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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 shrinkage, 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 and 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 initial 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.

I. 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 servicé.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-cemen
ratio (w/c) concretes, is early age cracking caused by self
desiccation and autogenous shrinkageesulting from chemical
shrinkage during the cement hydration prock3s.

As a cement paste hydrates under sealed conditions, chemic
shrinkage occurs, because the hydration products occupy le
space than the original reactafitsFor a typical portland cement,
this chemical shrinkage has a magnitude~df.06 g of water per
gram of cement reactéd® 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 |
resisted and, instead, empty porosity is created within the capillar
pore system of the cement paste microstructure. The water/a
menisci created in these empty pores in turn induce an autogeno
shrinkage (similar to a drying shrinkaQeof the cement paste that
may result in cracking, under restrained conditions, if the tensile
strain capacity of the material is exceeded. Cracking may occtL
globally, if the system is externally restrained, or locally, from the
surfaces of the nonshrinking aggregate partiéi@ghe magnitude
of these autogenous stresses depends on the radius of the po
being emptied, as shown in Fig. 1 and Table I; hence, the initia
pore-size distribution of the cement paste should have a stron
influence on this process. Because the initial pore-size distributio
is controlled, to a large extent, by the initial arrangement of the
cement particles, cement fineness should be one material paral
eter that can be engineered to control/avoid autogenous shrinkac
Although computer modeling and some existing data in the
literature have indicated that this should be the ¢dske present
paper presents experimental results for a cement clinker ground
four widely different finenesses which quantitatively demonstrate
the validity of this hypothesis. Although Huet al” and Del&
have both demonstrated that stress relaxation and creep play
major role in the autogenous response of the hardening ceme
paste, we focus here only on the effects of cement particle-siz

' distribution (PSD) on autogenous properties, with no attempt tc

quantify the significant influence of creep and stress relaxation ol
these measured experimental quantities.

Il.  Experimental Procedure

The Bogue composition of the cement used in the preser
experimental study, as determined by quantitative microscopy
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Fig. 1. Relation between pore-size distributions and autogenous strains
and Stresse§ in cement-based materials (“RH" is relati\/.e hum|d¢y, “ volume (typ|ca”y 5.0 mm h|gh) of cement paste of known mass
surface tlens'on; Mt mt‘_"?;,,‘"t"“me Oft water; d£ pore rid'lu.s;_ R” the was placed in a glass vial and covered with water. A rubber stoppe
universal gas constant, “T" temperature, in degrees Kelvin; and; containing a calibrated capillary tube was placed on top of the

capillary stress). 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

Table I. Capillary Stress versus RH and transfer. The vial was then secured in a constant-temperature wat

Pore Radius bath, and the chemical shrinkage was monitored by simply

Pore radius gm) RH (%) O cap (MPa) observing the drop in the water level in the capillary tube, with
time. In general, measurements of chemical shrinkage were pe

15 99.93 0.1 formed over the course of 28 d, and the results presented are tl

0.5 99.80 0.28 average for two specimens of similar heights. The maximun
883 gggg %? expanded uncertainty in the calculated chemical shrinkage was

estimated as 0.001 mL per gram of cem@agsuming a coverage
factor of 213

was 59% GS, 25.9% GS, 0.6% GA, and 14.2% GAF." Rather . -
than being interground with the cement, hemihydrate (GgMas @ Int.ernal Relat|\(e Hulelty )

added at a mass percentage of 5%, just before mixing with water. 1€ internal relative humidity of the hydrating cement pastes
This cement clinker was ground to four different finenesses, Was evaluated using a hygroscope (Hygroscope DT, Rotroni
corresponding to Blaine finenesdtsof 643, 387, 254, and  Instrument Corp., Huntington, NYEquipped with four measuring
212 nt/kg. The cumulative particle-size distributions for these C€llS- " Before and after each experimental run, the equipment wa
four cement powders, as determined by laser diffraction tech- calibrated using salt solutions with equilibrium relative humidity
niques, are provided in Fig. 2. The corresponding average cement(RH) values between 75% and 100%. The equipment was cor
particle diameters, obtained by fitting a Rosin—Rammler distribu- tained in a thermostatically controlled box, with the temperature

tion'? to the shown distributions, are’5, 15, 25, and 3Qum, controlled to within+0.1°C. _ _
respectively, proceeding from left to right in Fig. 2. All mixes were The fresh cement paste was simply placed in a sample holdk
prepared with freshly boiled demineralized water. that fit tightly into the sealed hygroscope cell. Typically, the

For this study, w/c= 0.35 was chosen as low enough to volume of cement paste placed in the holder was a cylinder 42 mr
minimize bleeding, while also high enough to avoid the necessity In diameter and~7 mm high. For most experiments, the freshly
of using a water-reducing agent. For each mix, the cement powderMixed paste was placed directly into the cell, and the change in R
was first dry-mixed with the hemihydrate addition. The appropri- Was monitored immediately. However, for one experiment (with
ate mass of water was then added, and the paste was mixed fofh€ 254 mi/kg cement), to assess the contribution, if any, of
5 min in a 5 Lepicyclic standard mixer, with a brief pause after Pleeding to the RH readings, a companion sealed specimen w;
2 min for scraping the sides of the bowl. The prepared paste was irst rotated for 12 h (well beyond the setting time when any
then cast in the holders for the various experimental measure-Pl€€ding would cease) and then crushed and placed in a measuri
ments, as described in detail below. All specimens were subse-C€ll Bleeding was a concern for these experiments, because a
quently cured at 30°C. This curing temperature was chosen to €Xpansion or lack of shrinkage observe_d for the coarser cemen
enhance the thermal stability of the oil and water baths and the Might possibly result from the readsorption of bleed water by the
environmental chamber used to hold the experimental equipmenthydrating cement paste. The readings for this rotated/crushe

and specimens. specimen were virtually identical to those obtained on the virgir
specimen, suggesting that, as expected, little or no bleedin
(1) Chemical Shrinkage occurred for these w/e 0.35 specimens. The maximum standard

) . deviation in RH between readings made on companion specimer
The chemical shrinkage of the cement pastes was measured

following the general protocol developed by GeiReA small

*Certain commercial equipment is identified by name in this paper to adequatel

— specify the experimental procedure. In no case does such identification impl

TCement nomenclature: C is CaO, S is Si®is Al 05, and F is FgOj, (therefore, endorsement by the National Institute of Standards and Technology, nor does it impl
C,S is 3CaCsi0,). 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- quantify this microstructural difference, a three-dimensional spher
nesses in the range 0.07%—0.23%. ical adsorption/desorption prograft®was used to determine the
pore volume accessible as a function of sphere diameter.
The algorithm is a rough estimation of adsorption/desorption ir

(3) Autogenous Deformation a porous media, because it assumes a spherical meniscus she

The autogenous deformation of the hydrating cement pastes waswhereas, in reality, a variety of three-dimensional ellipsoidal
monitored using a custom-built dilatometer immersed in a shapes are possible for the meniscus. For a sphere diameter
constant-temperature-0.1°C) oil bath*>*°The cement pastewas 1 pm (pixel), a conventional burning algoritfhis used to
cast into corrugated polyethylene tubes300 mm long, with an determine the accessible porosity. In this case, for all four=w/c
inner diameter of~22 mm) that were sealed and placed in the 0.35 systems, nearly all the initial porosity is accessible. However
dilatometer. There, linear displacement transducers were used tofor a sphere diameter of 8m, large differences are observed
record the subsequent shrinkage/expansion of the tube duringbetween the four finenesses. The two cements with higher fine
hydration of the enclosed cement paste. Typically, autogenousnesses contain almost no porosity that is accessible for a diamet
deformation was measured simultaneously on two nominally of 3 um, whereas the two coarser cements contain significar
identical specimens, and the average result was reported. pores 50% of the total porosity) that are accessible to this spher:

The results reported in all plots are always relative to a diameter. This finding suggests that, for a fixed amount of create
deformation of zero at the time of set for the cement paste being empty porosity (resulting from self-desiccation), smaller pores
evaluated. The setting time can be accurately determined by thewould be emptied in the finer cement pastes than in the coars
abrupt change in slope in the original deformation-versus-time ones. This difference should result in a more rapid decrease |
curves as the cement paste begins to offer a finite resistance to theautogenous relative humidity, an increased autogenous shrinkag
autogenous deformation. After setting was achieved, the maximumand, perhaps, an increase in the eigenstresses existing at
standard deviation in relative deformation between readings madeaggregate (or stress sensor) surface. This hypothesis is examir
on companion specimens was 48.13 microstrains, with averagequantitatively in the following results.
standard deviations in the range 6.4—30 microstrains.

IV. Results

(4) Eigenstress Development (1) Internal Relative Humidity

Eigenstresses were evaluated by embedding a special spherical The autogenous RH readings, with time, for the four cement
stress sensBr’in a cylindrical specimen (60 mm in diameter and studied are provided in Fig. 4. The spike observed-800 h for
~60 mm high) of hydrating cement paste. The sensor consistedthe 212 nf/kg curve was caused by a temperature drop during :
of two glass marble halves “glued” together (total diameter of short power outage in the building, during which data continued tc
~16 mm) with an embedded manganin alloy wire. Manganin has be collected, because the data logger runs on batteries. Each cu
the special property that its conductivity is dependent on the in Fig. 4 exhibits a similar behavior, with an initial increase (as the
surrounding pressure and temperature of its immediate environ-humidity sensor equilibrates with the cement paste) to a platea
ment. Thus, by monitoring the conductivity of the manganin wire, region (98% to 98.5% RH), followed by a significant decrease,
the hydrostatic pressure surrounding the marble could be deducedwith time. The initial observed increase in RH does not react
Calibration was performed in a pressurized oil bath, at constant 100% RH, because of the reduction in RH caused by the dissolve
temperature. For this study, temperature increases caused byons (C&", Na', etc.) present in the cement paste pore solutfon.
hydration were minimized by placing the cylindrical mold con- The coarser cements (254 and 212kyg) remain at their plateau
taining the cement paste (and sensor) into a constant-temperaturdevel for a longer period of time and also subsequently decrease
water bath. Still, all readings were corrected for the local temper- a much slower rate than the finer cements (387 and 64Bghfor
ature, which was measured using a thermocouple that was alsoRH values between 98% and 96%, as hypothesized.
embedded in the stress sensor. Based on readings made on Of course, some of the differences in the curves shown in Fig. -
companion specimens in a previous stfidige maximum standard ~ result from the differing hydration kinetics of the four cements,
deviation should be on the order of 0.5 MPa for stress&8 MPa because hydration rates are significantly influenced by cemer
in magnitude. PSD?324This finding could be examined preliminarily by plotting

the internal relative humidity against the measured chemica
shrinkage (directly proportional to the degree of hydration at early
ll.  Microstructural Modeling times~9), the only problem being that the chemical-shrinkage
specimens are basically saturated, whereas the internal-relativ

To gain further insights into the influence of cement PSD on humidity specimens experience sealed curing. One way arour
initial pore-size distribution and early age autogenous properties, this minor discrepancy is to use the NIST cement hydration mode
the four experimental systems were also simulated using the executed under both sealed and saturated curing condftiéhs.
National Institute of Standards and Technology (NIST) cement  Figure 5 shows a comparison of the model-predicted (saturate
hydration and microstructure development mdtfél.The mea conditions) and the experimentally observed chemical-shrinkag
sured PSDs (Fig. 2) and Bogue composition of the cements wereresults for the four different cement finenesses. As expected, th
used to create starting microstructures with w#c 0.35. The two finer cements hydrated at a significantly more rapid rate thau
starting microstructures were then hydrated under both saturateddid the coarser cements. For calibration of model hydration cycle
and sealed conditiorfs*®to simulate the experimental conditions  to real timeS a simple linear calibration factor of 0.125 h/cycle was
for the chemical shrinkage and autogenous measurements, respeaised for these specimens hydrated at 30°C. Thus, at a temperatt
tively. By calibrating the chemical-shrinkage predictions of the of 30°C, the hydration behavior of these cements is bette
model operated under saturated conditions to those observeddescribed by the linear, as opposed to the parabolic, kinetic mod
experimentally, the degree of hydration versus time for hydration of Knudser?® although the latter typically has been used for
under sealed conditions could be inferred. This calculation made it room-temperature hydration in past studié§:*>wWhen this single
possible to plot the observed autogenous measurements againstalibration is used, good agreement is observed among all fol
degree of hydration (a material parameter), as well as againstexperimental curves and their model counterparts (particularly fo
elapsed time, to separate differences in kinetics from those in times between 10 and 200 h).
microstructural features. Next, the same calibration factor of 0.125 h/cycle was used fo

Two-dimensional slices from the initial three-dimensional mi- the simulated hydrations conducted under sealed conditions, |
crostructures for the four cement pastes are provided in Fig. 3. determine their degree of hydration versus time behavior. For eac
Clearly, the open “pores” between cement particles are much of the four systems, the achievable hydration values after 5 00
larger in the systems based on the coarser cements. To attempt taycles (625 h) of model hydrationg,, under sealed and saturated
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Fig. 3. Two-dimensional slices from three-dimensional model initial cement microstructures for the four different finenesses investigated in(tosstudy
assignments: red—{S, blue—GCS, green—GA, yellow—C,AF, gray—hemihydrate, and black— capillary porosity; original images wereut®y 100
pm).

conditions are provided in Table Il. As expected, the finer cements the size of the largest water-filled pore in the cement pastc
were able to achieve a higher degree of hydration and also microstructure. Second, because the volume of empty porosity i
exhibited a larger difference between sealed and saturated condi-a sealed system is directly proportional to the degree of hydratio
tions. The sealed degree of hydration versus time was then used tqafter setting), the abscissa in Fig. 6 can be equivalently viewed &
plot the experimental relative humidity versus computed degree of a measure of empty pore volume. Thus, Fig. 6 can be thought c
hydration, as shown in Fig. 6. Interestingly, the plateau regions for as a plot of pore size versus (empty) pore volume. With this
all four finenesses now extend to the same degree of hydration, interpretation (and neglecting the effects of dissolved salts on RH]
o = 0.4. Beyond this, the curves basically diverge into two the sharp drop in RH with increasing hydration observed at
subsets, for the finer and coarser cements, respectively. The0.4 for the two finer cements would indicate that these two
divergence is maximal at ~ 0.47, and then the two subsets of microstructures contain significantly fewer “coarse” pores than dc
curves approach one another once again. those based on the coarser cements, a result consistent with t
The curves in Fig. 6 can actually be interpreted as pore-size- microstructures shown in Fig. 3.

distribution curves in the following manner. First, as shown in Although the differences in the RH-versuseurves in Fig. 6
Fig. 1 and Table I, there is a direct relationship between RH and may seem rather subtle, the implications of those differences al
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Fig. 4. Internal RH versus time, as a function of cement fineness. Fig. 6. Internal RH versus model-predicted degree of hydration, as @

function of cement fineness.

(2) Autogenous Deformation

: ‘ ‘ The measured autogenous deformation, versus time, of the fo
g:ggg | i i - cements is shown in Fig. 7. For the two finest cements, a rapi
o . eIl development of shrinkage is observed, while the cement paste
1 v-212 | i . . relatively weak, followed by a more gradual development of
: ; 7 shrinkage as the elastic modulus of the paste increases. For t
; : Y coarser cements, after setting, a small initial expansion is prc
] 5/ 4 r duced, reaches a maximum, and then eventually is overwhelme
0.08 —freremmemmeee peee— R L o - by the developing autogenous shrinkage. These general obsen
‘ i 7 tions are consistent with comparable measurements of autogeno
I R T S & T B deformation versus cement fineness performed by Koefitlens
‘ : b/ 4 : by Tazawa and MiyazawZ.As with expansive type K cement8,
i ; i the observed expansion most likely results from ettringite forma
R e D e I tion®° (as opposed to readsorption of bleed water, which wa
] ¥ i L eliminated as a possibility by the comparison of rotated anc
0 — W et ‘ o | S virgin-sealed RH specimens). Even though the cement is very lox
0.1 1 10 100 1000 in C;A content, substantial ettringite is formed from the reactions
Time (h) betweer_l the _QAF phas_e and the hemihyd_rate, as measured b
X-ray diffraction techniques for pastes with wk 0.5°° and
Fig. 5. Experimental (symbols) and model-predicted (solid lines) chem- consistent with the observations of Fukuhat al®* and of
ical shrinkage as a function of cement fineness. In all cases, the model wasBrown 3 Thus, in all four systems, there appears to be a cempe
executed under saturated conditions, and hydration cycles were convertedition between expansive ettringite formation and autogenou
to time simply by multiplying by a factor of 0.125 hicycle. (“drying”) shrinkage, with the latter clearly dominating for the
finer cements.

o
o
D

PR I T T 1@ ¥aa e Lo

o

o

(9]
|

Chemical shrinkage (ml/g cement)

Table Il. Computer Model Degrees of

1000 el T T W
Hydration under Saturated and Sealed :
Conditions
Fineness (rfikg) Q5000 (Saturated) Q5000 (Sealed) 500
643 0.8561 0.7711
387 0.8079 0.7497
254 0.7520 0.7240
212 0.7549 0.7238 0

- . . . -500
extremely significant, because the tensile strain capacity and

elastic moduli of cement-based materials change drastically during
the first several hundred hours of hydratiofThus, delaying the ; :
development of “fine” water menisci and their associated stressesa?d»looo T — T —
for just a few days should have a significant impact on minimizing 1 10 100 100¢C
autogenous shrinkage and cracking. At a fixed capillary stress Time (h)

(pore size), 2 microstructure that has hydrated more will have a Fig. 7. Autogenous deformation versus time, as a function of cemen
higher elastlc_modulus and will hav_e had a longer time for any fineness. Stars and colored broken lines indicate the microstrain leve
Stress relaxation and creep t_o man'fGSt_themselves' Thus, such %orresponding to the hypothesized local cracking (stress reduction) arour
microstructure should exhibit less shrinkage. The autogenous the embedded spherical stress sensor. Set time for each paste correspo
deformation results presented next will, indeed, validate this to the point where each curve first reaches a relative deformation value
conjecture. zero.

ative deformation (Microstrain)
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As with relative humidity, the autogenous deformation results 1
can also be plotted against degree of hydration, as shown in Fig. 8. 4 ; 3 ! i ; ]
One interesting feature of these curves is that the initial degree of 0 et s e e, o - ot —
hydration required to achieve set (as indicated by the intersection . i : : i 1
of the curves with the microstrain value of zero) is significantly e B e e

larger for the finer cements, as predicted previously, based on —~ 1 : |
microstructural modeling® Thus, although the finer cements c:f B FUIR i
achieve set in less time, because of their much more rapid = l s 3
hydration rates, they actually require a greater degree of hydration ,, ~ s e AR ;

than do coarser cements to form a sufficient number of bridges of & | | 643 m?/kg S - T i Ly & | i
hydration products between the more numerous initial cement 5 ]l 387 m®/kg ! |
particles. After setting, the finest cement (64%/kg) shrinks “ 51254 mi/kg .

rapidly, and the 387 Rikg cement shrinks gradually, whereas the | 212 m%/kg

two coarser cements actually expand slightly, because of the S N — S— S ; : ; ;
ettringite formation. At higher degrees of hydratien 0.5), the . ; ; H
four curves are basically parallel, suggesting that the ratios of =7 — T F————t—
incremental capillary stresses to long-term elastic modulus are 0 100 200 300 400 500 600 700 800
similar for the four different cement finenesses. Time (h)

Fig. 9. Measured eigenstress versus time, as a function of cemer

(3) Eigenstress Development fineness.
Finally, we consider the results for the measurement of eigen-

stresses developing around the embedded spherical stress SeNSQiyia
as shown in Fig. 9. In this figure, compressive stresses are shownto develop as a compressive stress. A comparison of the stre

as negative values and tensile stresses as positive ones, (o a9 nsor results in Fig. 9 to the autogenous deformation readings
with the sign convention used in the plots of autogenous deforma- Fig. 7 clearly shows that the return to the initial “zero” stress level

gﬁzs(é'i{{ tﬁg 23;%%?2%?%32;'%23: ; o;ﬁs?hoenfd(;suﬁo d%g&?ﬁé‘;ﬁg’f orresponds quite well to the autogenous deformation returning t
: gain, value of zero microstrain, as might be expected.

(543 k) shows a amall il comprésaive strese, which decay. ., UTTOTIUNatel, the resuls for the 254k cemen are ot as
steadily to a zero stress level. This steady decay r;robably resultsC|ear' Here, the initial expansion observed in the autogenou
because the large initial autogienous shrinkage exceeds the tensil eformation measurements is not accompanied by an equivale
strain capacity of the young cement paste, causing local micro- ensile eigenstress development; a gradually increasing compre
cracking (and/or debonding) and stress reliéf at the sensor surface>rve stress Is observgd, instead. One possible explanatlo_n fqr o
A comparison of the eigenstress and autogenous deformationd'ﬁerence is that,_unllke autogenous (because of th_e continuity ¢
responses shows that this local microcracking is likely initiated at stress in the capillary water phase) or thermal shrinkages/expa
a strain level of about =560 microstrains. Interestingly, as shown sions, expansion caused by ettringite formation is a local, a
' ' opposed to a bulk, phenomenon. Thus, the local environmer

gg;hﬁ;}fkigrﬁggeﬁhw&s :\zgesrfggef%rd?r:eilcfo?:lrn;fj(l% F/gé;éthee around the embedded stress sensor determines whether the grc
9 9 9 ing crystals of ettringite will push cement paste away from the

!Smgtaet'r:g 3: eack:)rci)tLijéal_gt?gi nmclgroas éirtalr;s. ZZ:JSS,I Of%re %(;“lhgfotr%eesreofsensor surface (resulting in a tensile stress relative to the initic
—%00 mié:rostrains or 0.05% Eonv){ars%rl) the critical stress levels state) or compress paste “toward” the sensor surface, resulting
970 Y, an increase in local compressive stresses, as observed for t

are quite different for the two cement pastes, bein@.8 and A . ! .
4.5-5.5 MPa for the 643 and 387°lkg cements, respectively. 254 nf/kg cement. More important, from a practical viewpoint,

The eigenstress behavior of the coarser cements is equallydeSp'te the large compressive stress (7 MPa) ultimately develope

interesting. For the coarsest cement, from its initial state embeddedat the stress sensor surface, there is little indication of microcrack
in the fresh cement paste, the eigenstress sensor first registers %1_9, because thc_a strain capacity of the paste is not exceeded

) . . ither compression or tension.
tensile stress (or a release from any initial compressive state) that
slowly increases in magnitude, experiences compression relative to

its maximum recorded tensile stress-a00 h, and crosses its V. Discussion

zero” stress level after-400 h, beyond which it continues

The results presented above clearly indicate that cement PS
has a large role in determining the autogenous properties c

= 2000 . 1 . . . 1 . hydrating cement paste. A further consideration in most high
5 performance concretes is the addition of mineral admixture:
bt 1500 (pozzolans). For example, silica fume is composed of extremel
:!f fine (<1 wm) particles that will finely subdivide the initial pore
© structure of the paste. This subdivision, along with the furthel
= 1000 increase in self-desiccation caused by the pozzolanic reactic
o between silica fume and cement, results in large reductions in R
2 500 - and large increases in autogenous shrink&geonversely, fly ash

© particles are typically of a size similar to that of cement and would
E be expected to have a smaller detrimental influence on autogeno
2 0 properties. This theory is consistent with the results of Hetk
3 al.,**who studied a variety of concrete mixtures for the Dworshak
© ~500 4 Dam project and noted a “general increase in autogenous shrin
= ] age with increase in fineness of the cementing materials.” In thei
T‘i 1000 ; study?2 “concretes containing fly ash had cementing materials o
a1 ' ' ' ' ' '

lowest overall fineness and exhibited lowest autogenous shrinkage

The major problem in using coarser cements (and fly ashes
may be the lack of early age strength development. In genera
Fig. 8. Autogenous deformation versus model-predicted degree of hy- minimizing cracking caused by autogenous (and thermal) shrink
dration, as a function of cement fineness. age/expansion and maximizing early age strength appear to |

i
0.45 0.6 0.75

i i
0.15 0.3
Degree of hydration

o
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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 contérd,

low wic, and a relatively coarse initial pore-size distribution that
densifies (to nearly zero capillary porosity) because of hydration.
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