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Three-Dimensional Computer Simulation of
Portland Cement Hydration and Microstructure Development

Dale P. Bentz’

Building and Fire Research Laboratory, National Institute of Standards and Technology,

A three-dimensional computer model for the simulation of
portland cement hydration and microstructure develop-
ment has been developed. Starting with a measured particle-
size distribution and a set of scanning electron microscopy
images, a three-dimensional representation of a cement of
interest is reconstructed, matching the phase volume frac-
tions and surface-area fractions of the two-dimensional
images. A set of cellular-automata rules is then applied to
the starting microstructure to model the chemical reactions
for all of the major phases during the evolving hydration
process. The dissolution cycles used in the model have been
calibrated to real time using a single set of parameters for
two cements at three different water-to-cement ratios.
Based on this calibration, there is excellent agreement
between the model predictions and experimental measure-
ments for degree of hydration, heat release, and chemical
shrinkage. The degree-of-hydration predictions have been
successfully applied to predicting the compressive strength
development of mortar cubes for the two cements. The
effects of temperature have been examined by performing
hydration experiments at 15°, 25°, and 35°C and applying a
maturity-type relationship to determine a single degree of
hydration—equivalent time curve that can be compared to
the model predictions. Finally, the computer model has
been further extended to simulate hydration under sealed
conditions, where self-desiccation limits the achievable
hydration.

I. Introduction

S WITH any material, an understanding of the links between
the microstructure of cement-based materials and their
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properties is needed to allow the design of systems with
improved performance. Unfortunately, three-dimensional quan-
titative characterization of microstructure is extremely tedious
and difficult. Although two-dimensional scanning electron
microscopy (SEM) images of hydrated cement paste are
straightforward to obtain, it is the three-dimensional micro-
structure that often has a critical influence on properties. Unlike
phase volume fractions that are statistically the same in two
and three dimensions for isotropic systems, the connectivity
or percolation of phases is vastly different in two and three
dimensions. Because percolation aspects are critical to the
mechanical and transport properties of cementitious materi-
als,'? a three-dimensional representation of microstructure is
required. Although difficult to obtain experimentally at the
necessary resolution, such representations can be simulated
using computer models.

Using computer models to represent the microstructure of
cement-based materials has evolved significantly over the past
10 years or so, as reviewed in Panel A. In the present study,
an experimental validation was conducted to determine the
relationship between model cycles and real time for two
cements at three different water-to-cement (w/c) ratios based

“on measurements of degree of hydration via nonevaporable

water content, heat release, and chemical shrinkage. In addition,
temperature effects and curing under sealed conditions were
assessed experimentally for incorporation into the computer
model. The overall model and experimental program are sum-
marized in the flow diagram in Fig. 1.

II. Experimental Procedures

(1) Materials

The two cements selected for this study were issued as
Cements 115 and 116 by the ASTM-sponsored Cement and
Concrete Reference Laboratory (CCRL), located at the National
Institute of Standards and Technology (NIST), as part of its
proficiency sample program in January 1995. A sufficient sup-
ply of these cements stored in a double layer of plastic in

ARV R
/_’,,'\._(")a PN
PRSI A I St
NN RTINS TR
OLTE e N

~ e

7, 'd ~_~\ ~Cr
SRR

)




= Jeneral of e Avverican Cevamic Sociery—Benis

cirdbonrd boxes was obtained for the present sincies, The
chemical compasiions of the teo cements, as determined in
the priobciency sumple program,” are given e Table 1 Chher
resules available in the CORL summary report,™ ohoined using
tlee sndicated standard fest methods,” Dnelede the il and
fimal times of set via the Vieat CASTM C1917) and Gillmore
CASTM C2007) reedle methods, measured fAnencsses (ASTM
U207 and CTLS"), mortar cube compressive strenpihs TASTM
CI097, and hests of vdration at 7 and 28 4 of age measuresd

Winl. &I, Mo, |

via the heat of solution method (ASTM C1267 The particle-
sige distributions for Cements 115 and 11 were measuned at

of Hydrahc e Sy Wic Meall:" ARTM Desiznation
Haie in Hydrae Ponland Ceanent Mo ASTHT Dee siaticd
L Fneieess of Poaliend Cemesi by Ao Fersreaniliny Appars,” A5TM Desip-
w20 Fineness of Pormlinl Cessent by S T et ST Do gnation
USRS “Cempressrve Sirength ol Hydieulic Cement Bloctie” ASTA Desdgnacion
1040 Gl “Hesd of Hy af Hydranle Ceren,” ASTR Deaignaties 155
PR Bl af ARSI Srowdleedr, Vel 0400, Amencan Socicny for Tesung s Maten-
als, Priladelphoa, P,

Withimann of o, were perhaps the first o consider repre
swenling i cement of concrete ancrostnesioe nomerically
within & commputer with the development of their “numersical
coterele” A concrele microsiruclure consisting of agme
sles i Cement pasic IMALTLE Wils reneraled and |1|._=||1|w|_1
et finkbe-clement goid, allowing for the computation of
thesmal, bypeal, and mechonical stress distabutions, Facl
appregnie particle could be mapped o ane ar more linie
clements, so thar this measdel represented the concrese ar the
subipariecie level,

At level of coment paste, pronesnng work in dinsctly
representing the cement paste misrostracture ai the cement
parteele level was performed By Jennings and Joboson,” who
developed 2 continuum sepresentation based on spherical
cement {ricalown silweste, O8] paticles enveloped by
lyydration shell= of calcivm =ilicate hydeate (C-5-Hi pel,
whise thickness increased over time. In addition, calciom
hydreside (CH? ervstals were allowed to nucleate and grow
in the continuum pore space. This model s classified as
being of the contineem tvpe, o thal each particle can be
described by ats cemtroid location and ooset of radii, coore-
sponding 1 e unhydnted core and one or mase shells
of hydration prodects (representing iner and cater C-5-H
product.” for exampler. A somewhat similar approach was
fezmulated by van Breugel ™ who, by accownting for the
vilumes of embedded coment particles @d other morpho-

Fip. 41, Exmmple ol graphical oulpe from the model ol
wann Breugel, Emape shiwoon is o twe-dimsensiona) slce mom g thnee
dimensianal sphercal compuiitional velume (unhydribed cemem
cores ans dark Bloe, mner C-3%- 11 prodduct s red, oneer C-5-H prod-
ucl moyellow, and wazerdilled spoce s lght Blogi, (Courtesy of
K. van Breugel.)

Panel A:  Computer-Based Microstructural Models of Cenent and Conerete

lexgrical pspecis of the hydrating cement paste sysiem, was
able o predict the hydration behavior, explicitly considesing
e cement pasticle-size distribution. s chemaeal compos

non, waler-to-cement {wed ratan, A lempenun:,  An
example of tee graphical owiput produced by this maedel, and
apuite siwalar oo that first prodeced by the Jenmines/dolmszan
mindel, con be found i Fig, AL This appresch is cumently
undergeang further development by other research grougs.”

Acsectud type of continuam model betng wsed o penerane
cemaent microstraciuncs i based oo e mosaic method
Here, a two-dimensional space is divided by a set of inter-
sechng hnes (plimes would be used i three donensions),
and the resuliant polygonal shages mken 10 represent unby-
drated cement particles and hydratien products. Alhoush
vltiple dhiserete phases can be modeled easily vsing this
technigue, simultaneously modeling moltiples contineows or
percolaed phases, such g CH, capillary - poresity, and
C-5-H gl in coment paste, may presen! o compuatation:l
challenge. In summarny, costinuam models can provide valo-
able quantitative information, such as the effects of partele
arrerom hyvelration kinetics, but one finds ir difficaln o analyes
such a microstructuse to directly compule tnmspor and clas-
e propomes, such as can be epsily computed For Wi
rinn s mumerical concrete.

An alternare approack o contimmm-hased maedels has
b the development of so cnlled digital-image-based maod-
els. " These models operate at the subgarticle levél as each
vemeni particle is represented as a collection of elements
(pinclsh. Cement hvdrdion con then be simulated s
operhing o the entine collection of pixels using o =l of
sellular-automata-like rules," as illusirated in Fig, A2, This
atlows for the dineet representation of multisize, multiphe,
neaspherical cement panicles. In two dinsnsions, o pro-
cessed SEM irmage (g described in Fanel Bcon be peed as
dircet input into the hydration model. The model has evolved
frown ome bosed simply on e lydeaon of C57 0 one
thir considers all of dee maper phozes present in cement.”
Fecently, a similar two-dimensional model that enplasizes
o concenirations and diffusion processes has been devel-
oped * Because of the underlying pixel representation of
these macsostmiclures, mopping the microsivaciuse oatn =
fimle-chifterence or Anitc-clement @l becomes  rivial,
because there can be a sumple one-lo-one mapping between
pizels and Ginte elements. Thus, properties such as per
colation,' diffusiviny.' complex impedanee,” and setting
behavior are casily computable, The major limitatzon of
digial-nmape-based models s perhaps one of resolution,
Because each pixel is typieally | pm?® inovelume, fenteres
smaller than iz canngt be resolved. Fortunately, nzos:
centent parhcles are between | and 70 o an dimeter, so
that o given coment can be very accurately represented inoa
computaticnal volume of 2 = 200 = 200 pixels. In addi-
tion, mondels al the micrometer kevel lavie been successully
mnleprrated with others ar the sanometer (C-5-H el and
millimeter (moitar oo conereted level 0 provide a quantiza-
tive descrnplion of conerele microsiuciure al spans
Tonders of mugnitude in scale."""™
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Table I. Oxide Compositions for CCRL
Cements 115 and 116**

Composition (mass%)

Cement Cement
Oxide 115 116

CaO 65.069 64.964
Si0, 21.479 20.572
ALLO, 4.483 5.404
Fe,0, 3.4686 1.9919
SO, 2.6733 2.9105
MgO 0.96 1.2781
K.O 0.16 0.656
Na,O 0.0741 0.1229
Free lime 0.497 0.987

Loss on ignition 1.0354 1.5252

Table II. Discretized Particle-Size Distributions for
CCRL Cements 115 and 116

Mass fraction

Diameter (um) Cement 115 Cement 116
3 0.162 0.245
5 0.136 0.153
7 0.125 0.122
9 0.075 0.087

11 0.095 0.107
13 0.064 0.077
15 0.056 0.038
17 0.053 0.036
19 0.044 0.039
21 0.041 0.046
23 0.036 0.005
25 0.036 0.023
27 0.021 0.000
29 0.015 0.004
31 0.015 0.013
33 0.012 0.005
35 0.003 0.000
37 0.01 0.000

walk-in environmental chamber was used so that the mixing
could be performed at the desired temperature, after the starting
materials had equilibrated in the chamber overnight. After they
were mixed, the samples were removed and stored in capped
plastic vials and small glass jars for the nonevaporable water
content and chemical shrinkage measurements, respectively.
For the chemical shrinkage studies and all saturated hydration
experiments, after the cement paste sample (typically 10-15 g)
was placed in its container, ~1 mL of water was added on top
of the cement paste to maintain saturated conditions throughout
the experiment. For the sealed hydration experiments, the plas-
tic vials were capped with no addition of water. For the non-
evaporable water content measurement, the samples were
stored at the temperature of interest until being evaluated. Eval-
uations of nonevaporable water content usually were made after
the following times of hydration: 8 h and 1, 2, 3, 7, 14, 28, 56,
and 90 d.

(2) Scanning Electron Microscopy Imaging

The recent application of SEM and X-ray imaging to cement-
based materials is summarized in Panel B. Images of the two
CCRL cements analyzed in this research using these procedures
are provided in Fig. 2. Tables III and IV compare the measured
area and perimeter phase fractions to the phase fractions calcu-
lated from the oxide compositions in Table I using the conven-
tional Bogue calculation.”® For Cement 116, the gypsum area

Conventional cement chemistry notation is used throughout
this paper: Cis Ca0, S is Si0,, A is ALO;, FisFe,0,, His
H,0, and S is SO,.
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fraction is somewhat high because of the presence of a large
gypsum particle in the field of view selected for analysis, as
shown in Fig. 2.

(3) Degree of Hydration—Nonevaporable Water Content

After achieving the required age, samples for the nonevapo-
rable water content (W) determination were ground to a pow-
der using a mortar and pestle and washed with methanol, using
a porous ceramic filter and a vacuum, to stop the hydration. The
resultant powder was divided approximately in half and placed
in two crucibles of known mass and left overnight (on the order
of 20 h) in an oven at 105°C. When they were removed from
the oven, the masses of the crucibles and samples were redeter-
mined before placing them in a furnace at 950°C for a minimum
of 4 h, after which their masses once again were determined.
The nonevaporable water content was calculated as the differ-
ence between the 950° and 105°C mass measurements divided
by the mass of cement remaining at 950°C, corrected for the
loss on ignition of the cement powder itself, which was assessed
in a separate crucible experiment. Based on the expected uncer-
tainty of the mass measurements (0.001 g), a typical expanded
uncertainty”’ in the calculated Wy, is estimated to be 0.001 g of
H,0/(g of cement), assuming a coverage factor” of 2. The
nonevaporable water contents were converted to degrees of
hydration by normalizing by the values measured for fully
hydrated samples of the two cements,"* 0.226 and 0.235 g of
H,0/(g of cement) for Cements 115 and 116, respectively.

(4) Heat of Hydration

The heats of hydration of the two cements were assessed
using a multichambered microcalorimeter constructed at NIST.*
A known mass of cement and several small stainless-steel balls
to facilitate mixing were placed in a sealed calorimeter cell that
was then equilibrated in the main calorimeter chamber. After a
steady heat flux signal was obtained, the cell was removed, the
appropriate mass of water (also thermally equilibrated to the
calorimeter temperature) quickly added using a syringe, and
hand mixing performed (by shaking the cell) before restoring
the cell to the calorimeter chamber. The voltage signals pro-
duced (proportional to heat flux) by the calorimeter cells were
digitized using a PC-based high-resolution analog-to-digital
(A/D) data acquisition system. Thus, during the initial hydra-
tion, data could be taken at 30 s intervals. Once the reactions
slowed, data were typically acquired every 5 or 10 min over a
period of at least 7 d. At longer times, the signal of the calorime-
ter was very close to its background level, so that detection of
the slow but ongoing hydration became unreliable. In analyzing
the heat release data, the initial exothermic “mixing” peak was
ignored because of the necessity of removing the sample cell
from the calorimeter chamber to assure adequate mixing. This
was considered to be the major contribution to the uncertainty
in the heat of hydration measurements and could result in a
difference in the cumulative heat released over a period of 7 d
on the order of 10 kJ/kg or ~4%, as estimated from samples
mixed in situ in the calorimeter. Because of the mixing diffi-
culties at low w/c ratios, calorimetric measurements were per-
formed only at the two higher w/c ratios of 0.40 and 0.45.

Figure 3 provides a sample plot of the obtained signal for
Cement 116 at 25°C for w/c = 0.40 for the first 24 h of
data acquisition. This signal versus time was then numerically
integrated to obtain the cumulative heat release (kJ/(kg of
cement)) versus time curves, which are presented in the results.

(5) Chemical Shrinkage

Chemical shrinkage, the volume reduction associated with
the reaction between cement and water in hydrating cement
paste, was assessed using the method described by Geiker,”
which is similar to that recently used by Tazawa er al.>® A
known mass of cement paste (typically 10 g) was placed in the
bottom of a small glass jar, with a diameter of 2.5 cm and a
height of ~6 cm. After the cement paste was covered with
~1 mL of water, the remainder of the jar was filled with a
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Fanel B:

There have boen significant developments in necent years
in the applivation of 3EM and X-ray imaging i the chorac-
terazation of cemenl-based materials, Because the fux of
hickscanered electrons (BSE) produced by the mesbenl
clectron beam in the SEM = proportional o the average
atormic number of a phase, in o BSE image of unhydraied
cament garhicles. the CoAF phase. having the highest aver
age promic number, Shows up as e |'l|.':__‘|'|ll.".‘~l phase and is
easily distingeishable from the other phases. Unlortunately,
the oihies magor phases, although exhibiting some contrasl
differences (i, the 5% bamg boaglier than the others),
camnot be reliably distinguished based solely on a BSE
image, However, e X-vays emitted when the incoming
cleciron beam inderncis with the specinsen sarface provide
valuable chemical information on the underlyving phases. 10
supplement the BRE mage. Typlcallv, X-ruy images are
collected sither o o hinary dod map anage (whee all pixels
exhibiting an X-ray intensity in o specilic enerey wiotdow
that is grepter than s preset threshold are set oo value of
233, for example} or 05 a contineous-vilued X-ray image in
whieh each pixel is assigned a 0-255 value based on the
X-tavs counis within some presel eneigy window, Using the
H-ray techniques. resolution is typacally liosited o -1 pm,
which is smialler than the size of ne: iy all cement parhicles
and Fortuitously provides a scale sdentical to thar commonly
waed in the MNIST cement hvdration masdel,

Seversl exmmples of applving these combined 5EM 1ech
Migues e cement-based maenals can be found in recent
liperature. Serivencr™ hos collected Xy dol mag images
Far siticom @t aluminu for several cements and processed
them i determine the proporticas of silicates and intersiicial
(aluminate) phases present oversll and present on the sur-
Fies of the cement pasficles. These resulis have Gean
applicd o interpreting the hydration characieristics of these
cements as quantified by colorimetric heat-nelease measue-
ments, Stelboman®™ kas collected X-ray map images for l.-.l|
cium, silicon, alvmenem, ancl imea Tor cement l.lll'l"....l“\- ._|:II ar
e grnding) and computed the anes fractions of each of
the four major clinker pleases. For example, imoge areis
containing  calcivm and alwmaswn, B g bon,  wers
assipned o be the O A phase. Bonen and Dianosd™ have
quintified the effects of grinding technigues on cemant par-
ticle size, shape. and phase distnbution, wing SEM and
Meray analyvsia o classify the predominant phise foand n
vach cement particle.

By applying these technigues 1 each pisel in an image,
as epgosed 10 cach particle, Bentz and Sutzman™ have been
able fo map each pesel W component phase. To perform
this analysis, the cement of inberest 15 Rest dispersed inoa
fowe=viscosity cpoxy, which is subsequently curedl. A ol
ished surbice is then prepared and viewed by SEM. For this
application, in addition to the BB imigee, S-ray anages anc
collected For calcium, silicon, aluminwm, iron, and solfur,
The unigueness ol thas mappang s shown inoa fulse-color
image in which the cobcium, silicom, amd aluminom X-ray
sigrals are assigned 1o the red, groen. and blue -:,nlt.:-r ‘i
nels, respactiv r-l:.-. s shown in f.:!_ Bl for Cement [LE The

s s ey

SEM and X-ray Imaging of Cement

figure clearly shows the presence of twe levels of vellosy
arsmee, distiguishing the ©,5 phase from the C.5 phie,
due 1o different cal silicon (redfzgrecn) ratio, Fed
arcas indicare the presence of either pypsum o free lime
(O, watls the sulfur X-ray image being used 1o distingush
between the two, Mapenta aseas indicate the presence of
path caleium and aluminum, with the BSE or inon 5o
images ten being wsed o distinguish O AF from OA.
Although, in the current stisdy, oo amempt s made oo distin-
puish the alkali sulfates from the gvpsem, X-ray images of
podnssimm and sodiom could be coliected easily and used for
ihig purpose,

Because of the inherent noise in the Xeray anages, after
an inilin] sepmentation ix performed. & type of median filker-
ing is applisd o0 smooth the mage. Here, cach nonporosity
pixzel 15 replaced by the majority sofid phiee present o a
limited neighborhood (eg., 3 20 31 centered at the pised, The
image pro |,||_||_|_._ b this med '| an filtering peocess can then be
amtlyzed 1o detemtine phase arca fractions, the perimele
fraction of each phase o contac with p
pwo-dimensional correlution function for any individual or

cambination of plases. This quantitative spatial imdormation
then can be wiilized in peconsinecting a three-dimensional
represeniation of the coment of intenesd

Fiz. Bl. False-calor tan-dimersional image of cemert pamicles
for Cement |15 with X-ray signal 1o color mapgings of calciun mo
redd, saleoan te green, and aluminem o blue.

=

hvdraulic oil, The jar was then sealed with a rubber stopper
enpcasing & pipeits gradusted in 001 mL oancrements, The 2
was then placed in n constant- |-.-|1I'|-.'|:|'|||-.' water bath (T =
25900, anad the o3l level within the pigetie was measured to the
nearest ILHI2S mLl over time, tepically For g peris i

wl ol 2l A
contral sample vsing only cement powder aed il {ne water)
was usedl o correct §of niinds reom- temperaburs fluctuations,
By normalizing the change in volume by the mass of cement in

the spmple, the chemical shrinkage per gram of initial cement
(mlig of coment)} could be determined, Based on the es-
mated uncertainty of the mass (02 21 and volueme (© [P
ml.y measurements, he maximum e ded uncerainty® in
the calculated chemical shrinkoge was estinatecd o be (LU0
mLAy of cement), wsuming a coverage Facior™ of 20 In all
Cipois, Dwo specineens wese mun for each wie ratio and cement,
with ihe average resuli being reported
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Fip. 2, Two-dimensin ¥
(b Cement DU 5 is red, O 8 s s, ©
arsl gypsam is pale green)

A bs preen, OUAF s aringze,

Tahle 101, Phase Fractions for O0CKL Cement 115

Fluasz Peramicier rctikn

S frocion Biague vulenes laclion

B4 T | B3 (.57
L (.25 0221 0214
A (s Ez 0,081
CAF 0T LT 0005
Liypsm 0,136 0,06 [L064
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L Computational Technigques

(1) Three-Dimensioned Recousiriolion

Althoneh two-dimensional images of coment particles are
wsetul for chamactenizing cements, three-dimensional represen-
pations are necessary o obkan hydrated microstrucires I the
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Fip, 5, Fxperimenizl heat relesse signal versis tine

compuiation of percolation, mechanical, and iranspol proper-
tigs. Recently, computational techmigues have been developed
for cremting three-dimensional cement particle inages that
match the following charactensiics of (he cement ol mbenzs
particle-size distribution, phase volwme fractions, and phas
surface-nrea Tractions,”* The latter tao of these charctenistics
are determingd based oo analysis of a peo-dimensional cemeat
particle wage. In addition, the sutoeoreelation functions™" for
each phise and different groupings of phases are used during
the three-dimensiom reconstracion progess i maeh the cor-
relation structure of the phases witlun the those-dimensicnsl
cement parkicles e heis two-dimensional countegeur.

Initially, digitized sphencal particles matching the pearticle-
sive disiributions given in Tabde 11, at & resolution of 1 pmd
pinel, ane placed from largest o smaliest ol rncdom locanons
ke i three-dimensiema ] compuiational volwme T pasels ona
siader, using periedic boundary conditiens, A fraction of the part
cles are nssipned 0 be gvpeum (o match the gy paum valum:
Meaction of the cerment), with the remainder being desipmied
coment and later separaied inbe distivet phise segions using the
rithon deseribed below, Thus, we ane explicitly assming
fras P gevpraans and che cement particles follow the same paricle-
size distribution. Becieose no seperplasticizer or waler-redicing
et b been used inthe experimental sudies, after mmdom
placement, the parhcles an Aocculated intn o simsde Do stnac-
tire by randomly displasing their cemroids by a distance of one
pinel in one of six random directions =, £y, o band moving
all contacting particles ps o smgle unit in subsequent ileralicns
of The al=ontimn. .

T begin the phase sepmentation of the shres chirmensicoanil
particls wnage, e pwo-point correlzon functicn is determinged
for three different phase combinations™ in the ol two-
dimenstonal scgmenied SEM image: the combined silicates, the
.8, and gither the A or the O AF (whichever st mone
abnasdant of the tao), This funetuon is eviluated for an AN
image using the follewing cquation:

il

M o) & X Ay Tif= s
Sy= 3 B IO )
] T N v

i

where Fivv) = 1l the picel ot location (r.y) contains the
phses) of interest and v, vd = D otherwize, These valees are
thien comverted 1o S0e for distances rin pixels by

AT ool T -
Gl Ar I'_--E'.r-d"_l e

whese, For angles ¢ Fors) = Sie cos L0 sin s)is oblined by
hilingar interpolatica frome the values of 300 v
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The pwer poanl corelation funeiion for the silicates s used 1o
separane the cement particles mio sibeaes and aluminaes, Te
o this, each pixel in the thres-dimensional cement parele
ge s assagned aossdom nember following a nosmal distr
bution (NG generated using the Box-Muller method, ™
Thas random number image is then [ilened psing e auo-
correlahion Tamchon (8 13,y 200

R R e Bk AL
= FLEY.Dh 100 — S(0) 3000

i 1 i
The resultant fmags (80x, v, 200 15 calewlaed as
Rixyz =X X X Nt y+i s+ RV FUE) i)

Fioally, for those pixels in the reseliant onepe onginally
st b be the phaseds) of intercst (eement in this first cased,
a threshold operation is perfommed wocreate the appropriats
volume fractions of the twe phases, For exwnple, i a cement
pixel of interest b an KB-value above a critical chreshold, i s
reassigned o be e aluminate phase. 10 oot it is assigned o be
e silwate phase. The critical threshold valoe s detennaned
spch thiet, alter the threshold eperation. the fraction of pixels
theat has been resssigned corresponds e e desined volums
Fracteea Do the seassigned phase thused on analyses of ihe two-
dimensional 3EM mases

After this algerithm is execuled o separate e Goiment (oon-
vl |:u.1|tu.|..:~ inpo silicaies and alumanates, the appoopreate
volums frchions of |h..-.u: pwn Cphases” exist in the genened
three-dimensional image. However, b renuansg o maich the
sirlice-are .1..I:|...l|"~ as '-.l.|| Todo this, a pixel reamngement
alzorithm, based on analysas of lecal three-dimenst l.'lIﬁ|| Uil
ture, " is used. The local curvatare 16 defined sumply 1o be
prepuntiearal oo the fraction of pixels in some local neghbon-
hood (e, s 3 % 3 X 3 box o sphened that iz assigned 1o
be posesity. Here, pixels of one solid phase locaed ac high-
curvalure 2aes are cxchanged with pixels of the other sl
phase located af low-curvature sites. This changes the fraction
of cach phase in contact with e pore space o tat the surface-
ares (rections of each phase can be mads (0 match the penmete
fractions present in the criginal two-dimensional 3EM image,

Once this phase seporation. is sceamphshed for converting
the “cement” uo the silicates and aluminates, B algonthms
are executed on the o oping tree-dimensional image wo
more times, The silicates ore Turther sepmented inmn ©.5 and
C5, wihereas the aluminates are further divided inte CA amd
CLAF Figure 4 shows o portion of an itial generabed three-
dimensional microsraciure for Cement 113 a0 & wfe @lio
ol 1,41

(2 Theee-Dimensioral Cemrend 5 ydeeiion Model

The cement hydration medel was originnlly developed m wa
dimension=" o operate dwectly on 3EM images such as those
in Fig. 2. Becendly. the model was extended 0 twee dimen-
sions: additions were made o determine mode] heat of bydes
tien and chemicnl shrinkage; and e densities/molar volumes
of C-5-H. erringite. and iron hydroxide were adnpestod 1o beter
masdizl The expermental data -'-:lh..al-:d for actual comentz." Te
begin, one must decide the phases and ceactions o consider in
e cement hydration model, Table ¥ provides a hist of the
phises included e present version of the three-dimensional
cement hyvdratiom madel, with ther densities, molar volumes,™™
and heats of formation.”™™ Figune 3 summarizes (e reactions
inchded in the current version of the model, o modified from
those provided previously," The volume stoichiometrics indi-
cated below cach reaction hive been calculated tused on the
mialar snichicmeines of the reactions and the compownd molar
volumes taboloced in Table ¥, For C-5-H. the density and molar
volume given in Table ¥ were obinined by calibrating measusned
chemical shrinkage to that predicied by the model,™ because
the values given in the literature™ for these propertics predice

Compaier Simdorion sf B ifpned Cemeeny Hvdvanion awd Micreoirictare Develspment 4

Fig, £, Pamen of & reconsinected  (hnee-dimensicasl steting mgs
fer Cerment 115 with wde = 0040 (405 i redd, O.5 is agua, C,A00s goeen,
Coal is orange. anal gypsum o pale geeon)

r chemneal shonkage for the hydration of 005 and €55 n
comrast e the experimentally observed behavies™ For both
CL5 and CL8 hydration, the values gven i Table % oesult in
clemical shinekages of — 6.7 g of HO0g of camaent) @l com
plete hvdmation, in rensanable .IL'IL'LI'I snb with the valee of 5.5 2
of H- li_'},lr-'- of cement) mesured by Powers™ for O 5 after 25 d
fvidneion,

The reactions provided n Frg. 3 are implermeneed 0s o scries
of cellular automana-like rules (see Panel © For o boied imtroduc-
o o eellular-awtcoata) that operate on the origieal three
dimensional reprezentanon of cement particles in watern, Bules
are provided For the dissolution of solicd matenial, diffusion of
the generaied diffusing specics, and reactions of diffusing spe
gies with each other and wath solid phases. These rules ane
sumintarized in the state transition digpnam provided n Fig. &
Thetr wnplementanion is as follows,

For dissolation, Grst, anmital scan s made theeugh all pixels
(elements) present in the hres-dimensional mucrosiraciune, G
identily all pixels that ave tn contact with pore space, Thies, any
solid pimels that have one or more imoeediate (2 L inche x, voor
= directions) neighbors thar are classified as ponsity ane EIL?Ih.E
for dissalutaon, Tn addition, cach solid phase is charactenzed by
pwo dissolution parameters, a solutaliny flag and a disselution
probability. The solubility flag indicates 1f g prven phase
currently soluble dozing tee hydraion process, with 2 value of
1 indicating thar the phass 15 zoluble. The initial coment phases
always are soluble during the hydration process, Conversely,
some phises, such as elongiee, are initially  inseloble Dot
become soluble during the hydration (e, whenthe gypsum is
nearly conswmed). The calciom hydroxide wlso s soluble o
allowe Oatwald ripemng of the smaller caleivm hyvdroxide crys-
tals bt larger ones, The second parsmeter adicares the relative
probability of a ghase dissolving when o pisel contiining that
phase “steps” into pore space, This is included inothe model w
allow the cement minerals 1o react ot different rdes, as his been
ohserved experimentally™ I tee cugrent model configuration,
Coa and L5 are assigned dissolution probatalines 5-8 tnwes
premier than those gaven O AF and C,5, Bocause the latter two
phases generally account for <305 of the cemet, vanatlons in
their dissolution probabilicees do ot have 0 major effect on the
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Table V. Physical Properties of Cementitious Materials

Compound Density Molar volume Heat of formation

Compound name formula Mg/m*) (cm*/mol) (kJ/mol)
Tricalcium silicate C,S 321 71. —2027.82
Dicalcium silicate C,S 3.28 52. —2311.6
Tricalcium aluminate C.,A 3.03 89.1 —3587.8
Tetracalcium aluminoferrite ~ C,AF 373 128 —5090.3
Gypsum CSH, 232 74.2 —2022.6
Calcium silicate hydrate C,,SH, 2.12 108 —3283.
Calcium hydroxide CH _ 2.24 331 -986.1
Ettringite C.,AS.H,, 1.7 735. -17539
Monosulfate C,ASH,, 1.99 313. —-8778
Hydrogarnet C,AH, 2.52 150. —5548.
Tron hydroxide FH, 3.0 69.8 -823.9
Water H 1.0 18.0 —285.83

Silicate Reactions
C,S+353H—>C,,SH,+1.3CH
1 134 1521 061

C,3+4.3H-C,,SH,+0.3CH
1 149 2077 0191

Aluminate and Ferrite Reactions
C,A+ 6H 5 C,AH,

1 121 169
C,A+3CSH,+26H > C,AS,H,,
0.4 1 2.4 33

2C,A +C,ASH,,+ 4H —3C,ASH,
0.2424 1 0.098 1.278

C,AF+3C8H,+ 30H - €, AS,H,,+ CH +FH,
0.575 1 242 33 0.15 031

20,AF+C,AS H,,+ 12H —3C,ASH ,+2CH+2FH,

0.348 1 0.294 1278 009 0.19
C,AF+10H— C,AH,+ CH + FH,
114 117 026 0.3548

Fig. 8. Cement model reactions (Mumbers below reactons indicate
volume stoichiometsy).

results of the hydration model, although recent research has
shown that enhancing the dissolution of C,AF ean significantly
influence the properties of cements with substantial C,AF
fraetions.*®

In a second pass through the microstructure, all identified
sutface pixels are allowed to take a one-step random walk, If
the step lands the pixel in porosity, the phase comprising the
pixel is currently soluble, and dissolution is determined to be
probable (by comparing 4 uniform random number between 0
and | to the dissolution probability), the dissolution is allowed,
and ohe of more diffusing species are generated, as indicated in
Flg. 6. These diffusing species are not individual ions but,
rather, represent a collection of lons that occupy one pixel
{~1 pm*) unit of volume, consistent with a cellular-automata
apFroach to modeling mictosteucture development.'? If the dis-
solution is hot allowed, the surface pixel simply remains as its
cuttent solid phase, but it may dissolve latet in the hydration.
The locations of all diffusing species are stored in a linked list
data structure that can expand and contract dynamically during
execution to optimize memory usage.*’ In this way, unlike in
previous versions of the NIST hydration model,'>"* diffusing
species may femain in solution from one dissolution step to the
next. Previously, all diffusing species were reacted before a hew
dissolution step was perforined.

The generated diffusing species execute random walks in the
available pore space, until they react according to the tules
provided in Fig. 6. For anch diffusing species, the reaction tules

included in the present version of the three-dimensional cement
hydration model are as follows.

(1) Diffusing C-S-H: When a diffusing C-S-H species
collides with either solid C,S or C,S or previously deposited
C-S-H, it is converted into solid C-S-H with a probability of 1.

(2) Diffusing CH: For each diffusion step, a random
numbet is generated to determine if nucleation of a new CH
crystal is probable; if so, the diffusing CH is converted into
solid CH at its present location, In addition, if a diffusing CH
collides with solid CH, it is converted into solid CH with a
probability of 1.

(3) Diffusing FH,: For each diffusion step, a random
number is generated to determine if nucleation of a new FH,
crystal is probable; if so, the diffusing FH, is converted into
solid FH, at its present location. In addition, if a diffusing FH,
collides with solid FH,, it is converted into solid FH, with a
probability of 1.

(4) Diffusing gypsum: The diffusing gypsum can react
only by collision with some other species in the microstructure.
If it collides with solid C-S-H, it can be absorbed if the pre-
viously absorbed gypsum s less than some constant (e.g., 0.01)
multiplied by the number of solid C-S-H pixels currently pres-
ent In the system. If it collides with either solid or diffusing
C, A, ettringite is formed. If it collides with solid C,AF, ettrin-
gite, CH, and FH, are formed to maintain the appropriate vol-
ume stoichiometry, as shown in Fig. 5.

(5) Diffusing etttingite: When diffusing ettringite is cre-
ated, it also reacts only by collision with other species. If it
collides with solid or diffusing C,A, monosulfoaluminate is
formed. If it collides with solid C,AF, monosulfoaluminate,
CH, and FH, are formed. Finally, if it collides with solid ettrin-
gite, there is a small probability that it is converted back into
solid ettringite. This latter rule is provided to avoid the pos-
sibility of a large buildup of diffusing ettringite in the
microstructure,

(6) Diffusing C,A: [f nucleation is probable or the diffus-
Ing C,A collides with solid C,AH, and precipitation is proba-
ble, solid C,AH;, is formed. If it collides with diffusing gypsum,
ettringite is formed. If it collides with diffusing or solid ettrin-
gite and ettringite is currently soluble, monosulfoaluminate is
formed.

For C,AH,, CH, and FH,, the probability of nucleation (P,,.)
of diffusing species is governed by an equation of the form

P (C)) = A L1 = exp(~[C,)/[B)])] &)

where C, is the curfent number of diffusing species i, and A, and
B, constants that control the number and formation rate of
crystals, This results in the effect that few new crystals are
fortied late in the hydration when the “concentrations” of dif-
fusing species are reduced relative to their initial values, in
agreement with experimental observations,*

In general, the hydration reaction products are allowed to
grow with a completely random morphology. An exception to
this is etiringite, where an attempt is made to grow the solid



Tanunry 1947

Cemgparer Sineulatizn of Porsand Coment Boedration and Microsrachine Development 1

Fanel (:

A celular-autonata (04T is basically a computer algo-
rithie that is discrede o space and time and operates o
a lathiee of sies™" (e, @ owo-dimensiona] or o three-
dimensional array of pixels). Starting from some initial con-
fguration, &t epch iteration of the algorithm, the state (value)
of each wite is updated based onoats current value and the
current value(s)of oe or more neighborng sites. The evolu-
tiga of the system strecture (MUCTOSEUCIUn: in 0ur case) over
a series of wwerations {limed then s monioeed in eoms of
both the visual appearance of the system and any aumber of
gtlobal or local properties, sich as phase volume frctions o
percolation characieristics. The stale space of cach lagtice
aite is usuplly limted 1 a few values: for the cement hydra-
tions madel, this state space 15 comprised of individeal values
{integers) correspoading 10 each solid phase (incloding
water) and each possible diffusing species, Lipdae rules for
digsolution and diffusionfresctica are then implemented as
part of the computer algorithm. as sliusiated in Fig. C1
Here, for the center pixel in the 3 % 3 grd, a random
direction 15 chosen (= x, = v, wath the CA catcomes hown
for each of the four possible choices,

The cement hydration moedel is not a pure CA because
noenbecal nformation is offen wed in detennining the state
space evolulion (e.g.. using 4 global concentration of a dif-
fusing specics o determine the likelihood of the nucleation
of o new erystal), bue is longely based on principles otilized
in CA. Using a graphics workstation to implement the CA
for cement hydration in real time provides the added advan-
tage of visualization of the ongoing hydration process,
extremely useful for debugging purposes and for gaining
new insights inte the effects of the sclected rules on the

Cellular-Avtomaia

gvilvang muicrosimctrs

Although often relatively simple in structure. the behavior
produced by ©A can be gquite complex. The held of CA has
been developing over the past 10 years™ " of so, with recent
applications i materials science (sintering ™ and dendritic
growth™ ) und binlogical sysiems.™

DESSOHLLUTION

=l % imi
Enroelinn L 1 l —
LIFFUSIHREACTION
e ' - ¥
Dérgitisy — ! 1' '
i

Fig. C1.  Iusiratien of the simpbs CA algenthms used for disselu-
tiom and diffusicevreastian in the cement hydzation model. In far
1 imapes, centmal paxel being considered is menked wath an .
Irmaages to dlie right then shis the resultant sysiems fior each of 1he
four possible chosen direciions: for dissolution/diffusion (red is
soedicd macerial. green is water-filled porosizy, and blue 15 Gffusing
speiEsl

erringite o nesdlelike structures by evaluating the surface cur-
wilire wsing g pixel-counting algorithm. ™™ When new etirin-
gite is foming. an aicempt is mace 1o maximize the number o
aon-eltringite pisels in comact with the new etringite pixel.
This namurally results in the formation of needielike snringine
striciures,

Pricr to each dissolwion, the three-dimensional microstrue-
fure 1% scanaed o determing the number of pixels of each phase
currenfly present in the system. From these volumes, chemical
shrinkage and heat of lydration can be calculaied. The chemi-
cal shrinkage is caleulnted by determining the amownt of water
consumed by reaction (bosed on the values in Table % and the
reactions in Fig. 5) in comparison to the volume of capillary

Gypsum L e AF

din dia l
dia

Gyp” FH,’

"\‘11 ‘.Hll

\H'::‘d. o H, cal

F T

Eﬁ"' e B R —
" IGypeum]) | dis

ETTR'

T AF

porosity remaining in the microstructure. For low wfe rato
svslems, all of the water may be consumed while some capilliry
porasily remains. For those experiments conducted in this study
for which hydration wes executed under saturated conditions,
simulanons wese performed misuming that exiernal waler
always was available 1o fill the pores emptied by the chemical
shrinkage. Thus. oll porosity remained water filled during the
complete execution of the hydrtion model. However, the
madel hos been further extended b consider lydration under
sealed conditions, To do this, prior @ cach new dissolution
cycle, the volume of remaining porosity is compared 1o ihe
volume of remaining water. The difference wn ihese two values
is converied inde a number of porosity pisels to be converted

s L
cH CSH*
h\. i |
(e - |! e POZZ o
RIFH, T e i8) il cs
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Fig. 6. Seale transiticn diagram for theee-gimensianal cement hydsation model. Armow patierns denode the collision of teo species ta for: 4
hdration product. 7[5 1) denotes that nucleation or dissalutian probability & o funciion af conceniration o valume fraction af plass X Ascerick (<]
indicares diffusing specics, ETTR i efcringits, MONG s monesulfase, pozs is poezcianic material (silica fume, ee.), Gyp i gypsum, col is collision,

e % nuelestion, and dis is disselution,
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into empty porosity. In an attempt to simulate the actual physi-
cal process of pore emptying, the three-dimensional microstruc-
ture is then scanned to identify the largest water-filled pore
regions (using different-sized spherical templates), which then
are emptied sequentially from largest to smallest until the cor-
rect number of empty pore pixels has been created. In this way,
the effects of self-dessication on the evolving hydration process
can be simulated to compare to the experimental measurements
of degree of hydration versus time.

The heat of hydration can be computed based on the heats of
formation given in Table V or the tabulated enthalpy values for
each of the four major phases as listed in Table VI. For the
model, degree of hydration is calculated as the mass of cementi-
tious material that has reacted divided by the starting mass of
cement, with the conversion from a volume basis being per-
formed using the densities of the starting materials given in
Table V.

IV. Results

(1) Comparison of Experimental Measurements

Figure 7 provides a plot of the normalized experimental
results for Cements 115 and 116 for w/c ratios of 0.30, 0.40,
and 0.45 at T = 25°C. In this figure, the heat of hydration values
have been normalized by the values calculated based on the
Bogue potential phase compositions of the cements and the
tabulated heats of hydration of the major phases provided in
Table V1. The nonevaporable water contents have been normal-
ized by the values measured experimentally on high w/c
mixes." Finally, the chemical shrinkage values have been nor-
malized by the value (within £0.01 mL/(g of cement)) that
gives the best fit to the nonevaporable water content data for the
w/c = 0.45 systems. The w/c = 0.45 data have been chosen
because these results should not be affected by the depercola-
tion of the capillary porosity, as discussed below. This value
then is held constant at the lower w/c ratios. As shown in Fig. 7,
excellent agreement is observed between the three measured
properties, except for the lower w/c ratios at longer times, as
explained below. A previous study by Parrott et al*® has
produced similar agreement, finding “a directly proportional
relationship between the heat of hydration and chemical shrink-
age.” Geiker® has noted a linear relationship between chemical
shrinkage and nonevaporable water content for an ordinary
portland cement with w/c = 0.5, cured at 20°C. In addition, in
1935, Powers® reported a linear relationship between heat of
hydration and water absorbed during hydration for four differ-
ent cements, with a constant of proportionality of 19.3 (cal/g)/
(g of water/(100 g of cement)). For the results in Fig. 7, we find
values of 16.9 = 0.9 and 20.6 = 0.9 for Cements 115 and 116,
respectively, in good agreement with Powers’ results.

One interesting observation can be made concerning the
chemical shrinkage data for the lower w/c ratios in Fig. 7. For
both the 0.30 and 0.40 w/c ratios, we can observe that, at longer
times, the chemical shrinkage curves diverge away from the
nonevaporable water content data. In every case, the chemical
shrinkage is below the nonevaporable water content data at long
times. As has been suggested by Geiker,” this is due to the
depercolation of the capillary porosity in the hydrating cement
paste. As hydration occurs, depending on the initial w/c ratio, a
point is reached where the capillary porosity is no longer con-
nected, and transport then must occur through the much smaller

Table VI. Enthalpy of Complete
Hydration for Major Phases of Cement

Phase  Enthalpy (kJ/(kg phase)) Source

C,S 517 Ref. 16"
C,S 262 Ref. 16
C.A 1144 Ref. 16°
C,AF 725 Ref. 228

"wic = 04 and T = 21°C. *Assuming production of
monosulfoaluminate phase. *w/c = 0.5 and T = 20°C.
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gel pores in the C-S-H gel." Because this transport occurs at a
much slower rate, the rate at which water is absorbed into the
specimen falls below the rate at which empty voids are being
generated, leading to the observed divergence in the experimen-
tal curves. The horizontal lines provided in Fig. 7 indicate
the degree of hydration needed to achieve this capillary pore
discontinuity, based on results from the original C,S hydration
model.”""* The agreement between the experimental observa-
tions and the predicted point of discontinuity is quite good,
particularly for the w/c = 0.30 data sets. This pore discontinuity
also has been observed recently using impedance spectroscopy
measurements on partially frozen cement paste specimens.*

To calibrate the model to the experimental results, both are
fitted to the same functional form. In the literature, a variety of
models have been used to fit either degree of hydration or
strength development versus time,”’ mainly in connection with
the application of the maturity method to concrete strength
development. Two commonly used models are the linear- and
parabolic-dispersion models originally developed by Knudsen.*
The parabolic form of the model, which generally has been
found to provide the better fit to the experimental data,' takes
the form

k(t — 1)

A =Aum (6)

where A, is the ultimate achievable value of the property, ¢, an
induction time, and & a rate constant. Equation (6) does not
attempt to model degree of hydration, «, during the early accel-
eratory period of the cement hydration (0 < o < 0.15), but
generally provides an excellent fit to experimental data for
o >0.152

Equation (6) has been fitted to the experimental nonevapo-
rable water content data using nonlinear regression analysis
available in pATaPLOT,™ a graphical analysis software package
developed at NIST. Although the 8 h data point for nonevapora-
ble water content, generally corresponding to an « in the range
0.10-0.15, is slightly outside the range of application of the
dispersion model recommended by Knudsen,™ the fitted lines
deviate little from these data values, suggesting that « > 0.10
may be a more practical application range for Eq. (6). Figure 8
provides a representative example of the fit of Eq. (6) to the
experimental data; for both cements, the fits in general are
excellent. Table VII summarizes the results of the regression
analysis, including the results generated at all three tempera-
tures investigated in this study. For the 25°C results, the value
of t, is relatively constant for a given cement at the three
different w/c ratios.

(2) Model Results

Some general results of the microstructure model are pre-
sented before proceeding to the comparison of model hydration
rate, heat release, and chemical shrinkage to the experimental
data. Results can be summarized conveniently by plotting the
phase volume fraction versus the number of elapsed dissolution
cycles for each phase present in the model. Typical results are
illustrated in Figs. 9 through 11, which provide a series of
graphs for Cement 116 at w/c = 0.40. For the anhydrous phases
(C,S, etc.), the phase fractions decrease monotonically with
cycles, but at rates proportional to the assigned dissolution
probabilities of the phase (i.e., C;S and C,A react at higher
rates than C,S and C,AF). Similarly, as shown in Fig. 10,
porosity decreases monotonically with cycles. C-S-H, CH, and
FH; increase monotonically with cycles.

The behavior of the aluminate hydration products is more
complex, as shown in Fig. 11, for the first 800 cycles of hydra-
tion. Here, while gypsum remains in the system at a significant
level (>10% of its initial volume), mostly ettringite (and a little
C,AH,) is formed from the reaction of the aluminate phases
with gypsum. When the gypsum is nearly consumed,
the formation of the monosulfoaluminate phase (Afm) begins,
and the supply of ettringite is gradually depleted, while more
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Fig. 7. Experimental results for CCRL Cements 115 and 116 versus time.

C,AH, continues to form. The initiation of monosulfoaluminate
formation prior to the complete depletion of gypsum is consis-
tent with recent experimental results on the pure aluminate
phases.™ The shapes of the curves for the ettringite buildup and
decay and the monosulfoaluminate buildup are quite simi-
lar to those found in the literature,*® as measured using XRD on

0.2

@
o
L

NON-EVAPORABLE WATER CONTENT

0 S ——

0 1 2 3
LOG(TIME(H))

Fig. 8. Fit of Knudsen’s parabolic dispersion model to experimental
nonevaporable water content (g H,0Of(g cement)) versus time for
Cement 115 with w/c = 0.40 and T = 25°C.

pastes in which the dissolution of the ferrite phase has been
specially activated. The persistence of ettringite at long times
also is consistent with the recent synchrotron radiation—energy-
dispersive diffraction measurements of Henderson er al.,”> who
measured ettringite contents on the order of 7% after 326 d of
hydration for a w/c = 0.5. This value is larger than those
predicted by the model in the present study, which could be due
in part to the lower sulfate content of the cements (~1.6% SO;
versus the 2.7%-2.9% in Table I) used in the experimental
study.”

In Fig. 11, the ettringite peaks to a maximum volume fraction
at ~60-70 cycles. Later results present the calibration of model
cycles against experimental time; such results indicate that 60—
70 cycles corresponds to ~12—15 h of real time for these
cements. This is a reasonable time for the conversion of ettrin-
gite to monosulfoaluminate to begin, as indicated by a second-
ary peak in calorimetry measurements.*® Such a shoulder (peak)
on the heat release curve can be clearly observed for the heat
release signal curve for Cement 116 in Fig. 3 (occurring at
~750 min). However, some researchers® have suggested that
this secondary heat peak is associated with the renewed forma-
tion of ettringite and not the conversion of ettringite to mono-
sulfoaluminate. Tt should be recognized that model parameters
(gypsum and aluminate dissolution rates) can be adjusted to
obtain this depletion of gypsum at any specific time. Here, the
relative agreement with conventional experimental observa-
tions is rather fortuitous, because no specific attempt has been
made to achieve this gypsum depletion at a specific time.
Rather, the relative dissolution probabilities of the phases have
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Table VII. Parameters for Knudsen’s Parabolic Dispersion Model for Cements 115 and 116
wic Temperature (°C) A, (g H,O/(g cement))" k(' t, (hy
Cement 115
0.30 15 0.180 (0.007) 0.124 (0.014) 7.3(0.5)
0.30 25 0.171 (0.003) 0.218 (0.017) 6.2 (0.5)
0.30 35 0.159 (0.002) 0.359 (0.025) 5.4(0.5)
0.40 15 0.215 (0.003) 0.089 (0.004) 6.9 (0.3)
0.40 25 0.193 (0.002) 0.154 (0.005) 6.2 (0.2)
0.40 35 0.180 (0.002) 0.272 (0.014) 4.8 (0.5)
0.45 15 0.218 (0.008) 0.099 (0.012) 7.0 (0.6)
0.45 25 0.207 (0.003) 0.145 (0.008) 54(0.5)
0.45 35 0.185 (0.002) 0.271 (0.013) 5.0 (0.4)
Cement 116
0.30 15 0.196 (0.005) 0.139(0.011) 7.6 (0.2)
0.30 25 0.181 (0.004) 0.299 (0.031) 7.5(0.2)
0.30 35 0.183 (0.001) 0.372 (0.013) 5.2(0.2)
0.40 15 0.232 (0.009) 0.103 (0.012) 7.5(0.4)
0.40 25 0.221 (0.004) 0.197 (0.016) 7.500.2)
0.40 35 0.211 (0.004) 0.304 (0.032) 5.4(0.7)
0.45 15 0.247 (0.007) 0.106 (0.009) 7.5(0.3)
0.45 25 0.231 (0.005) 0.187 (0.016) 7.0 (0.4)
0.45 35 0.226 (0.006) 0.275 (0.035) 5.3(0.9)
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"Numbers in parentheses indicate approximate standard deviation provided by paTapLOT."
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Fig.9. Model anhydrous cement volume fractions versus elapsed
cycles for Cement 116 with w/c = 0.40.
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Fig. 10. Model porosity and reaction product volume fractions versus
elapsed cycles for Cement 116 with w/c = 0.40.

been set a priori at reasonable values based on data in the
literature.*

(3) Calibration of Experimental to Model Predictions

To fit the model results to those measured experimentally, a
conversion between cycles and time is necessary. The simplest
conversion would be to use a linear proportionality (time =
B X cycles). However, it has been pointed out previously to the
author that, if one assigns unit real time to each iteration of the
NIST cement hydration model, linear kinetics are generated
that closely follow Knudsen’s linear dispersion model.”” But,
because experimental observations largely indicate parabolic
hydration kinetics, a better match between model kinetics and
experiment has been sought by investigating an alternative
iteration—time mapping, namely

time(h) = 1, + B X (cycles) @)

with the 7, term (from Table VII) included because the current
version of the cement hydration model covers only the post-
induction period. In this way, the linear kinetics obeyed by the
model can be adapted to the parabolic kinetics exhibited by the
real cements.

To calibrate the model to the experimental results based on
the nonevaporable water content data, the model results for
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Fig. 11. Model aluminate reaction product volume fractions versus

elapsed cycles for Cement 116 with w/c = 0.40.
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Table VIII. Parameter for Converting
Cycles to Time for Cements 115 and 116

Cement wic B
115 0.30 0.0014
115 0.40 0.0023
115 0.45 0.0020
116 0.30 0.0013
116 0.40 0.0016
116 0.45 0.0016

degree of hydration have been regressed in Eq. (6) using the
earlier deduced parameters for A, and &, and a subset of the
model degree-of-hydration data. This subset has been generated
by selecting single data points at ~0.05 degree-of-hydration
intervals for values of degree of hydration between 0.10 and the
amount of hydration achieved experimentally at 90 d. In this
way, the regression being applied to the model is being
weighted in approximately the same manner as that which has
been applied to the experimental results. This step is deemed
necessary because the model degree of hydration values are not
evenly distributed with number of cycles (i.e., more hydration
occurs during the early cycles than during the later ones). The
previously determined value of A, has been converted to a
degree of hydration, via normalization by the value for the
nonevaporable water content at complete hydration (0.226 or
0.235). The coefficients determined for B as a function of
cement and w/c ratio are summarized in Table VIII. Interest-
ingly, the values for B are relatively constant, suggesting that a
constant value of B (such as the average B value of 0.0017) can
serve to model all of the results for the two cements and three
w/c ratios. From the variability in the results in Table VII, an
average value of 7, (namely 6.7 h) also may suffice for these
two particular cements at 25°C. This value is slightly larger
than the final times of set measured for the two cements using
the Vicat and Gillmore needle techniques, which are both on
the order of 5 h.*°

Once a value(s) of B has been determined, plots comparing
model and experimental results can be generated. Figures 12
through 14 provide example fits of the model to the experimen-
tal data for Cement 115 with w/c = 0.40. In these figures, the
solid lines indicate the model data obtained using the specific
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Fig. 12. Measured and model degree of hydration versus time for
Cement 115 with w/c = 0.40.

values of ¢, and B for w/c = 0.40 for Cement 115, as given in
Tables VII and VIII, and the dotted lines indicate the results
that would be obtained using single average values for these
parameters regardless of w/c ratio and cement identification.
Figures 12 through 14 show that the agreement between the
solid lines and the experimental data is, in general, excellent.
For the other w/c ratios and for Cement 116, the quality of the
fits is similar to that exhibited in Figs. 12 through 14. For the
dotted lines, the agreement is similar, suggesting that, for these
two cements, a single relationship can be used to convert model
cycles into real time. This suggests that, by capturing the particle-
size distribution and phase distributions of the cements, much
of the hydration kinetics behavior is implicitly included in the
hydration model; i.e., the initial cement particle microstructure
has a large influence on the postinduction period kinetics of
cement hydration. Thus, a calibration performed for one cement
at one w/c ratio can be used to predict the hydration behavior of
other cements, of reasonably similar phase composition, at a
variety of w/c ratios.
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Fig. 13. Measured and model chemical shrinkage versus time for Cement 115 with w/c = 0.40.



16 Journal of the American Ceramic Society— Beniz

i
ool sl oo ol e el el

500 8
O- MEASURFD HEAT RELEASE
o 400 -
<
~ ]
>
'y
~ 300 -
o
5 ]
(]
=200 -
& -
—
5 100 -

-3 -2 -1 9 1 2 3 4 5
LOG (TIME (n)) [REAL AND SCALED MODEL |

Fig. 14. Measured and model heat release versus time for
Cement 115 with w/c = 0.40.

(4) Prediction of Compressive Strength

In terms of performance variables, one important property is
the compressive strength. Previously, Osbaeck and Johansen™
developed a mathematical model relating cement particle-size
distribution to strength development. Assuming that the depth
of the hydrated layer is independent of particle diameter (which
also is assumed tacitly in the NIST cement hydration model)
and proportional to the square root of time, they were able to
quantitatively predict the effects of particle-size distribution on
strength evolution. More recently, Tsivilis and Parissakis® also
showed that cement fineness is an important factor influencing
compressive strength, with phase compositions becoming sig-
nificant at later ages. In this study, we also have attempted to
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ASTM C 109" mortar cubes, making

eve
use

the gel-space ratio
concept of Powers and Brownyard.” The gel-space ratio is
defined by*
0.68
x =088 ®)
0.32a + <

where « is the degree of hydration. It has been shown that the
compressive strength of ASTM C 109 mortar cubes () at any
age (t) can be related to this gel-space ratio in the following
manner:?

o.(t) = o, X(t)" &)

where o, represents the in

takes on values between 2.6 and 3.0, dependmg on the cement
being investigated. Powers and Brownyard observed the value
of o, to be lower for cements with higher Bogue potential C,A
contents (e.g., >7%).”® Recently, Radjy and Vunic® showed
that the gel-space ratio can be used to predict the compressive
strength development of concrete based on measuring the adia-
batic heat signature to estimate the degree of hydration.

Based on ASTM C 109,” test mortars were prepared with
wfc = 0.485 for portland cement materials. Thus, model
cements with w/c = 0.485 were generated for Cements 115
and 116 using the previously described computational tech-
niques. Because no experimental nonevaporable water content
data were available, the values of t, and B determined for each
of the two cements at w/c = 0.45 were used to convert mode]
cycles to time based on Eq. (7). From the CCRL test program,
compressive strengths at 3, 7, and 28 d were available. The
NIST cement hydration model was utilized to compute the
expected degree of hydration for these cements at 3, 7, and
28 d, so that X could be computed according to Eq. (8). The 3d
measured compressive strength then was used to determine the
value of o, in Eq. (9), assuming an exponent » of 2.6. Values of
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Fig. 15. Predicted and measured compressive strength development for Cements 115 and 116.
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The maturity method has been developed to provide a
quantitative technique for predicting the in-place compres-
sive strength development of a concrete, based on its thermal
history.”” Because strength is strongly linked to the amount
of cement that has reacted (degree of hydration), this
approach should also be applicable to predicting the effects
of temperature on hydration kinetics. In fact, the expressions
commonly used in the maturity method to relate strength to
time®' are equivalent to the dispersion models of Knudsen,”
which are being used in the present study to relate degree of
hydration to time. Basically, the maturity method accounts
for the time—temperature history of the curing of a concrete
by determining a relationship between temperature and a
rate constant, typically a rate constant for compressive
strength development, but, in our case, one for degree of
hydration development (& in Table VII).

Typically, an Arrhenius function of the form

k= kyexp(—E,/RT) (10)

is fitted to the values of the rate constant & versus tempera-
ture, such as those provided in Table VIL In Eq. (10), T is
the absolute temperature (in kelvin), R the universal gas
constant (8.314 J/(mol-K)), and E, an apparent activation
energy (typically in kJ/mol). Because the different mineral
phases of a cement may react at different rates, implying a

Panel D: Maturity Method

nonhomogeneous system, E, is not a true activation energy
but, rather, provides an apparent value.” Based on Eq. (10)
a plot of In k vs 1/T should give a straight line whose slope
is proportional to E,. Although alternatives to the Arrhenius
equation, such as a simple exponential function (e.g., k =
A, exp(BT), T in °C), have been explored previously,” for
this study, the Arrhenius equation generally was found to
provide the better fit (smaller residual standard deviation)
to the data. Once k has been determined as a function of
temperature, then, at any temperature of interest (7)) an
equivalent time (#.) can be calculated relative to a reference
temperature (7, 25°C in this study), as

ke [ EfL N
te_kr = exp R\T T t ( )

i T

where k. is the rate constant at the experimental temperature
of interest, k, the rate constant at the reference temperature,
and ¢ the elapsed time at the experimental temperature. In
this way, time values at which degree of hydration has been
measured at any temperature can be converted to equivalent
times at 25°C, so that data obtained at various temperatures
can be plotted on a single equivalent time axis, in hopes
of obtaining a single curve for degree of hydration versus
equivalent time.

o, of 129 and 99 MPa were thus determined for Cements 115
and 116, respectively. As noted above, Cement 116, with the
higher C;A content, was observed to have the lower intrinsic
strength.

Once o, was determined, the model could be used to predict
o, at 7 and 28 d for comparison to the experimental data.
Figure 15 presents the predicted strength developments in com-
parison to those measured in the CCRL proficiency sample
program.”® The standard deviation in the measured values also
is included in the plots for reference purposes. The predictive
ability of the model again is demonstrated, because it appears
that compressive strength can be predicted well within the
standard deviation of an interlaboratory test program. Because
the model explicitly accounts for the particle-size distribution
and phase composition of a cement, these resuits suggest that
these parameters affect strength mainly through their influence
on the hydration kinetics of the cement paste, because Egs. (8)
and (9) are based only on the degree of hydration and w/c ratio
of the system.

(5) Effects of Temperature

Table VII also contains the values of A, k, and ¢, determined
via the nonevaporable water content measurements at 15° and
35°C. As would be expected, the rate constant (k) is a strong
function of temperature. In addition, the induction period (#,)
decreases slightly with increasing temperature, as does the
value of the asymptotic nonevaporable water content (A,).
Geiker® has noted a similar trend for the values of A,, quoting
values of 0.206, 0.201, and 0.198 g of H,O/(g of cement) for
curing temperatures of 20°, 35°, and 50°C, respectively, for a
rapid hardening portland cement with w/c = 0.45, based on the
data of Munkholt.*'

Perhaps the simplest method for relating model results cali-
brated at 25°C to other temperatures is through the use of a
maturity-type approach®®? (see Panel D). Table IX summarizes
the values determined, using this approach, for the apparent
activation energies for the rate of hydration for Cements 115
and 116 for the three w/c ratios investigated in this study. The
values, all in the range of 35-42 kJ/mol, are in good agreement
with those previously determined for cementitious systems, as
summarized by Tank and Carino.”

Using the average value of the activation energies given in
Table IX, 38.2 kJ/mol, multiplicative factors of 0.585 and 1.65
would be necessary to convert the curing times at 15° and
35°C to equivalent times at 25°C, respectively. Using these
two values, Fig. 16 provides plots of the degree of hydration,
estimated via the nonevaporable water content, versus time for
the two cements and three w/c ratios. In every case, using the
equivalent time concept collapses the three data sets onto a
single master curve. Although some dispersion is seen at longer
times, in general, the three data sets asymptotically approach
about the same value for degree of hydration, for a fixed cement
and w/c ratio.

Based on a simple application of the gel-space ratio concept
described previously, one would expect that these systems
might also have the same ultimate strength values. This, how-
ever, is in contrast to measured compressive strength values for
concretes with w/c = 0.45,5% where the ultimate strength is
significantly higher the lower the curing temperature (e.g., the
ultimate strength for a concrete cured at 10°C may be 180% of
that for an equivalent concrete cured at 40°C). The most likely
explanation for this discrepancy is that the intrinsic strength of
the cement hydrates is a function of curing temperature. This
would change the value of o, in Eq. (9) and alter the values of
the coefficients used in Eq. (8). Because Geiker® has noted
that the measured chemical shrinkage is significantly less for

Table IX. Apparent Activation
Energies for Hydration of Cements 115 and
116 as Determined by the Maturity-type

Approach
Activation energy
Cement wic (kJ/mol)*
115 0.30 39.3 (0.6)
115 0.40 41.3(1.2)
115 0.45 36.9 (6.0)
116 0.30 36.5 (11)
116 0.40 40.0 (3.8)
116 0.45 3533.2)

“Numbers in parentheses indicate approximate standard
deviation provided by DATAPLOT.*
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samples cured at elevated temperatures, it would seem likely
that the C-S-H gel formed at higher temperatures is incorporat-
ing less water into its gel structure, in turn implying a denser
gel. This increased density of the C-S-H gel also would be
consistent with the increased and coarser capillary porosity
measured on samples cured at higher temperatures.®* In this
case, to truly model the effects of temperature on hydration and
microstructure, the stoichiometry, molar volume, and density of
the C-S-H phase should be a function of curing temperature.
However, if one’s main interest is in predicting degree of hydra-
tion, the maturity-type approach coupled with the current version
of the NIST cement hydration mode] appears to be adequate,
based on the results in Figs. 12 and 16.

(6) Effects of Sealed Hydration

In addition to temperature, another material environmental
condition variable of interest in hydration studies is the mois-
ture content of the cement paste. Because cement hydration is
generally viewed as a dissolution—precipitation process, the
availability of water in the capillary pore space is paramount.
As indicated by the chemical shrinkage measurements pre-
sented above, in a sealed system, empty pores are created as the
hydration proceeds. This in turn would be expected to affect
the kinetics of the hydration because of changes in solution
concentrations and the reduction in available volume into which
reaction products can precipitate. Modeling of this behavior
is especially important for high-performance concretes, which
often are based on mixture proportions with w/c = 0.35,
because of the expected reduction in hydration (and strength)
relative to saturated curing, and because the menisci created

Superposition of degree of hydration results at three temperatures for CCRL Cements 115 and 116.

as the pores empty induce drying (self-desiccation) shrinkage
stresses within the microstructure,®®®” even before the materi-
al’s strength is fully developed.

To preliminarily test the capability of the NIST cement
hydration model to effectively reproduce the effects of self-
desiccation on hydration kinetics, the model was executed for

4 LINES- MODEL PREDICTIONS
0- SATURATED (EXP.)
7 O- SELF-DESICCATED (EXP.)

DEGREE OF HYDRATION
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Fig. 17. Predicted and measured degrees of hydration for
Cement 115 with w/c = 0.30 hydrated under sealed and saturated
conditions at 25°C,
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Fig, 18, Compasison of hydresd microsinscsures for ivdraten under (a) salurated arsd (b} sealed conditians (0,5 i= red, ©.5 s aqua, Uy is green,
CLAF & poange, gypsum is pale green, C-5-H 5 yellow, other bydzation products are magents, sater-fllal porsity is blue, and emply pomsiy

is hlackn

Cement 115 with wie = 020 under conditicns i which no
cxternal water was avalable, so tha cmpiy pores wene ereated
as the hydration proceeded as deseribed in the Computatiosal
Technigues section. In addibon, experimental measurements
were amle wmber both soturated  and sealed  conditions.
Figure |7 provides a comparison of the experimental mensere-
ments and modal prechctions for degree of hvdrasion versus
time for these pwo sysems. Model oveles were converted 1o
time using values of & = 00017 and 1. = 6.7, Once again, the
mslel was found o reproduce the experimientally observe
difference i hvdration kineties due 1o the self-desiccating con-
ditions, Early in the hydration process, the Kinetics were ool
influenced sivongly because sufficient waler was present and
few emply pores existed, However, s hydration continwed,
the cmply pores occepied an everancreasing fraction of the
rermazning 1otal porosity, resulting in o significant decrease in
achieved degree of hydration. This is shown clearly an Fig, 18,
which compares two-dimensional slices from the same z-plane
atter 5000 cveles of hvdranon under boah saturtied and sealed
conditicns, Substiuting the 90 d value of @ imo Eqs. (8) and
£, one finds a reduction in predicled 90 d compressive strength
froom 1402 to 83 MPa. a reduction of ~20%, emphasizing the
impantance of the proper curing of low swic ratio concretes. If
wn aceurite mode] could be developed for the drving kinetics of
g hydrating cement pasts, it should be possible to extend the
cement hvdration model o consider bydration of coment paste
exposed o differant exteml relative humidities. in addition o
the saturated and sealed condinons explored in this sudy,

V. Conclusiomns

The results presenced in this paper illustrate e importmes
of the physical microstrusiure (particle-size distributicons and
Phaze fractions and distributicns} of the imtisl cement powder
in influencing the hydrtion inetics of cement paste. This
emphasizes the necessity of an accurate and quantitative char-
eleriehon of the staring materials o develop a realisnic
hvdration model. The development of & three-dimensional com-
puter mede] wlilizing realistic staring microstnecieres has been
shown 1o peovide quantuative prediclions of the effects of
vemen! composition, waler-to-cement (ede) raho, sl cwering

envirenment on resultant kydration and physical properies,
such as heat release and morar cube compressive sirength. In
Jeeniral, for dhe two cements examined myothas siady, onee o
culibration is pecformed for ose cement and wic o, the
predictive abiliny of the maodel for other systems is excellent,
suggesting thad the model may be applicable in desipming noew
miderials. Future efforts will concentrate om the incorparation
of mieral admnxiures, such as silica fume and Ay ash, and te
swekehitiom o on or more compater modules o model the early
time (induction penod) hydraton behavior, so that the length of
the induetion period can be predicted as well.
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