define statements near the top of the disrealnew.c listing
in Appendix C.

the number of cycles of the hydration model to execute. Note that this value can be
set to zero if, for example, the user wants to output the initial microstructure before
any hydration, but after addition of all of the one-pixel particles.

a flag indicating if hydration is to be under (0) saturated or (1) sealed conditions,

the maximum number of diffusion steps to take in a given dissolution cycle (typically
a value of 500 is used here),

a prefactor and a scale factor for the nucleation probability of CH according to an
exponential function [1],

a prefactor and a scale factor for the nucleation probability of calcium sulfate dihydrate
(gypsum) forming from the hemihydrate and anhydrite forms of calcium sulfate,

a prefactor and a scale factor for the nucleation probability of C3AHg,
a prefactor and a scale factor for the nucleation probability of F'Hsj,

the frequency (in cycles) for examining the percolation properties of the capillary pore
space (this examination can be totally avoided by setting this parameter to a value
larger than the requested number of cycles),

the frequency (in cycles) for examining the percolation properties of the solids (set
point),

the frequency (in cycles) for outputting the hydration characteristics of all cement
particles present in the microstructure (these results are appended to the file named
partlist.hyd),

the induction time (time_induct) in hours for use in converting model cycles to real
time (now that the induction period is directly included in the hydration modelling,
this value will often be set to zero),
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the initial temperature of the system in degrees Celsius,
the activation energy (kJ/mole) for the cement hydration reactions,
the activation energy (kJ/mole) for pozzolanic reactions,

the calibration factor () for converting model cycles to real time in hours based on
an equation of the form time = time_induct + f X cycles x cycles [1],

the mass fraction of aggregates (0.0 for cement paste hydration) in the concrete mixture
proportions (not that present in the 3-D microstructure being used but that present in
the concrete mixture being simulated; this is used for the direct simulation of adiabatic
heat signature curves [24]),

a flag indicating if hydration is to be under (0) isothermal, (1) adiabatic, or (2)
temperature-programmed conditions, and

a flag indicating if conversion of conventional C—S—H to pozzolanic C—S—H is (0)
prohibited o