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Abstract

The original size, spatial distribution, and composition of Portland cement particles have a large influence on hydration kinetics, mi-
crostructure development, and ultimate properties of cement-based materials. In this paper, the effects of cement particle size distribution
on a variety of performance properties are explored via computer simulation and a few experimental studies. Properties examined in-
clude setting time, heat release, capillary porosity percolation, diffusivity, chemical shrinkage, autogenous shrinkage, internal relative hu-
midity evolution, and interfacial transition zone microstructure. The effects of flocculation and dispersion of the cement particles in the
starting microstructures on resultant properties are also briefly evaluated. The computer simulations are conducted using two cement par-
ticle size distributions that bound those commonly in use today and three different water-to-cement ratios: 0.5, 0.3, and 0.246. For lower
water-to-cement ratio systems, the use of coarser cements may offer equivalent or superior performance, as well as reducing production

costs for the manufacturer. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Many studies have been conducted examining the rela-
tionships between Portland cement particle size distribution
(PSD) and the hydration kinetics and hardened paste
strength properties [1-6]. For a given water-to-cement (w/c)
ratio, a reduction in median particle size generally resultsin
an increased hydration rate and, therefore, improved early
properties such as higher early strengths. For this reason,
Portland cement finenesses have generally increased over
the years. However, Mehta[7] has pointed out that for dura-
bility considerations, finer cements may not always be pref-
erable to coarser ones. Furthermore, it has recently been ar-
gued that in high-performance concretes with relatively low
wi/c ratios, coarser cements may offer equivalent long-term
performance to finer cements [8], resulting in energy sav-
ings due to a reduction in grinding time. This conclusion
was based on simulation studies of the degree of hydration
vs. time behavior of a set of cements ground to different
finenesses. The purpose of this paper is to extend that study
to investigate a wide range of properties for two cement
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finenesses (640 and 210 m?/kg) significantly different from
the cement fineness of about 350 to 400 m?/kg typicaly
produced by the cement industry today.

2. Experimental and modeling approach

All simulations presented were conducted using the
NIST microstructural model that has been described in de-
tail elsewhere [9,10]. Based on a set of cellular automaton
rules, the model operates on a three-dimensional digitized
microstructure consisting of a volume of pixel elements to
simulate the reactions between cement and water. For the
present study, the following modifications were made to the
base model described elsewhere [10]. First, the reaction of
hemihydrate to produce gypsum was included so that vari-
ous forms of sulfate could be studied. Second, the dissolu-
tion algorithm was changed so that the 12 next-nearest
neighbor pixels (in three-dimensional view), in addition to
the six immediate neighbors, are considered as possible dis-
solution sites. This modification increases the long-term de-
gree of hydration of the larger (diameter > 10 um) cement
particlesin the model cements. Finally, the induction period
was incorporated into the NIST model for the first timein a
simple manner by making the “early-age” dissolution prob-
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abilities of the cement phases proportional to the formation
of one of the reaction phases, the C-S-H gel. Specificaly,
while the volume fraction of C-S-H gel formed is less than
0.07, the dissolution probahilities of all cement phases (alu-
minates included) are multiplied (and thus reduced) by a
factor equal to the current volume fraction of C-S-H divided
by 0.07. Thisfactor was selected to provide good agreement
with isothermal calorimetry data on the hydration of pure
C,S obtained at temperatures ranging from 10 to 40°C [11].
While several induction period mechanisms have been de-
veloped and advanced [6], the hypothesis gaining support
most recently is that the induction period is controlled by
the nucleation and growth of the C-S-H gel phase[12]. This
simple dissolution rule will produce an autoaccel eratory re-
action, which will decay at longer times due only to spatial
effects, as further hydration becomes impeded by the previ-
ously produced hydration products.

The microstructural model has been developed to operate
under avariety of curing conditions (water-saturated, sealed,
etc.). For this study, to simulate well-cured systems, all hy-
dration simulations were executed under saturated condi-
tions until the capillary porosity depercolated, at which point
al subsequent hydration was executed under sealed (no fur-
ther water ingress) curing conditions [13]. Once the model
switches to sealed conditions, the necessary empty porosity,
corresponding to the chemical shrinkage caused by hydra-
tion, is automatically created [13]. Current research is fo-
cused on the incorporation of a drying algorithm into the
NIST cement hydration model, so that a wider variety of
curing conditions and their durability implications may be
quantitatively explored.

The model was used to simulate the experimentally ob-
served hydration behavior of two cements of vastly differ-
ent finenesses made from the same clinker [8]. Laser dif-
fraction techniques were used to determine the PSD of each
of the dry cement powders, and quantitative X-ray diffrac-
tion was applied to determine the fraction of tricalcium sili-
cate (C;S) that had reacted at ages of 1, 2, 3, 4, 7, 14, 28,
and 56 daysfor aw/c ratio = 0.5 cement paste. The cumula-
tive PSDs measured for the two cements are shown in Fig.
1. The cement PSDs will be referred to as “5 pm” and “30
wm,” proceeding from left to right in Fig. 1, corresponding
approximately to their “average” size obtained by fitting
them to a Rosin-Rammler distribution [6]. Ordinary ASTM
Type | Portland cements commonly used today would fall
somewhere between these two curves, but would in general
lie closer to the curve on the left. The composition of the ce-
ment (more typical of an ASTM Type V, low C;A cement),
determined by quantitative optical microscopy and subse-
quent point sampling (5,000 points), is 59% C,S, 25.9%
C,S, 0.6% C;A, and 14.2% C,AF, with hemihydrate added
at a mass percentage of 4.6%.

The measured PSDs and clinker compositions were used
in constructing the initial model microstructures for cement
pastes with w/c ratios of 0.246, 0.3, and 0.5. The calcula
tions for the w/c = 0.5 model runs were used as a baseline,
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Fig. 1. Measured particle size distributions for the two Portland cements.

because experimental quantitative X-ray diffraction mea-
surements of the degree of hydration of the C;S were per-
formed at this w/c ratio [8]. These initial systems were hy-
drated using the NIST microstructural model to study the
effects of PSD on hydration kinetics and the following
properties: setting time, heat release, capillary porosity per-
colation, diffusivity, and chemical shrinkage. All hydrations
were executed for 5,000 cycles of the model, corresponding
to 25,000 h (about 3 years) of real time at 20°C. Generally,
the cement particles were flocculated before hydration com-
menced. However, for the w/ic = 0.5 systems, two addi-
tional microstructures consisting of dispersed cement parti-
cles (each particle separated from all neighbors by at least
onepixel or 1 wm) were investigated. In afurther set of sim-
ulations, asingle, flat plate aggregate, two pixels thick, was
added to the central portion of the 100 - 100 - 100-pixel mi-
crostructure prior to cement particle placement to quantita-
tively evaluate the effects of wi/c ratio and cement PSD on
interfacial transition zone microstructural development.
This latter study was conducted for the w/c = 0.3 and 0.5
systems, for each of the two cement PSDs.

Percolation properties of total solids (set) and the capil-
lary porosity phase were monitored periodically throughout
the hydration process. Additionally, microstructures were
output after 0, 100, 200, 300, 500, 1,000, 2,000, and 5,000
cycles of hydration for evaluation of diffusivities using a fi-
nite difference code developed by Garboczi [14]. For the dif-
fusivity calculation, the empty and water-filled porosity pix-
els were assigned a relative diffusivity of 1 and the C-S-H
gel pixels were assigned a value of 1/400 [15], with all re-
maining cement phase pixels being assigned a diffusivity of
0. The empty porosity was assigned a diffusivity of 1 based
on the assumption that over time these pores will become
saturated with water [16]. This assumption represents a
worst case scenario, so that the computed relative diffusivi-
tieswill be upper bounds.
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3. Results and discussion

To calibrate the model to real time, one parameter that
relates model cyclesto timein an equation of the form: time
(h) = B - cycles? needs to be specified [9]. Based on the ex-
perimental measurements for w/c = 0.5 at 20°C for the
5-wm cement, B was set at a value of 0.001 h/cycle? (com-
pared with previously used values of 0.0017 [9] and 0.0011
[17], both at 25°C). Using this factor, Fig. 2 provides a plot
of the conversion of tricalcium silicate as a function of time
for both the model and real systems. The agreement be-
tween model predictions and experimental observations is
excellent, falling well within the relative standard uncer-
tainty of 13% for the experimental measurements. This sug-
gests that the model adequately describes the effects of PSD
on hydration kinetics. It is clear from Fig. 2 that for w/c =
0.5, finer grinding results in increased hydration (and there-
fore enhanced strength) at all agesinvestigated in this study.

3.1. Setting time

The setting of cement is controlled by the formation of a
network of partially hydrated cement particles connected by
hydration products [12] that can resist a shear force. In the
model, set is determined as the time or degree of hydration
required to first form a percolated pathway through the
three-dimensional microstructure consisting of cement par-
ticles connected to one another either by C-S-H gel or
ettringite. Table 1 reports the results obtained for the three
different w/c ratios and the two cement PSDs. Both hydra-
tion time and degree of hydration are reported to separate
the effects of hydration kinetics from microstructural con-
siderations. Thus, even though the finer cement requires
lesstime to achieve set due to itsincreased hydration rate, it
actually requires more hydration since more particle-to-par-
ticle bridges need to be built to form a percolated pathway.

0 <5 um>
0— <30 pm>

Degree of hydration of C,8

0.0 —
0 10 20 30 40 50 60
Time (days)

Fig. 2. Experimental (data points) and model (lines) results for degree of
hydration of the C;S phase for w/c = 0.5 at 20°C. Error bars for 30-pm
data points indicate a relative standard uncertainty of 13% in all experi-
mental measurements.

Tablel
Setting properties of model cement pastes
PSD

wic () Time of set (h) Degree of hydration at set
0.246 5 0.58 0.020
0.246 30 0.90 0.011
0.3 5 0.78 0.025
0.3 30 1.44 0.016
0.5 5 1.44 0.074
0.5 30 3.36 0.036
0.52 5 1.60 0.089
0.52 30 4.76 0.055

aDispersed system.

This simulation result is consistent with a set of rheological
measurements [18], which indicated that for a C;S cement
with the smallest particles removed, less hydration was
needed to achieve set than with the original C;S cement. For
the w/c = 0.5 systems, as shown in Table 1, executing the
simulation for dispersed cement particles resulted in small
increases in both the time and degree of hydration needed to
achieve set, because more hydration is needed to link the
particles when they areinitially dispersed further apart. This
microstructural observation may partially explain the retar-
dation generally observed when using water-reducing agents
or superplasticizers, in addition to any chemical effects these
admixtures may produce. As the w/c ratio is increased, the
difference in setting times between the 5- and 30-um ce-
ments becomes more significant (several hours for w/c =
0.5 vs. about 30 min for the two lower wi/c ratios).

3.2. Heat release

Naturally, the finer cement hydrates more rapidly, result-
ing in ahigher initial rate of heat release as shown in Fig. 3.
For w/c = 0.3 cement pastes, however, after 5,000 cycles of
model hydration the cumulative degrees of hydration (Table
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Fig. 3. Cumulative heat release for hydration under isothermal conditions

for w/c = 0.3 model cement pastes.
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Table 2
Porosity of model cement pastes after 5,000 cycles of hydration
PSD Empty porosity Water-filled Degree of
wl/c (rm) fraction porosity fraction hydration
0.246 5 0.037 0.0003 0.60
0.246 30 0.029 0.003 0.58
0.3 5 0.036 0.009 0.72
0.3 30 0.028 0.022 0.69
0.32 30 0.075 0.013 0.62
0.5 5 0.013 0.166 0.95
05 30 0.000 0.228 0.83

aTotally sealed hydration.

2) and heat released are nearly equivalent. For many appli-
cations, the avoidance of arapid initial heat release is bene-
ficia in limiting the development of thermal stresses and
minimizing early-age cracking problems. Thus, this is one
area where the use of a coarser cement may offer a perfor-
mance benefit relative to a finer one. For the w/c = 0.5 ce-
ment pastes, even after 5,000 cycles of model hydration the
degree of hydration of the coarser cement (Table 2) still lags
far behind that of the finer cement, 0.83 vs. 0.95. This sug-
gests that in conventional concretes, the finer cements defi-
nitely offer a performance benefit in terms of an enhanced
degree of hydration.

3.3. Capillary porosity percolation

The percolation properties of the phases in cement paste
have been examined previously using a computer model
[19]. In that initial study based on a simple model of C;S
hydration only, a percolation threshold of about 18% was
identified for the capillary porosity phase. Using the most
recent version of the NIST microstructura model, Fig. 4
presents results for the two different cement PSDs at the
three different w/c ratios examined in this study. One can
clearly see that the cement PSD has a significant effect on
the capillary porosity at which depercolation occurs. This
topic is being explored further in current research and will
be the topic of an upcoming paper [20]. With a coarser ce-
ment, the average interparticle spacing is larger, so that
more hydration is needed to close off the capillary porosity.
The effects of PSD are much greater than those of wi/c ratio.
For the w/c = 0.5, PSD = 30-pum system, the model is un-
able to hydrate the cement sufficiently to achieve depercola-
tion of the capillary porosity. But even in this case, the per-
colation curve is asymptotically approaching those of the
two lower w/c ratios. In general, the percolation threshold
for the 30-um systems is about 18%, while that for the
5-um systemsis about 22%. For the w/c = 0.5 systems, the
effects of flocculation/dispersion on the capillary porosity
percolation were negligible, as the data sets for the dis-
persed systems (not shown) basically overlapped those
shown for the flocculated onesin Fig. 4.

Previoudly, this depercolation has been discussed in
terms of the “curability” of the concrete [8]. In a cement

PSD Designation L
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0- <30 um> w/c=0.246 |
B- <5 pm? w/¢=0.3
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Fig. 4. Model results for capillary porosity percolation for cement pastes.

paste, once the capillary porosity depercolates, the imbibi-
tion of water to replace that lost due to chemical shrinkage
during hydration slows significantly [21], as transport shifts
from being dominated by the capillary pores to being con-
trolled by the much smaller gel pores in the C-S-H. Thus,
the longer it takes for the capillary porosity to disconnect,
the more time is available for additional water to diffuse
into the interior of the concrete. For example, for the w/c =
0.3 cement pastes, depercolation occurs after 32 h (degree
of hydration = 0.44) and 250 h (degree of hydration =
0.49) of hydration for the 5- and 30-um systems, respec-
tively, implying an increased curability for the coarser ce-
ment systems. This change in percolation threshold could
aso have significant effects on diffusivity and chemical
shrinkage in these systems, as will beinvestigated in the fol-
lowing two sections.

3.4. Diffusivity

When evaluating the diffusivity properties of cement
pastes of widely varying cement PSDs, one must be careful
to separate hydration kinetics effects from microstructural
effects. For example, Fig. 5 shows a plot of relative diffu-
sivity coefficients (the diffusion coefficient of anion in the
concrete relative to its value in free water [15]) vs. hydra-
tion time. Because the finer cement hydrates much more
rapidly, for a given w/c ratio its relative diffusivities are
much lower at early times (<300 h). Eventualy, for the
lower wic ratios hydration of the coarser cement will catch
up with that of the finer one, and the two relative diffusivi-
tieswill be nearly identical.

To separate the microstructural effects, the relative diffu-
sivities are plotted against a microstructural parameter (total
capillary porosity) in Fig. 6. Here, one can examine the ef-
fects of cement PSD on diffusivity from a microstructural
viewpoint. For capillary porosities above the percolation
threshold, one observes that the relative diffusivities of the
coarser cements are about twice those of the finer cements
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Fig. 5. Modeled relative diffusivity vs. hydration time for the six cement
paste systems.

at the same porosity. This is most likely due to the larger
pores present in the coarser cement systems. Although dif-
fusivity is not directly dependent on pore size, it isinversely
proportional to pore tortuousity, which will be decreased,
and directly proportional to pore connectivity, which will be
increased in the systems with larger pores.

This can be verified in Fig. 4 where the connected frac-
tion of the porosity for each coarser cement always lies
above that of the corresponding w/c ratio finer cement. Af-
ter the capillary porosity depercolates, the relative diffusivi-
ties of the different systems are much more similar, with all
approaching a limiting value of about 0.0004 at very low
porosities.

The general shape of the curve fitted to the datain Fig. 6
is similar to that developed previously by Garboczi and
Bentz [15]. Specificaly, the relationship between relative

PSD <5 ium> w/c=0.246
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Fig. 6. Modeled relative diffusivity vs. total capillary porosity for the six
cement paste systems. Solid line is the fitted function and dashed lines rep-
resent afactor of two above and below the fitted function.

diffusivity (D/Dy) and capillary porosity (&) is given by

Eq. (1):

DR = 0.0004 + 0.03 Ty’ + 3.0 [{( — 0.20) TH (- 0.20)
0 D

where H(x) is the Heaviside function, taking values of 1
when x > 0 and 0 otherwise, and 0.20 represents the “aver-
age” percolation threshold for the capillary porosity. Eq. (1)
was developed based on percolation concepts [15], with the
three terms representing the inherent diffusivity of a C-S-H
gel-unhydrated cement mixture (porosity = 0), the contri-
bution of a depercolated capillary porosity network dis-
persed in a continuous C-S-H gel network, and the contribu-
tion of a percolated capillary pore network, respectively.
The fitted equation is seen to provide a reasonable fit to the
model data, as nearly all of the data points lie within the 2x
bounds.

3.5. Chemical shrinkage, internal relative humidity
evolution, and autogenous shrinkage

As cement hydrates, the volume occupied by the hydra-
tion products is less than that of the reactants [6,21]. Thus,
unless water is supplied from an external source, this chem-
ical shrinkage will result in the formation of empty pores
within the cement paste microstructure. This empty porosity
not only influences the hydration kinetics [13] but aso re-
sultsin areduction in interna relative humidity (RH) and a
measurable autogenous shrinkage of the material [22]. Be-
cause this shrinkage generally occurs during the early life of
the concrete, it often resultsin cracking and aloss of perfor-
mance.

Because chemical shrinkage is directly proportional to
degree of hydration [9,21], cement fineness will influence
the time evolution of this property via its influence on hy-
dration kinetics. In a totally sealed curing environment, the
chemical shrinkage will result in the creation of empty po-
rosity from time zero (or once set is achieved). At a fixed
time, this chemical shrinkage will be much greater in the
finer cement PSD system due to its enhanced hydration rate
at early times. However, from a microstructural viewpoint,
at equal degrees of hydration, the chemical shrinkage of the
two systems will be identical.

Additionally, when curing under saturated conditions,
cement fineness will influence chemical shrinkage through
its influence on the depercolation of the capillary pore
space, the point at which empty porosity will start to be
formed within the material. Table 2 summarizes the empty
porosity present in the systems examined in this study after
5,000 cycles of hydration. Because the finer cement deper-
colates and changes to “sealed” curing at a higher porosity
(less hydration), its ultimate values of empty porosity are
greater than those of the coarser cement, even when their
degrees of hydration are similar.

For comparison, Table 2 also includes an entry for the
w/c = 0.3, PSD = 30 pm system for hydration under totally
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sealed conditions. In this case, not only is the final empty
porosity fraction much greater, but the effects of curing un-
der sealed conditions on the ultimate degree of hydration
are also apparent [13]. Since hydration can no longer take
placein the empty porosity, a substantial reduction in the ul-
timate degree of hydration is observed relative to that ob-
tained for saturated curing.

Another effect of the chemical shrinkage is a reduction
of the internal RH. As chemica shrinkage progresses,
smaller and smaller pores become empty. Neglecting the ef-
fects of dissolved salts on RH, the size of the largest remain-
ing water-filled pore will determine the local internal RH,
according to the Kelvin-Laplace equation [13], as seen in
Eq. (2):

RH _ 2V.y

70 = "TRT &

where V,, is the molar volume of water, R is the universal
gas constant, T is the temperature in Kelvin, -y is the surface
tension of water, and r is the largest pore radius still filled
with water. This analysis implies that in two systems with
equivalent total porosities and equivalent amounts of chem-
ical shrinkage, the one with the smaller pores will exhibit a
much greater reduction in internal RH [23]. Thus, one
would expect to observe a greater RH reduction when using
afiner cement. Experimental results for two cements of the
same clinker ground to two moderately different finenesses,
which exhibit this behavior, are shown in Fig. 7 [24].

The chemical shrinkage occurring within the cement
paste microstructure results in a measurable physical autog-
enous shrinkage of a much lower magnitude. Similar to the
case of drying shrinkage [25], the magnitude of the autoge-
nous shrinkage is proportional to the amount of water in
tension within the microstructure and the capillary stress de-
veloped in the water [26]. Of course, the constant of propor-

100 : : : ‘
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1| Dashed- 480 m®/kg

: ‘ : ‘ :
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Time (h)

Fig. 7. Internal RH evolution vs. time for cements ground to two different
finenesses, w/c = 0.30, 20% silicafume, 30°C [24].

tionality will change with time due to hydration of the ce-
ment and creep of the C-S-H gel. The capillary stress,
T eapillary: 1S given by Eq. (3) [13]:

[RHG
1nB_LOd]RT
capillary — _V— (3)

m

o

According to Eq. (3), the capillary stress in a cement paste
produced with a fine cement will be greater due to its lower
internal RH. For example, the capillary stress in a system
with an internal RH of 70% will be seven times greater than
that in a system with an internal RH of 95%.

Thus, there are two conflicting effects of cement fineness
on autogenous shrinkage. On the one hand, a finer cement
results in a greater RH reduction, resulting in higher values
of the capillary stress. On the other hand, as illustrated in
Table 2, the amount of water-filled porosity may be lessin
the finer cement paste due to its higher amount of chemical
shrinkage and empty porosity when cured under the satu-
rated conditions employed in this study. Because of the
strong sensitivity of capillary stress to RH reduction, one
would expect that in most cases of practical importance, the
former effect would be dominant and a greater amount of
autogenous shrinkage would be observed in the finer ce-
ment systems. Fig. 8 shows the equivalent autogenous
shrinkage measurements (measured using a specialy de-
signed dilatometer placed in a constant temperature oil bath
[24]) for the two systems whose RH evolutions were pro-
vided in Fig. 7 [24]. Indeed, in this case, the autogenous
shrinkage observed for the finer cement is greater than that
exhibited by the coarser cement. Taken together, these re-
sults suggest that under adequate curing conditions, the per-
formance of coarser cements should be superior to finer ce-
ments with respect to the development of autogenous
shrinkage and the early cracking that it often causes.
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Fig. 8. Autogenous shrinkage evolution vs. time for cements ground to two
different finenesses, w/c = 0.30, 20% silica fume, 30°C [24].
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3.6. Interfacial transition zone microstructure

Thefinal property examined as a function of cement PSD
is the microstructure of the interfacial transition zone (ITZ).
Initial two-dimensional microstructural images for the three-
dimensional model are shown in Fig. 9 for the four systems
investigated in this study. One can clearly observe differences
in the packing efficiency near the aggregate surface for the
different w/c ratios and cement PSDs. Since the thickness of
this zone generally scales as the median cement particle di-
ameter [27], one would expect to observe major differences
between the two cement PSDs examined in this study. In-
deed, thisisthe case for the w/c = 0.5 systems, as shown in
Fig. 10, which plots the initial and final (after 5,000 cycles
of model hydration or about 25,000 h) porosity distributions
for the two different cements. For the coarser cement, one
can clearly observe an increased porosity in the ITZ region.
This increased porosity would generally have detrimental
effects on both the mechanical properties and transport co-
efficients of the concrete. For diffusivity, this effect isfairly
small, but for permeability, it could be significant [28].

However, asillustrated in Fig. 11, for thew/c = 0.3 sys-
tems, the differences in the porosity distributions of the two
systems are relatively similar after the 5,000 cycles of hy-
dration. One interesting feature of this graph is the appear-
ance of a small local maximum in the porosity distribution
for each hydrated system at a distance of about five pixels
from the aggregate interface. The cause of this feature isthe
chemical shrinkage and self-desiccation occurring during
hydration (after the capillary porosity depercolates), as veri-
fied by examining two-dimensional images of the micro-
structure after hydration. In the model, the largest pores are
the first to empty during self-desiccation. In a system with
an aggregate particle, the largest pores are generally those
closest to the aggregate surface so that alarge fraction of the
empty porosity formsin the ITZ region. Thisis particularly
true in the case of the coarser cement. This observation is
consistent with direct microstructural measurements per-
formed using scanning electron microscopy [29], where rel-
atively large pores are observed in the ITZ regions. In the
past, these pores have been attributed to hollow-shell hydra-

Fig. 9. Origina microstructureimagesfor: (a) w/c = 0.3, PSD = 5 um; (b) w/c = 0.3, PSD = 30 um; (c) w/c = 0.5, PSD = 5 pum; and (d) w/c = 0.5, PSD =
30 wm. Phases from brightest to darkest are: C;S, C,S, C;A, C,AF, hemihydrate, and porosity. Central white bar extending across the microstructure is the flat

plate aggregate.
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Fig. 10. Porosity fraction vs. distance from aggregate surface for w/c = 0.5
model cement pastes.

tion (Hadley) grains [30] or to the dissolution of calcium
hydroxide crystals in systems containing silica fume [29],
but they could also be the result of self-desiccation in lower
w/c ratio mortars and concretes.

4, Conclusions

Based on modeling and a few experimental studies, the
following preliminary conclusions can be drawn with respect
to the effects of cement PSD on performance properties:

* Setting time: Coarser cements will require more time
to achieve set, athough they actually achieve set at a
lower degree of hydration. Their strength devel opment
will also lag significantly behind that of finer cements.

» Heat release: Coarser cements will result in a lower
initial heat release rate, which could be useful when
thermal cracking is a concern.
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Fig. 11. Porosity fraction vs. distance from aggregate surface for w/c = 0.3
model cement pastes.

e Capillary porosity percolation: Coarser cements re-
guire more hydration for the capillary porosity to de-
percolate, implying a possibly enhanced curability.

« Diffusivity: At equivaent times, the diffusion coeffi-
cients for the coarser cements are much higher than
those for the finer cements. At equivalent degrees of
hydration, the diffusion coefficients of the coarser ce-
ments are still about a factor of two greater than those
of the finer cements before depercolation of the capil-
lary porosity and approximately equivalent thereafter.

» Chemica shrinkage: Under proper and carefully con-
trolled curing conditions, less empty porosity should
be created in the systems based on the coarser cements.

« Internal RH evolution and autogenous shrinkage: The
reduction in internal RH will be less for the coarser ce-
ments. Although they may contain more water-filled
porosity, the coarser cements will also generally pro-
duce less autogenous shrinkage.

* ITZ microstructure: For conventional w/c ratios, the
coarser cement results in an 1TZ microstructure char-
acterized by a higher porosity and larger pores. At low
(0.3) w/c ratios, this effect becomes less significant.

For the w/c = 0.5 systems, a study of cement particle
flocculation/dispersion indicated that only the setting char-
acteristics were significantly influenced by this parameter.
For the dispersed systems, more time and more hydration
were needed to achieve set. In this study, capillary porosity
depercolation, chemical shrinkage, and relative diffusivity
were found to be relatively unaffected by the flocculation
state of theinitial microstructures.

In al of the simulations, “ideal” curing conditions were
utilized. Coarser cements will require more attention to be
paid to curing in the field, to achieve their full potential. If
adequate curing cannot be guaranteed, the finer cements are
preferable due to both their increased early hydration rate
and their earlier depercolation of the capillary porosity
(which minimizes water loss). While no one cement particle
sizedistribution isideal for al applications, the cement PSD
can be optimized for each particular application.

The purpose of this study has been to point out the ad-
vantages of carefully considering cement fineness when de-
signing concrete for a specific task. The power of using a
combined experimental/microstructural modeling approach
to this problem has been demonstrated and will be devel-
oped further in future cooperative research (including ex-
perimental studies of autogenous shrinkage and internal
stress development for the “model” cements considered in
this study).
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