Drying/hydration in cement pastes during curing

by

D.P. Bentz
Building and Fire Research Laboratory
National Institute of Standards and Technology
Gaithersburg, MD 20899 USA

K.K.Hansen and H.D. Madsen
Technical University of Denmark
Lyngby, Denmark

F.Vallée
Centre Scientifique et Technique du Batiment
Marne-la-Vallée, France

and
E.J. Griesel

University of Cape Town
South Africa

Reprinted from Materials and Structures/Matériaux et Constructions, Vol. 34, No. 243, 557-
565, November 2001.

NOTE: This paper isa contribution of the National Institute of Standards and
Technology and is not subject to copyright.

H
B ooT-10sl

MIST CEMTEMMIAL

NIST

Mational Institute of Standards and Technolagy
Technology Adminisiration, U5, Deparment of Commerce



Materiais and Structures/Matériaux et Constructions, Val. 34, November 2001, pp 557-565

Drying/hydration in cement pastes during curing

D. P. Bentz!, K. K. Hansen?, H. D. Madsen?, F. Vallée> and E. J. Griesel*
(1) Building and Fire Research Laboratory, 100 Bureas Drive Stop 8621, National Institute of Standands and Technology, Gaithersturg,

MD 20899-8621 USA
(2) Technical Universty of Denmark, Lyngby, Denmark

(3) Centre Scientifique et Technique du Btiment, Marne-la-Vallée, France

(4) Univerity of Cape Town, South Afrca

Paper received: August 21, 2000; Paper accepted: March 23, 2001

ABSTRACT

RESUME

As concrete cures in the field, there is a constant com-
petition for the mixing water between evaporation and

of

Lots de la cure du ciment sur chantier, la réaction d'hydrata-
tion est en constante compétition avec Pévaponation. La compré-
hension bcanismes de d’eavt au sein de la péte

hydration processes. Understanding the mect
water movement in the drying/hydrating cement paste is
critical for designing curing systems and specialized ren-
dering materials, as well as for selecting repair materials
and methodologies. In this work, X-ray absorption mea~
surements indicate that fresh cement paste dries uniformly
throughout its thickness, as opposed to exhibiting the
sharp drying front observed for most porous materials.
Furthermore, in layered composite cement paste speci-
mens, water always flows from the coarser-pore layer to
the finer one, both when coarser pores are produced by
using an increased water-to-cement ratio (w/c) and when
they are present due to using a cement with a coarser par-
ticle size distribution at a constant wjc. Conversely, no
clear differential water movement is observed between
layers of cement paste and mortar of the same nominal
wc. Based on the results of these experiments, drying has
been introduced into the NIST CEMHYD3D cement
hydration and microstructure development model, by
emptying the largest water-filled pores present at any
depth in the model specimen at a user-specified (drying)
rate. With this addition, the CEMHYD3D model pro-
duces results in good agreement with experimental obser-
vations of both the drying profiles and the hydration
kinetics of thin cement paste specimens.

1. INTRODUCTION

To achieve optimal performance from cement-based
materials in the field, proper curing conditions must be
maintained throughout the first few weeks of their life
[1,2]. Unfortunately, due to a lack of quality control in
the field, concretes and mortars often experience con-

Editorial Note

en cours de séchage/hydnatation est essentielle non seulement en
vue de déterminer des méthodes de cure adaptées et de développer
des mortiers spéciaux, mais également en vue de sélectionner les
bons produits et les bornes méthodologies de réparation. Dans ce
travail, les mesures d’absorption des mayons X mettent en évi-
dence que la pdte de ciment séche de_fagon uniforme sur toute son
Epaisseur, et non selon un front marqué comme on peut couram-
ment l'observer dans les matériaux poreux. De plus, dans le cas
de pite de ciment bi-couche, les mouvements d’eau se font tou-
jouirs de la couche contenant les pores de taille la plus importante
vers celle contenant les pores les plus fins, que les pores grossiers
soient dus & un rapport efc élevé ou & une granulométrie grossiére
des particules de ciment. A Uinverse, aucun mouvement d’eau
st observé entre couches de pdte de ciment et de mortier & rap-
port ¢/c constant. Sur la base de ces résultats, le séchage a été
introduit dans le modéle d’hydratation et de développement de la
microstructure du ciment CEMHYD3D développé par le
NIST. Les pores saturés d'eau de tailles les plus importantes
sont ainsi vidés selon une cinétique fixée par Uopérateur, ceci
quelle que soit leur position dans Pépaisseur de 'échantillon.
CEMHYD3D génére ainsi des résultats présentant une bonne
corrélation avec les observations expérimentales, en terme de pro-
fils de séchage et de cinétiques d’hydratation, réalisées sur des
pites de ciment de faible épaisseur.

siderable drying before the cement paste matrix has
undergone "complete” hydration. For some materials,
such as the thin cement/polymer composite mortats
used as rendering materials, later addition of liquid water
to the dried composite is not able to "reinitiate’ the
cement hydration process [3]. For others, this re-initia-
tion of hydration causes significant internal damage to
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the microstructure and a loss of mechanical properties
[4]. Basic understandings of water movement and the
kinetics of both hydration and drying in cement-based
materials are thus needed to produce systems with ade-
quate performance. This applies to freshly cast cementi-
tious systems, curing compounds, and repair materials.
In this paper, experimental and computer modeling
studies are applied to elucidating an understanding of the
basic mechanisms of water movement in fresh cement
pastes and mortars.

For the experimental studies, use was made of an X-
ray environmental chamber that has recently been con-
structed at the Technical University of Denmark to
examine building materials exposed to various drying
environments [5]. Both relative humidity and air tem-
perature can be controlled within the chamber, which
also serves as a shield from the X-ray source. In this
study, the X-ray environmental chamber was used to
monitor water movement during the drying of small
cement paste and mortar specimens. Because the X-ray
absorption is proportional to the density of the materials
through which the X-rays are passing, a high water-to-
cement ratio (w/c) less dense paste will absorb less X-rays
than a lower wjc paste. Similarly, a paste that has dried
out will absorb less X-rays than the same paste under its
initial saturated conditions, allowing a rapid non-
destructive quantification of the moisture distribution
within the drying/hydrating sample.

In addition to the experimental studies, the NIST
three-dimensional cement hydration and microstructure
development computer model [6, 7], CEMHYD3D, has
been extended to directly consider drying and the conse-
quences of empty (as opposed to water-filled) porosity
on microstructure development and hydration kinetics.
Based on the experimental observations, appropriate
algorithms were developed for simulating the drying of
fresh cement paste and the extended code was applied to
simulating several of the systems on which experimental
measurements were made [8, 9].

2. EXPERIMENTAL PROCEDURE

Details of the X-ray environmental chamber are pro-
vided in Refs. [5] and [8]. The X-ray system consists of
an X-ray source, a detector, and a positioning table to

potential Bogue composition of 58.6% C;S, 14.8% C,S,
10.6% CsA, and 7.5% C,AF based on oxide analysis,
with a Blaine fineness of about 350 m?fkg [10]. The low
C;A cement has a Bogue composition of 59.0% C,S,
25.9% C,8, 0.6% C,A, and 14.2% C,AF, as determined
by quanttative microscopy, with hemihydrate added at a
mass fraction of 0.05. For the ultra-fine cement, the
Bogue composition (via quantitative microscopy) is
73.8% CsS, 16.5% C,S, 7.1% C;A, and 2.5% C,AF,
once again with a 5.0% by mass hemihydrate addition.
Small (50 g to 100 g) samples of cement pastes and mor-
tars were prepared in glass beakers and mixed by hand
using a spatula for two to three minutes. In general,
cement pastes and mortars of wjc = 0.3 and 0.45 were
prepared.

The fresh cement pastes were placed in either small
inverted Lego' blocks (a common children's toy building
block) or larger parallelepiped cuvettes, which were
either left open or sealed with a cap. The Lego blocks
and plexiglass cuvettes were chosen as sample holders
due to: 1) their low absorpuon ofX rays [9], 2) their
inherent stackability (allow: of the
block within the X-ray chamber) 3) the case with which
they can be sealed by adding a cap, and 4) the ease with
which they can be filled with a level volume of the vis-
cous cement paste. The cuvettes have the additional
advantage of being transparent, so that the drying behav~
ior may be directly inferred from changes in the "bright-
ness” of the sample. The basic experimental setup, illus~
trated for the composite (layered) cement paste
specimens to be described below in the Results and
Discussion section, is shown in Fig. 1.

Each block was labeled and weighed (to £ 0.01 g)
before the cement paste was added. The masses of the
cement paste-filled blocks were determined initially and
periodically throughout the exposure period. The
blocks were located sequentially on a holder (an inverted

move the source and detector relative to the sp
being evaluated. The detector uses an Nal crystal and
measures the photon count for each of 256 discrete
energy channels. The entire system is computer con-
trolled, so that the user may set up a grid of specimen
points to be evaluated at periodic intervals.

For this study, three different cements were used: 1)
an ASTM Type J/II ordinary portland cement, issued as
Cement 133 in June 1999 by the Cement and Concrete
Reference Laboratory at NIST [10], 2) a coarse low C;A.
content cement ground to a fineness of 254 m%/kg
(median particle diameter of about 25 pm) [11], and 3) an
ultra-fine cement ground to a fineness of 654 m?fkg
{median particle diameter of 5 um). Cement 133 has a

T
1.0 mm ir-
diamerer Air- 23T Cap | Cap
pinhols 50% RH
I =
#1 2 L] # [wl: .4 wice0.3]
3wt 3[wicboa
# © 3
Lego blocks
Xeray
Source

Fig. 1 - Experimental setup for the first layered cement pastes
experiment. Image on the left shows a horizontal view of the
setup with samples numbered from 1 to 4 and image on the right
is a vertical view [8].

(1) Certain commercial equipment is identified in this paper to specify the
experimental procedure. T 1o case does such identification imply endorsement
by the National Institute of Standards and Technology, nor does it indicate
that the products are necessarily the best available for the purpose.
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Fig. 2 - Measured spectra for fresh coment pastes (8]. Each chan-
nel number corresponds to a discrete energy level.

Lego base element) placed at a fixed location within the
X-ray chamber. After specific periods of exposure, the
X-ray system was used to scan vertically (in 0.2 mm
increments) a distance of either 8 mm (Legos) or 20 mm
(cuvettes) along the central y-axis of each block. A five
second count time was used at each location to improve
the signal to noise ratio. Assuming a Poisson process,
the relative standard uncertainty in the sum of the
counts obtained for channels 50 to 150 should be on the
order of 300 counts or 0.4% (for a sum of 70,000
counts, a typical value for the cement paste specimens).
Examples of spectra measured for two of the fresh
cement pastes are provided in Fig. 2. The small peak at
channel 200 is from an internal Cobalt source used for
system calibration. The denser wjc = 0.3 cement paste is
seen to absorb more of the X-rays as indicated by its
lower count values at all channels up to 150. Based on
the pattern observed in Fig. 2, the sum of counts
between channels 50 and 150 was selected as the depen-
dent variable to be analyzed as being representative of
the density (and water content) of the cement paste.
This value was normalized by dividing it by the ratio of
the counts achieved in free air at each measuring time to
the counts achieved in free air for the first measuring
time (to account for inherent variability in the X-ray
source). In the graphs that follow, these normalized
counts have been divided by one thousand producing
values generally between 70 and 140. In some cases, dif-
ferential density (counts) profiles have been produced by
subtracting the 3 h absorption values at each spatial loca-
tion from all subsequent readings at the same location, to
highlight the changes occurring after the initial
settingfsettling of the cement paste is complete.

3. COMPUTER MODELING - CEMHYD3D

To adapt the NIST CEMHYD3D cement hydration
and microstructure development computer model to
examining drying/hydration in fresh cement pastes, sev-
eral enhancements to the most recent documented ver-

sion of the code [7] were required. These included a
modification of the model boundary conditions, an
extension of the model physical dimensions, and the
addition of subroutines to implement the actual creation
of empty porosity due to the drying.

The previous versions of CEMHYD3D typically
simulate the hydration of a 100 pixel x 100 pixel x 100
pixel cubic volume with periodic boundaries along all
faces of the volume [7]. To examine drying in thin
cement pastes, the periodic boundary conditions at the
top and bottom surfaces are removed and movement of
model diffusing species across these faces is prohibited.
Furthermore, when generating the starting 3-D
microstructure, during particle placement, no particles
are allowed to protrude across the top and bottom
hydration volume surfaces. To simulate approximately
the complete thickness of the specimens studied experi-
mentally, the model dimensions are extended to study
‘microstructures either 1000 pixels or 4000 pixels thick.
‘With each pixel 1 pm in dimension, these models sys-
tems are thus either 1 mm or 4 mm thick.

Originally, it had been planned to simulate the dry-
ing process of a hydrating cement paste by "intruding’ a
drying front from the top exposed surface at a user-spec-
ified rate. However, the initial X-ray absorption results
(to be presented below) indicated that, instead of pro-
ceeding as a sharp intruding front, the drying actually
occurs relatively uniformly throughout the specimen
thickness. It appears that the largest pores everywhere
empty first, followed by the next largest, etc. This
behavior can be conveniently modeled in the same way
that self-desiccation due to chemical shrinkage had pre-
viously been implemented in the CEMHYD3D model
[6, 12, 13]. To assess the size of the "pores” in the 3-D
microstructure, a digitized spherical template (diameter
= 13 pixels) is centered at each pixel, and the number of
underlying pixels assigned to be water-filled porosity or
previously emptied porosity is determined. These values
are then sorted from largest to smallest and the largest
pores emptied first at a rate determined by a user-sup-
plied drying (rate) datafile. While this algorithm is rela-
tively slow in implementation for a 100 x 100 x 4000
microstructure, it could easily be parallelized to obtain a
faster turnaround time on a multi-processor computer.

4, RESULTS AND DISCUSSION

In the first cxperiment, cement pastes of wfc = 0.3
and 0.45 were prepared and immediately placed in their
block molds. While these blocks were exposed to a vari-
ety of drying conditions [8], here we shall focus on the
set of blocks that was immediately exposed to the cham-
ber environment of 509 RH and 23°C. For these spec-
imens, X-ray measurements were performed over a
period of 7 d.

After the initial settling (setting) of the cement paste,
surprisingly, the drying profiles are observed to change
in a relatively uniform manner throughout the thickness
(depth) of the specimen, as shown in Fig. 3. This is in
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Fig. 3 - Normalized density profiles for open block cement paste
specimens. Bottom of cement paste specimen is at position 28.5
mm (in system coordinates) and top exposed surface is at position
33 mm to 34 mm.
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Py L L 4
<
S e
3
3
S e t
T4
5
g
3
=
. "
= 0 ?
E w/os045 | w/e=9.3
= -2 T T T
26 20 30 31 32 a3 94 95 3
Distance (mm)

Differentiai counts (thousands)

% 2 3 at a2 s o
Distance (mm)

Fig. 4 - Differential density profiles (relative to 3 h) for layered
cement paste (0.3 over 0.45) open to the chamber environment.
Exposed top surface is at position 35.5 mm.

contrast to the inward progression of a relatively sharp
drying front often observed in porous materials. While
these cement paste specimens are only 4 mm to 5 mm
thick, similar results have recently been obtained for
cement-based systems 50 mm thick using magnetic reso-
nance imaging [14]. For hardened concrete, Selih ¢f al.
{15] have observed relatively uniform drying for a few
days, followed by the development of a significant mois-
ture gradient originating at the drying surface. In the
fresh cement paste, the combination of a relatively wide
pore size distribution and a high permeability allows a
rapid rearrangement of internal water due to capillary
forces, so that the largest pores throughout the specimen
thickness empty first. This results in a fairly uniform
drying throughout the specimen thickness. The scale
over which this mechanism operates in fresh concrete is
yet to be determined, but the results of Coussot [14]
suggest that it is at least 50 mm, similar to the depth of
the steel reinforcement in exposed concrete members.
In Fig. 3, it can also be noted that while there isa 1 mm
diameter pinhole (collimator) in front of the X-ray

Fig. 6 - Differential density profiles (relative to 3 h) for layered
cement paste (0.45 over 0.3) sealed with a cap.

detector, the spatial resolution of the system in practice is
significantly higher than this as the sharp interfaces pre-
sent at the tops and bottoms of the specimens seem to be
resolvable to the 0.2 mm spacing used in sampling.

Even more interesting are the results for layered
composite specimens. For example, Fig.4 shows the dif-
ferential density profiles for a layered composite consist-
ing of a layer of wjc = 0.3 cement paste over a layer of
wfc=0.45 cement paste. Even though it is the 0.3
cement paste that is exposed to the drying environment,
the 0.45 paste "dries out" first (between 3 h and 7 h).
Only at later times, after the 0.45 paste has nearly
reached complete drying, does the 0.3 paste experience
significant water loss. The capillary forces present in the
fresh cement paste are easily able to redistribute the
water from the lower 0.45 paste layer to the 0.3 paste
layer resting on top of it. The results in Fig. 4 are consis-
tent with the mass loss measurements shown in Fig. 5,
with a large amount of water loss occurring during the
first 10 h to 20 h of exposure, and very little thereafter.

This rearrangement of capillary water is even

560



Bentz, Hansen, Madsen, Vallée, Griesel

Differential counts (thousands)

post mortar

Differentiai counts (Lhousands)

)
s 97 a6 89 40 41
Distance (mm)

Distance (mm)

Fig. 7 - Differential density profiles (relative to 3 h) for layered
wic = 0.45 cement paste (25 um over 5 jim) open to the chamber
environment. In this case, the 25 um cement paste is directly
exposed to the environment, with its top surface at position 41 mm.
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Fig. 8 - Differential density profiles (relative to 3 h) for layered

wjc = 0.45 cement paste (5 wm over 25 jim) open to the chamber
environment. In this case, the 5 im cement paste is directly exposed
to the environment, with its top surface at position 41 mm.

observed in a capped specimen which loses very little
capillary water (only about 10 % over the course of 80 h
—- see Fig. 5), as shown in Fig. 6. Here, the more dense
paste at the bottom of the specimen is seen to further
increase in density (negative values on the differential
density plot) at the expense of the less dense paste in the
top half of the specimen. In this case, a substantial
movement of water is observed to occur between 34 h
and 46 h as the finer pore structure of the wjc = 0.3 paste
imbibes water from the wjc = 0.45 paste to replace that
"lost" due to chemical shrinkage/hydration.

Differences in the initial pore size distribution of the
fresh cement paste can also be produced at a constant
wjc by using cements ground to different finenesses
(PSDs). In general, coarser cement particles imply
coarser "pores’ between them [11]. Figs. 7 and 8 show
the results obtained for both configurations of wjc =0.45
layered composites of the *5 pm" and '25 pm" cements.
Regardless of which paste is exposed to the chamber
environment, the 25 im cement paste is always seen to
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Fig. 9 - Differential density profiles (relative to 3 h) for layered
wjc = 0.45 mortar over cement paste open to the chamber envi-
ronment. In this case, the mortar is directly exposed to the envi-
ronment, with its top surface at position 38.5 mm.

dry out first (3 h to 7 h), while the differential counts for
the 5 pm cement paste remain near zero (indicating no
loss of water). Once again, the capillary forces draw the
water from the coarser pores to the finer ones. Within
each layer, however, the drying is still observed to occur
uniformly, with no indication of a sharp drying front.
Similar experimental observations using magnetic reso-
nance imaging have been made by Coussot et al. [16] for
composites consisting of layers of packed glass beads of
different sizes, once again with equivalent porosities in
each layer.

Composite specimens consisting of a layer of cement
paste over a layer of mortar and vice versa (at a constant
wjc) were also investigated. In these cases, the drying
was relatively uniform throughout both layers simulta-
neously with no clear indication of differential water
movement between the layers, as shown in Fig. 9 for a
wjc=0.45 composite. In this case, the coarser pores that
most likely exist in the interfacial transition zones (ITZs)
surrounding the sand particles in the mortar are balanced
by the finer pore structure of the bulk cement paste in
the mortar [17]. If the wjc is increased in the ITZs in
the mortar, it must also be decreased in the bulk paste
relative to the nominal wjc [17]. Thus, most likely,
water moves locally from the ITZ to the bulk paste
regions within the mortar (which would not be
detectable using the X-ray absorption measurements),
with little detectable bulk movement from the cement
paste to the mortar or vice versa. It should be noted,
however, that the observed X-ray absorption results
would also be consistent with the mortar being a simple
two-phase (paste and sand) composite with no distin-
guishable ITZ regions. In this case, the cement paste
would be nominally identical in the paste and mortar
specimens and no differential water movement due to
capillary forces would be expected.

Several of the systems studied experimentally were also
simulated using the new version of the CEMHYD3D
model. For these simulations, the drying rates were cho-
sen to approximately match those observed experimentally
(Fig. 5). After each time of hydration, the results were spa-
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Fig. 10 - Simulation results for "dried” porosity fraction vs. depth
for layered composite specimen. Positions 0 to 2000 correspond
to the wjc = 0.45 cement paste layer while positions 2000 to 4000
are the wjc = 0.3 paste layer that is directly exposed to the drying
environment.
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Fig. 11 - Simulation results for porosity fractions vs. depth for
layered composite specimen after 70 h of curing. Positions 0 to
2000 correspond to the wjc = 0.45 cement paste layer while posi-
cions 2000 to 4000 are the wjc = 0.3 paste layer that is directly
exposed to the drying environment. “Initial water-filled" indi-
cates the initial distribution of capillary porosity in the fresh (0 h)
cement paste. "Water-filled” indicates the remaining waterfilled
porosity (after 70 h of curing). “Dried" indicates empty porosity
created due to drying, while “Self-desiccated indicates empty
porsity created due (o self-desiccation and chemical shrinkage
during hydration.

tially averaged over each consecutive 200-pixel thick layer
to obtain data with a spatial resolution the same as that of
the experimental data, namely 0.2 mm. Figs. 10 and 11
show simulation results for porosity within a 4 mm thick
composite specimen consisting of a 2 mm thick layer of
wjc=0.45 cement pastc covered by a 2 mm thick layer of
wjfc=0.3 cement paste. The similarity between the results
in Fig. 10 and their experimental counterpart shown in
Fig. 4 can be clearly observed. Because the fresh cement
paste has a high permeability and the capillary forces are
relatively large (leading to a rapid rearrangement of the
water), we can successfully model the drying process by

Fig. 12 - Simulation results for degree of hydration vs. depth for
Iayered composite specimen after 70 h of curing. Positions 0 to
2000 correspond to the wfc = 0.45 cement paste layer while posi-
tions 2000 to 4000 are the wjc = 0.3 paste layer that is directly
exposed to the drying environment.

simply emptying the largest pores in the microstructure
first without direct consideration of the kinetics of the
water movement.

For the simulated system, little drying is observed to
occur within the wjc = 0.3 cement paste layer for the
first 7 h of exposure, as instead, water is drawn from the
wjc=0.45 cement pastc layer underneath it. After 70 h,
as shown in Fig. 11, while much more water has dried
out from the wjc = 0.45 paste layer, the empty porosity
due to self-desiccation is much less and quite similar
within the two layers. With the CEMHYD3D model,
information on the degree of hydration of the cement
paste is also readily available. Fig, 12 shows the degree of
hydration obtained after 72 h of hydration as a function
of depth. Because it retains water-filled porosity for a
longer time period, the wjc = 0.3 cement paste layer is
observed to achieve a substantially higher degree of
hydration than the wjc = 0.45 cement paste. Results for
earlier hydration times such as 3 h (not shown) indicate a
much more uniform degree of hydration with depth, as
the initial drying and emptying of the largest pores has
minimal effects on the initial hydration rate [12, 13].

The computer simulations were also applied to simu-
lating the drying/hydration behavior of the systems with
different PSDs. Results for drying profiles are provided in
Figs. 13 and 14, while those for simulated degree of
hydration are given in Fig. 15. The simulated drying pro-
files closely mimic their experimental counterpart shown
in Fig. 8. Once again, water is seen to be removed prefer-
entially during drying from the coarser pore size distribu-
tion microstructure. In this case, the differences in degree
of hydration between the two layers (Fig. 15) are even
more striking as the 5 um cement achieves a much higher
degree of hydration than the 25 pm cement, due to both
its ability to retain water and to its inherently higher
hydration rate (because of its smaller size cement particles
and higher contents of C;8 and C,A).

‘While the model and experimental results compare
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Fig. 13 - Simulation results for "dried” porosity fraction vs. depth
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Fig. 15 ~ Simulation results for degree of hydration vs. depth for
layered composite specimen after 60.2 h of curing. Positions 0 to
2000 correspond to the wjc = .43 cement paste layer while posi-
tions 2000 to 4000 are the w/c = 0.3 paste layer that is directly
exposed to the drying environment.

it was assumed that all carbonation results in the forma-
tion of the calcite form of calcium carbonate. Since the
molar volume of calcite (36.93 cm¥/mol) is greater than
that of calcium hydroxide (33.08 cm3/mol) and the reac~
tion occurs on a 1:1 molar basis, extra calcium carbonate
pixels arc (probabilistically, p = 0.116 d at the
reaction sites to maintain the appropriate volume stoi-
chiometry for the carbonation reaction. Also, the water
released from the calcium hydroxide during carbonation
is made available for further hydration of the cement.

A comparison of the experimental scanning electron
microscopy/image analysis (SEM/IA) results for capillary
porosity and the ratio of anhydrous cement to solid
material d cement + hydration products) [4] to

Fig. 14 - Simulation results for porosity fractions vs. depth for
Tayered composite specimens after 60.2 h of curing. Positions 0
to 2000 correspond €0 the wjc = 0.45 cement paste layer while
positions 2000 to 4000 are the wjc = 0.3 paste layer that is directly
exposed to the drying environment. Symbol labels are the same
as those defined in the caption of Fig. 11.

favorably, two phenomena that are not included in the
model results shown above are the settling of the cement
particles (bleeding) prior to the setting of the paste and
carbonation reactions between the calcium hydroxide
produced during cement hydration and CO, present in
the environment. These reactions proceed rapidly at
intermediate relative humidities [18]. Preliminary
efforts to include these two effects in the model drying
codes appear promising. For example, simulations of a
1.2 mm thick cement paste (initial w/c = 0.6) undergo-
ing evaporation/settling/carbonation

those based on the simulations of varying complexity are
provided in Table 1. It is observed that the best quanti-
tative agreement is observed when both settling and car-
bonation are included in the model hydration/drying
codes. Thus, the development and evaluation of these
enhanced codes will be the subject of future rescarch.
Finally, Figs. 16 and 17 provide three-dimensional
microstructures from the top surface and an interior
100 pixel x 100 pixel x 100 pixel section of a simulated
1mm thick wjc = 0.6 microstructure (no settling or car-
bonation). In these figures, empty porosity is white,
water-filled porosity is dark grey, and the unhydrated
cement particles are light grey. In comparing the two
images, one can definitely observe the preferential dry-
ing at the immediate top surface (due to the larger pores
present there) and a more "uniform" drying within the

have been conducted to compare to

available experimental data [3, 4]. It
has been assumed that after
settlingfevaporation, the final thick-

ness of the paste is 1.0 mm. Drying
and carbonation rates were taken from

available experimental data [3, 4], and ‘

Table 1 - Hydration models of varying complexity
Experimental | Hydration+ | Hydration + Hydration +
(SEM/IA) i i ion +
+Settling | Settling/Carbonation
% Anhydrous Solids 40. 38. 48. 43.
% Porosity 40. 50. 44. 46.
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Fig. 16 - Three-dimensional image (100 pixels x 100 pixels x 100
pixels) of top surface of cement paste (wc = 0.60) microstructure
after 2.9 h of hydration/drying. Dried (empty) porosity is white,
water-filled porosity is dark grey, and unhydrated cement parti-
cles are light grey.

interior of the specimen, as the larger pores at all thick-
nesses are the first to empty during the evaporation
process. The emptying of these pores at the top surface
is not observable using the current X-ray equipment due
to limitations in spatial resolution, 0.1 mm experimen-
tally vs. about 0.015 mm in Fig, 16.

The practical implications of these experimental and
computer modeling studies are potentially quite signifi-
cant. Two arcas where correct understandings of water
movement are critical are the curing of high perfor-
mance concrete and the application of repair materials
[8]. Care must be taken when applying a curing mem-
brane (or compound) to concrete to ensure that the
pores in the curing layer are coarser than those in the
fresh concrete. If this is not the case, the so-called cur-
ing layer will remain saturated to the casual observer
while it is continuously drawing water from the concrete
underneath it. Obviously, this will result in concrete
that does not achieve its potential hydration, strength
development, or durability even though "the surface
appears to remain saturated.”
differential water movement due to capillary forces also
apply to the use of saturated lightweight fine aggregates
to supply internal curing water for lngh performance
concretes [19, 20]. In the arca of repair materials, the
differential water movement between the substrate and
the repair material are critical to both the proper hydra-
tion of the repair material and the development of an
adequate bond between the two layers.

These same principles of

et ions, Vol. 34, November 2001

Fig. 17 - Three-dimensional image (100 pixels x 100 pixels x 100
pixels) of middle section of cement paste (w/c - 0.60) microstruc-
ture after 2.9 h of hydration/drying. Dried (empty) porosity is
white, water-filled porosity is dark grey, and unhydrated cement
particles are light grey.

CONCLUSIONS

Experimental and computer simulation studies have
been applied to examining the drying/hydration behavior
of thin cement paste and mortar specimens at sub-mil-
limeter resolution. In general, the studies indicate that:

1) thin cement paste samples of "uniform"
microstructure dry out relatively uniformly throughout
their thicknesses as opposed to exhibiting the sharp dry-
ing front encountered in other porous materials,

2) in composite layered specimens, movement of
water from "coarser” pore layers to the "finer” ones is
observed regardless of whether the coarser pores are due
to a locally higher w/c or to the use of a coarser cement,

3) no clear differential movement of water could be
observed between cement paste and mortar layers of the
same nominal w/c,

4) the NIST CEMHYD3D cement hydration model
can be been extended to include drying (and carbona-
tion) as well as hydration and in general the agreement
between experimental and computer model results is
quite good, and

5) the computer simulations particularly indicate that
both moisture content and degree of hydration are
affected by drying and large differences in achieved
degree of hydration were observed between the layers in
the two-layer composites examined in this study.

These results have numerous implications for design
and performance of cement-based materials, particularly
the curing of high-performance concrete and the appli-
cation of repair materials to existing structures.
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