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The influence of cement particle-size distribution on autoge-
nous strains and stresses in cement pastes of identical water-
to-cement ratios is examined for cement powders of four
different finenesses. Experimental measurements include
chemical to quantify degree of hydration; internal
relative humidity development; autogenous deformation; and
eigenstress development, using a- novel embedded spherical
stress sensor. Because the latter three measurements are
conducted under sealed conditions, whereas chemical-
shrinkage measurements are made under “saturated” condi-
tions, the National Institute of Standards und Technology
cement hydration and microstructure development model Is
used to separate the effects of differences in hydration rates
(kinetics) from those caused by the different initial spatial
arrangement of the cement particles. The initial arrangement
of the cement particles controls the initisl pore-size distribu-
tion of the cement paste, which, in turn, regulates the magni-
tude of the induced autogenous shrinkage stresses produced by
the water/air menisci in the air-filled pores formed throughout
the hydration process. The experimental results indicate that a
small autogenous expansion (probably the result of ettringite
formation), as opposed to a shrinkage, may be produced and
early age cracking possibly avoided through the use of coarser
cements.

1. Introduction

EMENT-BASED materials are unique in that water, the same

medium used for the hydration reactions and microstructural
development, is also largely responsible for the degradation of the
materials in service.' Although many degradation processes, such
as the diffusion of chloride ions to induce corrosion of the steel
reinforcement in reinforced concrete, occur over many years,
others are induced by thermal and hydric loads very early in the
life cycle of the structure. For example, one common problem,
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especially for newer, high-performance lower water-to-cement
ratio (w/c) concretes, is early age cracking caused by self-
desiccation and autogenous shrinkage®* rcsulting from chemical
shrinkage during the cement hydration process.*

As a cement paste hydrates under sealed conditions, chemical
shrinkage occurs, because the hydration products occupy less
space than the original reactants.*> For a typical portland cement,
this chemical shrinkage has a magnitude of ~0.06 g of water per
gram of cement reacted.*® In a sealed, unrestrained system,
initially, the entire three-dimensional cement paste volume phys-
ically shrinks to match the chemical shrinkage, but once the
cement has set (establishing a solid framework), this shrinkage is
resisted and, instead, empty porosity is created within the capillary
pore system of the cement paste microstructure. The water/air
menisci created in these empty pores in turn induce an autogenous
shrinkage (similar to a drying shrinkage”) of the cement paste that
may result in cracking, under restrained conditions, if the tensile
strain capacity of the material is exceeded. Cracking may occur
globally, if the system is externally restrained, or locally, from the
surfaces of the nonshrinking aggregate particles.®® The magnitude
of these autogenous stresses depends on the radius of the pores
being emptied, as shown in Fig. 1 and Table I; hence, the initial
pore-size distribution of the cement paste should have a strong
influence on this process. Because the initial pore-size distribution
is controlled, to a large extent, by the initial arrangement of the
cement particles, cement fineness should be one material param-
eter that can be engineered to control/avoid autogenous shrinkage.
Although computer modeling and some existing data in the
literature have indicated that this should be the case,'® the present
paper presents experimental results for a cement clinker ground to
four widely different finenesses which quantitatively demonstrate
the validity of this hypothesis. Although Hua et al.” and Dela®
have both demonstrated that stress relaxation and creep play a
major role in the autogenous response of the hardening cement
paste, we focus here only on the effects of cement particle-size
distribution {(PSD) on autogenous properties, with no attempt to
quantify the significant influence of creep and stress relaxation on
these measured experimental quantities.

II. Experimental Procedure

The Bogue composition of the cement used in the present
experimental study, as determined by quantitative microscopy,
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Fig. 1. Relation between pore-size distributions and autogenous strains
and stresses in cement-based materials (“RH” is relative humidity; “y”
surface tension; “V_.” molar volume of water; “r,” pore radius; “R” the
universal gas constant; “T” temperature, in degrees Kelvin; and “o_ "

capillary stress). -

Table I. Capillary Stress versus RH and

Pore Radius
Pore radius (wm) RH (%) Ocyp (MPa)
1.5 99.93 0.1
0.5 99.80 0.28
0.05 97.99 2.8
0.02 95.06 7.1

was 59% C,S, 25.9% C,S. 0.6% C,A, and 14.2% C,AF." Rather
than being interground with the cement, hemihydrate (CSH,,,) was
added at a mass percentage of 5%, just before mixing with water.
This cement clinker was ground to four different finenesses,
corresponding to Blaine finenesses'' of 643, 387, 254, and
212 m%kg. The cumulative particle-size distributions for these
four cement powders, as determined by laser diffraction tech-
niques, are provided in Fig. 2. The corresponding average cement
particle diameters, obtained by fitting a Rosin-Rammler distribu-
tion'? to the shown distributions, are ~5, 15, 25, and 30 wm,
respectively, proceeding from left to right in Fig. 2. All mixes were
prepared with freshly boiled demineralized water.

For this study, w/c = 0.35 was chosen as low enough to
minimize bleeding, while also high enough to avoid the necessity
of using a water-reducing agent. For each mix, the cement powder
was first dry-mixed with the hemihydrate addition. The appropri-
ate mass of water was then added, and the paste was mixed for
5 min in a 5 L epicyclic standard mixer, with a brief pause after
2 min for scraping the sides of the bowl. The prepared paste was
then cast in the holders for the various experimental measure-
ments, as described in detail below. All specimens were subse-
quently cured at 30°C. This curing temperature was chosen to
enhance the thermal stability of the oil and water baths and the
environmental chamber used to hold the experimental equipment
and specimens.

(1) Chemical Shrinkage

The chemical shrinkage of the cement pastes was measured
following the general protocol developed by Geiker.> A small

*Cement nomenclature: C is Ca0, S is SiO,, A is Al,O,, and F is Fe,0, (therefore,
C;S is 3Ca0-Si0,).
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Fig. 2. Particle-size distributions for the cement powder ground to four
different Blaine finenesses.

volume (typically 5.0 mm high) of cement paste of known mass
was placed in a glass vial and covered with water. A rubber stopper
containing a calibrated capillary tube was placed on top of the
glass vial, establishing an initial height of water within the
capillary tube. A small drop of paraffin oil was added on top of the
water meniscus within the capillary tube, to minimize evaporative
transfer. The vial was then secured in a constant-temperature water
bath, and the chemical shrinkage was monitored by simply
observing the drop in the water level in the capillary tube, with
time. In general, measurements of chemical shrinkage were per-
formed over the course of 28 d, and the results presented are the
average for two specimens of similar heights. The maximum
expanded uncertainty'® in the calculated chemical shrinkage was
estimated as 0.001 mL per gram of cement,® assuming a coverage
factor of 2.1®

(2) Internal Relative Humidity

The internal relative humidity of the hydrating cement pastes
was evaluated using a hygroscope (Hygroscope DT, Rotronic
Instrument Corp., Huntington, NY)* equipped with four measuring
celis.'* Before and after each experimental run, the equipment was
calibrated using salt solutions with equilibrium relative humidity
(RH) values between 75% and 100%. The equipment was con-
tained in a thermostatically controlled box, with the temperature
controlled to within +0.1°C.

The fresh cement paste was simply placed in a sample holder
that fic tightly into the sealed hygroscope cell. Typically, the
volume of cement paste placed in the holder was a cylinder 42 mm
in diameter and ~7 mm high. For most experiments, the freshly
mixed paste was placed directly into the cell, and the change in RH
was monitored immediately. However, for one experiment (with
the 254 m’/kg cement), to assess the contribution, if any, of
bleeding to the RH readings, a companion sealed specimen was
first rotated for 12 h (well beyond the setting time when any
bleeding would cease) and then crushed and placed in a measuring
cell. Bleeding was a concern for these experiments, because any
expansion or lack of shrinkage observed for the coarser cements
might possibly result from the readsorption of bleed water by the
hydrating cement paste. The readings for this rotated/crushed
specimen were virtually identical to those obtained on the virgin
specimen, suggesting that, as expected, little or no bleeding
occurred for these w/c = 0.35 specimens. The maximum standard
deviation in RH between readings made on companion specimens

*Certain commercial equipment is identified by name in this paper to adequately
specify the experimental procedure. In no case does such identification imply
endorsement by the National Institute of Standards and Technology, nor does it imply
that the products are necessarily the best available for the purpose.
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was 0.48%, with average standard deviations for the four fine-
nesses in the range 0.07%-0.23%.

(3) Autogenous Deformation

The autogenous deformation of the hydrating cement pastes was
monitored using a custom-built dilatometer immersed in a
constant-temperature (*0.1°C) oil bath.">'® The cement paste was
cast into corrugated polyethylene tubes (~300 mm long, with an
inner diameter of ~22 mm) that were sealed and placed in the
dilatometer. There, linear displacement transducers were used to
record the subsequent shrinkage/expansion of the tube during
hydration of the enclosed cement paste. Typically, autogenous
deformation was measured simultaneously on two nominally
identical specimens, and the average result was reported.

The results reported in all plots are always relative to a
deformation of zero at the time of set for the cement paste being
evaluated. The setting time can be accurately determined by the
abrupt change in slope in the original deformation-versus-time
curves as the cement paste begins to offer a finite resistance to the
autogenous deformation. After setting was achieved, the maximum
standard deviation in relative deformation between readings made
on companion specimens was 48.13 microstrains, with average
standard deviations in the range 6.4-30 microstrains.

(4) Eigenstress Development

Eigenstresses were evaluated by embedding a special spherical
stress sensor®'” in a cylindrical specimen (60 mm in diameter and
~60 mm high) of hydrating cement paste. The sensor consisted
of two glass marble halves “glued” together (total diameter of
~16 mm) with an embedded manganin alloy wire. Manganin has
the special property that its conductivity is dependent on the
surrounding pressure and temperature of its immediate environ-
ment. Thus, by monitoring the conductivity of the manganin wire,
the hydrostatic pressure surrounding the marble could be deduced.
Calibration was performed in a pressurized oil bath, at constant
temperature. For this study, temperature increases caused by
hydration were minimized by placing the cylindrical mold con-
taining the cement paste (and sensor) into a constant-temperature
water bath. Still, all readings were corrected for the local temper-
ature, which was measured using a thermocouple that was also
embedded in the stress sensor. Based on readings made on
companion specimens in a previous study,® the maximum stendard
deviation should be on the order of 0.5 MPa for stresses <10 MPa
in magnitude.

III. Microstructural Modeling

To gain further insights into the influence of cement PSD on
initial pore-size distribution and early age autogenous properties,
the four experimental systems were also simulated using the
National Institute of Standards and Technology (NIST) cement
hydration and microstructure development model.>'® The mea-
sured PSDs (Fig. 2) and Bogue composition of the cements were
used to create starting microstructures with w/c = 0.35. The
starting microstructures were then hydrated under both saturated
and sealed conditions,%'® to simulate the experimental conditions
for the chemical shrinkage and autogenous measurements, respec-
tively. By calibrating the chemical-shrinkage predictions of the
model operated under saturated conditions to those observed
experimentally, the degree of hydration versus time for hydration
under sealed conditions could be inferred. This calculation made it
possible to plot the observed autogenous measurements against
degree of hydration (a material parameter), as well as against
elapsed time, to separate differences in kinetics from those in
microstructural features.

Two-dimensional slices from the initial three-dimensional mi-
crostructures for the four cement pastes are provided in Fig. 3.
Clearly, the open “pores” between cement particles are much
larger in the systems based on the coarser cements. To attempt to
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quantify this microstructural difference, a three-dimensional spher-
ical adsorption/desorption program’®2° was used to determine the
pore volume accessible as a function of sphere diameter. :

The algorithm is a rough estimation of adsorption/desorption in
a porous media, because it assumes a spherical meniscus shape,
whereas, in reality, a variety of three-dimensional ellipsoidal
shapes are possible for the meniscus. For a sphege diameter of
1 pm (pixel), a conventional burning algorithm?! is used to
determine the accessible porosity. In this case, for all four w/c =
0.35 systems, nearly all the initial porosity is accessible. However,
for a sphere diameter of 3 pm, large differences are observed
between the four finenesses. The two cements with higher fine-
nesses contain almost no porosity that is accessible for a diameter
of 3 pm, whereas the two coarser cements contain significant
pores (>350% of the total porosity) that are accessible to this sphere
diameter. This finding suggests that, for a fixed amount of created
empty porosity (resulting from self-desiccation), smaller pores
would be emptied in the finer cement pastes than in the coarser
ones. This difference should result in a more rapid decrease in
autogenous relative humidity, an increased antogenous shrinkage,
and, perhaps, an increase in the eigenstresses existing at an
aggregate (or stress sensor) surface. This hypothesis is examined
quantitatively in the following results.

IV. Results

(1) Internal Relative Humidity

The autogenous RH readings, with time, for the four cements
studied are provided in Fig. 4. The spike observed at ~500 h for
the 212 m%kg curve was caused by a temperature drop during a
short power outage in the building, during which data continued to
be collected, because the data logger runs on batteries. Each curve
in Fig. 4 exhibits a similar behavior, with an initial increase (as the
humidity sensor equilibrates with the cement paste) to a plateau
region (98% to 98.5% RH), followed by a significant decrease,
with time. The initial observed increase in RH does not reach
100% RH, because of the reduction in RH caused by the dissolved
ions (Ca®*, Na™, etc.) present in the cement paste pore solution.?>
The coarser cements (254 and 212 m*/kg) remain at their plateau
level for a longer period of time and also subsequently decrease at
a much slower rate than the finer cements (387 and 643 m%kg) for
RH values between 98% and 96%, as hypothesized.

Of course, some of the differences in the curves shown in Fig. 4
result from the differing hydration kinetics of the four cements,
because hydration rates are significantly influenced by cement
PSD.*>?* This finding could be examined preliminarily by plotting
the internal relative humidity against the measured chemical
shrinkage (directly proportional to the degree of hydration at early
times*~®), the only problem being that the chemical-shrinkage
specimens are basically saturated, whereas the internal-relative-
humidity specimens experience sealed curing. One way around
this minor discrepancy is to use the NIST cement hydration model,
executed under both sealed and saturated curing conditions.®'®

Figure 5 shows a comparison of the model-predicted (saturated
conditions) and the experimentally observed chemical-shrinkage
results for the four different cement finenesses. As expected, the
two finer cements hydrated at a significantly more rapid rate than
did the coarser cements. For calibration of medel hydration cycles
to real time,® a simple linear calibration factor of 0.125 h/cycle was
used for these specimens hydrated at 30°C. Thus, at a temperature
of 30°C, the hydration behavior of these cements is better
described by the linear, as opposed to the parabolic, kinetic model
of Knudsen,> although the latter typically has been used for
room-temperature hydration in past studies.®'%** When this single
calibration is used, good agreement is observed among all four
experimental curves and their model counterparts (particularly for
times between 10 and 200 h).

Next, the same calibration factor of 0.125 h/cycle was used for
the simulated hydrations conducted under sealed conditions, to
determine their degree of hydration versus time behavior. For each
of the four systems, the achievable hydration values after 5 000
cycles (625 h) of model hydration, o5y, under sealed and saturated




i three=dimen=ion

eai—L A e

Twn—
grmen|s
[ELIIE

conditions nre provided in Table 11 As expacied. the fitser cemenis
were able o zchieve a higher degree of hydration amd also
exhihi a larger difference between seabed and sarated condi-
tions. The sealed degree of hydration versus lime wis then used 10
plat the experimental relatve humidity versus computed depres of
h:.:_lr:_l:i-.:n_ a shown in Fig. 6. Interestingly, the platean regrons fior
all Four fapenesses pow cxiend o the snme depree of hydntion,
e = 04, Beyvond this, the curves basically diverge into two
subgers, for e finer and coarser cemesnis, respectively. The
\,and then the two subssts of

divergence 1% maxomal ;
CRICVES ._|r-:':|'n.||_'|'| ome amather once &

The curves in Fig. 6 can acally be inderpreted as pore-size
distribtion curves in the Following manner. bust, & alsovm in
Fag. 1 awd Table [, there is a direct relotionship betwesn REL anxd

{7 AT, gray—hemihydrate, and

Wal. 8, Mo |

tel in tevis sty {3
es were [0 um Gy [

the size of the lorgest walerslilled pare i e cement pasic
mecroatreciare. Second, because the volume of emply poros
n sealed system is directly proportional w0 the degree of hydration
(after seiting), the absciszn in Fig. 6 can be equi v owiewed &
i mezsure af ety pore volume. Thus, Fig. 6 can be thought of
a5 a ploi of pore size versus (emply) ponz volume. With th
interpretation (and neglocting the effects of disselved salts aon B
the shorp drop in BH with increasang § fhon pheerved At o =
04 for the teo finer cemenis il in Tl Lhese
microstructures contaim sygnaficamly fewer “coarse’ pores than do
those based on the coarser cemenls, o resull consisient wath the
MmaErsl win in Fig, 5.

Adthough the differ: in the BH-versus-a curves in Fig, 6
ray seen rather subtle, the implications of those differences e

.




January 2011

ﬂ“ 1 1o ..I 1= 3 ragf 13 31333
; _”-.-H--.f&.a-"- i i
o e ™
— a4 - s _.-'ﬂ- w0 I“. mq-vﬁm:l:,' P e S
—r s 2 =
r ,-'P/{'/ : ! }'qr :
b | i [N '\.
C |I : ll. .."l =
= gﬁ_-l B sl hi - I“L .
= : HH"‘-._ : B
i B43 m'fkg | A
= a5 - "El'"l"'k'" e '\.I‘I:...;r.l.. \’\'-\,' e LY
= #E4 m",.-'h:; : W, h
o 212 m' kg | % + 1I.I1|_
l‘-! a4 L : B \H'h‘t‘.l' L
-
L A e R R LY | T — T T
i ] Loa 1 madg
Time {h)

Fig. d.  [memal BH versus time, a5 & funciion of cement fineness.

T“‘.D-ﬁ ALa |_q_|_||.|!____|. 5 ...L......! — |
O-643 ! i i
Q-3p% 4 : ;
r=a 2

.0 oo b iy

.01 -

L I R TS| T

1 | 10 100 1 o0
Time (h)

Fig, 5. Experimental (symaholsh ond model-predicied (solid lines) chem-
ical shrinknge ax 2 fumction of cement fisencss. |6 all cases, the mods] wios
exocmad under spmraced conditions, and hydration cycles were convertisd
Lo time simply by moliplying by & fecor of (0125 hiovche.

Chemical shrinkags [(milfg cemean

Table 11, Compuier bModel Degrees of
Hydration under Saturated and Seiled

FufTuerece of Cement Particle 5ize on Stvaing and Stresves in Cenvent-Based Marerials 133

QFJ L —_—
._,_-w :
"ﬁ_ml.rl—«'. ok et
9E 'FHL SR TR R N T M\R
T ] by S
| : *‘-\,: !

45 - “Ha m‘.-"kg' : irrimi e

Belative humidity (%)

Euls vz et 2o sl L
B 212 ke
53 e e

i 0.15 0.3 0.45 a6 0.75

Degres of hydratian

Fig, 6. Internal BH wersus model-predicied degree of kydrarion, ns o
furcrion of cemant fimenass

{21 Arfogenonrs Defermation

The measured antegenoos deformation, versus time, of the four
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ils maximum reconded essabe stress an —200 h, and crosses iis
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initizl “rera” stress level after ~~400 b, beyvead which it continses
o develop as a compressive siress, A comparison of the siress
sensar resulis in Fig, @ 1o the aunogenous deformaten readings in
Fig. 7 elearly shows that the return fo the initie] “sem™ sires level
cormesponds gquite well we the autogerens deformarion remming Lo
a valee of zem micmostran, as might be expected.

Unfortunarely. the results for the 254 m*fkg cement are nat as
clear, Here, the initial expansion observed in e auiogenis
deformation measuremenis is not accompanied by an eguivalent
tensibe eagensiress developrment: a gradually increasing compres-
sive stress is observed, insteml, One possible explanation for ths
dafference ks that, unlike autogenous (hecanse of the continuity of
stress in the capillary water phase) or thermal shrinkagesfexpan-
atong, expansion cansed by eiringite formotion is o local, as
oppased W0 a0 bulk, phescasenon. Thus, the local environment
around the embedded siress sensor delermines whether the grow-
ing crystals of emnngite will posh cement paste away from the
sensor surface (resulting in & tensile stress reladive o the inial
araLe) of compress paste “toward™ the sensor surfoce, resulting in
an increase in local eonpressive siresses, as observed for the
2154 m"."l-;{_l cement, More imp-:ln;ilnl._ from o practical viewpoinl,
despite the large compressive siress (7 MPa) ultimaizly developed
ot the sfress sensor serfice, there 15 litle indicaton of meerocrack-
ing, becawse the strain capacity of the pasie is nod exceeded in
aither compressasn or lensien.

V. Discwssion

The resulis presemted above clearly indicate that cement PSD
has @ Inr_[:n:: mle in determining the alogenows properbies of
hydrating cenwnt paste. A fumher consideration in mast high-
performnnse comereles is e addition of oaseral admdxoces
(poemelans). For cxample, silicn fume is composed of extremely
fine (=1 pm} paricles tha will finely subdivide the inial pore
stracure of the psne, This subdivision, along with the Tumber
increzse in self-desiccation cansed by the pozzolanic reaction
beetween silice fume and cemeand, resulis i large reductions m BH
ared large increases in autogenous shrinkage." Conversely, Ay ash
partickes are typically of asiee similar 1o that of cement asd would
b cxpected to have a smaller detrimental influence on autogenons
r.l'r\'l:-{l-tlﬂl.'ﬁ-:'i- This theary 15 consistent with the resulis of Houk er
@l whio studied 2 variety of conerete mixtures loe the Dworslesk
Dam project and woted a “general incresse in autogensos shrink-
nge with increase in fineness of the cementing materals.” In their
study.™ “concretes comaining fly ash hod cementing materials of
Iepwesst overal] fimeness and exhibivsd losest awtegenous shrinkags.”

The major problem in wsing coarser cements and Ty ashes)
may be the lack of carly age sirength development. In general,
rninirn'i;-:ing ;'rack'ing cased by amtogenons Gand thermal ) shrink-
agefexpansion and maximizing carly age sirengih appear o be
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conflicting goals. If early age strength is not an issue, the ideal
concrete might be one with a relatively low cement content,®* a
fow wlc, and a relatively coarse initial pore-size distribution that
densifies (to nearly zero capillary porosity) because of hydration.
An alternate solution to the autogenous shrinkage and early age
cracking problem is the use of saturated, lightweight aggregates to
provide autogenous curing for these lower w/c concretes.>*>* In
these systems, the water initially saturating the pores in the
lightweight aggregates is drawn into the hydrating cement paste by
capillary forces, to provide the “extra” water needed to continue
hydration and minimize capillary stresses and autogenous defor-
mation. Thus, the reduction in RH will be controlled mainly by the
size of the pores in the lightweight aggregates, which will be the
first to empty because of self-desiccation.

VI. Conclusions

Careful experimental studies, using novel sensors, have dem-
onstrated that cement particle-size distribution, through its influ-
ence on the initial pore-size distribution of fresh cement paste, has
a significant effect on the early age autogenous properties of sealed
specimens at identical w/c ratios. The larger pores present in the
coarser cement paste reduce the rate of RH decay with increasing
hydration, concurrently reducing the associated capillary stresses
within the cement paste pore solution. In turn, both the autogenous
shrinkage and the eigenstress (and associated microcracking) are
reduced. Thus, engineering the PSD of the cement may be one
method for reducing or eliminating early age cracking (both macro
and micro) of high-performance concretes. Although coarse pores
are relatively beneficial in minimizing early age cracking, they are
detrimental to long-term strength, so that care must be taken in
producing a concrete with optimum performance both in the short
term and in future years. However, avoiding early age cracking is
critical for the long-term durability of these high-performance
materials.

The NIST microstructural model has been used successfully in
conjunction with the present experiments, both to separate kinetics
effects from true microstructure differences and to “quantify” the
initial pore-size distribution of the cement pastes. Thus, this study
demonstrates the synergistic effects of using a dual experimental/
computer modeling approach to elucidate the complex relation-
ships between microstructure and properties in cement-based
materials.
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