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PREFACE

Self-desiccationis a well-known phenomenon. It has aso been known for a very long time
that the magnitude of self-desiccation increases with decreasing waterlcement ratio. Self-
desiccation In low-porosity cement paste with a waterlcement ratio as low as 0.17 was de-
scribed amost 60 years ago in apaper by Gauseand Tucker,' . The phenomenon was theoreti-
cally explained by Powers,? . Further experimental and theoretical studies were presented by
Copeland and Bragg in 1955.%. The mechanica effects of self-desiccation, such as different
types of shrinkage and cracking, were described by Wittmann in 1968,*. The RH-reducing ef-
fect of self-desiccationin concrete with low water/cement ratio, and the importanceof thisef-
fect for reducing the drying time of concrete, was investigated and marketed quite early in
Sweden by Ahlgren in 1973,°, and later by Nilsson in 1977.%. The increased drying rate of
high performanceconcrete has been widdy exploited in Sweden during the last 5 years. More
than 1 million square meters of concretedabs have been produced with so-called self-drying,
or rapid-drying, concrete.

Theeffects- positive and negative - of self-desiccationare negligiblein traditional concre-
te because of the small effect of self-desiccation on the internal RH of such concrete.
Therefore, self-desiccationis hardly noticed, or considered, in traditional concrete technology.
The growing interest in high performance concrete has changed the situation. A reduction in
the waterlcement ratio to levelsfar below 0.40 and use of silicafume cause such big changes
in the internal pore structure that self-desiccation becomes important. The RH-level can be
very much reduced, causing rapid drying and improved durability. But it also has negative ef-
fects such as shrinkage and cracking. Therefore, self-desiccation cannot be neglected in high
performance concrete.

Itis clear that we need more information and a better understanding of self-desiccation; of
the mechanism, and of the effects on the properties of the finished concrete, especially the

durablity. It isthe purposedf this seminar to collect and discussinformation from ongoing re-
search within thisimportant field.

Lund, May 16,1997

Goran Fagerlund

1) Gause, Tucker (1940) J. of Research, National Bureau of Standards Vol 25, p. 403.

2) Powers(1947) A discussion of cement hydration in relation to the curing of concrete,
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“) W| ttmann (1968) Surfacetension, shrinkageand strength of hardened cement paste,
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) Ahlgren (1973) Moisturein concrete floors with impermeabl e coatings, Byggmastaren,
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HIGH PERFORMANCE CONCRETE (HPC) AT EARLY AGES:
SELFGENERATED STRESSESDUE TO AUTOGENOUS
SHRINKAGE AND TEMPERATURE

OYVIND BJONTEGAARD, ERIK J. SELLEVOLD
The Norwegian University of Scienceand Technology,
Department of Structural Engineering, Trondheim.

TOR ARNEHAMMER
The research institution SINTEF Civil and Environmenta
Engineering, Trondheim.

ABSTRACT

There are two main driving forces to the generation of stresses in concrete during hardening
under restraint: Thermal dilation and autogenous shrinkage. The results in the paper
demonstrates that the autogenous shrinkage contribution may be substantial. The magnitude of
the autogenous shrinkage is very senstiveto the binder phase composition of the concrete, the
available water content in the aggregate and to temperature. It is shown that for a given
concrete, with a constant initia temperature through setting, the subsequent autogenous
shrinkage at different temperature developments may be described using the maturity concept.
However, both the rate and magnitudeof the shrinkage depends on the initial temperature level.
The temperature sengitivity of autogenous shrinkageis presently badly understood and requires
more work.

INTRODUCTION AND TEST PROGRAM

Practical use of HPC has shown it to be sensitiveto cracking at early ages. Several mechanisms
are active: (1) Plastic shrinkage may develop very early due to minima bleeding, (2) chemical
shrinkage due to hydration reactions resulting in autogenous shrinkage, and (3) the temperature
riseis high due to high cement contents resulting in tensile stress devel opment during subsequent
cooling. The control of such cracking is the goa of the Norwegian NOR-IPACS project. The
total project involves determination of the required material properties, temperature and stress
calculation programs and field testing a construction sites. FIG.-1 shows a principle sketch of
the interaction between the different project parts. The "Stress-Rig" (FIG.-2) has a central role.
It measures the stress generation under full restraint (via a feedback system) in a concrete from
about 6 hours after mixing. A "Shrinkage-Rig" is adso constructed to measure the unrestrained
(free) movement caused by temperature change (thermal dilation) and autogenous shrinkage.
The Shrinkage-Rig may be operated so that the 2 contributions to movement can be separated.
The temperature of the concrete is controlled in both rigs, to produce either isothermal
conditions (to measure the contribution of autogenous shrinkage alone) or a redistic
temperature history to simulate practical conditions. Thus, the Stress-Rig may be used directly
to characterizethe stress generation in a given concrete composition, or as a "facit” to check the



accuracy of calculations of stress development based on the materiads properties. hesat
devel opment, autogenous shrinkage, thermd dilation, E-modulus and creep/relaxation.

A comprehensivetest programis underway to determine these properties, and, in particular, to
determine the minimum number of tests that are required in order to determine the properties
with sufficient accuracy for practical applications. Drying shrinkage is not included in the
program so far, hence, the concreteis sealed from moistureexchange in the experiments.

The whole fidd of stress predictionsand crack limitation is quite active presently, particularly in

Europe and Japan. A comprehensive view of the field is given in the RILEM symposum
proceedings”.
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FIG.-1 NOR-IPACS, principlesketch
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FIG.-2 The Stress-rig

PRELIMINARY RESULTS

Stressdevd opment

The fact that autogenous shrinkage may contribute substantially to stress generationin HPC is
illustrated in FIGs. 3 and 4. FIG.-3 shows autogenous shrinkage and stress development during
a 20°C isothermal test. Stress developesfrom about 6 hrs. Autogenous shrinkage starts earlier,
but is zeroed at the time stress is generated since before this time the E-modulusis too low to
produce stresses. Note that the stress increases during the test period (14 days), i.e. the
relaxationeffect is not sufficient to counteract the autogenous shrinkage contribution during this
whole period. FIG.-4 shows restraint stresses at isothermal and two more redlistic temperature
histories, plotted against maturity (equivalent time at 20°C). The two specimens with redlistic
temperature histories (maximum temperatures of 42°C and 54°C) failed in tension after 27 and
33 maturity hours, respectively (15 and 13 hrs. real time). Considering the stress vauesin FIG.-
4, it can be seen that the autogenous shrinkage contributes substantially to the stress
development, and cannot be ignored in stress calculations. The magnitude of the effect,
however, varies greatly asdiscussedin the following.
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Autogenousshrinkage- water supply

Little systematic data on autogenous shrinkage of concrete is available. Comparison between
unpublished resultsfrom our and other Scandinavian laboratoriesindicate large differences and
strong dependence on the concrete binder composition. One, possibly very important, factor
should be noted: Autogenous shrinkageis a result of the interna chemical shrinkage associated
with cement hydration. After a sufficiently rigid skeleton is formed in the binder, this chemical
shrinkageresultsin empty pore space and the development of capillary forces in the pore water,
which again produces external volume contraction, i.e. autogenous shrinkage. However, the
amount of empty pore space is very small. F.inst. a concrete with 400 kg cement/m® will only
form 0.012 m’/m> empty pore space at about 50 % degree of hydration. If this amount of water
is available in the aggregate, the autogenous shrinkage may be eliminated. Tests at our
laboratory have shown that for light weight aggregate HPC there is no autogenous shrinkage,
demonstrating that 'the water in the aggregate is available to compensate for the chemical
shrinkage. Even normal aggregate contains some water, thus, the variations in autogenous
shrinkage are possibly caused by differences in available water in the aggregates as well as
differencesin binder composition.

Autogenousshrinkage- temperature

The effects of different isothermal temperatureson autogenous shrinkage is an obvious starting
point in the task to separate the two effects of thermal dilation and autogenous shrinkage on the
total movement. Such experiments were carried out for the "Basic* HPC, i.e. a concrete with
water to binder ratio of 0.38 containing 5 % dlica fume (a typical Norwegian concrete for
bridges). The concretes were mixed as near the intended temperatures as possible using water +
cem * aggregate at different temperatures. After placing the concretes in the Shrinkage-Rig,
they reached the intended isothermal temperatures within one hour. The results are shown in
FIG.-5. The curves are zeroed a the time when stress developed in the parallel Stress-Rig, thus
only the "stressgenerating"” part of the autogenousshrinkageis plotted for clarity. The resultsare
rather unsystematic, however, duplicate runs were made a 5°C and 20°C demonstrated good
reproducibility. Clearly, the temperature variation of the autogenous shrinkage of this Basic
concrete cannot be described using the maturity concept. In order to obtain data under more
realistic conditions two series of new tests were made with the same concrete: The initial
temperature was kept constant at 13°C and 20°C until after setting (about 15 and 8 hours), and
then increased in steps during short periods (lessthan | hrs) to reach a new isothermal level. The
two serieswere asfollows: 13°C, 13-20°C and 13-20-27-35°C, and 20°C, 20-27°C, 20-27-35°C
and 20-27-35-45'C. The latter temperature for each test denotes the fina isothermal
temperature which was maintained for one week. The results for the two series are shown in
FIG.-6. The thermal dilations caused by the temperature steps are eliminated in the curves. The
maturity hours are calculated usng an activation energy of 91500 J/mole in the Arrhenius
equation, in contrast to the "normal" value of 31500 J/mole used to describe heat - and strength
development in concrete. This high value means a much greater temperature sensitivity for
autogenous shrinkage than for heat and strength. FIG.-6 shows that for a given initia
temperature the subsequent autogenous shrinkage development at different temperatures may be
described using the maturity concept. However, with different initial temperature levels both the
rate and magnitude of the autogenous shrinkage differ. From a practical application point of



view the results in FIG.-6 are useful, but clearly much more work is needed before a more
genera characterizationof the autogenous shrinkagecan be formulated.
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CONCLUSIONS

The autogenous shrinkage starts immediately upon mixing of the concrete. In the present paper
autogenous shrinkage is defined as "stressgenerating” shrinkage, i.e. only what occurs after
stress development is recorded in the Stress-Rigis considered.

Autogenous shrinkage may be a mgor contributor to stress generation in concrete hardening
under full restraint.

The magnitude and rate of development of autogenous shrinkage depend strongly on the
concrete binder composition, the entire temperature history of the concrete since mixing and the
amount of water availablein the aggregates.

For a given initia temperature in the concrete through the setting, the subsequent devel opment
of the autogenousshrinkage may be described by the maturity concept, but the activation energy
is higher (greater temperaturesensitivity) than for compressive strength devel opment.

More research is needed on autogenous shrinkage to increase our understanding of the
mechanisms, and in order to devel op a model to describethe property in ageneralised way.
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EFFECT OF SELF-DESICCATION ON VOLUME CHANGE AND FLEXURAL
STRENGTH OF CEMENT PASTE AND MORTAR

El-ICHI TAZAWA™ and SHINGO MIYAZAWA"™

f‘l Hiroshima University, Department of Civil Engineering
1-4-1, Kagamiyama, Higashi |-liroshima, 739 JAPAN

*2 Ashikaga I nstitute of Technology, Department of Civil Engineering
268-1 Ohmae, Ashikaga, 326 JAPAN

ABSTRACT

Moisture movement due to self-desiccationin cement paste and mortar specimens with low
water to cement ratio was experimentally investigated. Volume change and flexural strength of
specimens under moist and sealed conditions were also observed, and relationship between self-
desiccation and these propertieswas studied. It is proved that self-desiccation can be observed in
the central core of a specimen during water curing and that the moisture distribution has an
considerable effect on length change and flexural strength.

INTRODUCTION

Absolute volume of cement plus water decreases as hydration proceeds.  This phenomenon
has been caled as chemical shrinkage. When excessive water is not applied to cement paste,
intrinsic voids should be generated by chemical shrinkage after the framework of hydrate isformed
by setting.  This phenomenon iscalled self-desiccation®).  The experiments done by Copeland®
shows that the relative humidity in a container holding some pieces of young cement paste
decreases with time. Whether self-desiccation occurs uniformly in a cross section of a specimen
has not been understood. In this study, moisture distribution in a cross section of sealed cement
paste and mortar specimens was measured by oven drying. Volume change and flexural strength
of specimens with different water to cement ratio, which had been cured under moist and sealed
conditions, were also observed, and influence of self-desiccation on these properties was also
discussed.

MOISTURE MOVEMENT DUE TO HYDRATION

In order to study moisture movement in a sealed cement paste specimen, 220 X 220 X 30mm
specimens were used for measuring distribution of moisture content. Cement paste was placed
between two 220X220X 10mm polyethylene plates spaced out 30mm apart. Two sides, the

8
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bottom and the top surface were seded to
prevent evaporation. Samples of 20X 20 X
30mm pieces from different portions of a
specimen were used for the measurement of
moisturecontent, asshowninFig.l. Moisture
content was measured from the weight
reduction of the samples when they were oven
dried (105°C), after specified period of sealed
curing, 1, 4, and 7 days. The test results are
shown in Fig. 2. For 0.45 w/c cement paste,
the moisture content near the surface of a
specimen is less than that near the center at the
age of 7 days. For 0.30 w/c specimen, the
moisture reduction near the surface has already
been observed at the age of 1 day.

Fig.3 shows the weight loss of 0.3 w/c
cement paste after oven drying during. The
test was done at the ages of O, 4, 10, 24 hours
and 2 and 3 days after casting. Cement paste
was cast ina ¢ 65X | 10mm plastic mold and
sedled on the top surface. Samples were
taken from the portion within 10 mm from the
side and the portion of the central 20 X 20mm
section. The data shows that moisture
movement inward a specimen begins to occur
at about 10 hours after casting.

For cement paste with 0.2 wic, moister
distributionis not be clearly observed, as show
in Fig.2. This may be because the cement
paste has very little amount of free water in the
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mixture and becausethe cement hydrateis so densethat free water can not move inward.



It can be considered, from these

experimental results, that degree of self- 24 I

desiccation should not be uniformly observed E —0—surface

in cross section of a cement paste specimen 522 1% —A—center [

with 0.3 and 0.45 of water to cement ratio. 3 /=030

Because the absolute volume of cement plus £20 665 %110mm

water decreases with progressive hydration, % X

voids will be formed in the space which has g 18

been occupied by cement and water before = \)\

hydration.  Since free water will keep ‘w16

continuity by attracting force between the § L\:\T:O

molecules, water will moveinto theinner part 14

of the specimen, compensating the absolute 0 20 40 60 80

volume reduction. Dnvmg for of the water Age (hours)

movement may be capillary tension and

atmospheric pressure”. Fig.3 Moisture content of cement paste
versus time

VOLUME CHANGE IN MOIST CONDITIONS

In order to study the influence of specimen size on self-desiccation and length change of a
moist cured specimen, different sized cement paste specimens, 13x25x279 mm, 25x25x279 mm,
38x38x279 mm, 76x76x279 mm and 102x102x279 mm, were prepared. ASTM type | cement
was used and water to cement ratio was 0.3. After demolding at the age of 1 day, the specimens
were stored in moist conditions at 20°C(in a fog room) and length and weight changes over time
were measured.  Details of the experimentsare presented in a published paper”.

The specimens which were smaller than 38x38x279 mm increased in length continuously in
moist conditions, while the larger specimens decreased in length during the first two weeks, as
shownin Fig. 4. Length of the larger specimens decreased down to 140x10° as linear strain and
thereafter it gradually increased. It was observed that the weight of the specimens continuously
increased, as shown in Fig. 4, which shows the gain in mass by the cement paste specimens as a
percentage of theoriginal weight. 1t can be said that the volume of capillary void due to chemical
shrinkage was increasing and that physical absorption of water into the capillary void occurred in
hydrating cement paste. As expected, the gain decreased with increasing specimen size. The
maximum gain in mass curve as a function of time can be theoretically estimated from the chemical
equations of cement hydration described in the following equations(eq. 1 ~ eg. 8). Therate of
hydration of each mineral compound, which was given by Copeland® was used in the calculations.

2C38+6H,0 — C3SoHaH3Ca(OH)y «vrrverreerrsnettiiiit e, (1)
2C,8+4H,0 > C3SaHaHCa(OH)y e v v vvreerensrmereiii 2)
C3A+3(CaS0,2H,0)+26H,0 — C3A3CaS0432H0 «+vvvvvrvvemvennnnenannenin. 3)
2C;A+C3A3CaS0,32H0+4H,0 = 3[C3ACaSO0412H, 0] --vvvvvvvvnsnsseeeneess (4)
C3A+Ca(OH),+12H,0 — C3ACa(OH),12H,0 cvvvvvrvrrrsenreeinaeen, (5)

10



C4AF+3(CaS0,2H,0)+27TH,0 —Cy(A-F)3CaS0,32H,0+Ca(OH)y .-+ -+ -+ . (0)

2C4AF+C3(A*F)3CaS0432H,0+6H,0 — 3[C5(A*F)CaS0,412H,0]+2Ca(OH),+ (7)
C,AF+10H,0+2Ca(0OH), — C3AH;-C3;FHg(solid solution)....«o++«-- e (8)
where, C=Ca0, $=8i0,, A=Al,0;, F=Fe,0;, H=H,0.

Observed gain in massislessthan the theoretical valueswhich is presented as adotted linein Fig.4.
Assuming that curing water permestes into a specimen uniformly from the surfaces, the average
thickness of saturated portion can be calculated from both observed and theoretical gain in mass.
The calculated thickness of saturated portion is shown in Fig.5. The thickness increases with
specimen size for the smaler specimens, but it does not increase significantly for the larger
specimens. It can be seen that the curing water only permeatesthe surface layer of the specimens
due to the low permesability of the specimen(w/c=0.3), while the insde of the specimen may be
subjected to self-desiccation. Theratio of observed gain in mass to the theoretical one, whichis
also shown in Fig.5, decreases with the specimen size. This suggests that degree of self-
desiccation increases with increase in specimen size. It can be seen that length change in moist
conditionsis influenced by autogenous shrinkage of the inner portion and swelling of the portion

] 4.00
500 g 0 0 Y
£ 400 — - o OPITE el o m—
o 3.00 ~Tr =
% 300 — | ﬁ 5 L T
X /A .f/ b et
200 " i X L]
e L~ 2.00 |+
R / / ° % —/’____g
f 100 & 7] /e—-/ X
A A e b 1 00 o] f—T" |
- .
. e X 5 s
-100 — £
-200 0 00
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Age (days) Age (days)
813 X 25mm ——25 X 25mm —4—38 X 38mm B 13 X 25mm =%~ 25X 25mm —A—-38 X 38mm
—©—76 X 76mm —#*—102 X 102mm —6— 76 X 76mm —¥em 102X 102mm - -X -- Theory

Fig4 Length change and gainin mass of cement paste specimens (w/c=0.30)

12 1.0 o ¢

. [s]

= 10 [ 8

g 108 g 3§

5 B

8 B 2«»

g 41 0.6 "E

'.; 6 = -g.c

Q. t 4+
I

4104 8 o

S 4 2z

w 30 °

W/C=0. o

L, 56/3 ave 0.2 %5 *
[

+ ! 2 9

; Il Fl I k3 2 + 2

~ 0.0 g E

0 20 40 60 80 100 120
Speci men size (m

Fige.5 Water absorntion in cement paste(w/c=0.30)

11



near the surface.  The moisture distribution may aso cause internal stress, which is described in
the next chapter.

EFFECT OF SELF-DESICCATIONON FLEXURAL STRENGTH

It has been said self-desiccation has an influence of compressive strength of concrete.  In
order to study the effect of self-desiccation on compressive and flexural strength, two kind of
cement paste specimens (40X 40X 160mm), one had been cured under water and the other had
been sealed beforethe tests™.  After the specified period of curing, flexural strength was tested
and compressive strength was tested with pieces of the specimenswhich had been used for flexural
strength tests. Compressive strength observed is amost the same for the both type of the
specimens, asshowninFig.6. Flexural strength of the sealed specimens, however, is much lower
than that of those cured under water, when water to binder ratio is less than 0.40, as shown in
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Fig.6 Compressive strength of cement paste specimen (For specimens with 0.17 and 0.23 wi/c,
ten percent of cement was replaced by slicafume)
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Fig.7 Flexural strength of cement paste specimen (For specimens with 0.17 and 0.23 w/c, ten
percent of cement was replaced by silicafume)
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Fig.7. This phenomenon may be explained by moisture distribution in a cross section of the
specimens. Self-desiccation in periphery portion of the sealed specimens, which has been
previously mentioned, may be generated tensile self stress near the surface.  On the other hand,

compressive self stress may be generated due to swelling near the surface of the water cured
specimens.

Another experiments were conducted in order to study the influence of moisture movement
in aspecimen after water curing. High-early strength Portland cement was used and 100 X 100 X
400 mm mortar specimens with different water to cement ratio were prepared. The specimens
were cured under water for the first 7 days, and then they were sealed to prevent evaporation.
Flexural strength was measured after specified period of sealed curing, O, 3, 7, 14, 28 and 84 days.
Details of the experiments are presented in a published paper®. As shown in Fig.8, flexural
strength of 0.5 w/c and 0.7 w/c mortars did not change or dightly increased with time elapsed,
while flexural strength of 0.30 w/c mortar decreased without evaporation approximately by 40%
and then gradually increased. This phenomenon for high-strength mortar may be explained as
follows. During the period of water curing, free swelling near the surface may have been
internally restrained due to the moisture difference in a cross section and compressive self stress
generated near the surface. Therefore, the apparently higher flexural strength was recorded at
theend of the water curing.  After the specimen was sealed, compressive self stress decreased as
moisture moved into the inner part of the specimen. It may also have been relaxed by creep of
mortar. Furthermore, tensile self stress may have been generated when flexural strength of 0.3
w/c specimen decreased to the level of 0.50 w/c specimen.  Recovery of flexural strength at |ater
ages can be explained by decreasing tensile self stress caused by moisture movement and creep.
It has been reported that tensile strength of mortar decreased with increasing moisture content
under equilibrium conditions’), but the experimental results previously mentioned suggests that the
effect of self stress has the greater influence on flexura strength of mortar under moisture
gradient.
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Fig.8 Flexura strength and length change of mortar specimens
(water curing for 7 daysthereafter sealed curing, high-early strength Portland cement,
100X 100 X 400mm mortar specimens)
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Length change of the sealed specimens after water curing is also shown in Fig.8. Large
shrinkage was observed for 0.3 w/c specimen. This suggests that self-desiccation of the inner
part of a specimen has great influence on volume change.

CONCLUSIONS

In this study, moisture distribution in a cross section of a specimen and flexura strength
were measured with cement paste and mortar with different water to cement ratio. Weight and
length change of different sized cement paste specimensunder water were also observed. It is
proved that differential moisture content is generated in a cross section of a specimen under water
curing and sealed condition. The moisture distribution has an considerable effect on length
changeand flexura strength of mortar with low water to cement ratio.
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EFFECT OF SELF STRESSON FLEXURAL STRENGTH OF
GYPSUM POLYMER COMPOSITE

El-ICHI TAZAWA
Hiroshima University, Department of Civil Engineering
4-1, kagamiyamal chome, Higashi Hiroshima,
739 Japan

ABSTRACT

Self stress generated in polymer impregnated gypsum (referred as GPC) when it is composed,
is estimated and its influence cn flexural strength is discussed. The estimation of the self stress is
based on measured values of shrinkage caused by polymerization of impregnated monomer and
elastic moduli of dried gypsum base just before impregnation. Effect of this self stress on flexural
strength of GPC is investigated. It was found that the equation - (1) is valid to predict flexural
strength of polymer impregnated gypsum ( 6b) in terms of the self stress asa variable.

610 = ng+VP (GP - ésp) --------- """--""-_"--_--"--"""(I)
where 5gb : flexural strength of gypsum base
v.. - specificvolume of polymer
6, : tensile strength of polymer
Osp : Self stress generated in polymer phase

If extremely low water gypsum ratio is adopted to prepare gypsum base, cracking is observed
just after polymerization preceding any flexural loading. For somewhat higher water gypsum ratio,
specimens are not cracked, but their flexural strength is decreased after polymer impregnation. The
self stress corresponding to this case turns out to be higher than the tensile strength of  polymethyl
methacryrate (PMMA) used for the impregnation. Since prediction of 0 sp in the equation (1) is
based on tri-axial compressive strain of gypsum base that is withinits elastic region, Gsp in polymer
phase should positively exist. Even for this condition the validity of the equation (1) seemsto be
maintained although the value in the parenthesis of the equation (1) becomes minus. Based on this
fact an unstable physical state where one phase of a composite materia is stressed beyond its
macroscopic strength as an individual material owing to the crack arresting effect of the other phase

(gypsum in this case) has been postulated. Thisstate is designated as' superstressed” state taking its
resemblance with supercooling or supersaturation into consideration.
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INTRODUCTION

Polymer impregnated gypsum (GPC) is manufactured by impregnating gypsum base with
monomer and polymerizing it in situ by thermal-catalytic reaction, where drying of base material,
evacuation of impregnation vessel and impregnation of monomer, are required prior to
polymerization. A new type of material that exhibits high strength and high impermeability can be
produced.

In order to reduce the total cost of the product, optimization of base material with referenceto
facility of processing, polymer content and performance of the product is required.

For these purposes, optimization of porosity of gypsum base is experimentally conducted.
Through this investigation, a seemingly contradicting fact that flexural strength is decreased after
impregnation of polymer for positive polymer loading, isfound.

An analysis of this phenomenon is presented in this paper together with a proposal of a crack
propagation model and a composite law based on this model.

PREPARATION OF SAMPLE

Four gypsum bases having different porosity are prepared using three types of gypsum a and
B as shown in TABLE-1. These bases are dried in a draft type of oven at 48°C for 5 days for
gypsum A, B and D, and for 3 daysfor gypsum C. These bases are placed in a container evacuated
down to 6~7mmHg for 30 min. Then, methyl methacrylate (MMA) monomer mixed with 0.5% of
azobisisobutyromnitrile isintroduced to the container for impregnation. After 1 hour of impregnation,
impregnated polymer is polymerized for 20 hours at 60°C in a heat medium that could minimize
monomer |oss from the bases.

TABLE-1
Properties of Gypsum

Name A B C D
Type of Gypsum a a B o
Row Material Synthesized| Natural Natural Synthesized !
Mixed Water (%) 30 39 60 20
Specific Gravity at demolding 1.95 1.86 1.64
Specific Gravity after drying 1.769 1.583 1.207
Initial Set (min) 6 30 15 mixed
Final Set (min) 35 39 43 Watl?e?% o
Expansion (after 1 hr.) (%) 0.236 0.016 0.126
Final Expansion (%) 0.328 0.016 0.126
PH of Gypsum Paste 7-8 11-11.5 5-6
Va 0.246 0.319 0.478 0.174
VB 0.754 0.681 0.522 0.826
Vb 0.180 0.242 0.363 0.123

V : Specific Volume of Void Vg : Specific Volume of Gypsum
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MEASUREMENT METHODS

Flexural strength and compressive strength are measured by a method prescribed as JIS R5201
for beam specimen having dimension 4X4X 16cm. Modulus of elasticity and Poisson's ratio are
measured by a method prescribed in ASTM C469 for 5 @ X 10cm cylindrical specimen attached

with electric strain gauge 20mm in length. These tests are performed after three days after
polymerization.

Shrinkage due to polymerization, is measured by a method prescribed as ASTM C490-65 T
for beam specimen having dimension 2.5X2.5X28cm. In this test measurement of the origina
length is taken just before impregnation and the shrinkage is determined for the length just after
impregnation when the specimen is cooled down to 20°C.

RESULTS OF MEASUREMENTS

In TABLE-2, the theoretical monomer loading is compared to the observed monomer loading.
Theoretical porosity in this Table is calculated from specific gravity of dried gypsum (apparent) and
that of dehydrate (assumed as 2.32). In order to get the theoretical polymer loading, al voids are
assumed to be filled with monomer of specific gravity 0.959. It is understood that the measured
polymer loading isvery closeto the theoretical one.

TABLE-2
Comparison of Polymer Loading
Theoretical Theoretical Measured
Type of Gypsum | Specify Gravity Porosity Monomer Monomer
Base of Gypsum (dry) Loading Loading
(%) (%) (%)
A 1.750 24.57 13.48 13.57
B 1.582 31.81 19.28 19.50
C 1.202 48.19 38.44 38.87
TABLE-3
Strength of Dried Gypsum
Ogb (Mpa) 0g¢ (Mpa)
Type of Gypsum Base Flexural Strength Compressive Strength
15.9 434 52.3
A 16.9 53.9 44.0
13.6 47.6 49.9
14.7 63.8 62.1
average 15.8 52.3
8.57 18.7 28.5
B 9.08 28.0 24.0
7.65 26.2 28.2
8.16 24.4 35.1
average 8.37 26.6
5.31 17.2 16.6
C 5.00 20.5 16.1
5.00 19.4 18.7
7.04 17.2 19.2
average 5.59 18.2
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TABLE-4
Elastic Moduli of Dried Gypsum

EXx 104 u

Type of Gypsum Base | Modulus of Elasticity (Mpa) Poisson's Ratio
2.09 0.256
A 1.97 0.250
1.89 0.215
average 1.98 0.240
1.31 0.238
B 1.36 0.228
1.10 0.244
average 1.26 0.237
0.82 0.222
C 0.87 0.228
0.77 0.215
average 0.82 0.222

Strength and elastic moduli of dried gypsum are shown in TABLE-3 and 4.

Strength of GPC is shown in TABLE-5 and shrinkage of gypsum base due to polymerization
of impregnated monomer in TABLE-6.

TABLE-5
Strength of GPC
Ogb (Mpa) Oge (Mpa)
Type of Gypsum Base Flexural Strength Compressive Strength
10.6 126.3 -
A 104 123.1 116.1
13.1 118.0 120.5
10.9 111.6 107.8
average 11.3 117.7
13.9 119.0 112.6
B 14.7 114.8 96.0
12.3 116.1 105.2
14.1 116.1 116.4
average 13.8 111.9
15.4 81.0 86.1
C 11.7 91.0 91.6
14.7 87.0 80.7
154 81.0 84.2
average 14.3 84.7

From these figures it can be pointed out that flexural strength of gypsum A is decreased after
impregnation, although compressive strength is significantly increased for every types of gypsum
base after impregnation.

In order to seek for a composite low existing in between these measurements, estimation of
self stress is attempted.
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Shrinkage due to Polymerization

TABLE-6

Sp
Type of Gypsum Base Shrinkage due to Polymerization (%)
0.092 0.095 0.091
A 0.091 . 0.089 0.088
0.096 0.088
average 0.0912
0.083 0.088 0.090
B 0.086 0.082 0.088
0.090 0.087 0.093
average 0.0874
0.180 0.197 0.179
C 0.195 0.164 0.199
0.187 0.204 -
average 0.188

ESTIMATION OF SELF STRESS

Shrinkage due to polymerization (Sp) is considered to be tri-axia in nature, and gypsum base
is presumed to be compressed tri-axially up to this strain. So, self stress working in gypsum phase
can be calculated from this strain and moduli of elasticity of gypsum base.

Using bulk modulus of elasticity (K) and volumetric strain ( €+,), the macroscopic self stress
(Osg) iswritten as,

= B EG =380 e,
Substituting (2) to (1),
ng:E'Sp/<1 —2/l) ---------------------------------------------- (3)

This compressive self stress should be balanced with tensile saf stress (6Sp) working in
polymer phase that has cross section Vp in a unit area of gypsum base. Then,

65g+Vp 6sp F 0 4)

Since the strength measurement is performed about three days after the time of shrinkage
measurement, effect of relaxation corresponding to this time difference should be taken into
account.

Let 7 the relaxation coefficient, 7 should be multiplied by the self stress to get true self
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stress working at the time of testing. Relaxation ratio for gypsum base for 0.8 of stress ratio is
found to be 8% and relaxation ratio of polymer phase is assumed to be 40% from literature. Then

the total effect can be estimated as 0.92X0.60, that is, 0.55. While, (1 — 2 p) caculated from
TABLE-3is 0.53 in average for three types of gypsum base. Then 7/(1 - 2 1 )is assumed to be
unity in the following analysis for al cases. Spring back due to this relaxation might probably

explain negative creep of PIC, a strange phenomenon that has been reported by Steinberg et a. 4)-3)

Therefore,

R T g (6)

Using these equations, self stresses are estimated asin TABLE-7. Tensile self stress working in
polymer phase of GPC for A type of gypsum base, is calculated as higher than the tensile strength of

PMMA (68.4 Mpa). In this case compressive strain of gypsum A 912X 106 is far below its uni-
axial elagtic limit 2,500X 10 So, the tensile stress should exist, if equation (4) do hold.

TABLE-7
Self Stressin Gypsum ( 6 sg) and polymer phase ( Osp)

Type of Gypsum Base A B C
Sp —0.000912 —0.000874 —0.001880
E(Mpa) X 10*% 1.98 1.26 0.82
Vp 0.180 0.242 0.363
Osg —18.05 —10.97 -15.35
Bsp (Mpa) . 100.3 45.33 42.28

ESTIMATION OF FLEXURAL STRENGTH OF GPC AS A FUNCTION OF SELF
STRESS

Since polymer is formed as continuous phase in a part of void that is originaly created in
gypsum base and microscopically incorporated with gypsum, series model shown in FIG.-| could be
applied for flexural strength wherefailureisinitiated localy at the outmost skin of specimen.

FIG.-1
Series Model

Polymer Phase

As the first approximation, flexural strength of polymer impregnated gypsum is obtained by
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adding the contribution of polymer strength to the flexural strength of gypsum base.

O O N O I (7)

An equation as this, however, could not be applied for atwo phase composite material where
rupturein either phase leads to failure of the total system. (c.f. Tensile strain capacity of polymer is,
10 times or more, greater than that of gypsum.)

But in general, force is transmitted from one phase to another due to bond, friction or
mechanical intertwining etc. On this behalf, local rupture of one phase dose not necessarily lead to
final failure of a composite material. In case that propagation path of catastrophic crack rarely
coincides with cracks pre-existing in one phase, the equation (7) might hold in Griffith’s sense of
theory even if strain capacity of two phases differs greatly each other, and the difference is
compensated with microcracks which should be developed locally before find rupture.

Since experimental data have not proved the equation (7), effect of salf stressisintroduced as,
6b= 6gb" 6sg+vp(6p - 6sp) """"""""""" (3)

But self stresses in this equation cancel each other and the equation (S) reducesto the equation
(7). Then, anew model for crack propagation is conceived as shown in FIG.-2, where influence of
microcracks that should develop in gypsum phase before rupture of polymer phase is taken into
account. Accordingly, the self stress should be localy released on initial microcracking at the
cracked ends of gypsum phase and the stress variation due to the subsequent elastic spring back is
gradually restrained by bond or friction acting between two phases to give a stress distribution
shown in FIG.-2, and self stress in polymer phaseis also changed corresponding to this situation.

FIG.-2
Transition of Self Stress and
Propagation Path of Catastrophic Crack
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Needless to refer to the principle that the catastrophic crack should propagate through a path
so that the minimum energy barrier is required, the catastrophic crack should be initiated in the
maximum self stress region of polymer phase and should propagate through the minimum self stress
region of the gypsum phase. In an extreme case, the catastrophic crack might selectively propagate
along pre-cracked points of gypsum phase. Distribution of the initial microcracks in gypsum phase
and their relative size and location in comparison with the nucleus of the catastrophic crack might
probably determine which is redly the case. Here, it should be kept in mind that location of the
maximum self stress region of polymer phase is furthest from location of initial microcracks.

If the former isthe case,

Op= Ogh+ Vp (0p- 6sp) ----------------------------------- ©)

or substituting equation (6) to (9)

could be applied.
For an extreme case such as thelatter one,
O =Vp (G = Bgp) e an
might be supported.

Using these equations, estimation of flexural strength of GPC is performed asin TABLE-8.

TABLE-8
Theoretical Prediction of Flexural Strength of GPC
ltems A Type of Gy%sum Base c Unit Remarks
Ggb 15.8 8.37 559 Mpa
Vp 0.180 0.242 0.363 —
Op — Osp -31.9 23.0 26.1 Mpa
Vp (Op — Osp) —5.74 5.57 9.47 Mpa eq.(11)
Ggb + Vp(0Op — Gsp) 10.06 13.94 14.97 Mpa eq.(9)
Observed 0p 11.3 13.8 14.3 Mpa

INVESTIGATIONINTO FLEXURAL STRENGTH

Observed values of flexural strength of polymer impregnated gypsum are compared to the

values estimated by equation (9) and (11) in FIG.-3. It is clearly seen that the equation (9) provides
pretty good prediction.

Experimental data are explained by the equation (9) rather than the equation (11). This fact
strongly suggests that the initial microcracks that should be developed in gypsum phase are three
dimensionally distributed in a quite discontinuous manner and are rarely hit upon with the
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catastrophic crack.
FIG.-3
Flexura Strength and Specific VVolume of Polymer
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On the basis of the model shown in FIG.-2 and Griffith's theory, it is natural that gypsum phase
which is fragmentarily sustained in continuous polymer phaseis as resistant as the original gypsum
base against propagation of the catastrophic crack, if pre-described situation is redly the case.

Theterm Ogp — O in the equation (8) could be regarded as flexural strength of gypsum that

is prestressed by the shrinkage of polymer. The observed flexura strength of polymer impregnated
gypsum is much smaller than this value. The main reason could be understood by the fracture model
shown in FIG.-2. It should be noted that self stress that is generated microscopicallyin a composite
material is fundamentally different from prestress that is macroscopically introduced in a material.

SUPERSTRESSED STATE

Flexura strength of polymer impregnated gypsum is decreased after impregnation for type A
gypsum. This is quite strange, because original void space that has no contribution to strength is
filled with polymer that has tensile strength much higher than that of gypsum.

As shown in TABLE-3, self stress in polymer phase is higher than the tensile strength of
polymer for this gypsum, and the term (G, - Osp) in the equation (9) is calculated as minus. By

assuming apparent contribution of polymer strength to be minus, the amount of strength decreaseis
also predicted for this case by the equation (9) as shown in TABLE-8 and FIG.3. Self stress in

gypsum phase ng corresponding to this Gsp is within elastic limit and is positively working.
Therefore, this self stress in polymer phase should also exist. Thus, an unstable physical state where

one phase of a composite material is stressed beyond its macroscopic strength owing to the crack
arresting effect of the other phase is postulated. This state is termed as superstressed state.
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EFFECT OF SELF STRESSON COMPRESSIVE STRENGTH OF GPC

As described before, dried gypsum base is tri-axially compressed by the shrinkage of the
impregnated polymer. Generdly it is well known that uni-axial compressive strength (61) of a
material isincreased by lateral pressure (69 = 03). In the uni-axia compression loading of GPC,
self stress generated in gypsum phase 0, must exhibit the same function as lateral pressure in tri-

axial compression test. So, apparent compressive strength of GPC is increased by the self stress
regardless of any contribution of polymer phase.

Therefore, compressive strength of polymer impregnated gypsum (6 ) that is strikingly
improved by impregnation can be expressed as

T T 0 S — (12)

where, 04 : compressive strength of gypsum base
Csg: strength increment derived from tri-axial compression effect due to self stress
Cp1 : strength increment derived from existence of polymer phase

If we know tri-axial compressive strength of gypsum base measured at a lateral pressure
equivaent to the sdf stress in gypsum base ( 6+¢), the minimum amount of Csg (Ogc is neglected
from contribution) is calculated as

Because thetri-axial test is performed for gypsum base without any self stress and in GPC self
stress ng isinitially generated in gypsum phase before uni-axial loading.

While, the term Cpl could be devided into two contributions independent each other. One is
strength increment derived from crack arresting toughness of polymer ( Gpl) and the other is that

derived from microscopic change in transmitting path of force caused by the existence of polymer
phase (0ey). Referring to Griffith's theory, the former can be evaluated as the contribution of

surface energy 7 of polymer phase and the latter as the contribution of change in crack length c
and modulus of elasticity E caused by impregnation. 1)

Thus, the maximum amount of Cpj (I the minimum possible value of Csg is used in eq.(12),
the value of Cp] is possible maximum.) is expressed as

Substituting  (13) and (14) to equation (12)
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Oc= 6g(:,+ Otc — 63g+ 6p1+ Opx -woereemmeeee (15)
is obtained.

INVESTIGATIONINTO COMPRESSIVE STRENGTH
Results of tri-axial compression test of gypsum base, where dried gypsum base wrapped in a

rubber membrane is pressurized laterally and loaded, are shown in FIG.-4. Strength of gypsum
bases under |ateral stress equivalent to self stress 6o are obtained as shown in thisFigure.

FIG.-4
Result of Tri-axial
Test of Dried Gypsum
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Using these values, the maximum contribution of polymer phase 6p;*+ 6ex Can be calculated

from equation (15) as shown in TABLE-9. (From equation (12) the maximum value of Cpl is
obtained if minimum amount of Csg is assumed.)

TABLE-9
Mpa)
Type of Gypsum o 5gc 6tc ng 6p1 + Opy
A 117.7 52.3 88.5 18.1 -5
B 111.9 26.6 55.1 11.0 41.2
C 84.7 18.2 25.0 15.3 56.8




For gypsum base A, the maximum contribution of polymer phase 6p1 + Oex isfound to be
minus. Since 6y > 0 for positive polymer loading, 651 should be mimusfor gypsum base A. This

means contribution of crack arresting toughness of polymer to the compressive strength of GPC is
also minusfor superstressed polymer phase existing in GPC manufactured from gypsum base A.

CONCLUSION

(1) Self stress of polymer impregnated material can be obtained from shrinkage dueto
polymerization and moduli of elasticity of base material before impregnation.

(2) The self stress generated is balanced in two phases of GPC working as compressive in gypsum
phase and as tensilein polymer phase.

(3) Strength of GPC is affected by the self stress, and the equation (9) can be applied to predict
flexural strength of polymer impregnated gypsum.

4 The phenomenon that the flexural strength of polymer impregnated gypsum is decreased after
impregnation for gypsum mixed with small amount of water isinterpreted by an unstable
physical state where one phase of a composite material is stressed beyond its macroscopic
strength due to crack arresting effect of the other phase. This state is designated as superstressed
state.

(5) Tensile superstress existing in polymer phase exibits such an effect that decreases apparent
compressive strength of composite material. Thisis consistent with its effect on flexura strength.
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EQUIPMENT FOR MEASURING AUTOGENOUS RH-CHANGE AND AUTOGENOUS
DEFORMATIONIN CEMENT PASTE AND CONCRETE

KURT KIELSGAARD HANSEN and OLE MEJLHEDE JENSEN
Department of Structural Engineering and Materials
Technical University of Denmark
Building 118, 2800 Lyngby
Denmark

ABSTRACT

Equipment for measuring autogenous RH-change and autogenous deformation in cement
paste and concrete are presented. The equipment consists of a Rotronic Hygroskop DT including
a measuring chamber for measuring autogenous RH-changein cement paste and concrete, a paste
dilatometer for measuring autogenous deformation of cement paste and a concrete dilatometer for
measuring autogenous deformation of concrete.

ROTRONIC HYGROSKOP DT

The measuring chamber Rotronic WA-14 TH is shown in FIG.-1. Crushed cement paste
or concreteis placed in a small enclosed volume with a moisture sensor and a temperature sensor.
The measuring range is 0 - 100 %RH. The Rotronic Hygroskop DT is the instrument, which
controls and displays measuring signals from the measuring chamber. Before and after every
experiment the RH equipment is calibrated with four saturated salt solutions in the range 75 - 100
%RH. This reduces the maximum measurement error to + 1 %RH when the measuring chamber is
placed in a climatic box controlled to + 0.1 °C.

PASTE DILATOMETER

The paste dilatometer is shown in FIG.-2. The equipment measures the linear deformation
of the specimen. A special featureof the equipment is that measurements can begin before setting.
A special form system of corrugated tubes enables this to be done. The corrugation permits the
tubes to deform easily in the longitudina direction, and the geometry of the cross-sectionis well-
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defined. The sealing prevents exchange of material with the surroundings (CO, and H,0). During
measurements the dilatometer is immersed in a thermostatic bath, controlled to + 0.1 "C.

FIG.-1. Rotronic WA-14 TH measuring cham-
ber. Insidethe chamber is a Pt-100 temperature
sensor and a DMS-100H RH sensor.
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FIG.-2. Sketch of paste dilatometer. Two test specimensand an invar reference rod (uppermost). The
specimens are horizontal and are fixed in one end a A. The changes in length are registered by
displacement transducers at B. The length of the samplesis app. 280 mm.
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CONCRETE DILATOMETER

Autogenous deformation of concrete is measured with a concrete dilatometer, see FIG.-3.
The concrete dilatometer including the form system functions in principle in the same way as the
paste dilatometer described in the previous section. During measurement the equipment is also
immersed in a thermostatic bath.

—~f

JU

%
I

LJ
M
[

FIG.-3. Sketch of dilatometer for the measurement of autogenousdeformation of concrete. Two tests
specimens and an invar referencerod are measured smultaneously. The specimensare vertical and
are supported by diding plates of teflon. Changes in length are measured by displacement
transducers placed above. The forms are @100 - 375 mm long flexible tubes.
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MEASUREMENT OF MOISTURE IN HIGH PERFORMANCE CONCRETE

GORAN HEDENBLAD
Lund Institute of Technology, Division of BuildingMaterias
Box 118, S-221 00 Lund, Sweden

ABSTRACT

Some results from RH-measurements, as presented in newer Swedish literature, are
summarised. Results from the author's own measurementsin high performance concrete (HPC)
are aso presented. Two different types of RH-meters and two different HPCs have been used.
The overall conclusion is that RH-measurementsin HPC are much more difficult to do than in
ordinary concrete.

INTRODUCTION

It isdifficult to measurethe relative humidity (RH) in high performance concrete (HPC). The
reason is that the sorption curve is flatter and also that the moisture transport capacity is lower
than for ordinary concrete. This means that less moisture can evaporate from or be taken up by
the concrete, near an RH-sensor, than for ordinary concrete, i.e. the moisture capacity of the RH-
sensor and its filter has a much greater effect on an RH-measurement in high performance
concrete than in conventional concrete. When an RH-measurement was done in a measurement
hole in high performance concrete, the measurement hole become consumed for a while. This
means that if the RH-measurements are made with a reatively short time between the
measurements, then lower and lower RH isreceived.

The above indicates that older RH-measurementsin HPC, which are made with a measuring

practice developed for conventional concrete, can be marred by errors which are bigger than for
conventional concrete.

A SUMMARY OF THE REPORT "MEASURING RELATIVE HUMIDITY IN
CONCRETE"

C. Gérlin and M. Hjort have shown in their master's thesis /1/ some different experiments
concerning RH-measurementsin concrete. The differenttestsare:
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Test 1: Theeffect of the time of the measurement and the sealing of the measurement hole
Test 2: Theeffect of the measuring hole's geometry

Test 3: The effect of preparationwith salt and evercreate

Test 4: Theeffect of screeds

Test 5: How the drilling influencesRH

Test 6: Measuring RH at a specific depth

Test 7: Measurement with different types of RH-sensors

Not all thetestsare described here, but theinterested reader isreferred to /1/ (in Swedish).

Test 1 (Thetime of the measurement and the sedling; of the measurement hole)
Thistest shows how important it isthat the tightening of the drilled holeis done correctly.
Four different typesof sealing have been examined, namely:

I) No sealing

IT) Sealing on the concrete surface
M) Sealing at the RH-sensor

1V) Sealing witha PV C-tube

The measurementswere made in a concrete of strength classK25 and with Vaisalas HMP 35
RH meter. The arrangement of the test is, in principle, shown in FIG. 1. It isimportant to notice
that the holesweredrilled one month before RH-meters were placed in the test hole. The concrete
was about 4 months old when the measurements started, and the drying was from one side only
(in principle). The standardised measurement depth (40% of the construction thickness 150 mm)
for thistype of drying is 60 mm. The depth of the measurement holes was 50 mm. This means
that the measurements have been made at a depth where the RH-profile changes very strongly.
RH is low at the surface and much higher further inside the concrete. The results of the

measurementsare shown in FIG. 2.
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FIG. 1. Theexperimenta arrangement of test 1, in principle. Gérling and Hjort /1/.
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HFG. 2. Measured RH as afunction of timeand of different sealing of measurement hole.
Gérlin and Hjort /1/.

FIG. 2 shows that the type of sedling of the measurement hole has a great influence on the
measured result. It is probably only "tube-seding™ that comes close to the truth. The PV C-tube
was probably placed immediately after the drilling of the measurement hole. With the other types
of sedlings, it is not only the type of sealing which is studied but also the redistribution of
moisturein the measurement hole. The reason for thisis that the hole stood empty for one month
before the measurements were made. The most general conclusion is when you let the drilled
hole remain empty and moistureredistributioncan occur inthedrilled hole, then you can measure
any onerdative humidity. Theresultin FIG. 2 would possibly have been more pronounced if the
measurementshad been madein a concrete with low wi/c.

Conclusions: Prevent moisture redistribution from happeningin a drilled hole and also check
that the measurement depth iswell defined.

Test 5 (how thedrilling;influencesRH)

Thistest has been performed on a concrete of strength class K25 and on a concreteof strength
class K40. The later concrete was cast in 1986 and after that it was placed in a norma indoor
climate until the measurementsin 1993. The experimental arrangement in principleis shown in
FIG. 3, where one can see that the drilled holes are only sealed at the concrete surface. In FIG. 4
the measured RH is shown asafunction of time after the drilling.
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FIG. 3. Theexperimenta arrangement, in principle, of test 5. Garlin and Hjort /1/.
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FIG. 4. Changeof RH innewly drilled hole (hole 6), and also in an existing hole/1/, at adistance
of 100 mm from the middle hole. Concrete K40. RH of the dab is approx. 50%. Garlin
and Hjort /1/.

It is not clearly shown in the report what relative humidity thedab in FIG. 4 had. But onecan
notice that it took amost one week before the RH sensor in the drilled hole (hole 6) reached
equilibrium. With high RH (with concrete K25T) the duration of thetransient timeis not so long.
A similar result has previously been reported by MonicaPastrav /2,3/.

With regard to the lower moisture capacity in the concrete with low w/c compared with
ordinary concrete, it is probable that the transient time for HPC concrete is similar to thetime in
FG. 4, even with higher RH.
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A SUMMARY OF THE PRELIMINARY REPORT "MOISTURE DESIGN OF A
CONCRETE FRAME OF A BULDING AND THE FOLLOW-UP OF THE DRYING
PROCESS,KV. GARDSRAET UMEA”

Thisreport is undergoing the final revision by M. Wappling /4/. The measurements have been
performed by Mr. A. Nordstrém, who has endeavoured to make very careful measurements. Both
concrete of strength class K30 and HPC with w/c 0.38 have been studied. Here only RH-
measurementsfor one case are shown. |n connectionwith the RH-measurements, the temperature
insurroundingair, in the RH sensor and also in the concrete has been measured.

The outdoor climateis shownin FIG. 5. The measured temperatures are shown in FIG. 6 and
the measured and calculated RH-valuesare shown in FIG. 7. The concrete quality is K 30.
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FIG. 5. Theoutdoor climateof a concretefloor located in Umea, Sweden. /4/.
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FIG. 6. Measured temperaturesof theair (T, Luft), the RH-sensor (T, Avl) and the
concrete (T, Btg). From Kv. Gérdsraet, Umea.
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FIG. 6 showsthat, abovedl, at 70, 84, 98 and 234 days, the temperature measured by the RH-
sensor differsfrom the temperaturemeasured at the bottom of the drilled hole (the temperature of
the concrete). The latter temperature was measured with a separate thermometer, with a ceramic
top. At the RH-measurements a dew point meter was used (Maker Protimeter). With the
Protimeter sensor, both the temperature and the dew point temperature were registered. Control
has been made afterwards, showing that there was no systematic difference between the
temperature measured with the dew point meter and with the separate thermometer (at approx.
+20"C).
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HG. 7. Measured RH (Avl.RF, %), caculated RH (Omr.RF, %) and RH measured on samples
takenout of the concrete (Uttag, RF). From Kv. Gérdsraet, Umea.

FIG. 5 shows that the building was sedled after about 160 days, i.e. during the five first
months the concrete structure was exposed to repeated precipitation. The outdoor temperature
appears partially in FIG. 6. From FIG. 5 and FIG. 6 it may be concluded that when the building
was sealed the hydration of the concrete had proceeded for a long time that the concrete was
amost capillary saturated with water.

FIG. 7 aso showsthe measured RH of samplestaken out of the constructionafter 18,143 and
144 days. These RH-values are approx. 98%. When the temperature between the RH-sensor and
the concrete differs, a recal culation has been made from the RH registered by the RH-sensor to a
calculated value in the concrete. These cal cul ationshave been made with theformula:

¢concrete = ¢read * y§—(l‘rid)

Vs (Tconcrete)
where ¢ is the relative humidity (RH) and v, is the vapour concentration at saturation. This
formulais theoretically correct, but it is unsuitable in this case because the recalculated RH-
values become unreasonable, in one case 103%. When comparing FIG. 6 and FIG. 7 it appears
that at 70, 84, 98 and 234 days, when the concrete temperature differs by a few degreesfrom the
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RH-sensor, thisgives remarkable RH-vaues. Thisis valid for dewpoint meters. We do not know
how the results would have been with other types of RH-sensors. Until we arrive at better
knowledge the following conclusionscan be drawn.

Conclusion: MeasureRH when the house isbuilt in and hasrelatively constant temperature.

STUDIESAT BUILDING MATERIALS,LUND INSTITUTE OF TECHNOLOGY

Suspicions started when RH-measurements were repesated in the same drilled hole (or on
samples taken out of the concrete), and we did not got the same measured RH-value on the
different occasons. This was valid for concrete with low w/c. A probable reason for the
variations in measured RH is that these types of concrete have a flatter equilibrium moisture
curve than conventional concrete and at the same time a concrete with low w/c is much tighter
than conventional concrete. In other words, there is not so much moisture available on the
concrete surface to moisten the RH-sensor and partly it takes time to replace the moisture which
isremoved by the sensor and by the air on every measurement occasion. To examinewhether the
suspicions were right, it was decided to perform measurements, both in measurement holes and
on samplestaken out of the concrete.

The concrete specimens which were used in this study were a few years old, i.e. they had
dried to approx. 70% RH. Asthe equilibrium moisture curveis relatively linear for concrete with
low w/c in the range fiom about 30% to 100% RH, it was supposed that if the RH-sensor was
dried in 33% RH, about the same amount of water should be removed from the surface of the
concrete by the measurement as with acommon measurement of moisture.

Repeated RH-measur ementsin the same measurement hole

The measurementswere performed on specimens which had been used earlier. Two different
types of concrete were examined, one with w/c 0.32 (sulphate resisting low alkali cement) with
4.8% sdilica fume, specimen 9-15-3, and one with w/c 0.41 (OPC) with 5.1 % silica fume,
specimen 9-6-2. For specimen 9-15-3 RH-measurements were performed both with a dew point
meter (Protimeter) and with a capacitive moisture meter (Vaisala).

Specimen 9-15-3 (w/e 0.32with 4.8% silicafume), measurementswith dew point meters

Before the first measurement, the RH-sensors had been conditioned in the climate room
where the specimen was stored. This climate room had approx. 60% RH and a temperature of
about +20 "C. At the first measurement in the specimen, the RH-sensors were placed in the
measurement holes for 27 hours. When the RH-sensors were inserted in the specimen, they had
amost the same RH which later was measured. Because of this the moisture loss from the
concrete to the meters was small. In other words, it is probable that the measured RH-valuesare
amost the sameasthe RH of the concrete (except for norma spread in the measured result).
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After that the RH-sensorsweredried at 33% RH (in calibration vesselswith MgCl,) for afew
hours. The sensors were then once again placed in the specimen for one day. This was repeated a
coupleof times, seeFIG. 8.

Between 170 and 288 h the meters were placed in the calibration vessdls, i.e. during thistime
the measurement holes were alowed to regain their moisture equilibrium. At 288 h the dew point
meters were placed once again in the measurement hole and they stayed there until 434 h.
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FG. 8. Measured RH in specimen 9-15-3, with repeated measurements. Dew point meters..

It is obvious from FG. 8 that the measured relative humidity decreases for every new
measurement. No measurementswere done between 170 and 288 h and the measurement holes
were sealed. During this time (118 h, about 5 days), RH in the measurement holes should have
risen to the original values. This probably happened, but when RH rose in the concrete, closeto
the measurement hole, the moisture content probably did not rise to the same extent. This part of
the concrete should have been on an dmost entirely horizontal transition curve from the
desorption isotherm to the absorption isotherm. That is, RH may change without any remarkable
change of the moisturecontent in the concrete happening.

When the dry RH-sensors are once again placed in the measurement hole and readings are
done after about 1 day (312h in FIG. 10) some lower RH-vaues are read than before. This is
quite natural, according to the discussion above, because when the concrete loses moistureto the
RH sensors, the outermost part of the concrete in the measurement hole follows the same
trangition curve but in the other direction until it returnsto the desorption curve. The latter has a
much greater moisture capacity (inclination) than the transition curve and provides the RH-sensor
more easily with moisturethan thetransitioncurve.
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Between 288 and 434 h the RH sensors are placed all the time in thelr respective
measurement holes. FIG. 8 shows that during this time the measured RH increases ailmost the
wholetime. Thisisdistinctly seenin FHG. 9, in which the mean values of all the RH changes are
shown. In FIG. 9 the measured RH-valuesat 27 hours have been set as reference level (the value
0). From that the differences between measured RH-value and the RH-vaueat 27 h have been
caculated. The mean values (for five measurement holes) for the differences have then been
calculated and areshownin FIG. 9.
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FIG. 9. Meanvauesof the measured RH-changesin specimen 9-15-3, when the measurements
are repeated. M easurementswith dew point meters.

It is clearly shown in FIG. 9 that, with repested measurements in same measurement hole,
the measured RH decreaseswith the number of measurements. It can a so be concludedthat in the
case when the RH-sensors have been in the measurement holefor alonger time (about 6-7 days),
from 288 days onwards, RH roseto amost the samelevel ason the first measuring occasion.

M easur ementswith capacitivemoisturemetersin Specimen 9-15-3

Specimen 9-15-3 was allowed to rest for 8 days between the measurements with the dew
point meters and the measurements with the capacitive moisture meter. Three meters were used
and they were cdlibrated just before the measurements with different saturated salt solutions, at
331, 755 and 85.3% RH. The measured RH-changes are shown in FIG. 10, when the
measurements are repeated. Repeated measurementswere made, with drying of the RH-sensorsin
33% RH between every measurements, until the 150 h time. The meters were then continuously
placed in the measurement holesfrom 150 h to about 310 h.
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FIG. 10. Measured RH-changesin specimen 9-15-3 when the measurementsare repested.
Capacitivemoisture meters. At thefirst reading thetimeis set to 0 (zero).

From FIG. 10 it is clear that even with this type of RH-meter, lower and lower RH is
measured as the measurements are repeated. Besides it is shown that even if the sensors are
placed in the measurement hole for one week, the measured RH values will not return to their
original value, they are approx. 2.5-3% RH below thisvalue. A possible explanationfor this may
be that capacitive moisture meters have hysteresisin their characteristiccurve, i.e. one does not
get the same valuewhen the sensor is under desorptionas when the sensor is under absorption.

The last calibration point before the measurements started was 85% RH. It can not be
excluded that the time of condition, in 33% RH, was too short for the RH-sensorsto really reach
equilibrium. This could explain some part of the2.5-3% RH above.

Thefirst measured RH-resultswith both Protimeter and Vaisalametersare shownin FIG. 11.
This RH was measured in the same measurement hole in the test body 9-15-3. The X-axis hasthe
results obtained with Protimeter sensors and the Y -axis has the results measured with Vaisaa
meters.

76
74
72
70 .
68
66
64

*

Vaisala; RH (%)

64 66 68 70 72 74 76
Protimeter; RH (%)

FIG. 11. Comparisonof the RH-valuesmeasured with dew point metersand with
capacitance meters. The first measurementsof specimen 9-15-3 with each meter.
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The compared resultsare measuredin measurement holes 1,2 and 3. Thesehave thefollowing
distance from their centre lines to the concrete surface: 20, 36 and 65 mm. This means that the
measured RH is different in the different measurement holes; the farther into the concrete the
higher the RH. If the measured results for the same measurement hole, with the two different
types of RH-meters, are similar the result should be the right line in the diagram. Thisis true of
one point, whilethe other two pointsare about 2% RH from the line. In view of the fact that there
are two measurementsfor each point and aso that every measuring result contains an element of
uncertainty (probably of the order of 1-2% RH), the results in FIG. 11 can be regarded as
acceptable.

Specimen 9-6-2 (w/e 0.41 with 5.1% silicafume), measurementswith dew point meters

To imitate what can happen in area measuring situation, for example when the RH-meters
have been stored in a cold and moist car for a long time and then have been conditioned in the
building (in which the measurements are to be made) during a shorter time, the RH-meters were
conditioned in 95% RH followed by %2 hour in 60% RH before they were placed in the
measurement holes. The measurement holes in the concrete had a diameter of 8-9 mm and a
length of approx. 25 mm. These measurement holesin the concretewere smaller thanthe holesin
specimen 9-15-3, wherethey were about 15 mm in diameter and some 30 mm in length.

During thefirst five daysthe sensorswere placed all the timein their respective measurement
holes followed by drying for 35 h in 33% RH. Then they were once again placed in the
measurement holes. After this initial period the RH-sensors were alternated between the
measurement holes and 33% RH, for about 7 days. The results of the measurements are shownin
FIG. 12.
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FIG. 12. Measured RH in specimen 9-6-2 at repeated measurements. Measured with dew point
meters. The depth of measurementisindicated.
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FIG. 12 shows that the introductory conditioningfor about Y2 hour in the climate room was
not enough to dry the RH-meters. One meter shows approx. 93% RH during the first five days.
The other five meters show that RH decreases during the first five days, athough the sensors
were placed inthe measurement holes al the time. Possible explanations may be that moistureis
emitted fiom the RH-sensors to the surrounding concrete or that there is |eakage somewhere. At
thefirst drying at the alternating of RH-sensors, in 33% RH for about 3.5 h, 5 of the sensorsdried
to 33% RH but the 6th dried to only 48% RH. In other words, in the latter case the drying time,
3.5 h, was not enough. A reflection of thisis that the next measuring value in the specimen for
thissensor (depth 144 mm in FIG. 12) is approx. 80% RH. During the period with "' cyclic loads™

the measured RH for all sensorsdecreasesfor almost every new cycle. Thisisfor a concretewith
w/c 0.41.

Conclusions: Let enough time elapse between measurementsin the same measurement hole (at
least one week) and let the measurement continuelong enough. Let the RH-metersincluding
the filtersdry to a lower RH than islater measured It is probably easier for the concreteto
emit moisturethan to take up moisture (in vapour phase), seeFIG. 12.

Repeated RH-measurementsin test tubes

Specimen 9-15-3 was broken into pieces with the help of a pressure press. The broken
specimen was put in plastic bags, where it was kept for 10 days. Pieces of approx. 5-10 mm in
diameter were taken out later and immediately put in test tubes. The tubes were sealed with
rubber plugs. Mr B. Johansson, who did thiswork, tried to put samplesfiom the same" depth” in
the specimen into the same test tube. A total of 8 testswere taken, i.e. 8 test tubes. All the test
tubes were first filled entirely and RH-measurementswere made twice. Afterwards material was
taken fiom 4 of the test tubes, so that different amounts of material were obtained in the test
tubes. Counted fiom the bottom of the test tube it was about 2, 4, 6 and 8 cm. Before the
measurementsof the 4 test tubeswere started, the dew point meters were conditionedin 33% RH
for about Y2 hour. After that, measurementsfollowed for 10-15 hours broken off by conditioning
in 33% RH for about %2 h. Theresultsareshown in FIG. 13.

%=

76 ﬂ—é
R 72 A o h o @4 cm
T gg M = A6cm
(74 66 * H m | E8 cm

64 *—3 r 3

62

60

0 24 48 72 96 120 144

TIME (h)

FIG. 13. Repesated RH-measurementsin test tubesfilled to different depths (2, 4, 6 and 8 cm).
Material from specimen 9-15-3, i.e. w/c 0.316 with 4.8% silicafume. Measured with
dew point meters.
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It is obvious from FIG. 13 that for every new drying period, the measured RH in every test
tube decreases. The decreaseis faster in the test tube which isonly filled to 2 cm. Thisis clearly
shownin FIG. 14, in which the changes of the measured relative hurniditiesare shown.
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FIG. 14. Measured RH-changes, at repeated measurements, in thetest tubesfilled with different
amountsof concrete materia. Measured with dew point meter.

FIG. 14 showsthat with only 2 cm filling height in the test tube, the measuring faults can be
huge with repeated measurements. On the other hand, it seems that the influence of the filling
height is not greater when the height is 4 cm or more. The reduction in RH for these filling
heightsis pretty much the samein every new round up to about 80 h. After thistime the sensors
were conditioned for 10.5 h in 33% RH versus roughly %2 hour at the earlier times. This longer
conditioning in 33% RH seemsto have influenced the tests with 4 and 6 cm filling height more
than the test with the height 8 cm. An explanationcan be that during thislonger timein 33% RH
the sensors and especidly their filters have time to dry out entirely. As a result the sensors will
take up more moisture from the test material the next timethey arein the test tubes. Thisleadsto
lower measured RH.

The mean values of the RH-changes, measured in test tubes with 4,6 and 8 cm, are shown in
FIG. 15.
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FG. 15. Themean valuesof measured RH-changesfor test tubeswithfilling height 4,6 and 8
cm.
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In FIG. 15. it is clear that for every new measurement the RH-change becomes bigger. In
other words, even with almost filled test tubes one cannot make repeated measurements in rapid
succession. It can not be excluded that a certain moisture redistribution happensin the test tubes
from one piece of concreteto the other, which can influence the measured RH values.

Conclusions: Measure only in test tubes which contain a relatively large amount of material
and measure only one or two timesin same test tube within a brief period. After the sampleis
taken out from the concrete, let it be conditioned for some daysin the test tube before the RH-
measurement isdone.

RECOMMENDATIONS

This paper showsthat it is possible, but requiresknowledge, to measure the relative humidity
in HPC. Thefollowing recommendationscan serveas afirst base of knowledge.
a)

When measuring RH in drilled holes, check that redistributionof moisture cannot occur in the
measurement hole and also check that the measured depth iswell defined, that is, that the distance
between RH-sensor and the concrete is minimised. Further, the evaporating surface of the
concrete against the RH-sensor should be big.

b)
Measure RH only when the houseis built in and has a constant temperature.

c)

Let enough time elapse between measurements in the same measurement hole (at least one
week). Also let the measurement continue long enough (at least two days). Check that the RH-
sensor including its filter has dried to a lower RH than that measured afterwards. It is probably
easier for concrete to emit moisturethan to take up moisture (in the vapour phase).

d)

When measuring RH in atest tube, do so only with test tubes which contain a relatively large
amount of material. Measure only one or two times within a short period. After the sample is
taken out of the construction, let it be conditioned for a few days in the test tube before the RH-
measurement is made.
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INTERNAL EIGENSTRESSESIN CONCRETE
DUE TO AUTOGENOUS SHRINKAGE

BIRGITTE FRIISDELA and HENRIK STANG
Department d Structural Engineeringand Materials
Building 118, Technical University d Denmark
2800 Lyngby, Denmark

ABSTRACT

Thestressdevel opment insideaspherical aggregateembedded in cement paste that undergoes
shrinkage is investigated. The shrinkage considered is the autogenous shrinkage of cement
paste. Three types d cement paste with different extends of autogenous shrinkage are used
in the tests presented in this paper. The development in autogenous shrinkage and modulus
d elasticity has been determined. The stresses are measured with the use of a special sensor,
currently under development. Experimental results from experiments carried out with two
different prototype sensors will be presented.

INTRODUCTION

Autogenousshrinkage o cement paste in ordinary concrete will normally not cause problems
regarding cracking in concrete structures to an extend where durability problems can be
expected. However, in the presence d large amounts d microsilica, used in concrete where
high strength or low porosity is needed, the development of autogenous shrinkageisdifferent.
The main difference is that the autogenous shrinkage of cement paste containing micro silica
continues over several days and weeks, whereas the autogenous shrinkaged ordinary concrete
only takes place within the first couple d days. As the rate d creep and relaxation in very
young concrete is high, the stresses that occur at early ages will very rapidly disappear.
If, on the other hand, the shrinkage continues to develop increasing eigenstresses will be
introduced.

The elgenstresses that develop in concrete as a result o autogenous shrinkage can
be divided into 2 categories. Eigenstresses on the macro levd resulting from structural
restraints and eigenstresseson the meso levd resulting from the restraining effect caused by
the aggregates in the concrete. The eigenstresses on the macro level can lead to cracking o
the concrete structure. These cracks are occasionally visible on the surface d the structure.
The stresses that develop on the meso level can lead to micro cracking of the material. These
micro cracks will usually form an internal crack pattern oriented perpendicular to the surface
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o the larger aggregates and reaching from one aggregate to the other

In order to be able to measure the eigenstressesthat developin and around an aggregate
a sensor has to be developed. The sensor serve as an artificial aggregate measuring changes
in strains or stresses o the aggregate. Two prototype sensors have been developed. Thefirst
sensor was based on strain measurements using a thermometer as"aggregate”. This sensor
is further developed into a sensor based on stress measurements using electrical resistance.
The latter sensor is still under development as part of a Ph.D. project on eigenstressesin
hardening concrete. Pilot tests will describe the stress development in one single aggregate
embedded in cement paste.

MIXING PROCEDURE FOR CEMENT PASTE

The cement pastes used in the tests has a water-cement ratio o 0,30. The type o cement is
a White Portland Cement. The cement pastes contains 0%, 10%, and 20% microsilica (on
weight of cement content). In table 1 the mix compositions are listed.

TABLE - 1 Mix composition o the cement pastes

P00 P10 P20
Water/Cement 0,30 0,30 0,30
Microsilica/Cement 0% 10% 20%
Superplast/Binder 1,05% 1,05% 1,0%
Microsilica Slurry Slurry Powder
Superplast Melamine | Melamine | Naphthalene

The cement pastes are all mixed in a5 litre Hobart mixer in the following way: Cement,
microsilica and superplasticizer is homogenised by dry mixing for 1 minute. Then 2/3
d the water is added (w/c=0,20). After 3 minutes mixing and 2 minutes break, the
remaining part of the water is added and the mixing is continued for another 3 minutes.
The mixing procedure at very low water-cement ratio is used to ensure proper dispersion of
the microsilica. During mixing evaporation o water is reduced by a metal cover fixed on the
mixer.

FACTORSINFLUENCING THE EIGENTSTRESS DEVELOPMENT

The factors influencing the development d eigenstresses around aggregates are numerous.
Only those considered most important will be presented here. First o all the autogenous
shrinkage and the stiffnesses o cement paste as wdl as that o the aggregate or sensor are
d major influence. If just one d these parameters is negligible no stresses will be initiated.
Thus the very early shrinkage d the cement paste will have no influenceon the eigenstresses
around an aggregate as the stiffness o the cement paste is not developed at this time.

The autogenous shrinkage d the cement pastes used in the tests was measured with the
use o a dilatometer developed by [1].The results shown here are carried out at 30°C. The
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results of the tests are shown as a function d time in FIG. - 1. The autogenous shrinkage
measured 1 hour after start of mixingis used as point o zero shrinkage.
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FIG.-1  Autogenous shrinkage o cement paste containing 0%,
10%, and 20% microsilica, averages o two simultaneous
measurements

As mentioned, development d eigenstresses due to shrinkage o cement paste isstrongly
linked to the stiffnessd the cement paste. The stiffnessd the cement paste containing 20%
microsilica(P20), represented by the modulus o elasticity has been measured as a function
d time. Experiments have been carried out in compression as well asin tension. The main
part o the tests have been carried out in traditional compression tests on small cylinders
(diameter: 25 mm, length: 50 mm (extensometer measuring range: 25 mm)). The specimen
for these tests have been stored under sealed conditions at a temperature of approximately
25°C. A smaller part d the tests have been determined in tension as a part o the loading
procedure in relaxation tests. These tests have been carried out in a rebuild set-up in the
TSTM (thermal stress testing machine) at TUDelft in the Netherlands. The specimenin this
case has adiameter o 30 mm and a measuring range d 130 mm. The hardening temperature
in the relaxation tests are 20°C. The results from both kinds o tests as a function o time
are shown in FIG. - 2. The difference in hardening temperature in the two kinds o tests
have not been taken into account.

Results from tests similar to the compression tests mentioned above are presented in [2]
for paste P00 and P10.
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FIG. - 2 Modulus o elasticity o cement paste P20
containing 20% microsilica

Several other factors influence the development o eigenstresses. The stiffness o the
aggregate or the sensor is as important as the stiffness o the cement paste. The stiffness of
the sensor however, is complicated to determine through standard tests.

As the main part o the autogenous shrinkage d cement paste develops at early ages,
the creep and relaxation has a big influence as well. Relaxation tests have been carried out
during a 6 months visit at TUDelft. The results from these tests will not be presented in
this paper, but referenceis made to [3].

Among other important factors also the wall effect around the aggregate or sensor has
to be mentioned. The interfacial transition zone (ITZ) has a higher water-cement ratio
which influence the shrinkage and stiffness. It is still unknown how much the transition
zone influence the stress development. However, investigations [4] have shown that the ITZ
around aggregates has a significant influence on stress distributions and the overall elastic
moduli of mortars.

EXPERIMENTAL OBSERVATIONSOF EIGENSTRESSES

Description of sensorsand set-up

As mentioned two prototype sensors applying different methodsfor measurements have been
developed. The first sensor is based on the use o a mercury thermometer. The mercury
container of an ordinary laboratory thermometer has been shown to be a very ssmple and
sufficiently accurate pressure sensor that can monitor the development in eigenstresses. The
thermometer sensor is developed by Henrik Stang and is described thoroughly in {5]. The
other sensor is based on changesin electrical resistance with changesin hydrostatic pressure.
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This sensor is still under development as part o a Ph.D. project.

The basic idea of the thermometer sensor isto use a laboratory mercury thermometer
as a pressure sensor for the determination of shrinkage related eigenstresses around an
inhomogeneity like for instance an aggregate. A standard mercury thermometer consists
d aglasscontainer filled with mercury. The container is connected to a capillary class tube.
Volume changes in the mercury due to temperature changes are then detectable as changes
in position o the mercury surface in the capillary tube. Obvioudy, aso volume changes of
the glass container due to mechanical action like for instance external hydrostatic pressure
can be detected as changesin mercury surface position and simultaneous changes in pressure
and temperature can be measured if a second pressure independent temperature measuring
device such as an electrical thermocoupleis introduced in the system.

For the experiments described here a laboratory thermometer with a temperature range
d 50°C and an accuracy o 0,1°C was chosen. The outer glasstube which is connected to the
mercury container and which is protecting the capillary tube was removed by cutting close
to the connection of the mercury container. Finally, the temperature scale which originally
Is connected to the outer protecting tube was fixed to the capillary tube.

The measuring device was calibrated for hydrostatic pressurein pressurised air in asmall
pressure chamber designed for this purpose. With this test the calibration factor relating
apparent temperature change to hydrostatic pressure could be determined.

After calibration the sensors are placed in the centre of a container and cement paste is
poured in. The container has a diameter o 100 mm and a height of 60 mm. Nothing was
done to control the temperature during hardening. Next to the pressure sensor two electrical
thermocouples are placed allowing for pressure independent temperature measurements
during the hydration process as wel as during long term testing. Immediately after casting
the cement paste is covered with a thin layer d oil protecting the paste from evaporation
d water. Thus, the cementitious matrix experiences only autogenous shrinkage and the
temperature variation connected with the hydration process.

The basic observations consist of observed temperature differences between the modified
mercury thermometer and the average o the two electrical thermocouples observed over a
period of time after casting o the cement paste. Through the calibration factor the observed
differences in temperature measured by thermocouples and thermometer can be translated
to an equivalent hydrostatic stress state on the mercury container. In FIG. - 3 thereis a
picture showing how the outer protecting tube is removed from the mercury container of the
thermometer sensor.

The other type o sensor uses a technique based on electrical measurements o resistance
d a 0,05 mm manganin wire. Manganin is an alloy with an electrical resistance which
depends on applied hydrostatic pressure. This property is used in the electrical sensor to
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detect the hydrostatic pressurein a spherical inclusion embedded in cement paste undergoing
shrinkage.

The sensor that has been used in the experiments shown in this paper consist o a solid
porcelain sphere used in a ball mill. The diameter o the porcelain sphere is 20 mm. On
the porcelain sphere, a 0,05 mm manganin wire is glued using the same kind of glue as that
used for strain gauges. The ends are solded to a standard 1 mm copper wire and glued to
the sphere. It is important to avoid leakage current in the electrical system since this will
influencethe measurements when placed in fresh cement paste. To reduce the risk of leakage
current through the cement paste the manganin wire, the solding points as well as the copper
wire was painted with a sealing paint. A calibration o the sensor gives the linear relation
between pressure and resistance d the wire. The calibrations are performed in an oil filled
pressure cell for pressures ranging from 0 to 300 bar. The ceramic sensor has an estimated
stiffness in the range o that o granite (50-100 GPa).

The sensor was fixed in the centre of a container and cement paste was casted around
it. To reducetheeffectsd changesin temperaturein the tests with the porcelain sensor, the
container was kept assmall as possible. 1t had a diameter of 55 mm and a height of 70 mm.
It is furthermore put in water at 20°C. The temperature development was measured on a
dummy without a sensor to avoid electrical noise from the thermocouple. The temperature
reached a maximum o 23°C during hardening. The changes in resistance was determined
with the use d an amplifier, and a datalogger saved the results on a PC. Figure 4 shows a
drawing o the porcelain sensor.
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The tests with the thermometer sensors are carried out on paste without microsilica (FOO)
and with 10% microsilica (P10). The results from two independent tests with each paste

type areshown in FIG. - 5. The results from the test using the porcelain sensor is shown in
FIG. - 6. The paste in this case is P20.
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FIG.-6 Experimentally observed eigenstresses in
a spherical porcelain sensor embedded in
cement paste containing 20% microsilica

DISCUSSION

The autogenous shrinkage as presented in FIG. - 1 show a clear increase in autogenous
shrinkage with increase in content d microsilica. It isimportant to note that mix P20 is not
based on the same types o materials as mix P00 and P10. Comparison should therefore be
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carried out with care. The trends in the results are clear though. The paste P00 without
microsilicaonly show autogenous shrinkagein thefirst 50 hours after mixing. The paste P10
and P20 both continues the autogenous shrinkage although the rate decreases with time.

The autogenous shrinkage and the development in modulus of elasticity as shown for
paste P20 in FIG. - 2 givesaindication o when and how the eigenstresses develops. Asthe
modulus of elasticity only starts to develop after setting, no stresses will be build up at this
time. This means that the initial shrinkage corresponding to the steep slopesin FIG. - 1
will not have any influence on the stress development. For the paste P00 the development o
elgenstressesis expected to stop before 50 hours. Due to creep and relaxation, the stresses
might decrease or even disappear with time. For the pastes P10 and P20 the stresses are
expected to be higher than for ROO

These expectations are clearly met by the results shown in FIG. - 5 and FIG. - 6.
Obvioudly, the initiation of eigenstresses starts around 10-20 hours after mixing. This is
clearer for the porcelain sensor whereas the results from the thermometer sensor are more
ambiguous at this time. Nevertheless, the thermometer sensor show the trends as expected
regarding the difference in autogenous shrinkage of paste P00 and P10. Cement paste P00
build up stresses of approximately 5 MPa at 50 hours. After thistime the stresses decrease
until an almost constant stress d 3-4 MPa. The drop in stresses is expected to be due to
visco-elastic behaviour o the paste. There is quite some difference in the two measurements
on paste P10. However, the tendenciesare the same. Asfor P00 the stresses are mainly build
up within the first 50 hours after casting, but unlike P00 the stresses continue to increase.
At 500 hours the pressure on the mercury container in the paste P00 is 4 MPa, whereas it
has reache d 12 MPa in paste P10.

The equivaent modulus o elasticity o the thermometer sensor which is an ellipsoidal
shell of glassisestimated at 17 GPa. Thisislessthan that estimated d the massive porcelain
sensor which is 50-100 GPa. Also the shrinkage of cement paste P20 used in the tests with
the porcelain sensor is higher, thusit isto be expected that the stresses measured with the
porcelain sensor will be higher than those measured on paste P10 with the thermometer
sensor.  Figure 6 verifies the expectations with a pressure o 18 MPa at 100 hours. The
measurements with the porcelain sensor are negativein the first hours. Asthe amplifier was
balanced before pouring the cement paste the negative valuesin the curve can be explained
by leakage current in the electrical system leading to a decreasein resistance as long as the
paste is water saturated.

Leakage current in the electrical system isone o the main problemsin the development
d the electrical sensor. The problems will hopefully be solved with time so that more
measurements on the eigenstresses can be carried out - also with the presence of neighbouring

aggregates.

CONCLUDING REMARKS

The results presented in this paper can be summarised in the following concluding remarks:
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e Thetest results presented isthis paper show that it is possible to measure eigenstresses
in an inclusion with the use of sensors as those presented here.

e Thetestsarecarried out on two sensors using completely different measuring techniques
which verify that the stresses measured in the tests are reliable regarding the size.

e Thedifferencesin autogenousshrinkaged the different types d paste result in different
eigenstresslevels.

e More work and more tests have to be carried out with the porcelain sensor to refine
the measuring technique.
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AUTOGENOUSVOLUME CHANGE OF CONCRETE AT VERY EARLY AGE
MODEL AND EXPERIMENTAL DATA

ADRIAN RADOCEA
Department of Building Materias
Chamers Univergity of Technology
412 96 Gothenburg, Sweden

ABSTRACT

Experimentd results (Sdllevold et al 1994, Radocea 1996) show that high strength
and high performance concrete is highly sensitiveto early cracking. One of the causes of
cracking is plastic shrinkage that arises when the concrete mass is exposed to early
drying. It has also been reported that concrete with a low water to binder ratio can
develop cracks at early ages, i.e. before thermal cracking, even when early drying is
prevented (Sdllevold et al 1994). There is therefore good reason to suppose that the
originof cracking in such casesis autogenous shrinkage.

The ams of this paper are to discuss the mechanism of autogenous shrinkage, to
make an inquiry into the test methods and to show the influence of curing conditions on
autogenous volume change at very early ages.

NOTATION

A;  tota surface (m?) t time (s)

A;  surfaceof gas \Y} concrete volume (m°)

Ag surface of solids V,  Yasvolume (air and water vapour
Ay  surfaceof water in bubbles and microcracks)

B coefficientof permeability (s) V, chemical shrinkage (n°)

g gravitational constant (m/s) @ angle of internal friction

K coefficient P density of concrete (kg/m°)

P water pressure (Pa) p,  dendty of water (kg/m?)

Pg gas pressure (Pa) c stress on solid particles (Pa)
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INTRODUCTION

Cement reactions give rise to a reduction in the volume of the cement plus water
system. Autogenous volume change of concrete can then be defined as externa volume
change caused by this reduction.

The first step in the attempt to predict cracking or to reved the factors resisting
cracking is to understand the mechanism of volume change, that is, to investigate a
possible relationship between chemica shrinkage of paste and autogenous volume change
of concrete.

This paper tries to partially elucidate some of the problems involved when studying
autogenous volume change of concrete at very early ages, i.e. when the paste undergoes
a transitionfrom plastic to iff state. It is therefore quite legitimate to try to answer the
following questions:

1. Arethere any relationships between:
e cement reactions and the volume reduction of cement paste
¢ the volumereduction of paste and the external volume change of concrete?
. Does the volume reduction of paste dways cause an external volume reduction of
concrete?
. Are the test methods suitable for studying the above mentioned rel ationships?
. Has the consistency of paste any influence on the experimental results?
. Has a plastic paste the capacity to move alarge aggregate?
. Isthere any difference between horizontal and vertical deformation?
. Are the measurements influenced by the boundary conditions and dimensions of the
sample?
. Why is autogenous shrinkage significant only for concrete of low water to cement
ratio in spite of the fact that chemical shrinkage does not depend on water to cement
ratio?

~NOoO O h~hw N

0o

DEFINITIONS
Cement related reactions:

| . Solution: the dissolved solid materials occupy less total space in solution than when in
the solid condition.

2. Adsorption: the adsorbed water moleculesare more densdy packed than the molecules
of free water.

3. Hydration: the silicatesand aluminates bind water.

Chemical shrinkage denotes the contraction of the cement+water System only
during hydration (chemically bound water has higher density than free water). At very
early ages, solution and adsorption can also be included in chemicad shrinkage.

Depending on factors such as the dimensions of the sample, boundary conditions
and curing conditions, cement reactions can give rise to the following phenomena:
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1. Autogenous shrinkage df paste (ASP) = External volume change of the paste.

2. Self-desiccation (SD) = Cement reactions consume the pore water. This results in
development of pores filled with air and water vapour when water movement to or
from the paste is prevented.

3. Imbibed water (IW) = When water movement to the paste is permitted, a part of the
water consumed by cement reactions can be replaced by water coming from the water
cured surface.

ASP and SD appear at the same time in sealed samples, while in water cured
samples all three phenomena can appear at the same time. Actudly only IW can be
isolated when very small samples of paste are in contact with excess water, see TABLE-
1.

 TABLE-1
Phenomenon Sedled samples Water cured samples
very thin samples large samples
autogenous YES NO YES
dhrinkage o paste
self-desiccation YES NO YES
imbibed water NO YES YES

Autogenous volume change of concrete (AVCC) can be defined more precisely as
external volume change caused by autogenous shrinkage of paste.

All these four phenomena have a common physical explanation, namely the decrease
of pore water or capillary pressure in cement paste. This decrease in pore water pressure
causes:

1. Consolidation of solid material (the distance between cement grains decreases)
2. Water movement
3. Development of gas or water filled pores.

One of the problems we must take into account when studying AVCC at very early
age is that, during the period of plasticity of the paste, the pore water pressure is of the
same order as the stresses due to the dead weight of concrete. Therefore, the stress
conditions of a plastic concrete are influenced by dead weight, pore pressure and of
course by the boundary conditions. In hardened concrete, the stresses due to the dead
weight are very small in comparison with the pore pressure, and the dead weight can be
neglected.

TEST METHODS
The most usual test methods are shownin FIG.-- 1.
D method, which uses the dilatometer, measures chemica shrinkage. Geiker 1983

showed that the rate of chemical shrinkage correspondsto the rate of chemical reactions
when the thickness of the sample is small. In thick samples, and especialy at low water
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to cement ratios, dP and dx (see FIG.-1) become large and the bottom of the sample is
unsaturated with water. The main problem of this test method is that it demands visua
observationswhich are difficult to follow at very early ages.

Atmospheric

pressure

Pressure
distribution

[Q=K(dP/dx)

| & I Linear VariableDifferential Transformer
H-method
FIG.-1 Test methods

bleeding

e

balance

C method measures the change in weight of an elastic membrane filled with cement
paste and submerged in a water bath. Sellevold et al 1994 showed that, before the
formation of gas filled pores, there is good agreement between chemica shrinkage
determined with the D method and the volume change of the elastic membrane. The
forces involved in the process are shown in FIG.-1. It is interesting to notice that the
tension T of the membrane makes a water filled elastic membrane have a spherical shape.
This corresponds to the condition that in thiscase T must be equal at every point of the
membrane. The change in volume that is measured at the movable boundary of the
sample is caused by a decrease in the pore pressure Pc and dP(T). The main problem of
this method is the difficulty to distinguish the imbibition of bleeding water (see FIG.-1)

59



from real volumetric change. Furthermore, the experimental results in FIG.-2 show that,
during the first two hours, the change in volume is mainly produced by the differencein
temperature between paste and water in the water bath.

Volume change (%)

1,6
1,4 [ Temperatureof waterin 10 °C -
12 [ the water bath
1 [ 20 °C
- —7
0.8 L 30 °C
0,6 |
0,4 |
0,2
0 . . ! R
u 10 20 30
Time (h)
FIG.-2 Influence of the temperature of the water bath on the volume changes of
paste with W/C="*#0.24 and 8 % silicafume, SRPC cement of type

Degerhamn.

H method measures the horizontal displacement of a small plate placed in a concrete
sample. The dimensions of the plate are usualy of the same order as those of a larger
aggregate. This method gives controversial results and therefore needs a profound
analysis, see next section.

INVESTIGATION OF H METHOD

The origin of controversy is the lack of agreement between the D and H methods.
As can be seen in FIG.-2, the D method indicates a continuous volumetric reduction of
the paste, while the H method can give results such as in FIG.-3, where the displacement
of the plate indicates a horizontal swelling of the sample during the first 5 hours. It is
rather obvious that the concrete sample cannot swell because the vertical walls of the
container are fixed. How can we then explain that sometimes the displacement of the
plate indicatesswelling instead of shrinkage?

The behaviour of plastic concrete, where the solid particles have great mobility in
relation to each other, is characterised by:

1. pressure against the vertical wall

2. chemical shrinkage, which is three dimensiona, is partially transformed into vertica
deformation
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Pressureagaing the vertical wall

The stress conditions at the vertical wall of a sample container are described by the
diagram in FIG.-4. When the vertica surface of concrete is immobile, the horizontal

stress on the solid particles at a given depth is proportiona to the vertical stress at this
depth:

ox= Koz 1)
The coefficient K can be expressed as afunction of the angle of internal friction:
K=1-sin® _ ' ¥))

which means that the horizontal stressis dependent on the workability of concrete.

Horizontal stress O'X
concrete A

passive

active pressure

pressurc

1

sample container

A Horizontal deformati%
tension 0 compression
FIG.-4 Stress conditions at the vertical wal of the sample container,

after Sallfors 1995.

61



Horizontal shrinkage can occur only if the horizontal stress on the vertical surface
of concrete exceeds o,K. Since no externa forces act on the concrete mass, we may
assume that the equilibriumof stressesthat produce a volume change can be described by
the following equations:

As Aw Ag

sz—+P——+Pc—==rgdz 3)
At At At

x2S pAY L peBE @
At At At

The vertical surface of concrete at the boundary has to satisfy equation (4) only after the
beginning of horizontal shrinkage.

Radocea 1997 showed that the horizontal shrinkage at a distancedz starts when the
water pressure exceeds a certain value given by the following equation:

K At
pgdz (&)

P>—
1-K Aw

Pore water pressure and pressure againgt the vertical wal (see FIG.-5) were determined
by using the arrangement shownin FIG.-6.

é 200 at 82 mm
2 P~
£ NN
£ -200 \at 23 mm \ \
©  -400
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o -600 -
o pore water pressure
o. -800
-1000 | ' J
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Time (h)
a. Indoor conditions (low rate of evaporation)
at 82 mm
R 200 —
o)
g S—
-200
£ t23
E 00 \at23mm \ pore water pressure
at 80 mm
% -600 \
@ -800 \
& -1000 I L L L \
0 1 2 3 4 5 6
Time (h)
b. Sealed curing
FIG.-5 Pore water pressure and pressure against the vertical wall in a sample of

high performance concrete (w/c=0.3).
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FG.-6 Arrangement for measurementsof pore water pressure and pressure
against the vertical wall.

The diagrams in FIG.-5 show the following:

1. There is a proportionality between the pore pressure and the pressure against the
vertical wall; this confirmsequation (4).

2. When the upper surface of the sample is exposed to evaporation (approx. 0.15 kg/m?
h), the pressure against the wall becomes zero after 40 minutes at 23 mm and after 2
hours a 82 mm. These are the times when shrinkage starts at these two levels.

3. When early drying is prevented, the pressure against the wall does not become zero
for amost 5 hours, which means that the sample cannot shrink during this time.

4. The decrease in pore water pressure in the sealed sample is lower than when
evaporationis permitted.

5. There is however a decrease in pore pressure of the sedled sample, and this must
cause movement of water and rearrangement of the solid particles.

Rearrangement of cement grains, aggregates and other objects stuated insde the
sample during the period of plasticity of concrete has to fulfil two conditions:

e locd vertical and horizontal displacements depend on the loca stiffness of
concrete, packing and size of aggregates being determining factors
e only the upper surface of the sample can move downwards.

Vertical deformation versus horizontal defor mation

The diagram in FIG.-7 shows that, during the first 5 hours, chemica shrinkage is
transformed into purely vertical deformation.

35
3l vertical at surface
E 251
£ 21
L
@15}
I
£ i
Iy horizontal at 40 mm
0 . .
0 5 10 15 20 25
Time (h)
HG.-7 Vertical and horizontal autogenous shrinkage. w/c=0.3.
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After this investigation we may conclude that:

1. There is agreement between the C and H methods, but, in order to demonstrate this,
the vertical movement of the upper surface of the sample must be determined during
the period of plasticity of concrete.

2. The direction of horizontal movement of large solid particles during the period of
plasticity dependson the local stiffness of concrete.

AUTOGENOUSVOLUME CHANGE OF NORMAL AND HIGH PERFORMANCE
CONCRETE

Autogenous shrinkage and development of pore pressure in norma and high
performance concrete (HPC) are shown in FIG.-8. The diagrams give a reasonable
answer to the question why the autogenous shrinkage of high performance concrete is
much larger than that of normal concrete.

Horizontal shrinkage (%) Horizontal shrinkage (%)
0,0015 0,035
003}
0,001 | 0,025 HPC
0,02
0,0005 }
0,015
0 0,01
0,005}
-0,0005 l ~ ' 0 ' :
0 5 10 15 20 0 5 10 15 20
Time (h) Time (h)
oPore water pressure (kPa)
_80 L L L
0 5 10 15 20
Time (h)
FIG.-8 Autogenous shrinkage and pore pressurein normal and high performance

concrete (w/c=0.3).

o4



The shrinkage of normal concrete is insgnificant (only 2 to 3 times larger than the
noise of the LVD transformer). This is due to the fact that the development of pore
pressure occurs too late; the structure of concrete is strong enough to resist stresses of
this order.

The development of pore pressure in high performance concrete is even later, but it
IS important to consider the retardation caused by a high amount of superplasticizer. In
this case, when the amount of superplasticizer was 1,5 %, the concrete was still plastic
after 6 hours. The pore pressure develops just in time to produce significant autogenous
shrinkage.

A possible conclusion is that if high performance concrete could be mixed without
superplasticizer, the autogenous shrinkage would a so be insignificant.
MODEL OF AUTOGENOUS SHRINKAGE OF CONCRETE AT EARLY AGE
Radocea 1997 developed a modd that describes the rate of tota volumetric

reduction as a function of chemical shrinkage V, pore pressure P and the volume of gas
filled poresV;

dv_dvk 10 (B OP(z, t)) _dve (6)

E_ dt _;61 oz dt

V, and V, have to be determined for every combination of binder and superplasticizer.
The C method gives both dV/dt and dV4/dt.

An arrangement for measurements of pore pressure is shownin FIG.-9.

Plastic sheeting during sealed curing
/~ Waie Tilm durmg waler curing

/

Ui

V & VI Presauretransducer

FIG.-9 Arrangement for measurements of pore water pressurein
samples of concrete (PVC container 150x150x100 mm)
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EXPERIMENTAL RESULTS

The development of negative water pressure and length change in seded samples of
concreteare shown in FIG.-10 and FIG.-11 respectively. An insignificant difference was
detected between the water pressureat 10 and 60 mm below the concrete surface. It can
be observed that the high rate of pressure change begins a little earlier than the high rate
of shrinkage. This can be explained by a higher concrete temperature in the samples
placed in the PVC container (see FIG.-12).
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FIG.-10 Development of water pressure in sealed samplesof concrete (w/c=0.3)
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FIG.-11 Length change at 40 mm depth in sealed samplesof concrete (w/c=0.3)
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FIG.-12 Temperaturedevelopment in sealed samplesof concrete (w/c=0.3)

The diagram in FIG.-11 indicates that differences in temperature cause significant
differences in shrinkage . It is dso interesting to observe that the length reduction takes
place in spite of an increase in the temperature of concrete.

If the curves in FIG.-11 are multiplied by a factor 3 (to transform the one-
dimensional shrinkage into a volumetric reduction) and by afactor 0.3 (which represents
the volume of paste per cubic metre of concrete), the shrinkage of concrete determined
with the H method can be compared with autogenous shrinkage of paste determined with
the C method. The agreement between these two methods is shown in FIG.-13.

Ammes

O , 6 L b2 >

0,4

Concrete

Volume change (%)

0,21

o

Time (h)

FIG.-13 Comparison between autogenous shrinkage of paste and concrete
(w/c=0.3)

The development of water pressure and length change in water cured samples is
quite different from that in sedled samples (see FIG.-14-16).
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If the pore water pressure at the water cured surface is considered to be zero, the
development of water pressure at 10 and 60 mm depth (see FIG.-14) indicates that the
increase in pressure before the break through pressure at 60 mm is proportional to the
distance from the water cured surface. This means that we may assume that the
distribution of additional water is aso proportional to the distance from the surface.

Water pressure (kPa)

Time (h)

FIG.-14 Development of water pressurein water cured samplesof concrete
(w/c=0.3)
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0002 . . L
0 10 20 30 40

FIG.-15 Length change of water cured samples of concrete (w/c=0.3)
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FIG.-16 Comyparison between sealed and water cured samples of
concrete (w/c=0.3) at 30 °C

The amount of additional water (see FIG.-17) corresponds to the development of
water pressure. This, together with the fact that the length change at 40 mm diminishes
when the samples are water cured, confiis the proposed modd according to which
autogenous shrinkage is equal to the difference between contraction and the amount of
additional water before the formation of gas filled spaces.
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Time(h)
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sMe s memami st

Additional water (kg/m2)

FIG.-17 Amount of additiona water in concrete (w/c=0.3)

During the period of constant rate of pressure change (approximately between 10
and 60 kPa), the flow of additional water is aimost constant. By using the results shown
in FIG.-10-17 and equation (6), the coefficient of permeability during this period could
be calculated (see TABLE-2). It was assumed that at negative pressures in the range -10
to -60 kPa, the volume change is three times the length change, i.e. shrinkage is equal in
all threedirections.
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TABLE-2  Coefficient of permeability (10" s)

Air temperatureduring curing ("C)
Water pressure (kPa) 30 20 10
10 18 15 8
60 3 2.5 1.5
CONCLUSONS

1. Equation (6) describes the relationship between autogenous shrinkage of concrete,
chemical shrinkage, pore water pressure and the development of gas filled spaces.

2. At the beginning of the process of autogenous shrinkage, when concrete is plastic,
chemical snrinkage causes only a vertical deformation of the sample. This behaviour
implies movement of pore water and rearrangement of solid particles. During this
period the direction of horizontal displacement of large solid particles insde the
sample does not aways correspond to a volumetric reduction. In other words, the
horizontal shrinkage of a sample starts when the pressure of the concrete against the
vertical wal becomes zero.

3. Experimental resultsobtained by using the investigated test methods are consistent.
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EXPERIMENTAL INVESTIGATIONOF SELF-DES CCATION
IN HIGH-PERFORMANCE MATERIALS
- COMPARISONWITH DRYING BEHAVIOUR -

Véronique BAROGHEL-BOUNY
Laboratoire Central des Pontset Chaussées,
58 Bd Lefebvre, F-75732 Paris cedex 15, France

ABSTRACT

This paper presents some experimental results about self-desiccationof ordinary and (very-)
high-performance (HP) cement pastes and concretes. The HP materialstested in this study have
a very low water-to-cement ratio and they contain silica fume and superplasticizer. Self-
desiccation, occuring in hydrating materials, is here characterized by the measure of internal
relative humidity and autogenous strains. High-Performance materials exihibit strong self-
desiccation adong their ageing. For example, the internal relative humidity reachesthe value RH =
72% in the HP concrete tested here, within six months. This strong self-desiccation of HP
materialsis aso shown by the high autogenous shrinkage measured on these material s (205.10-6,
within six months for the HP concrete tested), compared to ordinary materials. A linear
relationship is exhibited between internal relative humidity and autogenous shrinkage, for each
mix, illustrating the range where these deformations can be considered as self-desiccation
shrinkage. Drying shrinkage resultsof the hardened materias, as afunction of relative humidity,
are also presented and compared, in the high RH range, with self-desiccation shrinkage data,
showing roughly similar values. In this study, a particular regard is given to point out the
similarities and the differences of behaviour between ordinary and high-performance materials
(mixed with silicafume).

Key-words: Cementitious Material, High-Performance Concrete, Silica Fume, Relative
Humidity, Self-desiccation, Autogenous Shrinkage, Drying Shrinkage, Total Deformations,
Experimental Study.

1- INTRODUCTION

Recent researchesyield to think that high-performance (HP) concretes have an enhanced
durability compared to ordinary concretes, due to their compactness. Their finer pore structure
and hence their reduced permesbility and diffusivity (to gaseousand liquid phasis), and also their
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lower calcium hydroxide content, compared to ordinary materials, offer a better resistance to
water and aggressive agents ingress. Moreover, their smaller mean pore radius diminishes the
freezing temperature of pore water, which can induce a better frost resistance. The low water
content of these materials can also be an advantage to prevent them from alkali-reaction, for
example.

But, the early and marked self-desiccation (internal drying due to cement hydration) of HP
materials can have other positive or negative effects on real structures. For example, the
particularly high autogenous shrinkageof these materials, when it ishindered, can generatetensile
stresses which can induce micro- or macro- cracking. And early age cracking is able to affect
mechanica propertiesand also to reducethe efficiency of durability propertiesof HP materials.
Besides, as a result of self-desiccation and of fine pore structure, the hygral behaviour of HP
hardened materialsis modified, compared to ordinary materials.

Therefore, in order to be able to take into account the effects of self-desiccation in the
prediction of the behaviour of concrete structures, in particular for delayed deformations, and to
use suited HP mixes, it is necessary to study accurately the self-desiccation process, its origins
and the mix-parametersinfluence.

The aim of this paper is to contribute, on the basis of a set of experimental results, to givea
complete descriptionof the self-desiccation features of high-performance material's, compared to
ordinary materials. A comparison is also made with the drying behaviour of the hardened
materials.

2 - MATERIALS

In this study, two cement pastes and two concretes are tested. The mix compositions of the
different materialsare given in table 1. The mixes CO and BO correspond to ordinary materials,
while CH and BH, mixed with alow water-to-cement ratio (W/C) and which contain silicafume
(SF) and superplasticizer (SP), are (very-) high-performance materials. The materials are
prepared with a French type | OPC (CEM I) from Le Teil. The cement chosen (cf. table 2) is
rich in C3S (57.28%) inducing high strength at early age, and hasa low C3A content (3.03%),
which goes to give a good workability, despite low water-to-cement ratio (low need of water, for
this cement). The cement has a Blaine fineness of 342 m2 kg-1. The silica fume, added as dry
powder, is from Laudun (France). Its B.E.T. specific surface areais 17.6 m2.g-! (measured by
nitrogen adsorption). The superplasticizer is a formal dehyde-naphtalene sulfonate copolymer.
Concretesare prepared with limestone aggregates(maximum size : 20 mm).

The 28-day compressive strength of the high-performanceconcrete BH is 115 MPa. For the
ordinary concrete BO, the valueis 49 MPa.

TABLE1
Composition of mixes (mass proportions)

Mix | W/C Additives | Aggregate/C | Sand/Gravel
CcoO 0.34 - - -
CH 0.19 | SF/C=0.10 and - -

SP/C=0.018
BO 0.48 - 5.48 0.62
BH 0.26 | SF/C=0.10 and 455 0.51

SP/C=0.018
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TABLE?2
Mineral composition of the cement

C3S 5728 %
Ca2S 23.98
C3A 3.03
C4AF 7.59
gypsum 4.39
CaCO3 1.84
free CaO 0.53
NayO eg. 0.48

3-INTERNAL RELATIVE HUMIDITY

The internal relative humidity of a material isthereative humidity (RH) of the gaseous phasis
inequilibriumwith theinterstitial liquid phasis, in the pore network of the material.

Cement hydration processes consume water molecules. This induces a liquid water content
decrease in cementitiousmaterials whilethe microstructureis hardening and the pore structureis
refining (development of gas/liquid menisci in the pore network and of depression in the pore
water). From a given hydration degree of the cement and depending on the initial water content
(more generally on the mix parameters), the material exhibitsself-desiccation (internal drying). It
means that the material undergoesa decrease of itsinterna relative humidity, whenit isnot in
contact with an external moisture supply. However, it can be noticed that, in the case of HP
materials (mixed with SF), asaresult of their compactness, the core of samplescan undergo self-
desiccation even if the samples are under wet external conditions 1): 2).

The internal RH decrease can be measured continuously in laboratory on hydrating samples
protected from moisture exchange with the surroundings and stored at constant temperature
(method first applied by Copeland and Bragg 3)). Here, the measurement is made with samples
enclosed immediately upon casting into sealed cells. Each cell contains a RH-probe (a capacitive
sensor with an accuracy of + 1% RH) previoudly calibrated with saturated salt solutionsover the
whole range of RH. And, in order to verify the validity of long-term measurements and the
fiability of the RH-probes, some limited measures have been also performed and compared to
continous measures4).

Some valuesof internal RH, measured continoudly by RH-probesat T =21+ 05 °C withthe
mixesCO, CH, BO and BH, arereportedin table 3, asafunction of the age of the materials.

TABLE3
Internal RH-values measured continoudly by RH-probesat T =21+ 0.5 °C,
asafunctionof the age of the materials

Internal RH (%)

Age CO CH BO BH

28 days 97 88.5 97 77.5

50 days 84.5 | 96.5 76

2 months 83 96 75.5

3 months 81.5 95.5 74.5

6 months 80 95 72

¢ lyear |, 905 80 94 69
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Our results, for cement pastes as well as for concretes, are in very good agreement with the
RH-vauesgiveninthe literature.

For example, RH = 75% was found by Buil for a 50-day concrete containing silicafume and
with W/C = 0.26 5). And for a concrete with W/C = 0.44, the value given by the author was RH
= 97%. These values are to be compared with RH = 76% obtained at the same age with the
concrete BH, and RH = 96.5% found for the concrete BO. Persson2) found RH = 80% at the age
of 28 daysand RH = 76% at the age of 3 months (values read on the published figures), for a
concrete similar to BH (RH = 77.5% and RH = 74.5%, respectively).Hefound RH =~ 97% at the
age of 28 daysand RH = 95% at the age of 3 months, for a concrete not very different from BO
(RH = 97% and RH = 95.5%, respectively).

For a cement paste with W/C = 0.2 and SF/(C+SF) = 0.08, Sellevold and Justnesfound RH =
77% within 1 year 6). The value found here for CH at the same age is RH = 80%. The results
from Wittmann reported by Buil”) are RH =~ 99% and RH = 94% for 28-day cement pasteswith
W/C of 0.4 and 0.3, respectively. The value of RH = 97% found here for the cement paste CO
(W/C = 0.34) within 28 days seemstherefore correct, given the likely differencesin the cement
used.

Self-desiccation depends on mix-parameters. First, it dependson cement type (maininfluence
of thefineness, C3A content, alkali content 8)- 4)). Furthermore, it increases with the decrease of
the "efficient” initial water content (role of parameterslike W/C, or effective water-to-binder
ratio W/[C+k.SF], or water-to-solidratio, ...), other paramaters (for example the cement) being
constant.

In the case of classical materials (W/C = 0.5), self-desiccationremainslow. Thus, RH = 95%
is reached within 6 monthsand RH = 94% is reached within 1 year with BO.

High-Performancematerials (mixed with SF) exhibit intense self-desiccation. And this self-
desiccation process starts very early. The RH decrease measured in CH and BH is particularly
high in the two first months. For example, the RH-values reached in the concrete BH are RH =
75.5% within 2 months, RH = 72% within 6 months, and RH = 69%. within 1 year. In HP
materials, at a given age, self-desiccationis increased both by lowering W/C and by increasing
SF/C. The effect of each of these parameters has been widely studied by Jensen and Hansen (see
for example 9) 10)) and also by other authors (see for example 11 4. 2)). In particular, the
marked effect of SF probably includes:

- filler effect of thefine SF particles: additionof SF givesafiner mixtureand afterwards,
afiner pore structure, generating lower internal RH according to Kelvin-Laplacelaw (and
higher depressionin the pore water). The pozzolanic reaction increasesthis effect. It
refinesthe pore structurestill further (calcium hydroxide crystalsreplaced by C-S-H gel)
and consumes a lot of water molecules at least by adsorption (C-S-H have a high specific
surfaceareaand an intrinsic porosity of 28% 4)» 12)), thus reducing the free water

content availablefor chemical reactions.

The central role of the pozzolanic reaction on theinternal RH decrease is pointed out in
9,

- the fine SF particlesact as nucleationsitesfor crystallization, inducing accel eration of
hydration reactionsof the cement, at early agesand in particular with high W/C 4). 9).

For all of the mixes and more particularly for the ordinary materials, the experimental results
show that self-desiccation continues aong several months.
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For durability of reinforced concrete concerns, it is necessary to mention that strong self-
desiccation can favorize penetration of fluids, from the environment through the possible cracks
but also through the pore network (capillary suction effect, for example). These agents can be
aggressivefor concreteor rebars (water containing chlorideions, for example). Nevertheless, only
the surface layer of the structure is concerned if there is no macrocracking and if intrinsinc
porosity and permeability of the material are low (inducing very dow transfer processes), which
Is the case with the most HP concretes.

Besides, as aresult of their strong self-desiccation, which drives their internal RH to a value
closeto the average RH of common environmental media, and of their fine pore structure (low
diffusivity), HP materialsare fairly insensitive to environmental hygral variations over a wide
rangeof RH.

It is necessary also to keep in mind that the internal RH depends on the composition of the
interstitial liquid phasis. The internal RH isinfluenced by dissolved salts. Thus for example, as
previoudy said, the alkali content of usual cementsinduces RH = 97% instead of RH = 100% at
saturated state, due to dissolution of akaliesin theinterstitia liquid phasis. And depending on
their concentrationin the liquid phasis, different ions can induce still further lower RH-valuesin
concrete 13). 4). It can be given, as an illustration, the internal RH-values measured (in the
experimental conditions previousy described) with hydrating samples of paste CO mixed with
different NaCl contents (0, 1.5 and 3% NaCl by mass of cement). The results obtained, as a
function of the age of the materids, are reportedin table 4.

TABLE 4
Internal RH-values measured with CO mixed with different NaCl contents, asa function
of the age of the materials(NaCl is expressedin %, by massof cement)

Internal RH (%) ,
Age CO CO+ CO+
1.5% NaCl 3% NaCl
7 days 100 975 96
28 days 97 86 82
3 months 95 82 78.5
6 months 93 80.5 76
1year 90.5 <79 =[5

Likewise, the internal RH measured with the concrete BO mixed with 3% NaCl by mass of
cement is RH = 92% at 7 days (RH = 100%, without NaCl) and RH = 86% at 6 months (RH =
95%, without NaCl).

The moisture properties of cementitious materialsare therefore modified by the presence of
NaCl 14). And this effect increases with the ion concentration, all of the other parameters being
constant. This point is of importance towards the behaviour of concrete structures exposed to
marine environment or to deicing salts. Thus, for example, ingress of NaCl into concrete
decreases the internal RH of the material. And hence increases the suction effect previousy
described (areasof low internal RH make easier water and ions penetration from the environment
into the material). In some cases, this phenomenon can.increase concrete or reinforcement
degradations.

Not only the cement, but also the other componentsof the materia influence the chemical
composition of the interstitial liquid phasis, like SF or admixtures. Thus, although the specific
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influence of admixtures on internal RH is not studied here, it can be noticed that their
composition (see for example the akali and chloride contents given in table 5 for the
superplasticizer used in this study) givesto think that admixtures, when used in non-negligible
amounts, can decreasethe internal RH of the materidl.

TABLES
Alkali and chloride contents (in %) of the superplasticizer used

Content (in%)
Chlorides NayO eqg.
0.22 13.49

4- AUTOGENOUSSHRINKAGE

In order to assess one-dimensional autogenous shrinkage of the materialstested here, length
change is measured on samples, demoulded at the age of 1 day, wrapped in two adhesive
aluminium foil sheets (to avoid moisture exchange 4)- 15)) and stored at the constant room
temperatureT = 21 + 0.5 °C. The measurement is performed with classical dial gauges (withan
accuracy of 10 pm/m) on 4x4x16cm samples for cement pastes and on 7x7x28cm samples for
concretes. The absence of evaporationis checked by weighingthe samples.

The valuesof one-dimensional autogenous shrinkage (mean values of three samples) measured
asafunction of the age of the materialsare givenin FIG.-1, for the mixes CO, CH, BO and BH.
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FIG.-1. One-dimensiona autogenous shrinkage measured at
T=21+05"C, versustheageof the materids

The strong self-desiccationof HP materiasishere pointed out by the early and high
autogenous shrinkage measured on these materials (205.10-6, within 6 monthsfor the HP
concrete tested), compared to ordinary materials.

The autogenous shrinkageval ues measured with the HP concrete can be compared to those
given by Perssonfor asimilar concrete 16). The comparisonshowsa good agreement on the
results obtained (cf. table 6).
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TABLEG6
Experimental vaues of autogenousshrinkagecompared to'values
obtained by Persson!6) (read on the published figures)

Autogenous shrinkage (10-6)
Age Exp. data Perssonl6)
28 days 170 ~ 150 - 200
3 months 205 =250
1 year 220 = 250 - 300

Our resultsare dso included inthe range 130 - 250.10-6 reportedin 17) for long-term
autogenous shrinkage values of HP concreteswith silicafume.

Asareault of the presence of aggregate particles, strains measured on concretes are smaller
than strains of cement pastes, as for drying shrinkage (cf. § 6). Thisis dueto the reduction of the
cement paste content (wherethe strains are originated) and to the stiffnessof the aggregates
which restrain shrinkage. A complex stress-state is generatedin concrete. Therefore, it isdifficult
to exhibit a direct relationship between deformationsin concrete and in cement paste. B,
modelling based on the composite rule (assuming concreteas a two-phasismodd where
aggregatesare dispersed asinclusionsin a cement paste matrix) has been proposed by different
authorsto calculate |long-term autogenous shrinkage of concrete from that of the matrix (seefor
example!®)).

5- CORRELATIONBETWEENINTERNAL RELATIVE HUMIDITY AND
AUTOGENOUSSHRINKAGE

Autogenous strains of cement pastes and concretes are originated by physical and chemical
processes linked to hydration reactions. Free external autogenous strains have different
components: Le Chatelier contractiondue to the smaller volume of hydration products (C-S-H,
calcium hydroxide, ...) compared to those of the reactantswater and anhydrous phasis, thermal
deformation due to the exothermal hydration of the cement, swelling strains induced by the
crystallization of ettringite and calcium hydroxide, and self-desi ccation shrinkage which occurs
when capillary pores begin to empty.

With the mixestested here, no swellingisexhibitedfrom the initial time (1 day). And, the self-
desi ccation shrinkage becomes after a given time the main component of autogenousstrains, the
other componentsbeing efficient only at early age. Thisis proved in particular by the very good
correlation which is pointed out in a given range between the autogenous shrinkage and the
internal RH of the materialstested. FIG.-2 (respectively FIG.-3) illustratesfor the pastes CO
and CH (respectively for the concretes BO and BH), the linear relationship existing between
autogenous shrinkage and internal RH, measured as previously described, from 28 days until
around 6 months.
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FIG.-3. Correlation between the autogenousshrinkageand the internal RH
of the concretes, measuredat T =21+ 0.5"C, from 28 days

The decrease of internal RH (self-desiccation), inducing for example capillary tension
variations, is therefore in the range where the linear relationship exists (for example from 28
days), directly at the origine of the measured long-term autogenous strains. This givesthe range
where autogenous strains are only due to the transformation of the liquid pore water into
chemically bound water and can be considered as self-desiccation shrinkage.

Given the linear relationship existing between self-desi ccation shrinkage and internal RH, same
influence of mix-parameters is expected on this skrinkage as on internal RH (cf. § 3). In
particular, both lowering W/C and increasing SF/C induces higher self-desiccation shrinkage.
Thus, for example, the self-desiccation shrinkage measured on BO represents 55% of the value
measured on BH (at a given age, between 28 and 90 days).

With the concrete BH, a sharp change of the slope of the straight correlation line occurs at RH
= 76%. Since equilibriumat RH = 76% meansthat poreswith r, > 50 A are empty, and since the
valuerp = 50 A correspondsto the beginning of the C-S-H gel pores4): 12), therefore, below RH
= 76%, the RH decrease results in the removal of water adsorbed on C-S-H hydrate. In this low
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RH range, with low "capillary" water content, it is difficult to assume that capillary tension
variationisthe main origin of the measured deformations. Other mechanisms become probably
prominent. Nevertheless, deformationsremain correlatedto RH change.

Moreover, the self-desi ccationresults obtained for BH show that the limiting RH-value which
indicatesa stop of hydration reactions, whatever the amount of unreacted cement, is lower than
what it was previoudy thought (RH = 80% for Powers and Brownyard!9) in 1948, RH = 75%
for Atlassi 8) in 1991 and Jensen29) in 1995). Nevertheless, the value of RH ~ 75% proposed in
the literature correspondsvery well to the change of slope of the straight line on our graph. This
means that the self-desi ccation process can go on, even when "capillary” pores are empty. When
“capillary" water is lacking, the chemical reactions are probably slowed down, but unreacted
cement particles (or the unreacted core of cement particles), more hydrophilicthan hydrate, use
adsorbed water from hydrate (or hydrated ring of the cement particles) to continue their
hydration 4).

6- DRYING SHRINKAGE

Besides the "internal” drying of hydrating cementitious materias, let us consider now the
"externa" drying process of hardened materials, in order to makea comparison.

"External" drying occurs in hardened cement paste (hcp) or concrete when the material is
submitted to a lower environmental RH than its internal RH. This phenomenon occurs at the
surfacezone of alot of civil engineering concrete structures. Water movement (evaporation at the
surface) induces deformations of the material (drying shrinkage). The relationship between RH
and this volume changeiswell established for along time. It wasfirst formulated mathematically
by Powers21), 22), But, although drying shrinkage of hcp has been extensively studied for several
years and though a lot of models have been proposed (for the last ten years 1987-1997, see for
example 23). 24), 25), 26), 27), 28)), this property is not yet well understood and remains not easy
to predict.

Since Powers, three major mechanisms have been proposed to explain the experimental
behaviour of hcp : capillary tension (in pores where menisci are formed due to loss of water),
surface free energy (which depends on the amount of adsorbed water) 29), and disjoining pressure
(developed in a narrow place where adsorption is hindered) 30), 29), 31), Besides, Feldman and
Sereda showed the importance of the movement of interlayer water in C-S-H on drying-wetting
deformations 32). However, how each of these basic mechanismsisinvolved in the process and
what are the combined effects of the different mechanismsover the entire RH range are not well
known at the present time.

In order to assess one-dimensional drying shrinkage of the hardened materials tested here,
diameter-length change is measured, as a function of RH, on I-year-old thin (2-3 mm thick, 10
mm diameter) specimens, during water vapour desorption experiments performed at the constant
temperatureT = 23°C. There are not many such data on cement-based materialsreported in the
literature. Some of the first results on hardened cement pastes were published by Feldman33) in
1968.

The diameter-length of the discs is here measured by means of dial gauges which have an
accuracy of one micrometer. A gaugeis put on each disc at the begining of thetest and isno more
displaced for the whole duration of the experiment.
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"Equilibrium" values of the deformationscan be calculated by taking as reference the diameter-
length measured at RH = 100% or at RH = 90.4%, for each RH step along the desorption
process until RH = 12% or RH = 3%, depending on the progress of the experiment.

RH = 90.4% can appear to be more relevant as reference than RH = 100% in order to limit
possible self-desiccation effects on first drying shrinkage. Moreover, there is big difficulty to
obtain accurate experimental valuesat RH = 100%, giventhe great influence of temperatureand
the possible occurence of sudden and massivewater condensation.

The values of one-dimensional drying shrinkage (mean values of experimental data measured
on the same set of three specimens) calculated by taking the diameter-lengthat RH = 90.4% as
referencearereported intable 7 and in FIG.-4, for thefour mixes CO, CH, BO and BH.

It has to be noted that, due to the small deformations of the concretesand to the capability of
the gauge, it was difficult to have a good accuracy in the measures for these last materials,
especialy below RH = 53.5%.

TABLE7
One-dimensional drying shrinkageas afunction of RH, obtained by desorptionat T =23 °C on
the hardened materials, and calcul ated by taking the diameter-lengthat RH = 90.4% asreference

Drying shrinkage(10-6)
RH(%)| CO | CcH | BO | BH
90.4 0 0 0 0
80.1 733 500 157 186
71.5 1170 818 297 231
63.2 - 1249 419 -
53.5 2118 | 1635 663 351
44 - 2241 - -
33 2810 | 2528 644 417
22.8 - 2820 - -
12 3690 | 3399 679 496
3 4237 - - 706
0
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FIG.-4. One-dimensional drying shrinkage versus RH, obtained by desorptionat T = 23 °C on
the hardened materials, and cal culated by taking the diameter-lengthat RH = 90.4% asreference
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Measuring strains relative to small RH steps on thin specimens presents some advantages.
First, it is possible to obtain "equilibrium” values at a given RH with reasonable kinetics.
Secondly, the conditions of this test are close to stress-free deformations and therefore to the
"real" fiee deformations of thematerial, at agiven RH. These'"red" fiee deformations are greater
than the strains measured on samples exhibiting surface cracking as a result of high moisture
gradients due to the large dimensions of the samplesor to the width of the imposed RH steps.

It is interesting to compare the experimental results obtained on hcp CO with the results
published by Ferrarisand Wittmann in 1987, about the drying shrinkage of a 28-day-old cement
paste with W/C = 0.3, measured at T = 20°C 31). The length changes measured by Ferrarisand
Wittmann are reported in table 8. The valuesreported are read on the published figures.

TABLES8
One-dimensiona drying shrinkageas a function of RH, obtained by desorption
at T = 20°C on a 28-day-old cement paste with W/C = 0.3 31)

RH (%) | Drying shrinkage(10-6)
90.4 0
80.1 1500
53.5 2000
33 3000
12 3500

A very good agreement is pointed out with these values, below RH = 80.1%. The higher value
registered by Ferrarisand Wittmann at RH = 80.1% can be perhaps attributed to the young age
of the paste, and to the different W/C. In this range of RH, the strains measured can result of
both self-desiccationand external drying.

Likewise, Feldman33) found with a I-year-old hcp (W/C = 0.5) a drying shrinkage value
around 5500.10-6 (read on the published figures), between RH = 90% and RH = 0%, whichis
consistent with the value around 4200.10-6 found here with CO (W/C = 0.34) in the same range.

FIG.-4 shows that drying shrinkage of HP materials is lower than drying shrinkage of
ordinary materials. The first is about 70% of the last, when the reference is taken at RH =
90.4%. However, thisresult is due to a different behaviour restricted to the high RH range. Thus,
if deformationsare calculated by taking the diameter-length at RH = 12% as reference, it can be
seen, for examplefor the hcp CO and CH, that drying shrinkageversus RH is roughly linear and
identical for the two hcp, at least for RH < 80.1% (this value correspondsto the internal RH
measured in sedled conditionsat theage of 1 year for CH) (cf. FIG.-5).
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7 - COMPARISON BETWEEN SELF-DESICCATION SHRINKAGE AND DRYING

SHRINKAGE

Autogenous shrinkage data can be plotted versus RH, on the same graph as drying shrinkage
data. Of course this comparison isonly possible in the range where self-desiccationoccursin a
given material, and therefore in the high RH range. Moreover, thisrange is wider in the case of

HP materials.

In order to compare the two kinds of shrinkage, the values are calculated by taking, for each
miX, the reference-length at the same RH for both autogenous and drying shrinkage (it
correspondsto the higher value experimentally availablein'both cases). The results are presented
in FIG.-6, where the solid lines express autogenous shrinkage, whereas the dotted lines express

Drying Shrinkage (10-6)
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FIG.-5. One-dimensional drying shrinkageversus RH, obtained by desorptionat T = 23 °C on
the hcp CO and CH, and calculated by taking the diameter-lengthat RH = 12% as reference
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FIG.-6. One-dimensional autogenousand drying shrinkagesversus RH, calculated by taking,
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for each mix, the reference-lengthat the same RH for both shrinkages
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For each mix, the autogenous and drying shrinkage curves seem to roughly correspond.
Furthermore, autogenous shrinkage can be assumed here to be salf-desiccationshrinkage(cf. § 5).
Therefore, smilar relationship between RH and self-desiccationshrinkageor drying shrinkageis
experimental ly obtained.

Self-desiccation shrinkage data (cf. § 4 and 5) can be compared more precisely to drying
shrinkagedata (cf. § 6) obtained in the same RH range and with the same mix. "Estimated" values
(*) of salf-desiccation shrinkageof ordinary mixescan be given to compl ete the comparison until
RH = 80.1% where experimental values can't be obtained. These "estimated" values are
caculated from the linear relationship existing between self-desi ccationshrinkage and internal RH
(cf. § 5) for each mix. Theresultsare givenin table9 for the four mixes CO, CH, BO and BH.

TABLE 9
Comparison between self-desi ccationshrinkageand drying shrinkage

Shrinkage (10-9)

Mix Eself. 8drying Eself. gdrying

97% --> 90.4% 97% --> 90.4% NDL%->80.1% | 90.4% --> 80.1%

CcO 400 (28d/1y) 345 792 (*) 733

CH | 440 (6d/21.5d) 422 500 (21.5d/1y) 500

BO | >110 (28d2y) =200 191 (%) 157

BH - 140 (1d/1549) 186

(*) - "estimated" values (cf- $5)

In a given RH range, the values of self-desiccation shrinkage and drying shrinkage then
obtained are roughly similar, though there were differencesin the samples, in the temperature and
the accuracy of the measure. Same driving forces and same basic mechanisms can therefore be
expected to explain self-desiccation shrinkage, as in the case of drying shrinkage, in the RH
ranges considered. Hence, modelling of autogenous shrinkage and numerical simulations have
been developed by different authors, based on the mechanisms proposed for drying shrinkage
(cf. § 6), like capillary tension 34, or surfacefi-eeenergy 3.

8- SHRINKAGE OF CONCRETE STRUCTURESIN FIELD CONDITIONS

All of these experimenta results point out that self-desiccation shrinkage, drying shrinkage
and therefore total (hygral) deformations of concrete are drived by the internal RH of the
material. And in red structures, theinternal RH value, at agiventimeand in agiven area, results
fi-om both interna chemical effects (self-desiccation) and environmental conditions.

Hence, in field conditions, total deformationsat a given RH are not the sum of self-desiccation
shrinkage and exogenoushygra strains. Total shrinkage a a given RHext. (< RHjpt,) hasrather to
be considered, in particular for HP materials, as drying shrinkage accelerated at early age by self-
desiccation. The long-termequilibriumvalue, at this given RHey;, isnot modified.

The higher autogenous shrinkage of HP concretes, compared to ordinary concretes, usualy
induces higher total shrinkage but only at early age. Thus, long-term total shrinkage of HP
concretesis usualy similar 17), 36), or lower 37) than for ordinary concretes. Thisis first due to
the fact that the drying shrinkage potential of HP materials decreases as a function of time
because the difference between RHin:. and RHey¢, decreases as self-desiccation proceeds.
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Secondly, water diffusion between the surroundingsand the material is slow due to the fine pore
structure.

Furthermore, it has to be added that deformations of concrete structures include also size-
effects.

9 - CONCLUSIONS

Some experimental results about self-desiccation of a set of cement pastesand concreteshave
been reported in this paper.

The results highlight the peculiaritiesinduced by very low water-to-cement ratio and use of
silica fume for the high-performance materials tested in this study. These materials exihibit
strong self-desiccationaong their ageing (RH = 72% is measured in the HP concrete, within six
months). This strong self-desiccation of HP materialsis also shown by the high autogenous
shrinkage measured on these material s(205.10-6, within six monthsfor the HP concrete tested),
compared to ordinary materials.

A linear relationship is exhibited between internal relative humidity and autogenous shrinkage,
for each mix, illustrating the range where these deformationscan be considered as self-desiccation
ghrinkage.

Drying shrinkage of the hardened materials has also been studied as a function of relative
humidity and compared with self-desiccation shrinkage data in the high RH range. The values
measured for both shrinkages were roughly similar.

Asaresult of their strong self-desiccation, which drivestheinternal RH of these materialsto a
value close to the average RH of common environmental media, and of their fine pore structure
(low diffusivity), HP materialscan be insensitive to environmental hygral variationsover awide
range of relative humidities.
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ABSTRACT

Concrete shrinkage is of increasing concern when making durable structures. Over time, the
shrinkage induces cracking can severely decrease the concrete life expectancy. These volume
changes are often attributed to drying of the concrete, in which the particles are drawn closer
together with the moisture loss to the surrounding environment. It is generaly expected to
occur over along time period, though recent observations have focused on early age or plastic
drying problems. In this phase the concrete is still moist after mixing. Difficulties in
measuring have prevented extensive understanding of the influenceson plastic shrinkage. The
most common solution is to avoid drying by proper curing methods occurring soon after
placement of the concrete.

A supplementary problemto the drying shrinkage at early ages is the changes that occur when
no moisture transfer is permitted with the environment. This volume reduction is called
autogenous shrinkage, which is attributed to chemistry and internal structural changes. At
100% RH, a specimen will still undergo a horizontal and vertical shrinkage. The vertica
shrinkage is settlement occurring as a result of excess bleed water migrating to the concrete
surface and the aggregates settling. The horizontal autogenous shrinkage is of concern and
interest, as it can result in unpreventable cracks. It is this problem which needs further
investigationin order to improvethe durability of concrete.

BACKGROUND

Autogenous shrinkage of cement paste and concrete is defined as a volume change occurring
with no moisture transfer to the surrounding environment. It is a results of physical and
chemical changes affiliated with the hydration of cement particles. The exact breakdown of
the influencing factors on the shrinkage magnitude are well disputed. It cannot be prevented
by casting, placing or curing methods, but must be addressed when designing the concrete
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mixture. The internal components or ingredients have the most significant influence. This
volume change has been given a variety of labels, some of which include: autogenous
deformation, chemical shrinkage (both total and externa), volume contraction, Le Chatelier
shrinkage, bulk shrinkage, indigenous shrinkage, self-desiccation shrinkage, and autogenous
volume change. In detailed analyses, it may be necessary to further defineand classify each of
these varioustermsfor consistency.

Autogenous shrinkage has only recently been documented and accurately measured. It was
first describedin the 1950’s, asa contributing factor to the total shrinkage that was difficult to
assess. Total shrinkage is usualy reported over a long period of time, as a combination of
drying and autogenous shrinkage. The exact proportion of these two factors to the total
shrinkage is still disputed in some cases, especidly at early ages. But again, the actud
definition of "early age' had varied from afew hoursto a coupledaysor weeks.

When taking measurements over a long period of time, autogenous shrinkage is measured in
the same manner as drying shrinkage. The length change of a prism is measured from the time
of decanting at approximately 24 hours after casting until no further volume reduction can be
detected. The specimen is maintained in a moist or sealed environment for the duration of
observation.

The primary influence on autogenous shrinkage is the water to cement (wic) ratio of the
composite. Baroghel Bouny " has shown that with a decreasing w/c ratio the autogenous
shrinkage of cement paste increases, as shown in Fig. 1. Tazawa and Miyazawa ? attribute
thisto the denser cement microstructure.

FIG.-1
Correlation between autogenous strain and wic rétio.’
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It has also been reported ® that the autogenous shrinkage becomes equal to the drying
shrinkage as the wi/c ratio becomes smaller (Fig. 2). For instance, at a w/c ratio of 0.40 the
autogenous shrinkage attributes 40% to the total drying shrinkage magnitude, while at a w/c
ratio of 0.30 the contribution is 50%.
FIG.-2
Rel ationship betweenwlc and contributionof autogenous
shrinkagestrainto total drying shrinkage strain.”
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Within the concrete, the cement chemidiry is the primary contributing factor to the shrinkage
magnitude differences between various concretes. By adjusting the cement composition, the

anticipated reactions can be dtered. Paulini has accurately modelled (Fig. 3) the specific
cement componentswhich influence the autogenous shrinkage based on Boylesequation. ¥

FIG.-3
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In measurements of autogenous shrinkage over a long period of time, the internal relative
humidity plays an important role. The voids, or capillary pores, retain moisture from the
cement paste. A good correlation exists between the internal relative humidity and the free
autogenousshrinkage of cement paste, as shown in Fig. 4 Y (w/c = 034).

FG.-4
Correlation between free autogenous shrinkage strainsand internal RH
of the materials, measured at T=21°C, from 28 days. V
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Early age autogenous shrinkage measurements provide more of a challenge, due to the
difficulty in making accurate measurements of the concrete prior to demoulding. The
shrinkage must be measured immediately after casting in a mould which permits constant
readings without disturbing the concrete. The same factors influence the early age shrinkage
as compared to the long term shrinkage previoudy described. Within the first hours after
casting, the concrete is the mogt senditive to interna stresses. Kasai has shown that the
concrete hasthe lowest tensile strain capacity in these early hours, asshown in Fig. 5. It isat
thistime that the concrete is most likely to crack when the interna stresses exceed the strain
capacity. Even if these cracks are interna and microscopic, drying at a later age will merely
open the existing deformationsand cause problems.
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FIG.-5
Tensile strain capacity at early ages”.
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EXPERIMENTAL METHODS

Research was carried out at the Technical Research Centre of Finland regarding both drying
and autogenous shrinkage at early ages. The project was aimed at investigating shrinkage of
pre-cast facade el ements manufactured from rapid setting cements.

The plastic shrinkage measurementsemployed a prior test arrangement ®, as shown in Fig. 6.
Specimen dimensionsare 270 x 270 x 100 mm. Plastic shrinkage was measured with respect
to evaporation, settlement, setting time, and the development of internal capillary pressure.
Testing began approximately 30 minutes after water addition during the mixing process. The
samples were observed during the first 12 hours following casting, while exposed to ambient
air conditions(T = 20°C and RH 40%). In some specific cases the specimenswere exposed to
wind (velocity 4 m/s) to facilitate rapid evaporation and more pronounced shrinkage.
Autogenous shrinkage measurements were done along side the drying specimen, with the slab
being covered with a hood and an enclosed moisture source to maintain 100% RH. Setting
time was measured by a penetration test arrangement.
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FIG.-6
Early age shrinkage measuring test arrangement. ©
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All data measurements were logged into a computer

Plastic shrinkage involves the formation of water menisci at the concrete surface, with the
uppermost particles being driven downward by compression forces. Combined with the rising
bleed water from internal capillary pressure, three dimensiona shrinkage will occur. ” For
drying shrinkage applications, monitoring of the evaporation and settlement amount allows
one to determine the concrete volume change. As shown in Fig. 7, drying occurs when
evaporation exceeds bleeding (shown by the settlement curve). At this point, the capillary
pressure will build up and facilitate shrinkage. Approximately 2 hours after the concretefinal
set point is reached, the mgority of plastic shrinkage is complete due to the formation of the
internal skeleton resisting further deformations®.

In consideration of the autogenous shrinkage, no evaporation is experienced though the other
pressure, settlement and shrinkage lines of the above figure are still documented. Additional
ways of measuring autogenous and chemical shrinkage have also been recently developed,
such as the immersionweight and volumetric change methods.

Long term concrete shrinkage measurements were done in accordance with RILEM CPC 9
recommendations, with minor adjustments. Measurements were performed until at least 28
days to alow for observation of unrestrained length change. Three prism specimens were
stored at 40% RH upon decanting a 24 hours, while another three specimens were
continuously stored at >95% RH.
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FIG.-7
Typical concrete plastic shrinkagetest curves.
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MATERIALS

Aggregate consisted of clean natural granite, with a maximum size of 10 mm. Both white and
grey rapid hardened cements were used, Vakosementti and Rapid (Lappeenranta),
respectively. Three additional Finnish grey cements, Rapid (Parainen) and Pika (L appeenranta
and Parainen) were evaluated in one test series. In the results used in forthcoming analyses,
the water-to-cement (w/c) ratio was 0.45 with 400 kg/m® of cement. The only exceptionisin
the test series of increasing superplasticizer dose, where the water amount was changed to
maintain workability. This aso required the cement amount to be dlightly adjusted
(W/c=0.45).

Chemica admixturesincluded an air entraining agent, Parmix L, and two superplasticizers.
These high range water reducers were melamine based, Melment and naphal ene based, Super-
Parmix. Air entraining was used in some cases. The target fresh concrete mix propertieswere
aslump of 100 mrm and air content of 5.0% in specific casesof needing air entraining.

RESULTSAND DISCUSSION

The experiments yielded results providing insight into the magnitude of concrete autogenous
shrinkage within the first hours. Early tests reveded autogenous shrinkage that was nearly
50% of the total drying shrinkage measured in the first 8 hours (Fig. 8). The magnitude of
autogenous shrinkage significantly contributesto the overall shrinkage which was previoudly
explained merely by drying phenomena. Knowing that the autogenous deformations cannot be
prevented by casting procedures, the shrinkage is aready at a risk of exceeding the tensile
strain capacity of concrete, and therefore visible cracking can occur.
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FIG.-8
M agnitude comparison of drying shrinkage and autogenous shrinkage.
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Another test series involved the comparison of various rapid setting cements, as previousy
described in Materias section. The results showed a variety in the magnitude of the
autogenous shrinkage between the cement types (Fig. 9). This variance in shrinkage
magnitudes is even more pronounced when comparing basic Portland cements to rapid
hardening or high early strength cements.

FIG.-9
Autogenousshrinkage of variousrapid hardening cements.
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The effect of superplasticizer type and dose were investigated in a few test series. Both
melamine and naphal ene based superplasticizerswere used from 0 to 1.5 percent. The results
of increasing superplasticizer dose on the drying shrinkageat early agesare shown in Fig. 10.
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FIG.-10
Effect of superplasticizer doseon early age drying shrinkage. Cement and water
contentswere changed to maintain constant w/c-ratio and workability.
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It is believed that the trend for the effect of such superplasticizer on the autogenous shrinkage
magnitudewould be the same. Although the chemica dosage effects the setting time because
of the secondary retarding effects, the superplasticizers a'so change the chemica composition
and interna pore structure. The change in development of capillary pressure and shrinkage
tendencies if of concern when the magnitude is excessive and again approaching the
concrete's tensile strength capacity.

Comparisonswere also made between the early age and long term magnitude of autogenous
shrinkage. In standard shrinkage observations of prisms, the measurements do not begin until
demoulding, which prevents and early age changes to be accounted. When comparing the
shrinkagerecorded in thefirst 12 hoursto that which is measured at 28 days, it is seen that the
early age shrinkage contributes significantly. In Fig. 11, the autogenous shrinkage magnitudes
aregraphedfor 3 different mixesat 12 hoursand 28 days.

Fig. 11 shows the importance of the early age shrinkage, which is often not measured or
accounted for. But it is at this time when the tensile strain capacity is a minimum and the
concrete is most likely to crack. Even if microcracks are initially formed interndly, with
ageing the cracks will merely expand. It is inaccurate to fully attribute the cracking problems
to drying shrinkagetendenciesthat occur at early or late stagesof the concrete's life.

CONCLUSIONS

Autogenous deformations are a significant contributor to the total concrete shrinkage
measured in early and later ages. It has been documented, though not fully understood. The
differencein chemical versus structura changesis not well defined, as well as the possibility
of other interna alterations. Early age shrinkage challenges the materia's tensile strength and
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poses a risk to cracking within the first hours after casting. In both the drying and moist
conditions, the immediate shrinkage should not be overlooked.

FIG.-11
Comparisonof 12 how to 28 day autogenous shrinkage
measurementsof 3 various concretes.
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The mix compositionisthe most critical factor affecting the autogenous shrinkage magnitude.
Chemical admixtures, cement amount and type, and the water-to-cement ratio are all items
which can directly adjust the anticipated shrinkage tendencies. The combination of such
concrete compositions makes it difficult to assess which items are truly contributing to the
volume change.

Autogenous shrinkage can be a large portion of the measured total shrinkage, which is often
attributed to drying over a long period of time. It is important to establish these two types of
shrinkage separately in order to determinetheir contribution to cracking. Early age autogenous
shrinkage can create microcracks which later propagate and expand to be more of a problem.
The phenomena which control the autogenous shrinkage need to be well understood and
documented. Further research is needed to achieve this. After thiswe will be able to prolong
thelife of our concrete.
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INTRODUCTION

High-rise reinforced concrete buildings made using high strength concrete with a design
strength of more than 60 N/mm? have been increasing in recent years. High strength con-
creteis known to entail alarge temperature rise due to hydration heat even from a volumed as
small as a beam/column member. It is aso known to undergo shrinkage due to self-desiccation,
i.e., autogenous shrinkage. The resulting thermal strain and autogenous shrinkage restraint
may cause composite stress, increasing the risk of concrete cracking. However, actual strain
and stress within high strength reinforced concrete rigid frames have not been clarified, as there
have been few examples of measuring such strain and stress.

In this study, the authors measured the strain o column and beam concrete and reinforce-
ment in an actual concrete building under construction, as well as the strain of real-scalemodels
with and without reinforcement, to grasp their actual behavior. The mechanical properties of
concrete were also measured using specimens to elucidate the development of mechanical prop-
erties of concrete subjected to temperature changes.

These mechanical property parameters were then used for the analysis o the temperature and
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shrinkage of actual concrete columns incorporating the creep. Based on the results of these
measurements and this analysis, the authors investigated the strain and stress distribution in
high strength reinforced concrete rigid frames, as well as the risk o cracking.

OUTLINE OF CONCRETE AND CONSTRUCTION
MATERIALS AND COMPOSITION

The materials and mixture proportions of concrete used in the construction aregivenin Table
1 and 2. Two types o concrete wereinvestigated: concrete containing normal portland cement
(OPC) and concrete containing belite-rich portland cement (BPC), which has been increasingly
used for massive concrete and high strength concrete member, due to its low hydration heat
generation and low water-reducer demand.

Table1l Materials of concrete

Materials Kind / Characteristics l
Ordinary Portland cement |
Cement Specific gravity = 3.16, Specific surface (Blain) = 0.340 m?/g
Belite-rich Portland cement

Specific gravity = 3.16, Specific surface (Blain) = 0417 m?/g

Water Potable

Fine Crushed sand and land sand / Specific gravity = 2.62
aggregate | Absorption = 1.52, Fineness modulus = 2.78

Coarse Crushed stone (sandstone) / Maximum size = 20mm, Specific

aggregate | gravity = 2.68, Absorption = 0.72, Fineness modulus = 6.58
Chemical Air entraining and high-range water reducing agents

admixtures
Table 2 Mix proportions

Description OPC BPC
Water-cement ratio w/C (%) 280 270
Sand-coarse aggregate ratio s/a (%) 44.4 47.0
Air content (%) 30 3.0
Water W (kg/m®) 165 170
Cement C (kg/m?) 589 630
Fine aggregate S (kg/m?) 719 741
Coarse aggregate G (kg/m?) 922 854

OUTLINE OF CONSTRUCTION

High strength concrete was experimentally placed in a 3-storey reinforced concrete building
having a basement floor with a building area and total floor area of 615 m? and 1,353 m?,
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respectively. The concrete and main reinforcement strain behavior was observed at columns
(cross section: 550 X 600 mm) on the second and third floors (floor height: 3.5 m and 3.75
m) and beams (cross section: 600 X 600 m, span: 6 m) on the third floor and roof. Second
floor columns and a third floor beam were placed with OPC on September 18, 1996, and third
floor columns and a roof beam were placed with BPC on October 12, 1996. Along with this
construction, part of the concretes was taken to prepare specimens and full-scale models. The
properties of fresh concrete at the time of placing are givenin Table 3.

Table 3 Characteristics of fresh concrete

OPC BPC
Slump 24.0cm 26.0 am
Slump flow 47.5 am 55.5 am
Air content 1.5% 1.7%
Concrete temp 30.0"C 24.0C
Specific gravity 2.44t/m3 2.42 t/m3

EXPERIMENTS

SPECIMENS

Experiments were carried out on concrete specimens to grasp their mechanical properties.
The measurement items included autogenous shrinkage strain, compressive strength gains, and
elasticity modulus gains. Setting tests were conducted as well. Autogenous shrinkage strain of
100 x 100 X 400 mm prismswasmeasured with embedment strain transducer. Thetemperature
changein the centers o beams were monitored using thermocouples (Fig.1). The compressive
strength and elasticity modulus of cylinders 100 mm in diameter and 200 mm in length were
measured from the earliest testable age up to 28 days. These specimens were cured in a ther-
mostatic chamber at 20"C or a water tank simulating the temperature histroy of a full-scale
member from immediately after placing. The specimensimmersed in water were sealed with
plastic sheets so that they were not impregnated with water. Concrete for setting tests was
made i nto prismatic specimens 150 X 150 X 150 mm in size and was cured in the same manner.

polystyrene board polyester film

- polyester film
v concrete

3
; mould\

thermocouple /

. strain transducer
strain transducer

teflon sheet

FIG.1 Test specimen
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COLUMN MODEL MEMBERS

Column models 1.5 m in height having the same cross section as actual columns were pre-
pared with or without the same reinforcement as actual columns. Where as unreinforced model
columns were used for measuring the free shrinkage strain of concrete, reinforced models were
used for measuring the actual strain of the main reinforcement and concrete under restraint
o the reinforcement. To minimize the effect of drying, the exposed surfaces of the wooden
forms were covered with curing sheets made of polyethylene. The placing surface of OPC were

exposed similarly to actual columns, while those of BPC were covered with curing sheets from
immediately after placing.

The strains o concrete and the main reinforcement were measured with embedded strain
gauges and foil strain gauges (the 4 gauge method), respectively. The measuring points for
strain and temperature are as shownin the cross sectional view in Fig. 2. Measurements were
made at 3 heights, but this paper deals with only the central measuring point readings.

section 550X600 R1 R2 C3 R3

SN\ /

.
[~~~ C3 ~\\
thermocouple strain transducer ||| strain gauge
"\ 5 \ |
P~ 2 L
o) o
C1 \ \
o o1 spiral hoop U13@100
strain transducer thermocouple
o_0 o Q/O d) | main bar - BPC: 14—D29
OPC:12—D29
Unreinforced (free) Reinforced (restraint)

FIG.2 Cross section of model members

ACTUAL COLUMNS AND BEAMS

The concrete and main reinforcement strains o actual columns and beams were measured

with embedded strain gauges and foil strain gauges, respectively. The measuring points are as
shown in the cross-sectional view in Fig. 3.

The numbers o main reinforcement of second floor columns (OPC) and third floor columns
(BPC) were12 and 14, respectively. Measurements were made at three heights of the columns,
but only the readings of the mid-length gauges are reported in this paper. Regarding beams as

well, only the mid-span measurements are reported, though measurements were also made at
both ends.

102



section : 550X600 section : 600X600

Rz C3 C1 R1
R1\ 3 \ /R3 N /
N e
e—! o D29 N .
L stirrup U13@200
O . g S g 3 3
™~
: .\\N / web reinforcement
‘ C1 v c2 R2
: main bar : upper 4—029
Q0 O,/ Q O \ = = lower 3—D29
main bar - 2nd floor : 12—029 (f \R3
3rd floor : 14—D29
Column Beam

FIG.3 Cross section of column and beam

RESULTS AND DISCUSSION
MECHANICAL PROPERTIES OF CONCRETE
TEMPERATURE HISTORY AND MODIFIED AGE

Fig. 4 shows the changes in temperature of OPC and BPC specimens (100 X 100 X 400
mm) for autogenous shrinkage. The temperature changesimparted to the specimenswere pro-
grammed to simulate the temperature histories of actual members. Due to its low hydration
heat, BPC showed a lower temperature rise than OPC.

Concrete maturity should be taken into account to consistently express the development of me-
chanical properties of concrete subjected to temperature changes.

The modified age specifiedin the CEB-FIP model codel) [Eq.(1)] was used as the maturity in
the present discussion.

- 4000
tr =3 At; exp [13.65 - (1)
2-2:1 273+ T(A4)/To
where tr =modified agein (days);
T(At;) =temperature in ("C) during the time period At;;
At =time period in (days) where the temperature T prevails;
I =I1C
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FIG.4 Temperature histories of specimens

AUTOGENOUS SHRINKAGE STRAIN

Fig. 5showsthe autogenous shrinkage strain measurements of OPC and BPC specimens(with

the linear expansion coefficient assumed to be 10 x 1078 /°C and the thermal strain canceled).
The origin of the strain measurements is set at theinitial setting time. This appliesto all other
strain measurements. When arranged in terms of the modified age, early autogenous shrinkage
strain was nearly the samefor all temperature histories. However, a high member temperature
tended tolead to rapid convergence of autogenous shrinkage.
In this experiment, the shrinkage no longer increased after the temperature began to drop.
In the case where the maximum temperature exceeded 60 "C, the strain appeared to turn
to expansion, and then converged to a certain value. On the other hand, the shrinkage o
specimens maintained constantly at 20 °C increased for along time, which waslarger than that
of specimens subjected to temperature changes. The autogenous shrinkage strain of BPC is
smaller than that of OPC. The strain of members subjected to temperature changes was closed
to that value, suggesting wesk effectsof temperature.

0 0
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-100 -100 -
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FIG.5 Autogenous shrinkage strains
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COMPRESSIVE STRENGTH AND MODULUS OF ELASTICITY

Figs 6 and 7 show the compressive strength and modulus of elasticity, respectively, related
with the modified age. Both can be expressed as similar development curvesirrespective of the
temperature histories. However, temperature changes applied to OPC after an age of 3 days
led to smaller compressive strength gains than those of OPC water-cured at 20"C. Meanwhile,
temperature changes scarcely affected the strength gains of BPC, suggesting wesk effects of
temperature on BPC. The regression curve shownin Fig. 6 is based on a compressive strength
development equation(2) derived by adding a parameter for initial setting time to the equation
specified in CEB-FIP mode code 901).

The curve for elasticity modulus development shown in Fig. 7 is similarly derived by adding a
parameter for final setting time.

Compressive strength devel opment:

. 0.5
sosofo (-]

where f. =compressive strength in (N/mm?) at the age of 28 days cured in water at 20"C;
Sy =coefficient which depends on the type of cement;
t;s =initial setting timein (days);
t =modified agein (days);
1 =l day

Elasticity modulus development:
0.5
B [ 28=t5s/ta
E.(t) = E; -exp [SE (1 (—_(t — tfs)/t1> )] (3)

where E, =modulus of elasticity in (N/mm?) at the age of 28 days cured in water at 20"C;
S =coefficient which depends on the type o cement;
tg, =initial setting timein (days);
t =modified agein (days);
ty =lI day

Both Eq.(2) and (3) are found to adequately regress the compressive strength and elasticity

modulus development including ages earlier than one day, independently d the temperature
changes.
When regressing, the parameters Sy and Sg were determined by using the measured values
for the case of constant 20"C as such. However, effective regression data o OPC compressive
strength were limited to those for members water-cured at 20"C, as the compressive strength
development o OPC subjected to temperature changes slowed down after 3 days.
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STRAIN BEHAVIOR OF MODEL MEMBERS

Fig. 8 showsthe temperature history of the free shrinkage model members. Fig. 9 showsthe
concrete shrinkage strain measurements o the free shrinkage model members (with the thermal

strain canceled) along with the measurements of specimens.

Measurements o model membersindicate theaveragesof strain measurements at the mid-height
measuring points, C1 and C2. The changes in the shrinkage of model members ought to be
similar to those of specimens subjected to similar temperature histories. However, OPC model
members had larger early shrinkagesthan specimens, while BPC models and specimens showed
similar patterns. One reason for the difference may be, though not clear, that the placing
surfaces of OPC model members were not covered by curing sheets, while BPC model members
were covered. This may have increased the water evaporation from OPC model members,

causing the plastic shinkage to increase.
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FIG.9 Shrinkage strains of model member and specimens

Figure 10 compares the measurements o concrete strain induced by autogenous shrinkage (with
the thermal strain canceled) o free shrinkage model members with reinforcement similar to
actual columns. The temperature history d restraining model members was nearly the same as
that of the free shrinkage model membersin Fig. 8. The strain d OPC and BPC restraining
model memberswas|ower by 260 X 10~¢ and 170 X 10~%, respectively, than free shrikage model
members. These differences can be regarded as thetensile strain in concrete due to the restraint
by the reinforcement.

Fig. 11 showsthe actual strain results (including thermal strain) of concrete and reinforcement
(with the linear expansion coefficient assumed to be 11.5 X 10~¢/°C of reinforcement). The
strain behaviors of concrete and reinforcement nearly agreed except immediately after theinitial
setting time. Thissuggests that the tensileforcegenerated on the entire crosssection o concrete
balanced with the compressiveforce generated in the reinforcement, resulting in the integrated
deformation. It should be noted that the reinforcement strain at R1in OPC isfound to tend
to relax, presumably due to microcracksor bond slip between concrete and reinforcement.
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STRAIN BEHAVIOR OF ACTUAL RIGID FRAME MEMBERS

Figs 12 and 13 show the temperature histories of actual columnsand beams. Fig. 14 shows
the main reinforcement strain measurements of columns compared with a average of the re-
inforcement strain of restraining model members (except R1in OPC). The strain behavior of
actual columnsisfound to agree with that of restraining model members.

Fig. 15 showsthe main reinforcement strain in measurements of beams. Release of main rein-
forcement strain was observed in OPC at about 0.5 days. However, no such strain release was
observed in BPC.

The reinforcement strain measurements of OPC columns with a reinforcement ratio of 2.4
% indicate that an average restraining tensile stress of about 1.0 N/mm? was generated on a
concrete cross section at an age of 0.6 days, at which the strain hit the maximum. Though the
reinforced OPC model members showed a tendency towards strain relaxation at some reinforc-
ing bars, no strain relaxation was observed at any measuring points on reinforcement in actual
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columns. Accordingly, the specifications for the columns used in these tests are considered
to be on the borderline microcracks or bond slip between reinforcement and concrete, due to
autogenous shrinkage and thermal strain restraint. In regard to beams, the tensile stress of a
concrete cross section is considered to be higher than in the columns, due to the restraint by
the columns. The relaxation of reinforcement strain in OPC beams may therefore be attributed
to microcracks or bond dlip.

On the other hand, in BPC columns with a reinforcement ratio of 2.8%, an averagerestraint
tensile stress of a concrete cross section was calculated at about 0.9 N/mm? at an age of 0.6 days,
and the valueis considered to be higher in the beams. However, no relaxation of reinforcement
strain wasobservedin either. Consequently, BPC with low hydration heat and small autogenous
shrinkage is concluded as being superior for high strength reinforced concrete members from
the standpoint of crack resistance.
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CREEP STRESS ANALYS SOF COLUMN MEMBERS
ANALYSISMETHOD

The stress o column members was calculated by the step-by-step method based on the prin-
cipleof creep superposition. The stress by the step-by-step method is expressed as follows:

1
"(ti+1/2) = m{sc(tm/z) — Ecelti-a/2) — ch(ti+1/2)} (4)
1 ¢(ti )t’i)
J(tiy12.t) = B n +115£2 (5)
i-1
Ece(tizaja) = D Ao(t) - I (tigayzsti) — o(tizaza) - I (tiaja ti) (6)
j=1
AO’(ti) = O'(ti+1/2) — U(ti—1/2) ' (7)

where o(t;11/2) =stress of concrete at time of #;,4 /25
ec(tiy1y2) —actual strain of concrete at time of #i11/2;
€ci(tiy1/2) =total free strain (shrinkage+thermal) of concrete at time o ¢;44/9;
M(tiy1/2,t:) =creep coefficient at time t;449,when concrete isloaded at time t;;
E(t) =modulus of elasticity at time t;;
E. =modulus of elasticity at the age o 28 days cured in water at 20 °C.

In the case where reinfoced concrete is assumed to be a uniaxial model, the compatibility
condition under which the forces of reinforcement and concrete balance each other and their
strains are equivalent is expressed as follows:

Ac {ec(tigr/z) — Eceltimiya) — Ecf(tigry2)} + As - Esles(tivrye) = €st(tivra)} = 0 (8)

‘ I (tiy1/2,t:)
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ec(tiv1/2) = €s(tivaya) 9)

where A, =sectional area d concrete;
A, =total sectional area of main reinforcement;
E, =modulus of elasticity of main reinforcement;
€s(tiy1/2) =actual strain of main reinforcement at time of #;41/2;
€st(tiy1/2) =thermal strain of main reinforcement at time of #;/,.

The strain and stress of reinforced concrete members can be determined sequentially by in-
putting thefreestrain of concrete (thermal strain and autogenous shrinkage strain) and thermal
strain of reinforcement to Egs (4)—(9).

When calculating, the linear expansion coefficients of concrete and reinforcement were as-
sumed to be 10 X 10=¢/°C and 11.5 x 10~¢/°C, respectively. The valueinput as thefreestrain
of concrete to determine the strain of column membersand the averagerestraining tensilestress
of concrete was the average of measurements at C1 and C2 on plain model members, on the
assumption that the deformation behavior at these points (center of concrete cross section)
nearly determines the behavior of the entire member.

The stress at C3 (in the corner) was calculated similarly based on Eqgs (4)—(7) on the as-
sumption that the restrained strain is the difference between the determined strain of theentire
member and the free strain at C3. Theinput valueof thefree strain at C3 was estimated from
the tendencies of the changes in autogenous shrinkage strain corresponding to the temperature
conditions of the specimens based on the temperature history at C3. It was assumed that the
shrinkage o OPC columns was greater than that of specimens by about 100 X 10~¢/°C due to
plastic shrinkage, similarly to plain model members.

Theinput autogenous shrinkage strain valuesareshownin Fig. 16. The e asticity modulus of
concrete was determined from the modified age at each portion and the relationship indicated
in Fig. 7. The creep coefficient was determined according to the concept explained below.
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FIG.16 Free shrinkage strains of column concrete for analysis
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CREEP COEFFICIENT

No measurements were madefor creep coefficientsin these experiments. However, the report?)
provides theequation below as a practical relational equation for creep coefficientsand el asticity
modulus ratios (the ratio of the elasticity modulus at theloading age to that at 28 days) deter-
mined from the compressive creep measurementsof high strength concrete (28-day compressive
strength : 89.7 to 127 N/mm?) including early ages before 1 day.

_ (t—1t0)/ta 03
#(t:to) = $ee(R) [ﬂ(RE) Y to)/tl] (10)
where
¢oo(RE) = 0.826 - R;67 (11)
B(Rg) = 0.0588- exp (7.75 - RE) (12)

where ¢(t,t0) =creep coefficient at time t,when concrete isloaded at time tp;
t,to =modified age;
Rg =E.(to)/E.; E.(to)=modulus of elasticity at the age of g;
E, =modulus of elasticity at the age of 28 days cured in water at 20 °C;
121 =1 day.

Due to begin obtained under the condition of constant 20 °C, the consistency of these relation
under temperature changes is unknown. Also, the creep under tensile stress can differ from that
under compressive stress. Despite these concerns, the authors estimated the creep coefficients
using Egs (10)—(12) for numerical analysis, as these are the most effective data currently
available.

An example of the estimated relationship between the creep coefficient and the modified ageis
shownin Fig. 17, which also showsthe creep coefficient of normal-strength concrete determined
from the estimation equation specified in CEB-FIP model code 90Y).

The creep of high strength concrete tends to be high at early ages for its strength and to
converge at an early age.
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FIG.17 Creep coefficient predicted; comparison of egs (10)—(12) with CEB-FIP
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ANALYSISRESULTS

Fig.18 shows the analyzed strain of columns compared with the measured strain (embedded

strain gauge readings). Fig. 19 compares the calculated average restraining stress of con-
crete with the restraining stress in the corner. The analysis results for both OPC and BPC
satisfactorily reproduce the actual strain behavior. This suggests that the strain behavior of
high strength reinforced concrete columns entailing hydration heat can be relatively accurately
traced by appropriately selecting the autogenous shrinkage (including the plastic shrinkage due
to water evaporation), elastic modulus, and creep coefficient.
In regard to the absolute strain valuesa OPC, the analyzed and measured values agreed well,
with the calculated restraining tensile stress being around 90 % of the vaues calculated from
the measured strain of main reinfocement. On the other hand, the analyzed values for BPC
differed from the measured values, with the calculated restraining tensile stress of concrete be-
ing only 60 % of the measured values. The fact that the analyzed valuesfor both concrete
weresmaller than the measured values suggests that the actual tensile creepissmaller than the
actual compressivecreep and that theinput creep coefficient isexcessvely large. The reason for
the large gaps between the measured and analyzed valuesfor BPC may be that actual columns
may have undergo larger shrinkages than model columns, due to plastic shrinkage.
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FIG.18 Measured and calculated actual (shrinkage+thermal) strains of column concrete
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The stress in the corner increased more rapidly at early ages than the average stress, par-
ticularly in OPC. The high stress in the corner is attributed mainly to internal restraining
temperature stress. From these results, it is considered that if a crack occurred in a high
strength concrete column, it would occur on the outer surfaces, and that such a crack can de-
velop to a through crack, due to the significantly high stress within the concrete resulting from
the restraint by the autogenous shrinkage strain.

CONCLUSIONS

The stain of column and beam concrete and main reinforcement was observed during actual
construction using high strength concrete. Simultaneously, the authors measured the strain of
full-scale model columns and the mechanical properties of concrete on a specimen level. These
measurements and the stress analysis taking account of creep revealed the following:

1) The autogenous shrinkage of high strength concrete can be expressed by a single curve up
toa modified ageof 1 day. It rapidly convergesthereafter, if subjected to temperature changes.
On the other hand, the autogenous shrinkage of high strength concrete at a constant tempera-
tureof 20°C increasesfor along period. Concrete containing belite-rich portland cement (BPC)
leads to smaller autogenous shrinkage than concrete containing normal portland cement (OPC),
and the effect of temperature changes on BPC is weaker than that on OPC.

2) The elastic modulus of both OPC and BPC can be expressed as a single development
curve in terms of the effective age, independently o the temperature history conditions of the
members. Whereas the compressivestrength development of OPC is curbed under temperature
changes after an age of 3 days, BPC can be expressed as a single development curve, indepen-
dently of the temperature history conditions of the members.

3) Development of the compressive strength and elastic modulus of high strength concrete
including early ages before 1 day can be accurately approximated by adding theinitial or final
setting time as a parameter to the development equation specified in the CEB-FIP model code.

4) By the specificationsfor the columnsin this construction, the maximum restraining stress
was generated in concrete before an age of 1 day (near the peak of the member temperature)
due to the reinforcement restraint of autogenous shrinkage including plastic shrinkage. The
restraining stressesin OPC columns (reinforcement ratio: 2.4 %) and BPC columns (reinforce-

ment ratio: 2.8 %) were 1.0 N/mm? and 09 N/mm? respectively on average over a concrete
Cross section.

5) The restraining stress in beams are considered to be higher than in columns. Release of
main reinforcement strain was observed in OPC beams, presumably due to microcracks. How-
ever, no such strain release was observed in BPC beams. With its low hydration heat and low
autogenous shrinkage strain, BPC is concluded as being excellent for high strength members
from the standpoint of crack resistance.

6) The strain behavior of columns can be traced relatively accurately by a step-by-step stress
analysis based on the free shrinkage strain, elastic modulus, and creep coefficient of concrete.
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7) The analysis of stress generation at the inside corner compared with the average over the
entire cross section revealed that the stress increased rapidly at early ages at the corner due to
internal restraining temperature stress, particularly when OPC was used. If a crack occurred
in high strength concrete, it would occur on the outer surface, and could develop to a through
crack, as significantly high stress would have been generated within the concrete as well, dueto
the restraint by autogenous shrinkage strain including plastic shrikage.

8) Analyzed valuesfor average stress over the concrete cross section were 90 % and 60 % of
measured values for OPC and BPC, respectively. The gaps between the measured and calcu-
lated values may be because the creep coefficient assumed for the analysis was excessively high
and because the actual free shrinkage strain of BPC concrete was higher than the value assumed
in the analysis.
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ABSTRACT

This article outlines an experimenta and numerica study of salf-desiccation and chemica
shrinkage in Portland cement mortars, with or without slicafume. For this purpose 9 different
cement mortarswere cast in 90 pycnometers (study of chemica shrinkage and hydration) or 180
glass flasks (study of sdlf-desiccation and hydration). Chemicd shrinkage was observed for 14
days and sdf-desiccationfor 70 days Pardld studieswere carried out on evaporable water (only
cement mortar with sealed curing) and hydration. The results indicate that glica fume dightly
affects the specific volume of the hydrated water. The Slicafume aso had a substantid (physica)
effect on the salf-desi ccationwhen used in Portland cement mortars.

INTRODUCTION

Self-desiccation and strength

For norma concrete with a water-cement ratio, w/c > 0.4, sufficient water is avallable for
the hydration of the cement to be finalised. Sdf-desiccation hardly effects the moisture of the
concrete at dl. Normdly concrete is regarded as a porous materid affected by the ambient
climate. However, for concretes with w/c < 0.4, the rate of hydrationis decreased substantialy
dueto sdf-desiccation.

The volume created in the concrete due to the chemica shrinkage that takes place when
the water isattached to the cement,  decreasesthe interna relative humidity, O, aslow as0.72 at
low w/c. This might then affect the strength of the concrete. Furthermore, a concrete with low
w/c hasin any case very few capillary poresinternally. The concrete might be more porous close
to the surface. Thefew capillary poresin a concretewith low w/c probably influence the effect of
water curing on both hydration and strength development in the concrete. 1t was thus considered
important to measurethe internd relative humidity of the concrete, especidly at low wic.
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Durability factors such as corroson of reinforcement and freeze-thaw resistance are
clearly affected by the moistureconditionsin the concrete. The chloride diffusion is dependent on
O in the concrete as well as on diffusionof gas. ? Above a certain degree of pore saturation a
substantia amount of surface concrete will spall due to ice lenses created in fieeze-thaw periods.
4 A freeze-thaw resistant concrete must be either air-entrained or contain a sufficient air-filled
pore volume related to chemicd shrinkage during the hydration. In this case too, knowledge of
the moisturesituation in the concreteis of the utmost importance.

Factor sinfluencing the human environment

In dwdling houses the maximum ambient O is normaly restricted to O < 0.70. For houses
made of concreteit was then consdered essentia to estimatethe time required for the drying of
the concrete to this level of O. During the drying period the ventilation must be sufficient to
reduce the moisture content in the house. When wood is placed directly on the concrete, the O of
the concrete must not exceed 0.75, * or elsethe moisture of the concretewill cause mould fungus
between the concrete and the wood. These organisms will secondarily cause a bad amdl in the
house, dlergic reactions etc. When O > 0.80 the wood startsto rot. » At O > 0.85 fungus may
aso occur between the plastic carpet and the concrete.  Findly, when O > 0.90 glued carpets
may loosen from the concrete due to too high a saturation of the pores (no space for the glue
resin in the concrete pores).

Sdlf-desiceating concrete has been used in practice in Sweden since 1990 to avoid those
problems in dwelling houses. ® ? Until today about 1.000.000 nt of concrete floor have been
meade using concrete with w/c< 0.4 for the purpose of obtaining fast desiccation. Presently this
method has also been used in Finland ® and is being introduced in Denmark.

Obiectives

The main objective of this study was to determine the effect of slica fume on chemica
shrinkage and on salf-desiccation of Portland cement systems. Secondarily the effect of slicafume
on the hydration was studied in combination with studiesof the evaporablewater.

CHEMICAL SHRINKAGE
Theory

When water, cement and Slicafume are mixed a chemica reaction occurs at which mainly
cdcium hydroxide and cacium glicate hydrates are formed. After the reaction has started the
water gppears as chemically bound, physcdly bound to the inner faces of the materid and asfree
capillary water. Both the physcaly bound and the free water evaporate during desiccation at
105°C. Thosetwo types of water are denoted evaporable water, w.. The chemically bound water
Is denoted non-evaporable, w,. It can be detected by ignition at 1050°C. When the water is
chemicdly bound a decrease of volume happens, known as chemicd shrinkage. Also physicaly
bound water (absorbed) exhibited shrinkagebut normdly very little.
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The specific volume of phjysicdly bound water is about 0.99 cm’/g, i.e. very close to the
specific volume of free water. ” Measurement of chemica shrinkage can be carried out by
pycnometer testswhere a glassflask, arubber plug and a pipetteis used, FIG.-1. Thethicknessof
the specimen mugt be smdl, otherwise the intrusion of water on which the measurement is based
Is worsened, i.e. vacuum indde the specimen and a measurement fault appears. The chemicd
ghrinkage, 5wy, isdirectly proportiond to the development of hydration:

Ow, = kywy 1)

FIG.-1
Set-upsfor pycnometer tests of chemicd shrinkage.

- Pipette 1m.l, grading: 1/100 ml

Rubber plu
V4 Glass flask

Water added \

1h after

casfing | .‘

™ i
Cement mortar
o= (wi/c)(1/kz) o)

Ky ~0.25 for Portland cement mortar with “normal” w/c
ky ~0.25 for Portland cement mortar (when dl cement ishydrated)
a denotesthe degree of hydration

From equations(1) and (2) thefollowing equationwas evauated:
ow, = kikyrarcx 0.063-0c 3)
At low wic both k; and k; may change. The value of k; is obtained by measurement of

both chemicd shrinkage and hydration in the same specimen. The degree of hydration, a, may be
caculated provided that k; is constant and independent of w/c and presence of slicafume.

Previousresear ch on chemical shrinkage
The average specific volume of hydrated water, k, is about 0.74 cm’/g, i.e. k; ~ 1-0.74=

0.26 fairly independent of the degree of hydration ® when water was used as medium. Other

liquids showed a dightly larger value of k;. Adopting equation (3) the hydration, a, was
estimated:
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a. = (1/0.063) (dwy/c)~ 15:5wy/c 4)

Extensve studies were carried out on the chemica shrinkage of Portland cement pastes.
9 FG.-2 shows that the chemica shrinkage is dependent on both age and thickness of the
specimen. '@ Thefigure showsthat chemica shrinkageincreases with wic and decreases with the
thickness of the specimen. At w/c= 0.3 the thickness should be less than 1 cm. The chemicd
shrinkage was also studied versus hydration, FIG.-3, for w/c= 0.4 and w/c= 0.45 respectively. ¥
According to FIG.-3 k= 0.79 and k= 0.76, i.e. dightly larger than observed by others.® In FIG.-3
thethicknesswas 3.5 and 8 am which may betoo large, causing a vacuumin the specimen. '?

FIG.-2
Chemicd shrinkageof cement paste versus age at different specimen sizes, t. 1
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Chemicd shrinkage of cement pasteversusratio of non-evaporablewater to cement, w,/c. Tothe
left: w/c= 0.4; to the right: w/c= 0.45. t denotes layer thickness(cm).
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FIG.-4 shows ' the chemicd shrinkage during hydration of cement mortars with wic
varying between 0.35 and 0.55. After about 1 day the chemica shrinkage decreases with w/c.
This phenomenais well-known and depends on the decreasing probability of water to reach the
cement corns. FIG.-4 aso showsthe way to calculate the hydration from the chemica shrinkage
according to equation (4) 'V provided the chemica shrinkageis 25%, i.e. k= 0.75. The chemical
shrinkage of cement pastes with or without silicafumewas also studied. * w/c exceeded 1 and
the glassflasksin usewere rotated for 120 days. The specificvolume wasfound to bek= 0.74 for
pure cement pastes and k= 0.72 after addition of 10% silicafume.

FIG.-4
Chemica shrinkageduring hydration of cement mortarswith varying w/c. '?
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M aterial and experimental methods

General

The purpose of the test was to determinethe chemica shrinkage and the hydration on the
same specimen in order to diminate possble faults dependent on different development of
hydration. Materia data is given in Tables 1 and 2. ' Table 3 gives the mix proportion of the
cement mortars. The superplasticiser was of the type naphthaene sulphonate acid/formaldehyde
condensate. The amount of superplasticiser was calculated on the basis of the cement content to
coincide with other pardld long-term experiments on hydration and strength of High-
Performance Concrete. ' The cement type B was chosen to observe the effect of the akai
content on the propertiesof the cement mortar. -1

M ethods

About 30 g of each mortar was cast in 10 glass flasks each. The thickness was about 5
mm. The temperatureof al the materia and the equipment was hdd at 20°C. Cement mortar and
glass-flaskswere weighed before and after each stage of the test. The eleventh flask and pipette
shown in FIG.-5 was filled up with the corresponding amount of sand and filled with 1.7%
concentrated NaOH (in order to observe possible shrinkage or expansion of the sand or possible
temperature movements). After 1 h the glass-flask and the pipette was carefully filled with water.
The starting point of the pipette was set. All 99 glass-flasks were placed in a water bath in order
to avoid temperature movements. The reading of the water-level were carrying out daly for 14
days. Directly after the reading the glass-flask was crushed and the cement mortar was rapidly
dried out at 105°C. After the evaporablewater was measured theignition of 16 htook place.
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Table 1 - Chemical composition of cements.

Table2 - Propertiesof

rave and slicafume. ¥

Analysed properties (%): |A B Physical properties: | Sand | Silica fume

Ca0O 64.6 |63.8 Ignition losses (%) [0.99 [2.58

Si0y 21.8 (202 Fineness (m /g) - 17.5

AlhO3 3.34 [4.65 Density (kg/m ) 2650 |550

FeyOs 439 [2.46

MgO 0.84 |3.01

K>0 062 |1.13

Na,O 0.07 [0.27

Alkali 0.48 [1.01

SOz 2.23 13.29

CO, 0.14 |20

Free CaO 1.13 |0.88

CAS 225 [14.8

C3S 53.0 |65.8

C3A 1.42 |67

C4AF 134 |76

Ignition losses (%) 0.64 |2.71

Fineness (m /kg Blaine) [325 [384

Density (kg/m) 13180 {3120

Table 3 - Mix proportions of Portland cement mortars (dry material weight, g). ™

Mortar no/ material 1 2 3 4 5 6 7 8 9

Sand 0-2 mm 1528 [2532 [1585 |3913 |3315 |5616 |3848 |[4873 [2585

Silica fume 333 |- 319 |- 252 |- 198 |- 319

Cement A, low-alkaline |3333 [3137 |3187 [2698 [2521 |2045 |1984 {2027

Cement B 3187

Superplagiciser 92 61 588 |21.8 [20.2 [20.7 (143 |- 58.8

(%) 554 |447 |538 [359 [38.7 [237 [284 [253 [46.1

s/c 10 0 10 0 10.0 (O 9.9 0 9.9

Superplasticiser/c 276 1194 1184 (081 |0.80 |116 |0.72 |- 1.84

wi/c 0.218 [0.246 [0.241 |0.333 |0.352 |0.463 | 0.469 [0.556 |0.239
HG.-5

Sat-upsfor testsof chemical shrinkage. ™

Cement mortar
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Reaults

Calculationof hydration

The cdculation werecarried out after compensationof ignition self-losses of the materiads
shownin Tables1 and 2 ' Silicafume was considered an aggregatein the calculations. '

WIOS (1 _ ,n) . WIOSO

w, /c= : (5)
wiose _ VY W%
T+y
v =1l-p, ©
_ U, £y ‘H,
=Ty (M
w, /¢ denotestheratio of non-evaporablewater to amount of cement (kg/kg)
w denotesthe weight after drying at 105°C (kg)
w'o® denotesthe weight after ignitionat 1050°C (kg)
Y denotestheratio of aggregateto cement
K, denotestheignition losses of the aggregate (kg/kg)
H, denotestheignitionlossesof the cement (kg/kg)

Hydration and chemical shrinkage

FIG.-6 shows the specific volume of chemicdly bound water, k, caculated by use of the
measured chemica shrinkage, dw,, and the hydration of the mortars, wa:

k= 1-(dwyo/ Wn) )

The variationsin FIG.-6 seem to be large mainly due to the scale. FIG.-7 shows the standard
deviation and coefficient of variation of the measured specific volume of non-evaporablewater.

FIG.-6 FIG.-7
Specificvolume of hydrated water versusage.  Standard deviation and coefficient of variation
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The average coefficient of variation of the measured specific volume was less than 3%,
which was reasonably good taking into account that the measurementswere carried out in two
steps. measurement of the chemicd shrinkage, dwa,, and of the hydration of the mortars, w.

Effect of silicafume on the specific volumeof hydrated water = discussion

Both ' and ' showed that the thickness of the mortar hed an influence on the measured
specific volume of chemica shrinkage. There so seemed to be an influence of slicafume on the
specific volume. ™ FIG.-8 shows the specific volume of mortar versus wic. When w/c was hdd
constant the specific volume was larger for mortars without slica fume than with slica fume,
which partly was an effect of the cement content, c. The resstance to water penetration was
larger at low wic '™® which would have given less chemical shrinkage, i.e. alarger specific volume.
This was not observed in these studies, which indicate that the thickness of the mortar was
aufficiently low. FIG.-9 shows that the cement content of the mortar had an influence on the
measured chemica shrinkage, especialy when the mortar contained silicafume. When the cement
content was low the sand probably dightly restrained the chemica shrinkage. (The cement mortar
no. 8 is not shown in the Figures8 and 9 due to bleeding.) From Figures8 and 9 the specific
volume of hydrated water in cement mortar without sand (cement paste) was estimated, FIG.-10.

FIG.-8
The specific volume of mortar versusw/c. c= cement content (by weight). B= dternative cement.

0.8 +
0.79
0.78 +
0.77
0.76
0.75 -
0.74
0.73 . 1 |

02 0.3 04 0.5 0.6
Water-cementratio

o No silica fume
010% silica fume

Specific volume of
hydrated water

FIG.-9
Measured chemicd shrinkage versusthe cement content of cement mortar. B= dternativecement.
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FIG.-10
Estimated specific volume of cement mortar without sand (cement paste).
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From FI G.-10 the following equationswere cal cul ated:
k = 0.74+0.05-(w/c) &)
ks = 0.67+0.17-(w/c) (10)

k denotesthe estimated specific volume of hydrated water in cement paste
ks denotesthe specific volume of hydrated water in cement pastewith 10% slicafume

SELF-DESICCATION

Theory and previous research

General

Concrete, which is regarded as a fine porous materia, has great ability to bind moisture
whichissupplied directly from the air. The higher the rdlative humidity, O, the more water can be
bound. The ability to bind moisture, hygroscopicity, depends on either adsorption, @< 0.45, or
capillay condensation, @> 0.45. The physcdly bound and the free water evaporates during
desiccationat 105°C. Thesetwo typesof water are denoted evaporablewater, w.. The correlation
between w. and O is known as the isotherm which indicates that the temperature has some
influence. At lower temperaturesthe concrete binds morewater. It is of great interest to study the
isotherm since it expresses the amount of water that has to be dried out from the concrete to
reach acertain 0. For example @= 0.85 is regarded as a safe leve a which plastic carpets can be
gpplied with adhesive compound on the concrete, cp. thetext above.

Previousresearch

With sedled curing the concrete binds water without any excess of water. Dueto chemica
ghrinkage, as described above, self-desiccationtakes place which lower O in the concrete until the
reaction ceases at about @= 0.72. > 2% 22 F1G-11 shows the evaporable water to cement,
welc, of a cement pastewith w/c= 0.6 at different amounts of sllicafume. * The resultsjust show
that the addition of slicafume increased the proportion of gel poresand smal capillary pores.
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FIG.-11

Evaporablewater to ignited cement of cement pastewith w/c= 0.6 at different amounts of slica
fume.
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To some extent the effect was explained by thefiller effect of slicafume. Thefiller effect
hed almost no effect on the gdl porosity. ' The great effect of silica fume on the O in the
isotherm was a result of the dope of the curvesin FIG.-11. A smdl reduction of water caused a
large changein O when silicafume was present. * These observation also gpply to seded curing
snce some of the free water and capillary water then movesinto thegd pores.

Hydration with sealed curing

High-Performance Concrete possesses less water than necessary for the hydration to
proceed to afind state. The maximum degree of hydration, o= 1, can then only be obtained at a
water-cement ratio larger than 0.39. The maximum degree of hydration, o, of a curing with a
water-cement ratio less than 0.39 is then linear-dependent on the water-cement ratio. '

Olmax = W/(0.39-c) 11
Omax  denotesthe maximum degree of hydration

w  denotesthe mixing water of the concrete (kg/m3)

C denotes the cement content of the concrete (kg/m3)

Thedegreeof hydration, o, can o be expressed as (the resisting symbolsgiven above):
Olmax = W/(0.25-C) (12)
w_ denotesthe non-evaporablewater content of the concrete (kg/m3)

Dividing equation (11) by equation (12) gavethe maximum vaue of the relative hydration
defined as[the symbols of Eqs (13) and (14) aregiven above]:

(w/w) =0.64 {0<w/c<0.39} (13)

(w/w) =025c/w {w/c>0.39} (14)
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Material and experimental methods

General

The purpose of the study was to determine self-desiccation and hydration on the same
specimen in order to diminate possible faults dependent on different development of hydration.
Materia datawere given in Tables 1 and 2. ™ Table 3, above, gives the mix proportion of the
cement mortars. The superplagtisicer was of the type naphthaene sulphonate acid/formaldehyde
condensate. The amount of superplastiscer was calculated on the basis of the cement content to
coincide with other parale long-term experiment on hydration and strength of High-Performance
Concrete. ' Cement type B was chosento observethe effect the dkai content.'>-

Methods

From each mix of mortar 20 glasstubes werefilled with about 200 ml cement mortar each
and tightened with rubber plugs The temperatureof dl the materia and the equipment was held
at 20°C. The cement mortar and the glass tubes were weighed before and after each stage of the
study. Every week 2 tubes of each mix were crushed. O was measured on the mortar from one
tube. The mortar from the other tube was rapidly dried at 105°C and then ignited at 1050°C for
16 h. Capacity sensorswere used for 22 hto measure 0. Cdibrating of the sensorstook place at
@= 0.755, 0.851, 0.946 and 0.976 within 5 days of the time of measurement. * The accuracy of
the sensorswaswithin + 0.02 O. No systematicfault was observed.

Reaults and discussion

Effect of silicafumeon hydration and internal relative humidity, O

The ratio of non-evaporable water to cement, w,/c, of seded cement mortars was
calculated, equation (5), and divided by w/c resulting in the parameter w/w, FIG.-12 7. FIG.-12
aso showstheinternd relative humidity, O, of cement mortarswith sealed curing .

The maximum relative hydration was obtained at low w/c in cement mortar without slica
fume, i.e. wy/w = 0.5. In cement mortars with slicafume w,/w became lower since some of the
cacum hydroxide reacted pozzolanicdly. In cement mortar with cement B (norma akdine) the
O decreased more than in cement mortar with low-akaine cement. ' '® However, in cement
mortar with norma akaline cement, the O increased after 6 weeks since the akdine effect was
diminated due the pozzolanic reaction with slica fume. ™ '© From FIG.-12 the following
equationswere caculated for the relative hydration, w,/w, and theinternd relative humidity, O:

Wa/W = 0.719-[0.813-(W/C)]-t0.349-(w/c)-0.037 {0.2<w/c<0.6; 7<t<70 days) (15)
(Wa/W)s = 0.645-[0.877~(w/c)]-t* 84 (¥/e-0.020 {0.2<w/c<0.5; 7<t<70 days) (16)
@ = -0.564-[(w/c)* -1.13+(W/c)-1.43)]10.0791-(wic)-0.0588 {0.2<w/c<0.6; 7<t<70 days) (17)
s = -1.43-[(w/c)* -0.838:(W/c)-0.5]t0.208wic}0.115 {0.2<w/c<0.5; 7<t<70 days) (18)
c denotes cement content (kg/m°)

t denotes age (days)
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FIG.-12
Hydration, wy/w, and O versusage. w= mixing water; w, = non-evaporable; S= 10% slicafume.
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w  denotesmixing water content (kg/m’
w,  denotesnon-evaporablewater (kg/m
w/c  denoteswater-cement ratio

wo/w denotesrelativehydration

S denotes 10% slicafume

@) denotesinterna relative humidity

When w/c was hdd congtant the addition of 10% dlica fume to the concrete generated a
substantialy lower hydration and internd relative humidity in the concrete. The effect of dlica
fume on hydration was thus chemical since the cdcium hydroxide reacted pozzolanicaly. The

effect of the dlicafume on theinternd reative humidity most probably was a combined chemica
effect, as mentioned above, and afiller effect according to the well-known Kelvin equation.

I nternal relativehumidity and hydration

A combination of the equations(15) to (18) above gavethe posshbility to diminated time, t, i.e. a
direct correlation between hydration and internd relative humidity, FIG.-13:

@ = -1.61-[(Wy/w)*-0.48-(wo/w)-0.0552] (19)
s =-0.717-[(Wo/ W) +487-(Wo/W)-1.581] (20)
ww/w  denotesrelative hydration

S denotes 10% slicafume
@) denotesinternal relative humidity
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However, the coefficient of correlation was fairly low for equations (19) and (20), 0.78
and 0.88 respectively. A coefficient of correlation above 0.9 provides a sufficient high
significance. The reason for the low dgnificance of equations (19) and (20) was probably the
accuracy of the measurement of the internd relative humidity, £ 0.02 and the influence of the
variation of the specific volume of chemicd dhrinkage. (The specific volume of chemicd

shrinkage was dependent on w/c especidly for concrete with slicafume and was not included in
relative hydration.)

I nternal relative humidity and degree of saturation

One way to diminate the influence of the variations in the specific volume of hydrated
water, k, was to calculate the degree of saturation, So. From a practical point of view it was of
aso interest to detect the effect of slicafume on the relation between internd relative humidity,
0, and the degree of saturation, So. In order to caculate S it was necessary to measure the
evaporable water, w., as wdl Pardld to the measurementsof internd relative humidity and but
before ignition of the cement mortars w., was measured for al 90 specimens. ™ Since w, was
measured for each gpecimen possible differencesin w/c between the specimens were diminated.
The ratio of non-evaporable water and evaporable water, w./w. was observed. ” In cement
mortars with dlica fume the ratio wi./w. decreased after about 6 weeks probably due to

polymerisation. ¥ 2 Findly S of cement mortarswith sedled curing was calculated according to
theequation, FIG.-14:

So = Wo/(w-kwy) (21)

k pecificvolumeof non-evaporablewater measured for each nix above
w denotes mixing water content (kg/m?)

we  denotesthe evaporablewater (kg/m’)

Wa denotesthe non-evaporablewater (kg/m®)

S denotesthe degree of saturation of cement mortarswith seded curing

FG.-13. FIG.-14.
Internal relative humidity, O, of cement mortar Internal relative humidity, O, of cement
with seded curing versus rdative hydration, mortar with sedled curing versusdegree of
WalW. saturation, So.
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From FIG.-14 thefollowing correl ationswere ca culated between O and So:
@ = -12.4-[(So)*-1.86-S4+0.821] (22)
@s = -20.7[(So)>-1.83-S¢+0.763] (23)
0) denotesinternal relative humidity, the resisting symbols given above

The result of derivation of equations (21) and (22) indicated the sengtivity of O to changesin
degree of saturation:

80/8Sy ~25-Sy-1.8 (24)
(69/6S0) ~ 41-S-1.8 (25)
So denotesthe degree of saturationof cement mortarswith sealed curing

Concrete with glicafume was thus more sengtive to changes of the degree of saturation:
For example, the surface of the concrete became saturated after adhesives were applied, which
caused an increase of measured emissions compared with emissions from adhesives applied on
norma concrete. However, noticeable emissions occurred only at high internal relative humidity,
O > 0.90. * Problems related to spalling of the concrete during accidentd fire also occurred in
concretes with slica fume most probably due to the high sengtivity of dlica fume concretes
related to changesin the degree of saturation. > *® (During accidental fire the relative humidity in
adlicafume concreteincreases more rapidly than in aconcrete without slicafume.)

SUMMARY AND CONCLUSIONS

The effect of dlica fume on the specific volume of hydrated water and on the internal
relative humidity was studied for 9 Portland cement mortarsfor 14 and 70 days respectively. The
following conclusionswere drawn:

1) When dlicafume was not added, the specific volume of hydrated water found to be around
0.75.

2) With 10% slicafume the specific volumewas found to be 0.71 a low w/c and 0.75 at higher
wi/c.

3) Mortars with 10% dlica fume exhibited around 10% lower interna relative humidity when the
degree of saturation or the relative hydration was held constant.

4) The rate of self-desiccation related to desaturation increased substantialy in cement mortars
with slicafume compared with mortarswithout slica fume.

5) The measured internal relative humidity decreased more rapidly in cement mortars with normal
akaline cement than in mortarswith low-alkainecement.

6) Cement mortars with normal akaine cement exhibited a dightly increasing of the internal
relative humidity after about 6 weeks.
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MICROSTRUCTURAL MODELLING OF SELF-DESICCATION DURING
HYDRATION

DALE P. BENTZ, KENNETH A. SNYDER and PAUL E. STUTZMAN
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ABSTRACT

A three-dimensional cellular automaton-based microstructural model has been applied
to simulate the process d self-desiccation during the hydration o cement paste. As hydra
tion occurs, the proper amount d empty pore space, correspondingto the chemical shrinkage
d the cement paste, is created within the microstructure. This empty pore space in turn
influencesthe future kineticsd the hydration process, as less water-filled space is available
for the dissolution and precipitation d cement phases. Model predictions are compared
with experimental data, including both SEM images  microstructure and measurements
d degree d hydration based on non-evaporable water content. For water-to-cement ratios
beow 0.40, sealed curing conditions are seen to result in a significant decreasein the achiev-
able hydration, relativeto curing under saturated conditions. The addition o silicafumeis
observed to further increase the self-desiccationand decrease the achievable degreed hydra-
tion. The model can also be adapted to other curing scenarios, such as saturated curing until
the capillary porosity becomes disconnected, followed by sealed curing, to assess the effects
d different curing regimens on the hydration and subsequent performance d cement-based
materials.

INTRODUCTION

As a concrete matures under seal ed conditions, empty capillary porosity is created within
its cement paste component due to the chemical shrinkage that accompanies the cement
hydration reactions. This process was quantified many years ago by Powers?, but is also
the subject o much recent research?~®). The creation d empty capillary pore space has two
major effects on the evolving cement paste system. First, the chemical shrinkage resultsin a
reductionin the system'sinternal relative humidity (RH). Quantified by Gause and Tucker in
19407, this RH reduction can be quite substantial, with RH vaues as low as 70% measured
for low (< 0.3) water-to-cement (w/c) ratio cement paste and concrete systems®?. Based
on the Kelvin-Laplaceequation, this reduced RH will induce capillary pressures, o¢pillary>
in the pore water described by:

In(BE)RT

Tcapillary = K7 = —"‘”—1€}) (1)
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where RH is the relative humidity expressed as a percentage, K is the average curvature o
the surface d the condensed water, « isits surfacetension, R is the universal gas constant
(8314 J/(mol- K)), T isabsolute temperature, and \/ isthe molar volumed water. Inturn,
these capillary pressures will result in a measurabl e autogeneous shrinkage d the paste or
concrete®®%). According to equation (1) the induced capillary pressures will be seven times
greater in a system with an RH d 70% compared with one with an RH o 95%, which may
be one reason why low w/c ratio concretes are often more susceptibleto early age cracking.

The second effect d the creation d empty capillary pores is a change in the hydration
kinetics  the cement paste'®'V). Because cement hydration reactions generally proceed
by a dissolution/precipitation mechanism and the empty pore space created due to sdf-
desiccation is no longer available to be filled with hydration products, the hydration will
dow down and effectively terminate at a lower degree d hydration than could be achieved
under saturated conditions. The remainder d this paper will focus on thislatter effect, usng
acombination d experimental and computer modeling techniquesto quantify the effects o
curing conditions on the measured degree o hydration d a variety d cement pastes with
and without silicafume additions.

EXPERIMENTAL PROCEDURES
Saturated and Sealed Specimens

Composition and propertiesd the two ASTM Type | portland cements used in this
study, Cements 115 and 116 issued in 1995 by the Cement and Concrete Reference Labo-
ratory at NIST, can be found elsewhere!?!3). The cement and the necessary mixing water,
w/c=0.30, were conditioned at 25 "C overnight and then mixed together by hand in a sealed
plastic bag for two to three minutes. Paste samples on the order d ten grams were stored
in capped plasticvias at 25 °C until measuring the non-evaporable water content, typically
after agesd 1, 3, 7, 14, 28, 56, and 90 days. For the saturated samples, approximately 1 mL
d water was added on top d the cement paste to providewater throughout the experiment.
Non-evaporablewater was quantified as the massloss between 105 "C and 950 " C, corrected
for thelossonignitiond thedry cement powder, assessed in a separate measurement. These
values were converted to degreesd hydration based on similar measurementsperformed on
fully hydrated specimens (w/c=3.0, continuously rotated in a jar mill for 28 days), which
yielded vaues d 0.226 and 0.235 g H,O/g cement for Cements 115 and 116, respectively.
28 days in a jar mill was deemed sufficient to achieve complete hydration, as no further
hydration was observed when the curing was extended to 42 days. For Cement 115, two
samples, one saturated and one sealed, were removed after A4 days d curing and prepared
for viewing in the scanning el ectron microscope (SEM).

Computer Simulations

In addition to the experimental studies, computer simulationswere performed using the
NIST cement paste microstructural model*?'®). This model employsa sequence o dissolu-
tion/diffusion/reaction cyclesto simulate the hydration reactions between cement particles
and water. Typically, the cement paste microstructure is represented within the computer
as a cubic volume 100 pixels on a side, with each pixel corresponding to a volume d 1
pm3. Hydrationis simulated using a cellular automata approach to repetitively update the
phases/species present at each pixd in the microstructure'®.
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In this study, for each d the two cements, initial 3-D cement particle images, based
on their measured particle size distributions and the phase area and perimeter (surface)
fractions measured on 2-D SEM/X-ray images'?), were created for w/c=0.30 and w/c=0.40.
These 3-D systemswerethen “computationally hydrated" under saturated and sealed condi-
tions. For saturated conditions, it is assumed that all capillary porosity remains water-filled
throughout the hydration process. In the case d sealed (self-desiccating) conditions, the
computer model creates empty pore space as the hydration occurs to account directly for
the chemical shrinkage'®), which is typically on the order d 0.06 mIL. H,0/g cement hy-
drated. This empty pore volumeis computed as the difference between the total capillary
porosity and the volumed water not yet incorporated into hydration products after each
cycle d the simulated hydration. In an attempt to model the actual physical process, the
largest pores are emptied first, and no hydration products are deposited in pores which have
been emptied. A previous calibration o model cyclesto real time'*'® for hydration under
saturated conditionswas then applied to create model degreed hydration vs. time curvesfor
both saturated and sealed curing conditionsto compare with the experimental counterparts.
In addition, two-dimensional dicesfrom the "fully hydrated” (i.e., 5000 cyclesd hydration)
three-dimensional computer model microstructures were created to compare to the SEM
imagesfor the saturated and sealed curing conditions for Cement 115 with w/c=0.30.

Recently, to predict the adiabatic response d a wide variety d concretes, the NIST
microstructural model has been modified to include the pozzolanic reaction between silica
fumeand calciumhydroxide'¥), forming a pozzolanic G-S-H with astoichiometry o Cy.1SHs g
and a molar volume d 101.81 cm3/mole. The stoichiometry and molar volume were chosen
to be consistent with phase composition and chemical shrinkage results presented in the
literature®15-17), The reaction corresponds to an additional chemical shrinkage d 0.20 mL
H,0/g silicafume reacted. Thus, systems containing silica fume, if they hydrate to the
same degree, will undergo a greater amount d chemical shrinkage than those without silica
fume. Theeffectsd silicafume replacement on hydration kinetics during sealed curing were
investigated using the microstructural model for Cement 116 with 5% and 10% replacement
levelsd silicafume, while maintaining a constant water to solids (cement plus silicafume)
ratio (w/s) d 0.40.

RESULTS

FIG.-1 comparesthe degreed hydration achieved under saturated and sealed conditions
for the two cements studied, for w/c=0.30. For both cements, the seadled conditions are
observed to reduce the achieved hydration, particularly at times exceeding 7 days. At early
times, the newly created empty capillary porosity has only a minor effect on the hydration
kinetics as a sgnificant volumefraction d water-filled capillary pore space still exists. For
w/c=0.30, initialy, about 50% d the cement paste volumeisfilled with water. However, as
water is consumed by the hydration reactions, the fraction d empty pore space relative to
that which is water-filled becomes significant, and a substantial reduction in the hydration
rate is observed. The predicted results based on the NIST cement paste microstructural
model are seen to closdy follow the experimental values, particularly for Cement 115.

Simulations performed for the two cements with w/c=0.40 have indicated smaller dif-
ferences in the hydration kinetics between curing under saturated and sealed conditions.
For Cement 115, the "find" achieved degrees d hydration after 5000 cycles d the hydra-
tion model were 0.88 and 0.83 for the saturated and sedled conditions, respectively. The
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FIG.-1: Comparison o saturated and sealed (self-desiccated) hydrationfor Cements 115 and
116 with w/c=0.30.

corresponding values for Cement 116 were 0.90 and 0.85. These differencesd 0.05 can be
compared with the difference d about 0.10 for the w/c=0.30 systems as shown in FIG.-1.
In addition, the differencesto be expected after 28 days d curing, for example, were less
than those for the w/c=0.30 systems (on the order d 0.01 for Cement 115 and 0.03 for
Cement 116). Furthermore, experimental determinations haveindicated basically no differ-
ence in the degrees o hydration achieved after 28 days curing for w/c=0.5 cement pastes
cured under saturated and sealed conditions, in agreement with ssimulation results. Thus, as
expected, the effects o self-desiccation on hydration kinetics are seen to definitely become
more prominent at lower (< 0.4) w/c ratios.

The mode can befurther validated against experiment by comparing SEM micrographs
d real samplemicrostructuresto two-dimensionalimagesfrom the 3-D model. Figures 2and
3 provide such a comparison at similar scalesfor Cement 115 with w/c=0.30. The two most
distinguishing features between the sealed and saturated specimens are the area and sze d
the unhydrated cement grains and the area and size d the observable capillary pores. One
can clearly observe that there are more and larger unhydrated cement grains in the sealed
specimens (particularly in termsd the alite grains which are surrounded by a dense layer o
cacium silcate hydrate gel), in agreement with their measured lower degrees d hydration.
Based on quantitative SEM measurementsd the unhydrated cement area fractions, after 94
days, the saturated sample has achieved a degreed hydration d 0.79 &+ 0.03 whilethe sealed
sample has only achieved a value d 0.66 + 0.04, based on the averages from eleven fieds
d view (1024 pixels x800 pixels, 0.25 um/pixel) for each sample, and expressed with an
uncertainty d one standard deviation. The corresponding degreesd hydration for the two
model systems shown are 0.80 and 0.69, respectively. In addition, dueto theemptying d the
capillary pores due to chemical shrinkage, many relatively large pores remain in the sealed
specimens. Once again, the effects observed in the real specimens are duplicated reasonably
wdl by the model, as the real and model images appear quite similar.
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FIG.-2: Comparisond real SEM imagesfor saturated (left) and sedled (right) hydration for
Cement 115 with w/c=0.30 after 94 daysd curing. Unhydrated cement iswhite, porosity is
black, calcium hydroxideis light grey, and calcium silicate hydrate gel and other hydration
products are dark grey. Areas imaged are approximately 128 pm x190 pm.

FIG.-3: Comparison d model images for saturated (left) and sealed (right) hydration for
Cement 115 with w/c=0.30. Greyscale assignments are the same as those given above for
the real images. Areas represented by the imagesare 100 pm x100 pm.
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The model can also be used to explorethe effectsd different curing regimenson achiev-
able hydration. For example, many years ago, Powers'®) suggested maintaining saturated
curing conditionsonly until the capillary porosity depercolates, as beyond this point, it may
be difficult to maintain internal saturation. Analyss d microstructures generated using a
monophase cement microstructural model*®) have indicated that this depercolation occurs
at a capillary porosity d about 20%, for w/c ratios below 0.6, in general agreement with
the earlier experimental resultsd Powers'®. To explore the effect d this curing regimen on
hydration, simulations were conducted for Cement 116 with w/c=0.30 in which empty capil-
lary porosity dueto chemical shrinkage was only created after the system capillary porosity
had fallen bdow 20%, which occurs at a degree d hydration o about 0.5. FIG.-4 shows the
resultant degreed hydration vs. cycles curve, in comparison with the equivalent curvesfor
hydration under saturated and sealed curing conditions. For these simulations, 5000 cycles
d hydration would correspond to approximately 4 yearsd curingat 25" C. The "seded after
20% porosity" curveis seen to most closdly follow the completely saturated curve, supporting
the criticality o proper early curing practicesfor achieving a durable concrete.
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FIG.-4: Comparisond hydration under different curing regimens.
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Simulations have aso been performed to assess the effects o silica fume additions on
the salf-desiccation and achievable hydration. FIG.-5 shows the effects o 5% and 10%
silica fume replacements (maintaining a constant water-to-solids, w/s, mass ratio d 0.40)
on the simulated degree d hydration vs. cycles curves. The addition o slica fume has
minimal effects on the early hydration kinetics but results in significantly less hydration
being achieved at later ages, for curing under sealed conditions. For aw/c ratio below about
0.42, thereis already insufficient water to achieve complete hydration d the cement, 0 that
the consumptiond additional water dueto the pozzolanic reactiononly intensifiesthis effect
and further limitsthe achievable hydration.

The porosities d the cement pastes before and after hydration are summarized 7 1
TABLE-1. Because d the lower specific gravity d dlica fume and the fact that the re-
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placements are made on a mass basis, there is a slightly lower initial capillary porosity in
the systems containing silicafume. The final total porositiesd the three systems are com-
parable, but the water-filled porosities are reduced in the systems containing silicafume due
to its increased water demand. Even though the early time hydration kinetics are similar
for the three systems, there is more empty porosity in the systems containing silicafume,
as the chemical shrinkage per unit mass of cement reacted is significantly increased by the
pozzolanic reaction, as indicated in Table 1. In addition, as pointed out by Jensen and
Hansen®, for a given volume d chemical shrinkage, the smaller pore sizes emptied in the
systems containing silica fume will result in a greater RH reduction. This will in turn lead
to greater self-desiccation stresses as indicated by equation (1) ,perhaps making concretes
containing silicafume particularly susceptible to early age cracking.
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FIG.-5: Effect of silicafume (CSF) replacement on hydration under sealed conditions, Ce-
ment 116 with w/c=0.40.

TABLE-1: Capillary Porositiesfor Simulated Cement Pastes (w/s=0.40)

SilicaFume Initial Final Final Total | Chemical Shrinkage
Replacement (%) | Porosity (%) | Water-Filled | Porosity (%) | per mass o cement
Porosity (%) hydrated (mL/g)
0 56.2 56 137 0.068
5 55.6 4.7 134 0.081
10 55.0 4.4 134 0.092

CONCLUSIONS

The NIST microstructural model has been applied to examinetheeffectsd self-desiccat'on
on the hydration kinetics d low w/c ratio cement pastes. The model successfully predicts
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the observed reduction in achievable hydration at longer curing times, as the empty capil-
lary pores eventually influence the progress o the hydration reactions. The effects d self-
desiccation on hydration kinetics are more significant the lower the w/c ratio, with larger
differences predicted for the w/c=0.30 than for the w/c=0.40 cement pastes. The model
also indicates that the curing regimen d maintaining saturation until the capillary porosity
depercolates, first suggested by Powers'®, results in long term degrees d hydration which
approach those achievable under totally saturated conditions. Thus, the early time curing
procedure may have a critical influence on ultimate performance. Simulations with silica
fume replacements o 5% and 10% indicate that the pozzolanic reaction increasesthe chem-
ical shrinkage and thus further decreases the achievable degree of hydration. This increased
chemical shrinkage, coupled with the smaller pore sizes present in systems containing silica
fume, may render low w/c ratio concretes containing silica fume especially susceptible to
self-desiccation and subsequent early age cracking, due to the enhanced RH reduction at
early ages.
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A MODEL ON SELF-DESICCATIONIN HIGH-PERFORMANCE CONCRETE
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Gothenburg, Sweden

ABSTRACT

Self-desiccationis a phenomenon that has to be considered in concrete with low W/C such as
High Performance Concrete. It affects the moisture condition which have an influence on many
processes in the materia such as transportation of gases and ions, frost, corrosion, shrinkage and
even strength. The degree of self-desiccation depends on many different factors, such as W/C,
cement type, silicafume and curing temperature. To be able to estimate the effect of different
factors, a model has been developed. With this modd it is possible to determine the reaction of
cement and the decrease in relative humidity (RH) due to self-desiccation in any composition
(W/C, cement type and moderate amounts of silicafume). The degree of reactionis calculated as
the degree of reaction of a composition in which al cement will be hydrated times a number of
reduction factors. These factors are compensating for limited space and water available for
reaction productsto form and the influenceof curing RH and temperature on the rate of reactions.
The decrease in RH is calculated from the sorption isotherm (the relation between state of
moisture, RH and amount of evaporable water W,). The shape of the sorption isotherm depends
on the pore structure which changeswith increased degree of reaction. The empirical equation for
the sorptionisotherm in the calculation model isafunction of W/C and degree of reaction.

The results from the model were compared to measurements of degree of hydration and RH for
four compositions, SRPC type Degerhamn, W/C=0,40 and 0.25 and OPC type Slite, W/C=0.4
and thereis a good correlation. The same reduction factorswere used for W/C=0.4 for both types
of cement. So far thismodel is valid for isothermal conditions. The effect of moderate amounts of
slica fume (£10%) is included. The modd is still under development and in this paper the
present state of the model is presented.
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1. INTRODUCTION

1.1 Self-desiceation

Self-desiccationappearsin cement pasteswith low water cement ratios, W/C<0.5, Neville (1981),
since a mgjor part of the mixing water is bound to the cement. When cement and water reects,
water is bound chemically as hydrates and hydroxidesin the reaction products. The remaining
water is physically bound to the surfacesof the reaction productsor in the pore spaces between
the solids.

During reaction the cement paste will undergo a change of volume as a consequence of a decrease
in the specific volume of water when bound to the cement. If no extrawater is availablethe pores
will gradualy be emptied of water, startingwith the largest pores. The water vapour pressure will
decrease and so will the relative humidity. This phenomenon is usually called self-desiccation.

Sdf-desiccation was known dready in the 1940's. Measurements show that the RH was
decreasingin a sealed concrete system due to the chemical binding of water and that the decrease
in RH was larger the lower the W/C ratio and to some extent depended on cement type, Gause
and Tucker (1940), Powers(1947) and Copeland and Bragg (1955).

12  Factorsinfluencing self-desiccation in concrete

The degree of self-desiccation depends on the W/C, see FIG.-1. The lower the W/C the larger is
the effect of self-desiccation. For W/C higher than 0.7 there is amost no effect of self-
desiccation. In such concrete a large proportion of the mixing water is left in the pores when the
cement is hydrated and the RH will remain at alevel around 100 %.

The WIC is, however, not the only factor influencing self-desi ccation. Two mixes with the same
W/C but different cement types may have different degree of self-desiccation. The reason is on
one hand the chemical compositionof the cement which influencesthe rate of reaction and on the
other hand the size and shape of the cement particles and the hydration products formed which
give different shape and size of the pores. The pore size and pore volume have an influenceon the
shape of the sorption isotherms.
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HG.-1 The influenceof W/C and cement type on self-desiccation. Measured dataat an

age of 28 daysfrom Atlassi et al (1991), Persson (1992) and (1995), Notling Mjornell (1994) and
Hedlund (1995).

The shape of the sorption isotherm isaso a result of the alkali content in the pore solution, which
depends on the akali content in the cement. The amount of dissolved ions in the pore solution
influences the RH and in a water saturated concrete the RH may be less than 100 % Hedenblad
and Janz, (1993) and Norling Mjérnell (1994).

Silicafume is often used as an additive in concrete with low W/C. The effect of silicafume on
self-desiccation has been studied by for example, Nilsson (1984), Christoffersen and Sorensen
(1986), McGrath (1989), Atlass et al (1991), Persson (1992) and (1995) and Meilhede-Jensen
(1993).

The SiO, in the silicafume react with calcium hydroxide, CH, formed in the reactions between
cement and water. In the reaction between SiO, and CH water is released so the amount of non
evaporable water decreases. Thereis, however, a positiveeffect of silicafume on self-desiccation.
Thisis not due to increased amount of non evaporablewater but rather due to a refinement of the
capillary pore structure and a change of the shape of the pores to larger pores with narrow
openings, Atlassi (1992) and Atlass (1993). The very fine silica fume particles act as a filler
between the many times larger cement grains. The effect of silica fume in combination with
differenttypes of cement, isvarying, see FIG.-2.
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HG.-2 Theinfluenceof silicafume on self-desiccation. Measured dataat an age of 28

daysfrom Atlass et al (1991), Persson (1992) and (1995), Norling Mjérnell (1994), Hedlund
(1995) and Hedenblad (1995).

1.3 M odel for mulation

The relative humidity ¢ in concreteat a specifictime, t, isafunction of the amount of evaporable
water, W, and the pore structure, which in turn depends on W/C and degree of reaction, a, see
FIG.-3.

o(t) = ¢(We, W/C,a) )

The pore system consists of pores with different size and shape. There exist gel poresthat are the
voids within the gd. The gel pores contain water at low levels of RH. And there exist capillary
pores that are the residue of the water filled spaces between the cement grains. The capillary
pores are filled with water at levels of RH. The isotherm is the sum of water held in gd and
capillary pores at different levelsof RH.
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FIG.-3 The relation between evaporablewater and relative humidity for acomposition

with W/C=0.4 & two different degrees of reaction, a, and a,.
At a specific time, t, the concrete contains a certain amount of evaporable water which is the
initial amount of water, W, minus the amount of chemically bound, non evaporable, water, W,
for sealed cured concrete.

W.() =W, - W, (D 2
The rate with which water is bound chemically is influenced by many different factors, such as:
chemical composition of cement, cement content, W/C, additives, degree of reaction of cement,

temperature and RH. A way of calculating the development of RH as function of time is
described in the following sections.

2. CALCULATION MODEL

21  Chemical bindingof water

The amount of non evaporablewater with only cement asa binder is proportional to the degree of
reaction of cement, o, and the cement content, C.

W, =0.25-a,-C 3)
For concrete with silicafume and cement the amount of non evaporablewater is

W, =0.25-0.-C~0.34-0-S C))
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where o is the degree of reaction of silicafume and S is the amount of SiO, in the silicafume,
Helsing-Atlassi (1993).

A way of describing the degree of reaction of cement o isaccordingto Byfors (1980):

(A1(In1-89) K1)
Ue =€ 1 )

where t, is the equivalent maturity time, and h,, t, and k, are constants obtained by fitting
equation (5) to a probable development of degree of reaction of a composition in which all
cement becomes hydrated. A set of constantscould be obtained for each cement type. Inasimilar
way equation (5) was used to describe the degree of reactionof silicafumeas function of time.

The equivalent maturity timet, of any composition can be calculated as:

t
te = [Bwsc -Bw By -Br-dt 6)
0

In the model the rate of reaction in any composition is calculated by the rate of reaction in a
fictive composition with the sametype of cement and cement content which is cured at 20°C with
enough water to hydrate all cement, times a number of reduction factors. The first factor is
considering the limited space availablefor reaction productsto form. The factor called By, varies
with W/C and degree of reaction and is decreasing with increasing degree of reaction. It
represents the difference between reaction of compositions with different W/C cured with full
supply of water. The second reduction factor By, is considering the amount of water available for
reactionsand the third factor B, is considering the state of the available water, in terms of RH.
The fourth factor B, is compensatingfor curing temperaturesother than 20°C.

1 1
Br = e(e'(ﬁ_nzn» 7

whereT isthe concrete temperaturein "C and

30
T+10

0 =0 e - ( )K3 )

where6_; and k, are obtained from experimental adaptations, Byfors (1980).

The influence of the state of moisture (RH) on the rate of reaction is considered by a factor 3,.
This factor was evaluated from measurements of rate of reaction at different levels of RH. Asa
reference climate 100 % RH was used, Norling Mjornell (1996a).

The relation between , and RH has been approximated with a straight line between RH,,,, where
B, =1 and RH;, where B, =O. Typica valuesare RH,,,, =100 % and RH,., =70 %, FIG.-4.
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RH,,.. can be somewhat lower than 100 % for some types of cement due to the effect of alkali,
Hedenblad and Janz (1993).

(¢-0.7)
03

By = when Q=07 and B, =0forQ<07 (9)

1

0.8 i
0.6 1
s

o)
04 L
02 L

0

0 0.5 1

FIG.-4 Reduction factor for RH, B,.

The water reduction factor By, is considers the decreased rate of reaction due to limited amount of
water available for reactions. Since By, and B, considers different effects of moisture, these two
factors can not be evaluated separately. But without separating the effect of the amount of water
availableand how hard it is bound (the state of moisture), it would have been difficult to find the
dependency of the degree of reaction. The factor B,, was evauated by comparing the
development of degree of reaction for seal cured and water cured cement mortar with the same
composition assuming that B, can be approximated with equation (9). A reasonable assumptionis
to describe By, asthe degree of saturation of the capillary pore volume.

W /C-kys -
By = e/ vg "Y¢ (10)
Wy/C-0.19-a, “kvg O

The factor By, for three different W/C are shown in FIG.-5. The congtant k,, corresponds to the
amount of water held in the gel pores per amount of cement at a=1 and a 100 % RH. A typical
vaueof k,, is0.25 for a concrete with W/C=0.4 and SRPC type Degerhamn.

The reduction factors By, and B, are only evaluated for the reaction of cement. Earlier
measurements indicate that reaction of silica fume also is influenced by moisture, Norling
Mjornell (1996a). However, this effect is not yet included in the model which means that By=1
and B,=1 for silicafume.
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Degreeof reaction

FIG.-5- The factor By, asfunction of degree of reaction for seal cured cement paste with
different W/C.

The product of the two factors B, and By, is shown in FIG.-6. Factor By, was expressed as a
function of relative humidity ¢ using the relation W (¢, @).
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HG.-6 The By-B, factor asfunction of RH for variousdegreesof reaction, W/C=0.4.

The decreased rate of reaction due to limited space for reaction productsto form is considered by
the reduction factor By, which is afunction of the maximum degree of hydration and W/C, see
equation (11) and FIG.-7.

Lmax —%¢ ?
Bw/c = (—*—) (11)

amax

The By, factor was evaluated by fitting the product of the assumed development of degree of
reaction for a paste with infinite W/C and B, to measured data on degrees of reaction of cement
for water cured pastes with different W/C. The factor By, 1S assumed to be equal to 1 for silica
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fume since the products formed when silicafume reacts with calcium hydroxide amost have the
same volume as the reactants.
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Degree of reaction

FIG.-7 Reductionfactor By, for different W/C. Vduesof 4, andaare0.95, 1.5for
W/C=0.7, 0.77 and 2 for W/C=0.4 and 0.6 and 3.5 for W/C=0.25.

22  Sorptionisotherms

The relation between evaporable water and RH (desorption isotherms) has been measured for
compositions a different ages. The empirical expression for the desorption isotherms was
originaly formulated by Hedberg (1994) but it is dightly modified in the present mode to

includethe effect of degree of reaction of the shape of the curve. Theterm (b-a..-10) was former a
constant.

! b0 10
We(.0) = Gy (1=~ ygpy) +Ki %00 - (12)

where G, isthe amount of water per m* held in the gel poresat 100 % RH.
Gy =kyg -0c-C+036-0g S (13)

W1, )=P, where P is the maximum amount of water per m® that can fill the pores at a certain
degreeof reaction.

P(a) =Wy -019-0c-C+036-ag-S (14
K, isthen calculated as

(P—G1(1—m))

(e(b—ac 10) . 1)

Ky= (15)

An example of empirical desorption isotherms calculated according to equations (12)-(15) are
presented in FIG.-8 together with measured valuesfor different degreesof hydration.
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FIG.-8 Modelled age dependent sorption isotherms for SRPC D, W/C=0.40. Points are
measured valuesfor different degreesof hydration, Norling Mjérnell (1996b).

3. RESULTS
3.1 Input parametersused in the calculations

A method of finite differencesis used to calculate the degree of reaction and the degree of self-
desiccation in seal cured cement paste. The accuracy of this method is very much dependent on
the time step used. Thereforevery short time steps (0.5 hours) are used during the first day when
the increase in non evaporable water is very rapid. After one day the time step is increased with
half an hour per time step. This has shown to give results with good accuracy. The degree of
reaction of cement and silicafume and the RH were cal cul ated according to Equation 3 to 15 with
parameters from TABLE-1 and TABLE-2 for the corresponding composition.

TABLE-1. Cement parametersused in the calculations.

Parameter SRPCD OPC sl Silica
A 1.5 1.5 10
t, 6 3 4
Ky 1.4 1.6 2.2
O..r 4600 4600 4600
K 0.39 0.39 0.39

TABLE-2. Other parametersused in the calculations.

W/(C+S) | Cementtype S/(C+S) Ol a k., b
0.25 SRPCD 0 0.6 3.5 0.25 8
10 0.7 2.5 8.5
0.3 5 0.72 24 0.26 9
0.4 0 0.77 2 0.25 10
10 0.85 1.5 0.3 12
OPC St 0 0.77 2 10
10 0.8 1.5 12




3.2  Calculated degreeof reaction

The parametersin TABLE-1 givea degree of reaction in a hypothetical cement pastein which all
cement will be hydrated (W/C>1.0). With reduction factors according to equation (13) and FIG.-7
the degree of reaction for lower W/C was calculated, see FIG.-9.
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Time (h)
FIG.-9 Calculated degree of reaction for water cured cement paste with OPC Sliteand

different W/C.

A comparison between measured and calculated degree of reaction was made for water curing
and sealed curing. Water curing was simulated by keeping factor B, =1 and By, =1. For sealed
curing B, and By, were calculated according to equations (11) and (12). The results are shown in
FIG.-10, FIG.-11 and FIG-12. Note that the same B,, and B, are used for the two compositions
with W/C=0.4 although the type of cement is different.

For one composition the degree of reaction at a curing temperature of 5°C was calculated
(Br=0.33), see FIG.-11. When the curing temperatureis not mentionedit i s supposed to be 20°C.
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FIG.-10 Degree of reaction of seal cured and water cured cement paste, SRPC D,

W/C=0.25. A comparison between measured (markers) and calculated (lines) data. Measured data
from Helsing Atlassi (1996).
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FIG.-I1 Degreeof reaction of cement paste, SRPC D, W/C=0.40, A comparison between
measured (markers) and calculated (lines) datafor sealed cured (By,-B,<1), water cured (By-B,=1)

and seal cured at 5°C (By-B, <1, B+<1). Measured datafrom Helsing Atlassi (1996) and
Bengtsson et &l (1996).
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FIG.-12 Degree of reaction of cement paste, OPC S1, W/C=0.40. Comparison between

measured (markers) and calculated (lines) data. Measured datafor water curing, Norling Mjérnell
(1996).

3.3  Calculated relative humidity

The decrease in RH was calculated and is presented together with available measured data in
FIG.-13, FIG.-14and FIG.-15.

0.95 |
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FIG.-13 Relative humidity in seal cured cement paste, SRPC D, W/C=0.25. A comparison
between measured (markers) and calculated (lines) RH. Measured data from Persson (1992).
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FIG.-14 Relative humidity in seal cured cement paste, SRPC D, W/C=0.40. A comparison
between measured (markers) and calculated (lines) RH.
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HG.-15 Relative humidity in seal cured cement paste, OPC S1, W/C=0.40. A comparison
between measured (markers) and cal culated (lines) RH.

34  Sendtivity analysis

The three parameters h,, k, and t, that are influencing the development of reaction are important
for the result since other parts of the model, such as By, Bw and RH are depending on the degree
of reaction. A sensitivity analysis was made to see the effect of changing one or more of these
parameters with +1-50 %. Combinations of the three parameters at three levels: initial vaue,
(initid value)-1.5and (initial value)-0.5 were run in the model. The results were used to evauate
the sengitivity in the degree of reaction and RH at an age of 1, 28 and 365 days. The largest
difference compared to the result with the initial value of the parameterswas when k, was kept at
a low level and A, was kept at a high level. The degree of reaction after 365 days was 0.4
compared to 0.71 and the RH was 98 % compared to 88 %.
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4. SUMMARY AND CONCLUSION

A genera model of reaction of cement and decrease of RH due to self-desiccation has been
developed. The results from the model correlate well with observations for SRPC Degerhamn
W/C=0.4 and 0.25, and OPC Slite W/C=0.4. The same reduction factors are used for both
compositionswith W/C=0.4 even though the cement typeisdifferent.

100
SRPC . ® ®»
Degerhamn 8
*
® .
9 + _e* *
RH (%) .*"o OPC Slite
¢ %8
80 + o .-
8
o
70 : , s :
0.2 0.3 0.4 0.5 0.6
w/C

FIG.-16 RH after 28 days of sealed curing as function of W/C for two different cement
types. Comparison between measured and cal cul ated (dotted lines) values. Measured dataare
equa to FIG.-1.

A sengitivity analysis was carried out to study the effect of the parameters h,, k, and t,. These
parameters are sensitive to small changes especialy if one is higher and the other is lower than
the " correct™ values. An advantage with the model described in this paper is that only one set of
parameters is required for each type of cement ingtead of one set of parameters for each
combination of W/C and type of cement. The parameters should not be evaluated fiom heat
evolution measurements during the first few days, but rather from the amount of chemicaly
bound water. Interpolation between parameters for different compositionscan be hazardous since
it isthe combinationof the parametersthat gives a specific development of degree of reaction.
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MODELLINGDIMENSIONAL CHANGESIN LOW
WATER/CEMENT RATIO PASTES

EDDIE A.B. KOENDERSand KLAASVAN BREUGEL
Delft University of Technology
Délft, The Netherlands

ABSTRACT

Hardened cement paste is a porous materid. Directly after mixing, al pores are considered to be
completely filled with water. As hydration proceeds, pores become emptied and the relative
humidity in theemptied pore space will reduce. Thisreduction of the relative humidity goes aong
with a reduction of the gas pressure in the emptied pore space. Thermodynamic equilibrium
requires an increase of the surface tenson in the boundary layer that develops at the inner pore
wadl area. Form this thermodynamica approach, autogenous deformation of a hardening cement-
based material can be determined. A mode will be presented which will be discussed and
validated by experiments. Good agreement is reached between the simulations and the
experimenta results.

1. INTRODUCTION

The pore volume of cement pasteis generally defined astheinitia paste volume minusthe volume
of the solid material. The ratio between the pore volumeand the initia paste volume is defined as
the porosity. Thetotal pore volume of a cement-based materia is considered to be a contribution
of anumber of pore volumes of pores with a certain diameter. For cement paste, it is generdly
assumed that these pore diameters form a continuous pore size distribution [1]. For neat cement
paste, the poresin the pore system consists of pores with diameters that range between 10 A to
10" A [2]. The pore diameters involved in the pore size distribution of a cement-based material
can be subdivided into different categories that characterise a certain type of porosity of the
cementitious material. This are: the gel pores, the capillary pores and the air voids. Several
authors have proposed upper and lower boundariesfor thesethree types of pores. However, there
exists no general agreement on the boarder limitsthat should be applied. As an example, in Tabel
1, an overview is given on the different pore types and the range limits, as proposed by Y oung
[2]. Each typeof poresthat isrepresented by acertain pore range, hasits own properties. For the
three pore classes as given before, pores within the range of the capillary pores are considered to
be ableto transport water or gas through the microstmcture. Thisis a very important property of
this type of pores. On the other hand, the gel pores and enclosed air voids are not able to
transport water or gas through the system. They form a closed pore system in the cementitious
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materid. Therefore, only the capillary pores are considered to form the "canal system' through
the hardening microstructureof a cementitious material. The upper and lower boarder values of
the pore diameters within which pores are classified as capillary poresare: 0.002 pm 5 ¢ 5 10
pm, where ¢ is the pore diameter. This means that pores with a diameter smaller than 0.002 pm
are assumed to be gdl pores and pores with a diameter larger than 10 pm are assumed to be ar
voids. The porosity and the pore size distribution, generally, are assumed to be effected by several
factors. These are, the degree of hydration, the waterlcement ratio, the temperature, the cement
composition and the particle size distribution of the cement. Mostly, these factors effect only the
total pore volume and the maximum pore diameter involved in the system. However, it will not
effect the classfication of the pores as given before. The porosity of cement paste consists of
pores which exhibits a certain pore size distribution. In this paper, a mathematical description will
be proposed that smulates this pore size distribution. With this, pore fractions of a certain
diameter represent a certain pore volumein the paste. The summation of al these fractions again
lead to the total pore volume. With thisformulation, the moisture state in the hardening paste can
be describedin detail. Thisis necessary for modelling the volumetricchanges of hardening cement
paste.

It is possble to reach thermodynamic equilibrium in the capillary pore system. This is a
continuously changing state of equilibrium that is driven by the degree of hydration. The modd
asit isproposed in this paper equilibratesthe relative humidity in the emptied pore space with the
thickness of the surface layer at the pore wadls and with the surface tension in this layer. This
equilibrium can be established iteratively.

To come to the volumetric changes of the hardening microstructure, the model originaly
proposed by Bangham in 1931 will be used [3]. Thismodd relates the volumetric changes of the
continuously changing microstructure to the changes of the surface tension in the surface layer
that has been formed at the pore walls. This appeared to be alinear relationship.

For the determination of the evolution of the microstructure of cement-based materids, the
numerical smulation program HYMOSTRUC is used. This program has the potential to smulate
and predict the microstructural development as a function of the particles size distribution and
chemical composition of the cement, the waterlcement ratio and the temperature [4]. The modd
asisdiscussedin this section has been implemented in the HYMOSTRUC program. The volumetric
changes of experiments on cement pastes with different water cement ratios and with cement of
different finenessas well astests taken from literature are smulated with the proposed model.

Tabd |. Classification of poresin cement paste.

Classificationof poresin cement paste (after [2])
Type Diameter [pm] | Description Role of water
Capillary pores | 10 - 0.002 Macropores | Accessble for water and able to
transport water
Gd pores <0.002 Micro pores Not accessible for water. Not able to
| transport water
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2. PORE STRUCTURE

2.1 Moddlingapproach

During the hydration process, cement paste changes gradually from a viscous agueous liquid into
a hardened porous material. The total pore volume in this materid is characterised by pore
diameters that follow a certain distribution. The pore size distribution of a cementitious can either
be measured, e.g. by mercury intrusion, or can be obtained by computer simulations. The pore
Sze distribution relates the cumulative pore volume to a certain range of pore diameters. In this
way, a relationship is known between a the pore volume that is occupied by dl pores with
diameters that range between certain limits. In HYMOSTRUC the pore size distribution is described
mathematicd by (seeFig. 1) [I]:

v, = aln(fo—) W

whereV, isthe pore volume, ¢ the diameter of the capillary pore, ¢, the minimum capillary pore
diameter and “a” a pore structure constant that represents the increase of the pore volume with
respect to the pore diameter. The pore volume formed by pores smaller than ¢¢=0.002um (see
Tabd 1), e.q. gel porosity, isnot included in thisformulation. The total pore volume in a cement
paste depends on the state of the hydration process, viz. the degree of hydration o.. At the initid
stage of the hardening process, the total pore volume is equal to the paste volume minus the
volumeof cement. Thisratio isdetermined by the water/cement ratio. At that particular stage, the
total pore volume is completely filled with water. After some hydration has occurred (WO), the
total pore volume has decreased due to the formation of hydration products. The pores reman
not completely filled with water since some part of the water volume has been used up by the
reaction process with cement. From this, distinction can be made between those pores that are
gtill completely filled with water (¢w.r) and the empty pores. The diameter of the pore that is still
completely filled with water will be within the boarder limits of the capillary pores, €.9. ¢o < Oya <
dpor. The maximum pore diameter involved in the pore size distribution ¢y, can be derived from
equation (1). At a certain degree of hydration, the maximum pore diameter involved in the pore
System can be determined by:

a

V. t
1 () = b0 exp( p (X ”j @

The actual total pore volumeV, changes continuoudy throughout the hardening process. Pore
space will reduce due to the formation of hydration products but, on the other hand, new pore
space will be formed due to the volumetric reduction that is a result of the chemica reaction
between the water and the cement (chemical or "Le Chatelier shrinkage). Therefore, in this
equation, the total pore space Vy(0t)) is considered to be build up from two contributions.
Theseare the actud pore volumethat is occupied currently by capillary water and an additional
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Fig. 1. Schematical representation of the pore size distribution with emphasis on the state of the
pore water in the actual pore volume.

volume that is the result of the chemica shrinkage. The relative contributions of both volumes
change continuously during the hydration process. Changes of the total pore volume goes aong
with changes of the inner pore wall area. The inner pore wall area of the hardening cement paste
is considered to be covered by athin adsorption layer of water molecules. The thickness of this
layer depends mainly on the relative humidity in the pore system. Changes of the actua water
volume in the system due to hydration, will change the relative humidity in the pore space and,
therefore, also effect the thickness of this adsorption layer. It is assumed that the water volume
that is occupied by the adsorption layer goes at the cost of the free capillary pore water volume
that is availablefor further hydration (physically bounded water). Therefore, the diameter of the
pore that is still completely filled with water will become smaller due to the existence of the
adsorptionat theinner porewall area

Adopting the modelling approach as it is proposed up till now, detailed information on the
properties of pore structure of a hardening cement paste is available. The only unknown
parameter in the formulation (eg. (1)) that remains unknown, is the pore structure constant “a”.
The vaue of this unknown parameter can be determined either from literature data or by usng
numerical models. Keeping a data base that containsinformation on the pore structure of different
types of mixtures is a serious option to achieve an adequate prediction of the pore structure
constant “a”. Using a numerica model to achieveinformation on the pore structure constant “a”
IS even more convenient. However, it must be beared in mind that this is a modelling approach.
Therefore, in the next section, it will elucidated how the pore structure constant can be
determined form pore si ze distribution measurements.
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Fig. 2. Pore size distribution measured by Whiting [13].

2.2 Poredructureconstant “a” deter mined from experiments

The dimengonlessparameter "d’ can be derived from measurementshy dividing the intrudes pore
volume by the pore range. This can be carried out with help of equation (1) and assuming the
minimum capillary poreto beequal to 0.002 pm. An extended literature study turned out that this
parameter ranges between 0.05 (coarse cement) and 0.11 (fine cement) depending on the type and
finenessdf thecement that is used.. From thisinformation, the pore structurecan be modelled in a
proper way (eq. (1)). In Fig. 3, amoddeled poresizedistribution is presented which representes
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Fig. 3. Poresizedistribution according to the proposed mode.
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the measured poresize distributionas givenin Fig. 2. From the measurementsis cal cul ated that
theinclination angle “a” isabout 0.08. This valuewas applied to the model. The agreement
between the experimental and smulated resultsis quite good. It showsalso the reductionof the
average porediameter as hydration proceeds.

2.3 Poredructureconstant “a’” determined from random particlestructure

The pore structure constant “a”, that determines the pore size distribution in a cement paste
microstructure (see eg. (1)), can be derived form a random particle structure. This can be
considered as the numerical way to determine the pore structure constant “a”. Earlier, in section
2.2, this pore structure constant was determined from experimental results. However, in this
section it will be elucidated how smilar results can be obtained by application of the extended
HYMOSTRUC model. In the extended verson of the HYMOSTRUC model, the formation of
structureis modelled by an increase of theradii of the spherical cement particlesthat are parked in
space randomly. During hydration, the physical boundary's of the cement particlestart to expand
(grow) and start to form a microstructure. Some particles may become embedded in the outer
product layer of larger particles. This procedure results in the formation of a load bearing
framework. In Fig. 4, two stages of the progress of the hydration process are presented for a
cement of medium fineness (Blaine 420 m*/kg) and a waterlcement ratio of 0.3. Initialy, if no
hydration has taken place, only unhydrated cement particles (black spheres C) exist which are
distributed randomly in the mixing water facing the waterlcement ratio. It is assumed that the
formation of the microstructure starts, after the dormant stage has ceased. Direct after that

L

0=0.5

C = Anhydrouscement grain = Outer product B = Inner product

Fig. 4. Modelling Formation of structure of a cement paste with a waterlcement ratio of 0.3 and
acement fineness of (420 m?/kg). (Backgroundcolour is black!)
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particular stage, largely, a structure of unhydrated cement grains with minor formation of
hydration products starts to develop. The distinction between the formed hydration products
caled: 'outer product' and the zone at which the mixing water has penetrated into the cement
particle caled: 'inner product’ can be observed form the figure quite clear. At an arbitrary degree
of hydration of 0.1, a microstructurewith little formation of hydration products can be observed.
However, at a degree of hydration of 0.5, the actualy developed hydration products tend to form
a dense microstructure. From this structure, the pore space can be recognised (black colour).
Most of the pores are closed and surrounded by hydrating cement particles. The average
dimensions of the pores that can be observed range roughly between 1 and 10 pm. However,
since the shape of the poresisirregular, isit hard to determine a pore size distribution from a
microstructural mode that isrepresented by regular shaped pores. Therefore, use can be made of
the weighted average of the total pore volume and total pore wall area. Among others, Setzer [6]
proposed a procedure to determine the hydraulic radius from the total pore volumeV, and the
total porewadll areaA,,,. Thisradiusisdefined asfollows:

R = Yo 3)

A,
where Ry is the hydraulic radius. Together with the pore size distribution (eq.(1)) and the
minimumdiameter of the capillary pore, the hydraulic radiuscan be determined from the random
particle structure (Fig. 5). The hydraulic radius changes continuously during hydration. It
decreases with increasing degree of hydration. This appears to hold true for the three types of
cement with different fineness. Dengification of the microstructuredue to the formation of

Hydraulic radius [um
3.0 y [pm]

\ Blaine
|
20 300 m2kg
~~ 420 m2/k
~ T~
1.0 —~
' 550 m2/kg —
w/c=0.3

0.0 .
0.0 01 0.2 0.3 0.4 0.5 0.6
degree of hydration

Fig. 5. Left: Hydraulic radius versus degree of hydration for three different cement pastes. The
resultsare determined from the random particle structure.
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0.15

Blaine 550 m&/kg
— w/c=0.3

\

\\

0.10 ~
Blaine 300 m3/kg
w/c=0.5

Pore structure constant "a"
determined from random
particle structure

0.05 ‘ '
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Fig. 6. Pore structure constant “a” versus degree of hydration for two different cement pastes
determined from the random particle structure.

hydration products around the hydrating cement particles will reduce the initial pore volume of
the hardening cement paste. On the other hand, it will enlarge the inner pore wall area, since the
average pore diameter decreases. This means that if the formation hydration products proceeds,
the surface area of developing microstructure will increase as well. This will aso lead to an
increase of the inner pore wall area. Assuming that the hydraulic radius represents the weighted
pore diameter for the hardening paste, the pore constant “a” can be determined from a random
particle structure. From the hydraulic radius Ry and the pore volume V,,, the pore structure
constant “a” can be calculated. In Fig. 6, the pore structure constant is shown for two different
types of cement paste. It appearsthat the vaue differs only dightly for both pastes with progress
o the hydration process. It appears that the valueis highest for the cement paste that containsfine
cement and alow water/cement ratio. A higher value“a” in equation (1) impliesthat more smaller
pores are involved in the microstructure. Thisin good agreement with what is generally found by
experimental data[7].

3. THERMODYNAMICEQUILIBRIUM IN THE PORE SPACE

In this section, a model will be derived that describes the thermodynamic equilibrium in the
emptied pore space of a hardening cement-based microstructure, e.g. cement paste.

Initially, a plain cement paste consists only of a water-cement emulsion. At this particular stage of
hardening, no structure has been formed by the hydrating cement grains. Cement particles are
considered to be distributed randomly through the cement paste. Hydration of these particles will
form a porousload bearing structure. At this moment of hardening, the pore spaceis considered
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Fig. 7. Schematical representation of the liquid-interface-gassystem (taken from [8]). Left: Redl
situation. Right: Gibbs mode.

to be completely filled with water. After setting, at a certain stage of the hydration process, some
pores are partly filled with fluid and partly with air. Thisimpliesthat there exists a water/vapour
interface layer in these pores between the fluid and the air. In general, this system can be
considered as athree phasesysteme.g. capillary water (fluid) - interfacelayer - air (gas). Thiscan
aso be described in terms of the bulk phases. In that case they are the free capillary water, the
adsorption layer and the emptied pore space that isfilled with gas, respectively. The composition
o the interface volume will usualy differ from the other two bulk phases. Therefore, it appeared
to be useful to expressthe composition of the surface phase (adsorption layer) in terms of mole or
weight fractions. A macroscopic definition of the adsorption volume can be derived by using the
Gibbs [8] theory. This theory is based on a three phase system consisting of a dividing surface
layer and two additional phases of homogenous distributed substances. The phases become
inhomogenous close to the geometrical dividing surface (see Fig. 7). In the Gibbs modél, initidly
the thicknessof the interface is taken as zero whereas in a rea system, this interface layer has a
finite thickness. Assume ¢; as the concentration of component i, in moles per unit volume. From
this, the number of molesin the liquid phase and the gas (air) phase can be denoted by ni=c;-V;.
Considering the capillary pore-systemto be a closed system that contain n moles, conservation of
mass requiresfor theinterface:

no’ =n- ndquid —ngas (4)
where n,; the number of molecules adsorbed to the pore wall area, n the total number of moles

involved in thetotal system, njiquiq i Sthe number of molesin the liquid phase (capillary water times
its concentration ) and ng, is the number of moles present in the gas phase of the system (gasin
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emptied pores)). The thickness of the molecular layer per unit area that is adsorbed to the inner
pore wall areacan be determined by:

L )
A (o)

por

where Ao(0) isthe total pore wal area (see also Fig. 1). Considering the three phase system as
described above, the mechanical work W that occurs after an infinitesma phase change of the
capillary system can beformulated asfollows:

dW = d(p,V,) +d(0A ) 6)

where p, is the gas pressure in the system, V, the volume of the capillary gas, ¢ the surface
tension, or often called "free surface energy™, and A, the surface area that is submitted to the
surface tension. If dQ is the heat that is produced by an infinitesma change of a mechanica
system, then thefirst principal of thermodynamicsleadsto:

dQ = dU +dwW %

where dU is the internal energy in the system and dW the work carried out by the system. In a
closed system an infinitesmal change of dQ can be written as dQ=SdT. Where dT is the absolute
temperature increment of the system and S the entropy. If the temperature remains constant
during a infinitesmal phase change (isothermal conditions), this latter term becomes zero. This
leads to a more smplified formulationfor the description of the thermodynamic equilibrium in the
pore-system. Conservation of work for a closed capillary pore system leads to the following
expressionfor thechange of the surface tension with respect to achange of the gas pressure;

do _ _RTn, 8)
0P, DA (0)
with R the generd gas constant and T the absolute temperature. Substitution of equation (5) in
(8) and integration leads to the basic equation (9) that describes the relationship between surface

tension and therelative pressurein the pore-system.

pg/p():l

6=RT [T(p,/py)d(In(p, / p,)) ©)
Pg/Po

This fundamental equation describes the relationship between the surface tension in the surface
layer a theinner pore wall area and the relative humidity in the emptied pore space. The thickness
o the adsorption layer I isalso afunction of the relative humidity in the emptied pore space. For
a hardening cement paste, the relative humidity in the gradual emptying pore space will decrease
as hydration proceeds. From equation (9), it can be noticed that the surface tension in the surface
layer will increaseif the relative humidity in the pore space decreases. This means that with this
equation, thermodynamicequilibriumin the pore space can be established iteratively.
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4. TOWARDS AUTOGENOUSDEFORMATION

The volumetric change of a hydrating cement paste is the result of the reduction of the relative
humidity in the emptied pore space (self-desiccation). It was Bangham (1937) [9] who related the
external deformation of coal to the surfacetension in the adsorption layer formed at the inner pore
wdl area. In severa papers he used the adsorption equation of Gibbs to describe this
phenomenon. Bangham used his theory to point out that with solid, as opposed to liquid surfaces,
the surface energy, representing the work spent for the formation of a unit of new surface, must
thermodynamically be in equilibrium with the pressure. In his theory, he considered the three-
phase system as discussed in the previous sections (see section 3). Next, he found that a change of
the expansion of coal could be related linearly to the change of the surface energy that appears at
the adsorption layer. This approach has been shown to be valid for hardened cement paste by,
among others, Wittmann [10]. For hardened cement paste, the materiad properties are totaly
developed. As far as this hardening cement paste is concerned, the material properties change
continuoudly with elapse of time. Therefore, relationship between the external deformation and
the surface tenson must be considered incrementally and can be formulated asfollows:

Jde, , 0O
ot 7”'_9?
where de, is the strain increment that describes the microstructural deformation of the hardening
paste (autogenous deformation), do the surface tension increment (see eq.(9)) and h a
proportiondlity factor. In fact, this proportionality factor is the compliance modulus of the
hardening materid (cement paste). According to Bangham, coal would swell proportional to the
decrease of the free surface energy. In genera, for hardening cement paste, the opposite
behaviour is observed, viz. cement paste shrinks proportional to a increase of the free surface
energy.
The proportionality factor h that relates the rnicrostructural deformation to the surfacetension in
the adsorption layer was proposed, by several authors[ 11, 12, 13, 14]. Minor differences appears
between the relations as proposed by these authors. According to Bangham, this constitutive
relation, has thefollowing shape:

(10)

2o Pr (11)
3E,
where: C = porewall areacf the empty pores
Note: C=Z(0t) = Apor(0)-Aya(0)
Ppa = Specificmassof the cement paste
E, = modulusof elasticity of thecement paste

Note: E,=E, (o)
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As can be noticed from this relation, the pore wal area, the specific mass of the cement paste and
the development of the modulus of easticity play an important role in the smulation of the
volumetric changesof the microstructure (autogenous shrinkage) during the hardening phase.

5. MEASUREMENTSVERSUSNUMERICAL SIMULATIONS

In Fig. 8, the autogenous shrinkage is presented as a function of time for a cement paste that
contain acement of high fineness (Blaine 550 m#kg). Results are shown for a waterlcement ratio
o 0.3,0.4 and 0.5. It shows a strong increase of the autogenous shrinkagefor a decrease of the
waterlcement ratio. The largest autogenous shrinkage, ca. 2%., iS measured after about 168 hours
o hydration for the cement paste with waterlcement ratio of 0.3. The very strong increase of the
autogenous shrinkage at the beginning of the hardening processcan be related to fact that at this
early stage of hardening process, the elastic modulus has only developed minorly. The volumetric
contraction of the microstructure will then experience hardly any restraint of the stiffness of the
paste. Consequently, large deformations can easly occur. For higher waterlcement ratio's, this
contraction forces will be much smaller so that the volumetric contraction of the microstructure
will be less pronounced at that particular stage of the hardening process. For a cement paste with
aratio of 0.4 much less shrinkageis measured. After 168 hours of hardening, a shrinkage value of
about 1%o has been reached. Thisis a strong reduction (50%) in comparison with the paste that
has a water-cement ratio of 0.3. A further increase of the waterlcement ratio to 0.5 reduces the
autogenousshrinkage again by an other 50%.

InFig. 9, ashrinkage measurement is presented for acement paste with a cement with afineness

Autogenous deformation [ % ]

1.0 i T
— — - Expeiment
HYMOSTRUC
w/c=0.5
o = h‘
w/c=0.4
— w/c=0.3_|
Portland cement paste
Blane550 n#/ kg
_3.0 ] | |
0 40 80 120 160

time [hours]

Fig. 8. Autogenousshrinkage of cement paste versustime. Left: Threedifferent waterlcement
ratio's. (Finecement, high hydration rate)
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Fig. 9. Autogenousshrinkageof cement paste versustime. (Coarsecement, low hydration rate)

of 300 m’/kg. Due to this relatively coarse type of cement, the hydration process will develop
rather dow. Implicitly, the development of the autogenous shrinkage will develop dowly as well.
From the figure it can be observed that the autogenous shrinkage is still increasing after about
1400 hours of hardening. This process will proceed until hydration has ceased. The measured
volumetric contractionsare simulated by the HYMOSTRUC. These simulations are based on the

4Autogenous deformation [ %e ]
0. !

1

o= - Experiment

HYMOSTRUC
0.0 ‘#_\ u

.

N

-0.8
Portland cement paste
Blaine 300 m?kg wice=0.3
1.2 '
0.d 0.1 0.2 0.3 04 0.5

degree of hydration

Fig. 10. Autogenous shrinkage versusdegree of hydration. Portland cement paste. Water/cement
ratio 0.3.
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Fig. 11. Comparison between experiments on cement paste (Blaine 352 m’/kg) carried out by
Tazawaet.al. and numerical smulationsby HYMOSTRUC.

shrinkage model as outlined in the previous sections. The resultsshow avery good agreement.

In Fig. 10, the development of the autogenous deformation of the coarse cement paste (Blaine
300m?/kg, wer 0.3) is presented as a function of the degree of hydration. The numerical
smulations are compared with experimental results. Also for the very coarse types of cements,
the proposed mode appears to be able to predict the autogenous deformation of the hardening
cement pastefairly well. This holdstruefor the time domain as well asfor the degree of hydration
domain.

In [15], Tazawa has presented his results of an extended experimental study on autogenous
shrinkage of cementitious material. Some of his results on plain cement pastes are smulated with
the proposed shrinkage model as implemented in HYMOSTRUC. The results are shown in Fig. 11.
Good agreement has been obtained between the experimental results and the numerica
smulations. This holds true for both the waterlcement ratio of 0.3 and a waterlcement ratio of
0.23. The autogenous shrinkage increases to a level of about 1.5%. for the cement paste with a
waterlcernent ratio of 0.3 and for the cement paste with a waterlcement ratio of 0.23, the
autogenous shrinkage reached a value of about 2.5%0. However, the volumetric contraction of the
microstructure may continue aslong as hydration goes on.

6. CONCLUSONS

Describing the volumetric changes of hardening cement paste on a thermodynamical basis turned
out to be quite satisfactory. The proposed modd predicts the autogenous deformation of
hardening cement paste quite accurately. The numerical simulations are in good agreement with
the experimentally obtained resultsfor cement pastesthat contain cement of relative high fineness
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as well as for pastes that contain a relative coarse type of cement. This holds true for various
water cement ratios.

In addition: to come to a model to predict the volumetric changes of hardening concrete, interna
restraint due to the availability of giff aggregates has to be taken into account in the modd.
Reologica models as proposed by Counto or Hirsch can be applied for this purpose. However,
theinternal restraint can also be smulated with the aid of alatticemodd [16].
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ABSTRACT

The purpose of this project is to modify dready exiding tools and to develop new ones for
crack risk estimation adopted to High Parformance Concrete a early ages. In order to be adle to
modify known technique, it is necessry to recognise the features that characterise high
performanceconcretein comparisonwith ordinary concrete.

Two such features are shrinkage and sdif-desccation in hardening concrete at early ages
The homogenous volume change (shrinkage under seded conditions) induces additiona stresses -
gpat from those related to temperaure - in a restrained structure. Hence, investigations of
shrinkage phenomenaare vitd for the sudy of early age behaviour of High PerformanceConcrete.

For an unrestrained structure temperature differences may cause loca cracking. In such a
case homogeneous shrinkage - over cross section - gives no stress contribution, and it is therefore
important to distinguish between the temperature and moisture components of the non-dadtic
deformation. Another reason to separate moisture and therma movements is to give a rationa
base for andysesof structuresin generd with respect to shape and restrained conditions.

To be e to cdculate stresses in a satisfactory manner,, it is necessary to perform stress
measurements and to check the tested results with computed vdues. Such tests are performed here
for the well defined case of fully externd restraint, in which the stress state is assumed to be
uniform over the cross section, see Hg. 1 If this structura member is subjected to homogeneous
dhrinkege and a Smultaneous temperature rise followed by a cooling phase, tensle sresses will
devdop due to the combined effect of temperature and shrinkage. If the tendle stress leved
approaches the tensle srength a crack may occur. Also, lower compressve stress will be
developed due to the combined effect of shrinkageand temperature.

PARANNNNNN

TIIITI777

\Inﬂcxible suppoﬁs/
Hg. 1 Schematicdly pictureof afully restrained structurd member.
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SELF-STRESSESDUR! NGHARDENING

If a structural member of hardening concreteis free to expand during the early age hesting
phase of the hydration process and later contracts without being restrained during the subssquent
cooling phase evidently no stresses will be induced. However, thisis rardly the casein practice as
the concrete in a structure is nearly dways restrained to some degree, either externaly by
adjoining structures or internaly by temperature and moidure fidds in the components of the
sructureitsalf.

For Norma Strength Concrete, NPC - water binder ratios (wp /B) = 0.40 and above - manly
temperature volume changes will induce dresses in the concrete due to these imposed restraint
conditions. For High Performance Concrete, HPC - w; /B below 0.40 - both temperature and
moisture changes may have an influence on the stresses induced in the concrete. The issue of
primary interest is whether the induced stresseswill leed to cracking or not.

A very important part of the researchisto cdibrate the theoretical modds in laboratory tests
for different types of concrete mixes, cement typesetc. Thus atest method has been developed at
Lule4 University of Technology wherethe therma stressesin concrete specimensarerecorded .

The frame conggts of rectangular hollow steel beams with profile VKR 450x250 nm (stedl
thickness 16 mm), sse Hg. 2. The concrete specimenisa lmlong beam, 150 mmin square. In the
relaxation tests the concrete is poured directly in the frame. Tensle reinforcement conssting of 8
threaded rods (6 nmm in diameter, 100 mm long) & each end tranamit tendle forces from the
concrete to the frame during the cooling process.

A plagtic foil surrounds the specimen protecting it from drying. In the frame the specmeniis
located in a box made of Plexiglas. Two heaters blow temperateddr into the box in order to give

the concrete specimen a temperature development representative to some Specific concrete
sructure.

For the caculation of such a timetemperaiure curve the temperaiure and strength
development of the concrete have to be known 2 ? 9, For the caculaion of the representative
temperaturecurveafinite eement program (FEM) called HETT ¥ is used in this studly.

One end of the specimenis fixed in the frame, which in turn is fixed to the floor, and the
other end is free to move in the longituding direction. When the goecimen tends to expand, a
servo-hydraulic cylinder (capacity + 750 kN, cylinder stroke 150 mm) will press the free end back
into position so tha the length of the specimen is hdd congtant. In the same way the servo-
hydraulic cylinder will pull the free end beck to its initid pogtion when the spedmen tends to
contract in the cooling stage of the test. Thisis controlled by a displacement indicator measuring
thelocation of the free end related to the floor (i.e related to the free end). The force excited by
thecylinder isdirectly proportiona to the stressesoccurringin the concrete specimen.

Results of one tested HPC mix and one NPC nmx are shownin Hg. 3. One interesting result
can be s=en in thefigure, for HPC 3 tensle forces starts to develop dready during the hegting
dage. The exact reason for this is not known yet, but can possbly be related to effects of
dhrinkege due to SHf desiccation for HPC 3 with low enough water to binder ratio. The water to
binder ratiofor HPC 3 and for NPC are 0.31 and 0.40 respectively.
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SHRINKAGE UNDER SEALED CONDITIONS

Test soecimen for concrete should have a certain haght in relation to maximum aggregate
Sze, dmax, in Order to make posshilitiesfor a sructurein representing the concrete as an gpparent
homogenous maerid. Thisis often st to three times dy... as a mni mimvaue. The test specimens
hed the dimension of 100 * 100 * 250 mm, see Hg. 4. This gpecimen Sze can be used for concrete
mixes with aggregate 9zes up to 32 mm, which covers mog of the common concrete mixes. The
standardised test soecimen for shrinkage meassurements on old normd concreteis a beam with the
dimensions 100 * 100 * 400 mm

176



For young high performance concrete there has not been any special test specimen size used
as a standard. Instead, many researcher have used the same beam as for norma concrete.
Measurement of salf-desiccationfrom ®, where a specimen size of 100 * 100 * 600 mm was used,
shows the smilar shrinkage as our tests for the same water binder ratio. This indicates that the
length of 250 mm to 600 mm does not have any influenceon shrinkage at sealed conditions. One
conclusionisthat shrinkage at seal ed conditionsprobably is atrue material parameter.

100

Fig. 4 Test gpecimen used for measurementsof relative humidity and shrinkageon young HPC and
NPC.

With this smilar result in mind it should be possible to measure shrinkage on shorter test
specimens and still have quite good accuracy of the measuredresullt.

TEMPERATURERISE IN TEST SPECIMEN

The shrinkageof young hardening concrete competes with thermal expansion thefirst hours
after casting. When measuring the shrinkage it is inevitable to register only the deformation
(shrinkage) using manua measuring technique without possibility to regulate the temperaturein
the test specimen. It is therefore necessary to record the temperature changes in the hardening
concrete during shrinkage measurements ™. For a test specimen with 100 * 100 it size in this
study, the temperaturerise have been about 3to 5"C, see Fig. 5. The temperature rise may cause
aswelling of the test specimen which can benoticed directly after the measurementshave Sarted.

For correction of this temperature rise the therma strain during the expansion phase,
assumed to be 10 pm/m °C, have to be excluded from the shrinkage measurements. This may be
done as the temperature rise is known, and then it is possble to obtain the pure self-desiccation
grain. The thermal strains represent a Sgnificant portion of the measured strains. The measured
strain can be expressed as

gtat =£T +ESH (1)

where &0 = Measured strain, pm/m
&r =thermd strain, pm/m
& = true salf-desiccation shrinkage, pm/m.
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If the dhrinkage taken from separate tests is assumed to be ruled by the equivdent time of
maturity, the vaues of &y can be etimated at any temperature time devdopment. From the
measured or ca culated temperaturedeve opment the thermd strainis estimated by

Er=AT 0 @

where Er = therma drain, pm/m
AT = temperaturedifferencein goecimen,”C
o,; =therma expangon coefficient, pm/m°C.

The thermd didribution in the test soecmens have been cdculated according to how each
one of them has been handled from pouring the concrete into the mould until a few days after
cading, see Hg. 5. The gpecimens have been demoulded as early as possble, which here means at
a time of 8 to 20 hours after cagting. The demoulding time is determined with respect to the
diffnessaf the concrete to avoid damaging the concretea preparation of the test yoecimen.

25 25

| Temperature HPC 3 i Temperature NPC 1
24 — Calculated 24 — ——  Calculated
O R X Measured & ] X Measured
g 23 4 g 23 —
2 2
< -1 < -
2 22 — 292 | \%
g g
= ] et 7
21 21 —
- - X x X
20 T | 20 T I i l 1 l 1 l 1 l
0 24 48 72 96 120 0 24 48 72 96 120
Time, hours Time, hours

Fg. 5 Caculated and measured temperaturerise of concrete goecimen HPC 3and NPC L

EMPIRICALLYMODELLING OF SHRINKAGEASA FUNCTIONOF TIME

When ginkage on seded spedmens is messured there is not dways measurements of the
sf-desiccationdonein pardld tests from the same batch of concrete. If this is the case, thereis
dtill aneed to be adle to expressthe shrinkagefor subsequent sressandyses.

The shrinkage as afunction of time for membrane sedled concrete” is mainly a consequence
of the sdlf-desiccation, which is more pronounced for concrete mixtures with low water binder
ratios and high binder contents, i.e drcumgances typica for HPC. Time dependence of the
ghrinkage is here chosen to be expressed in aamilar way as may be usad in describing the degree
of reaction for hardening concrete by
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Oy s
ESH = Epef *CXP| — foa =120 3

&rof = referenceultimate shrinkage, pm/m

6su = empirical parameter representing the time when inclination of
shrinkagechangesintime, h

teqg=equivalenttime, h

te 0 = Start timeof measurements, h

nsy = empirical constantruling the curvature, -

where

By fitting equation (3) with respect to the least square method, Fig. 6, the evaluation gives
parameters presentedin Table- 1

g
= -100
=.
Y
=3
E -200 —
£
X

E» ——  Calculated X X
[70]

- e HPC2

A NP
'400 i l i l 1 I 1 l 1 | ¥ l 1 I 1 | T I T I
0 400 800 1200 1600 2000

Equivalent time after cast, h
Fig. 6 Evaluated result of concrete HPC 7 according to equation (3)

Table- 1: Evaluated parameters using method 2 for shrinkageunder seal ed conditions.

Mixture tep, B |Eref, umimf MNsH, - Oy, h
HPC2 26.96 -360 0.38 140
HPC3 9.29 =370 0.33 70
NPC 1 20.56 -230 0.35 150

When using equation (3) no direct connection between the ultimate shrinkage and the water
binder ratio has been found. One contributory reason for this may be the previous mentioned
uncertaintiesof the shrinkage at very early ages. However, the parameter describing the curvature
isintheregionof 1/3for most studied mixtures, see Table- 1.
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Comparison between evaluated result for concrete HPC 2 and by Dilger ® measured
shrinkageis shown in Fig. 7, whereit can be seen that theresult for HPC 2 show good agreement
with the measured data. Both concrete mixtures have the same water binder ratio but evaluated
parameters are based on own measurements up to 28 days after casting. The calculation has been
madefor shrinkagestarting 24 hours after casting.

0
I ) Dilger et al (1996)
s - = = Calculation based on HPC 2
-100 g

1
\

200 o N
o
®

-300 —

Shrinkage at sealed conditions pym/m

0 50 100 150 200 250 300 350
Time after casting, days
(t0 = 24 hours)

Fig. 7 Calculated self-desi ccationshrinkage compared with measurements made by Dilgeret d.
wo/B = 0.30 parametersaccording to Table- 1 of concrete HPC 2.

The evaluation of shrinkage using equation (3) seemsto be able to predict long term sealed
shrinkage from short term measurements, which could be usedin thefutureto get fast information
of sedled shrinkage based only on short term tests.

THERMALDEFORMATION UNDER VARYING TEMPERATURE

Cylinder specimens (length 340 mm, O 80 mm) are used to determine the coefficientsof free
thermal dilatation of the hardening concrete. Immediately after casting the concrete specimen is
placed in water with a temperature of 20 °C. 30 minutes before test the specimen is demoulded
and two strain gauges are mounted on the specimen. The inductive strain gauges of type LVDT
Schaevitz type 010 MRH are mounted on composite bars made of invar and graphite. With this
type of gaugesthe deformationcan be measured with an accuracy of about 0.03pm.

The two transducer gauges are placed on opposite sides of the specimen, see Fig. 8 The
concrete which is controlled by the deformation gauges is located in the central part of the test
specimen. Before demoulding the compressive strength is tested and has to be at least 3 MPa.

Depending on the concreteit is possible to demould and apply the gaugesonto the specimen about
6 - 10 hours after casting.

After the strain transducer have been mounted the specimen is placed in a water tank
equipped with heating devices.

The thermal development of some chosen newly cast concrete structure is smulated. This

method requires an efficient regulation of the heating device in order to follow the pre-chosen
time-temperature curve with regard to the temperature in the water and consequently in the
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specimen. The temperature was measured in the water just outside the specimen and inside the
concrete. The regulation of the water temperature was performed in such a way that the
temperatureinsde the concrete specimen has the same temperature devel opment as the smulated
structure. However, the temperaturedifference between water and specimenwas found to be very
gmdl.

Fig. 8 Inductive strain gauge mounted on the border of the test specimen at thermal deformation
tests.

Evaluating the total measured deformation without splitting of therma and moisture
movements, i.e. to directly use the total deformation from tests, will give combined “sealed”
coefficients, oz’ and o, representing the expansion phase and the contraction phase respectively.
It isdifficult to determinethe combined expansion- and contraction coefficient with high accuracy,
especially when the sealed shrinkageis very pronounced, seeFig. 9.

For High Performance Concrete the self-desiccation effect can be observed as the specimen
contracts even when the temperature still is risng which gives an image of drastic changes of the
deformation coefficients during hydration. However, a dight age dependence of the coefficients
may be observed both for High Performance Concreteas well asfor normal strength concrete.
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Fig. 9 Exampleof combined thermal and moisture movements(total deformation) for HPC and
NPC.

The shrinkage measured on sedled specimens- evaluated by means of equation (1) and (2) -
is expressed by equation (3). Temperature equivaent time is assumed to be ruling the shrinkage
development, which is the same assumption as in Tazawa®. One example of measured total
deformation for concrete HPC 3 is plotted together with measured shrinkage against equivalent

timeinFig. 10.
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Fig. 10 Measured total deformation and sealed shrinkagefor HPC 3.

The expansion coefficient, ¢, isrepresented by theinclination of the deformation, when the
temperatureis increasing, and the thermal contraction coefficient, o, is represented in the same
way when the temperatureis decreasing. The evaluation has been performed from the latest start
time, see Fig. 11, of either the therma deformation test or the start time of the shrinkage
measurements. The choice of start timefor separationis that both types of deformation should be
valid at the same time. By subtracting the sealed shrinkage from the measured total deformation
thetruethermal deformationis obtained, whichis shown by thesolidlinesin Fig. 12.
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time

Fig. 11 Schematically pictureof chosen start timefor the separation of measured deformation.

The thermal expansion coefficients, o, is quite stabile and isin the region of about 10 - 12
pm/m °C for both High Performance Concrete and Normd Strength Concrete. The thermal
contraction coefficients, o, show levels about 7 - 9 pm/m "C for both High Performance
Concrete and Norma PerformanceConcrete”?.
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Fig. 12 Free therma expansionand contraction test of HPC 3and NPC.

COMMENTS CONCERNING THE EVALUATION OF THERMAL MOVEMENT COEFFICIENTS

The thermal deformation coefficients obtained may not be pure materiad coefficients due to

the way of regulating the temperaturein water with direct contact with the test gpecimen which
may cause moisture gradientsin the concrete. For high water cement ratio it may even be possble
for the water to penetrate into the specimen so no moisture gradients will occur, but this could
result in moisture swelling of the concrete. In the case of water cement or water binder ratios
beow about 045, it may be possble for the water to flow only into the surface layer but not
through the whole specimen. If water is sucked into a certain depth, a local swdling of the
gpecimen will occur. In this case a sysem property will be measured instead of an intended
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material property. If asystem property is measured it may reflect how the pore structure looked at
that particular moment.

For High Performance Concretethe cement paste matrix is assumed to be very dense so only
the very outer region of the surfacelayer will be affected by this swdling. Hence, the gradient will
not disturb the overall deformation and the recorded deformation is therefore affected only
dightly. To be sure to measure materid properties it would be recommended to perform
deformation testson seal ed specimensin thefuture.

A swdling large enough causing gradients affecting the measurementsor in extreme cases an
amost homogeneous swelling Wl lower the contraction coefficients. Smilar behaviour have been
reported by Ben Amor and Clement who performed therma deformation measurementsat various

moisture states %

THERMAL AND MOISTURE STRESSES

The uniaxial congtitutivelaw for incremental caculations of stresses for young concrete at
variable humidity and temperaturecan be expressed 'V ' by

AC = Ey,, -(Ae— Agy,) (4)
with

E=E.-(1+¥,) 5)
and

Aetoot = A&pp+ As‘(;, + A% 6)
where .  o=4gressinthematerial, Pa

E =thetotal strain

A =denotesan increment during the actua time step

Ec =fictitiouselastic modulusfor thetimestep including basic creep effects, Pa

72 = incremental adjustment due to non-linear stress-strain behaviour

&re1 = relaxation strain

8?0 = nonelastic strain, including the stress-inducedpart, due to achangein
humidity

€7 =nonelastic strain, including the stress-induced part, dueto achangein
temperature

The structural condition for the stress-frameis completdly restraining, which means that a
relaxation test is performed and the external deformationisidenticaly zero (Ag =0). For thiscase
equation (4) - (6) arereduced to

Ao, = —E,, - Asfm )
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where o, = rel axation stress associated with externa restraint conditions, Pa

For loadingin tensionthefollowing virgin stress-strain curveisintroduced

(0]
O _%n for —<a, ¢))
fet & fo
and
c € o
-——-=1—(1—ac,)-exp(—(—”‘—ac,)/(l—-ac,)] for —>a, ®
fci E, fc.

where Jer =tenglestrength, Pa
&n = materid strain (= drain related to the stresslevel)
o = relaive sressleve (=o'l £, at which non-linear stress-strainbehaviour starts
€, =fu /E. = grainlinearly rdated to the tensile strength

The non-linear stress-strain adjustment factor isformally expressed by

o

fe )
«(.S)

whichfor monotonicloading gives

d(

Yd = 1 (10)

g, o
Ya =exp(—(£——ac,)/(1-—a,_.,))—1 for 7 >0, and Ac>0 (11
o ct
where Ep = theaveragematerid strain during thetime step in question
Ao = dressincrement during thetime step in question, Pa

The amplification of non-damage behaviour is here chosen for all other cases. When
equation (11) isnot valid y, = 0.

The stress-strainoutlinedin equation (8) - (11) isillustratedin Fig. 13.
The unrestrained movements in equation (4) - (6) are here expressed as stress-induced

deformations'® as

Aq‘f:Aa,“-(HpT-;’

ct

- sign(A@)) (12)

o €e o
Ag, = Ael* -(1+p, -

7 - sign(Ap)) (13)
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where Aef* = unrestrained and stress-free thermd strain due to thermal changes
Aeq{’ * = unrestrained and stress-free moisture strain dueto humidity changes

pr = adjusment factor for stress-induced therma gtrain
Py = adjustment factor for stress-induced moisturestrain

The changein relative humidity for smultaneouschangesin eveporablewater content can be
expressed ' by

dp

Ap=[,-A . 1
Q=0 AT+ o, Aw, (14)
where [y = averagehygrothermal coefficient during thetime step in question.
G [,
AN
1+—— — — ———
B
41
/|1
/
o, —— - sl
ct /
/
/ ; N
0 7 1 7
0 1 Enl &

Fg. 13 Non-linear stress-strain behaviour at tension, seeequation (8) - (11).

In generd, equation (14) is amed to be used to determine the term sign(Ag) in equations
(12) and (13). For the cdlculaions here, i.e for young concrete with a consderable temperature
change and a changein evgporable water content only due to self-desiccation, an assumption that
temperature changes dominate equation (15) gives '”

sign(A@) = sign(AT) (15)

Note that equation (15) is certainly true for caculations here at the temperature cooling
phase, as both AT and Aw, are less than zero a this stage. Another smplification '™ is that
sress-induced deformations according to equations (12) and (13) is not introduced until the
concrete has reached an equivaent age of twelve hours The reason for thisis that at very early
ages the micro-structure of the concrete is very wesk, and the essentid behaviour is probably
caught by high creep valuesat thisage?.

The caculated compressive strength for each concrete mix is based on a piece by piece
linear function in the logarithm of time The tendle strength is then estimated in relation to the
compressivedrengthas
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A
fa=1" (—f—f—J (16)

where for =tendlesrength, Pa

fec = COMpressive srength, Pa

f¥ = reference tendle strength, Pa

¢ =referencecompressivestrength, Pa

B1 = exponent

In equation (16) f¢ can be chosen in advance (sy /¢ = 10 MPa). Then f/¢ is the

tendle strength at that chosen reference compressve stirength, and the parameter B, expressesthe
curvatureor thereationship.

STRESS CALCULATIONS

The use of equetions (4) - (6) with y,= pr = p, =0 are here cdled linear caculations.
With y, according to equation (11), pr #0 and p, =0 the cdculations are here named non-

linear. Note thet to be ableto use y, according to equation (11) in the nonHlinear calculationsthe
parametersof equation (16) must be know to estimate the tensile strength.

Deve oped stresses have here been cdculated with combined and separated (true) moisture
and thermd coefficients. The results are compared with stress andlyses performed in the relaxation
tests, see FHg. 14. All cdculations presented in these figures are norHinear with respect to the
congtitutiveequations (4) - (6).

One generd condudion from the cdculations is that to be adle to follow the measured
dresses within £ 0.5 MPa a every time nonlinear stress caculations have to be redised. As
mentioned earlier High Parformance Concrete shows early tensile stresses before the temperature
rise has Sarted.

To be aileto modd these early tengdle stresses the absoluteleved of the shrinkageis assumed
to be linear from the time, 7, until the first shrinkage messurement have been recorded at the

time, 1, See Hg. 15. The time for start of measured shrinkage varies in time for every concrete
mixture, as the measurements are carried out manudly. The starting time depends manly on the
ealy strength devdopment of the concrete, which for instance is influenced by amount of
admixtures (superplagticizers).
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Fig. 14 Calculated stressesfor HPC and NPC compared with test results.
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Fig. 15 Hypothetical pictureof shrinkagebehaviour at very early age.

For example, if concrete mixture HPC 3 is examined it can be seen that about 0.5 MPa
tendle stresses are devel opedin the concrete specimen with start of the tensile stresses about four

hours after casting. Using the hypotheses of linear shrinkage at start and measured stresses
expressed by equation (3) the total shrinkagecan be expressed as

n
0., } SH
0

g,=Ag T €, "EXP —[teq ~le 17

where Ag; = additional shrinkagestarting at very early age, pm/m
Epof = referenceultimate shrinkage, pm/m

6, =empirica parameter representingthe timewhen inclinationof shrinkage
changesintime, h
te; =equivalenttime, h
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50 = dtart time of measurements, h
Ng; =empirical constant ruling thecurvature, -

The very early additional shrinkage, Ae,, is here chosen to be 120 pm/m for HPC 3.
Probably, if the measurements of sedled shrinkage would have started four hours after casting

instead of eight to ten hours this early age shrinkage would have been reflected in the
measurements.

If a new calculation of developed stressesis performed under assumed additional very early
shrinkagethe result would be as shown in Fig. 16. Ascan be seen in thefigure, the very early age
tengle stresses can be smulated, but the effect on therest of the calculated stress development is
negligiblecomparedwith Fig. 14.
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@ A
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a ICompression Measure
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Time, days
Fig. 16 Stress calculation taking early linear shrinkageinto account.
Applying this way of separating the moisture and the thermal movements from each other
and adopting non-linear behaviour when modelling stresses it is possible to andyse a different

temperaturedevelopment for the chosen structure, seeFig. 17. The result when using this method
shows good agreement with test results, see Fig. 18.
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Hg. 18 Stresscdculation according to the temperaturedevelopmentin FHg. 17.

CONCLUSIONS

Useaf equation (4) based on short teem measurementsgives high level of accuracy for long

term prediction of sedled shrinkage.

In order to get correct values of ultimate shrinkage, measurements haveto start as soon asa
sructure hasdevedoped. An arbitrary start time of shrinkage measurementsmay indicatelow

vauesd ultimateshrinkage.

Vey early tenslesresses have been measuredin High Performance Concrete before

temperaturerise have started. Thisimplies that messurementsd’ shrinkagein High Performance
Concrete should preferablegtart as early asfour hoursafter cagting.

190



It can be understood from the therma expanson and contraction tests that shrinkage should
be consdered. If nat, the evauated thermal expans on and contraction coefficientswill e
representing both shrinkage and therma movements The combined coefficientsmay not befitto
usein other cases having another temperature devel opment then tested.

The measured movementsrecordedin therma deformationtests can be separatedinto true
therma movementsand pure shrinkage by assuming maturity timeruling free shrinkage under

seded conditions. Then the principa of superpositionmay be goplicableand aseparation of the
measured deformeation can be performed.

Results, eva uating accordingly this, show stablevaluesd the therma expansoncoefficient
inthelevel of 10 - 12 pm/m°C and the eva uated thermd contraction coefficient indicatesaleve
of 7 -9 pm/m°C.

The gress deve opment can be mode led with stress-induced deformations and non-lineer
behaviour. Evenif the usad materid modd is correct, the obtained result may givetotaly wrong

behaviour of the concrete. Therefore, great care should be used in the determination of
deformation behaviour.
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MICROCRACKING IN HIGH PERFORMANCE CONCRETE - FROM MODEL TO
THE EFFECT ON CONCRETE PROPERTIES

by Udo Wiens, Birgit Meng, Petra Schroeder and Peter Schiesd
Institutefor Building Materials Research
Aachen University of Technology
Germany

ABSTRACT

The existence of microcracksin high performance, low w/b-concrete with dlica fbme has
been verified by severa investigations. One of the most outstanding factors promoting the
development of cracksin the microstructure of high performance silicafume-concreteisto be
seen in context with the reaction characteristic of dlica fome at an early age. In order to
describe the mechanisms of microcracking and their effect on durability properties of high
performance concrete with silicafbme and fly ash investigationson hardened cement paste as
well as concrete tests were performed with high slica fbme contents. The course of the silica
fbme reaction, especialy at early ages, was recorded by thermogravimetric andyss. It can be
deduced from the investigations on the reaction mechanisms of slicafume at early ages that
pozzolanic reactionsoccur with dlicafbme at an early age. However, pozzolanic reactionsare
not the only reactionswhich take place: Water- rich gel phases develop very quickly withinthe
first 12 hours, and these are accompanied by a high rate of evolution of hydration heat. These
gd phases once again release a large proportion of their water relaively quickly (stage
between 12 and 24 hours). This phase transition could serve as a plausible explanation for the
early shrinkage and the frequent ultrafine microcracking systems which are to be found in
concretes containing a high leve of slicafume.

Autogenous shrinkage and water penetration experiments, as well as freeze-thaw tests with
deicing salts have been carried out on concrete with Portland cement, to quantify the effect of
microcracks on durability properties. With the means of thin sectionsfrom concrete specimens
the crack pattern has been characterized as highly interconnected. It was found that the
shrinkage under sealed conditions (autogenous shrinkage) is about 70 % of the total measured
shrinkage under dry conditions. Water penetration depths of up to 20 mm within one day of
water exposure were measured indicating the capillary activity of the interconnected
microcracksand thus clarifying the relatively high weight losses due to freeze-thaw attack in
combinationwith deicing salts.

Kewvords. Microcracking, Silicafbme reaction, Shrinkage, Autogenous shrinkage, Durability,
Water penetration behaviour, Freeze-thaw resistance (with deicing sdts)
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INTRODUCTION

The postive influence of pozzolanic additionson the propertiesof concreteis well known

from research and practice. The long term effects have been studied extensvely while only a
few investigations on processes at early ages (the first 3 days) exist. The known increasein
early strength shows that the silicafume reaction starts at very early ages. On the other hand,
effects like an increased early shrinkage (autogenous shrinkage) resulting in microcracking
have been reported, when slicafumeisadded [1,2,3].
The investigations described in this paper were initidly part of different research projects
dedling with the reaction mechanisms of fly ash and slicafume in cementitious materials [4]
and their influence on the dkalinity of the pore solution [5]. The phenomenon of microcracking
observed in the course of these investigationswere initialy not the objective of these research
works, but were more or less found coincidentaly. The overdl tests on the reaction
mechansms of slica fume at early ages[4] combined with the investigations carried out with
respect to the characterizationof the durability properties of low w/b-concrete with silicafume
[5] gave a conclusive figure of the formation and the effect of microcracks on durability
properties.

MATERIALSAND MIXES

Materials

Table 1 compares some of the chemicd and physica properties of the cements and the
additions used in the test series. For the cement paste and concrete investigations, three
Portland cements (CEM | 325 R) and one blagt-furnace dag cement (CEM IIVA 32.5 R)
containing 46 wt.% of dag in compliance with the requirements of the German cement
standard DIN 1164 were sdlected. The chemica composition of the fly ashes (FA1 and FA2)
corresponds to a low-calcium class F fly ash in accordance with ASTM C 618. Both slica
fumes (SF1: uncompacted powder; SF2: durry with 50 wt.% solid content) are approved as
concreteadditions according to German test mark guiddines.

Table 1: Chemicd Composition of Cementsand Additions

Item Unit Cament (CEM) Addition

U1 12° | 13V | m/A | FAL | FA2 | SF1” | SF2”Y
Chemica Compostion
- Si0, 19.7 19.2 204 259 47.1 52.0 911 948
- Al,O4 5.31 6.26 5.7 7.03 26.9 277 0.14 0.86
- Fe, 05 3.11 2.40 29 1.99 9.26 8.45 3.65 0.65
- Ca0 63.9 63.6 64.0 53.6 4.26 2.58 1.09 0.37
-MgO wt.% 1.04 1.31 1.8 3.77 228 1.85 102 0.68
-K,0 0.71 0.89 13 0.74 3.31 3.64 0.60 -
- Na,O 0.12 0.12 - 0.19 1.19 1.15 0.42 -
= NaOuquiv 0.59 - - 0.68 3.37 - 0.81 -
- 80; 2.79 241 3.20 2.25 1.77 0.85 0.53 -
-C 0.42 - - - 0.80 - 125 -
-lossonignition 206 | 271 230 1.89 1.93 - 1.96 -
- unsoluble residue 1.13 1.10 0.90 1.19 78.5 82.0 93.0 -
= CaOfe. - 0.46 - - 0.65 0.10 -

1) producersinformation
2) slica-fume: dry, uncompacted
3) dlica-durry: 50 wt.% solid content; chemica compositionof the solid phase
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Mixesand storage

The reaction behaviour of dlica fume was investigated using hardened cement paste in
combination with 2 different types of cement (CEM I/1 and CEM II/A, s. Table 1). A the
tests were carried out on hardened cement paste specimenswith a w/b vaue (b = total binder
content = cement + slica fume = ¢ + s) of 0.50. An extremely high dosage of slicafumein
comparison with practica conditions was used (25 wt.% in relation to the total binder
content), to enable clear identification of the influences on the reaction mechanismsin the
hardened cement paste. After mixing, the cement pastes were poured into plastic bottles
(50 ml) and sedled airtightly. To prevent segregation of the cement paste, the plastic bottlesfor
al mixtureswererotated inthelongitudina axisfor 24 h at atemperatureof 20"C. The sealed
plastic bottleswerethen stored at atemperature of 20" C until the date of testing.

Table 2 contains the mix composition of the concretes andysed. Since the results of these
Investigations originatefrom different research projectscarried out at the Institutefor Building
Materials Research where overdl 8 different binding components were used, it is usefull to
summarize the composgition of the binding materials of the 7 concrete mixes seperately (s.
Table 3). Mixes 1 and 2 contain the highest levd of slicafume and the lowest w/b at normal
cement content. These mixeswere used to study the influence of slicafume and fly ash on the
akdinity of concrete [S]. The w/b of mix 3 is somewhat higher a a lower leve of slicafume
and cement content.

Table 2: Composition of Concretesin the Test Series

Mix | Cem. | Water Addition w/b" c/sif Admixture
No. Fly Ash| Silica | Fibre | Fibre AEA” | SP®
Fume SF
C W FA PAN1? | PAN2?
kg/m® - % kg/m®
1 340 170 302 113Y - - 023 | 45740715 - [13.67]
2 340 170 - 1139 - 034 | 75/25/0 - 12,97
3 240 140 0 307 - 039 | 67/8/25 - 7.1
4 240 140 0 309 - - 039 | 6718/25 | 1.32 | 59
5 240 144 e0) 307 340 - 040 | 67/8/25 - 8.7
6 240 141 0 30Y - 1.20 039 | 67/8/25 - 8.6
7 300 180 - - - - 0.60 - - -

1) w/b = w/(ctstf) 2) polyacrylitrile fibres 3) dry, uncompacted 4) silicafumesdurry; solid content
5) AEA: air entrainmentagent 6) SP= superplasticizer 7) high rangewater reducing agent

Table 3: Binder Composition of Concrete Mixes 4 to 6 have the same w/b and the
Mixes same composition of the binding materials
. . — as mix 3, but are modified with two
MixNo. | _ Binder Composition polyacrylnitrile  fibres  (PANZ: length
1 CEMV1+FAl+SFl 1=6mm; Ow 104 pm; PAN2: length
2 CEMII/A + SF1 l=4mm; O=~20-25 pm) or air
3 CEM 12 +FA2+ SF2 entranment agents to work out their
4 CEMI/2 + FA2+ SF2 influence on freeze-thaw resistance under
5 CEM1/2 + FA2+ SF2 action of deacng sdts. Mix 7 acts as
6 CEM 1/3 + FA2 + SF2 reference concrete with normal  strength,
CEM V1 (estimated strength class: C 20125 according

to prEN 206-1996).

Al concrete specimens with the exception of the specimens for the determination of the
electrolyticresistances were stored as follows: 1 d in formwork, 6 d under water, subsequently
under conditions 20 °C/65 % R.H. up to testing. For the determination of autogneous
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shrinkage the concrete specimens were cast in the formwork up to 6 hours after mixing. The
specimens for the measurement of time- and depth dependent electrolytic resistances were
cured for 2 days in a vapour chamber and subsequently stored under conditions
20°C/80 % R.H.

EXPERIMENTAL

M easur ement of Ca(OH), and bound water content on cement paste

The development of minera phases in the hardened cement paste was investigated using
thermogravimetric andyss (TG). At the time of testing, hydration of the cement was stopped
by placing the cement in methanol. The specimen was subsequently dried at 105 °C and
pulverized, prior to undergoing TG-examination. The analyss programme covered a
temperature range from 30 to 894 "C. Fig. 1 shows the absolute weight losses (TG) and the
appurtenant differentia representation (DTG) over the entire temperature range, by reference
to one representative cement paste specimen. The change in weight (TG) here represents a
specific changein relationto the originaly determined weight of the specimen concerned.

| 0SS in weight-% dw/dT
0 = 0,0000
-2
-4 decomposition of
CaCo; - -0,0004
-6 TG
84 ,

104  'dehydrationof £l ! - -0,0008
CSH

-12 4

-14 - | ) - -0,0012

-16 - decomposition of \_

Ca(OH),
0 200 400 600 800 1000

temperaturein °C

FHG.-1 TG-Andyssof hardened cement paste (100 % CEM |,
age: 28 days)

The hardened cement paste consists primarily of compounds containing hydration water,
together with a smadl fraction of inorganic compounds containing carbonates. The most
important compounds, the cacium slicate hydratesand calcium aluminate hydrates, occur in
cement pastein alarge number of composition variants, the decomposition reactions of which
overlap. The decomposition reactions can be explained by referenceto Fig. 1.

In the temperature range from around 100 to 750 °C, the CSH phases dehydrate rlatively
continuoudly. Between approximately 400 and 500"C, the water is removed from the
Ca(OH),. CaCO; decomposesat a temperature of around 700 "C (separation of the CO,). The
decomposition peak of the Ca(OH), appears reatively sharp in comparison to the continuous
decomposition of the CSH phases. According to Marsh [6], the Ca(OH), content can be
calculated from the TG curve by taking due account of the CSH phases before and after the
Ca(OH), peak and, indirectly (via interpolation), during the Ca(OH), peak. As Ca(OH), is
consumed and CSH phases areformed in the course of the pozzolanicreaction, conclusonson
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the course of the pozzolanic reaction can be drawn from the results of the thermogravimetric
investigation. The consumption of Ca(OH), can be determined directly in comparison with a
reference mixture. The formation of CSH phases can be determined only indirectly, via the
bound water. By subtractingthe water content of the Ca(OH), from the directly measured total
bound water (weight loss in the temperature range from 30 to 600 °C), the fraction of CSH
phases can be deduced from the residual water, subject to severa approximate assumptions.
By way of approximation, the residual water is regarded as CSH water (i.e. water bound in the
CSH phases), although it also contains the water bound in calcium duminate hydrates and
sulphate phases. The time-dependent development of the so-called CSH water fractions can
only provide direct information on the development of the CSH phase fractions when the
stoichiometry of the CSH phasesremains constant.

Thin sections

Thin sections were made up from al mixes except of mx 7. In preparation for microscopy
dices of the size of 100 mm - 70 mm (Size of the thin section) and a thickness of 10 mm were
cut. The specimenswere dried as protectively as possble, taking specid careto ensurethat no
additiona changes of microstructure take place during that process. The material was then
impregnated with an especialy low viscosty resin. A soluble fluorescent agent was added to
the resin to provide contrasting of the pore spaces and microcracksin addition to the essentia
fixing of the structure. Thin sections then were made up. They were subjected to microscopy,
to estimatethe Sze, the geometry and theloca distributionof microcracks.

M echanical Properties
Various strength and deformation parameters were determined in order to characterizethe

mechanica properties of the concrete. Cube compressive strength (150-mm cube) was tested
after 2, 7, 28, 90, 180 and 360 days. The splitting tensile strength was determined using beams
measuring 100 x 100 x 500 mm. The compressive and the splitting tensile strength were
determined according to German standard DIN 1048 at an age of 28 days.

The direct tensile strength was determined at an age of 28 days on cylinderswith a diameter
of d = 150 mm and a heght of h=300 mm (load-controlled: 0.05 MPa/s). The flexura
strength was determi ned only for the mixes4 and 5 a an age of 28 days on beams measuring
100 x 100 x 500 mm® according to German standard DIN 1048 (28 days). Table 4 gives an
overview of the properties of the fresh and hardened concretes.

Table4: Fresh Concrete and Mechanica Propertiesof the Different Mixes

Mix Fresh Concrete focn” 2 | fp? | fa®
No. | Densty | Airvod | 2d | 7d | 28d | 90d | 180d | 360d | 28d | 28d | 28d
Content
kg/m? vol.% MPa
1 2300 2.6 nd. 69.2 | 927 | 1090 | 1165 | 1168 | nd. | nd. | nd.
2 2370 1.9 n.d. 703 | 900 | 1078 | 1123 | 1186 | nd. | nd. | nd.
3 2350 26 302 | 491 | 762 | 8.1 | nd. 870 | 29 | 48 | nd
4 2290 47 nd. nd. 584 nd. nd. nd. 29 4.1 4.1
5 2330 30 nd. nd. 671 | nd. n.d. nd. 32| 59 48
6 2360 3.0 n.d. n.d. n.d. n.d. n.d. n.d. nd | nd | nd
7 2340 1.7 n.d. n.d. nd. nd. nd. n.d. nd. | nd nd.

n.d. not determined

1) compressive strength, cubes150 mm

2) direct tensilestrength, cylinders 150 mm/300 mm

3) splittingtensile strength, beams 100 mm/100 mm/500 mm
5) flexural strength, beams 100 mm/100 mm/500 mm
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It is evident that mixes 1, 2 and 3 containing Slica fume are designated as high-strength
concretes according to the RILEM/CEB/FIP classfication. The addition of AEA and fibres
increasesthe air void content of the concretesresulting in lower compressivestrength values at
28 days.

Drying shrinkage

Concrete cylinders with the dimensonsh = 300 nm and O = 100 mm were used as test
specimens. Thefirst measurement was taken immediately after 7 days of water immersion. The
length changes were registered with 3 measuring gauges (accuracy: 111000 mm) fixed at an
angle of 120 ° on the concrete surface. The shrinkageva ueswere determined up to ~ 170 days
after the end of the dry storage.

Autogenous Shrinkage

For the autogenous shrinkage measurements cylinderswith the dimensonsh = 300 mm and
O =100 mm were used as test specimens. After a hydration time of 6 hours, the formwork
was stripped. The measuring gauges were then ingtaled. Subsequently, the specimens were
wrapped up in duminium foil (3 layers) to prevent the drying out of the concrete. The length
changes were registered with 3 measuring gauges (accuracy: 111000 mm) which were fixed at
an angle of 120 on the concrete surface. The shrinkage val ues were measured up to ~ 180
days after the wrapping of the specimens.

Electrolytic resistance

A time- and depth dependent measurement of eectrolytic resistances providesinformation
about the moisture content or the permesabiility of the concrete surface. E.g., a decreasing water
content increasesthe el ectrolytic resstanceof concrete. Fig. 2 shows a possibleredisation of a
depth-dependent resistance measurement developed at our institute. The multi-ring-electrode

toEview
RZ2

section A-A

noble metal
rings {1.4571)

distance from
concrete surface

interspaces filled
insulating rings  with epoxy resin
of PVC or PE measurements in mm

FIG.-2 Schematicrepresentationof the multi-ring-electrode and
aqualitative diagram of measured vaues[7]
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consists of a series of aternate noble metd and insulating rings, arranged above one another.
The design is modular, alowing the user to vary the number of rings according to his/her
requirements. The geometrically optimized verson of the sensor has a diameter of 20 mm and
normally consists of nine noble metd rings, providing eight measuring points. The thickness of
each ring is 2.5 mm and they are 2.5 nm apart, yidding a profile 50 mm in depth with values
every five mm. The rings are connected to cables arranged insde the electrode in such a way
that they do not influence the surrounding concrete (measuring areg). The remaining
interspaces of the electrode are filled with epoxy resin. The arrangement of the multi-ring-
electrodeisshowninFig. 2.

The electrolytic resstance between neighbouring noble metd rings can be measured
externaly usng a suitable AC ohmmeter. A profile is then inferred from the data. Fig. 2
indicatesthe qualitative results, e.g. an increasein resstancevaues due to drying processesin
the concretesurface.

In principle, electrolytic resstance can be determined by AC or by DC current
measurements. In this case, AC measurements are used to determine electrolytic resistance,
ance this virtualy diminatesthe effect of test electrode polarisation which could occur with
DC current. The movable ions between the working eectrodes are made to oscillate,
preventing chemica reactions or polarisation on the working electrode (noble metd ring)
surface. A hand-device designed specidly for measurements with the multi-ring-electrode has
been developed at the ibac. An dternativeis to use a computer-controlled data logging and
andysssystems[7].

Freeze-thaw resistanceunder action of deicing salts

Concrete cubes with a length of 100 nm were used as test specimens to determine the
freeze-thaw resistanceunder action of deicing salts. At an age of 27 days 2 cubeswere put in
one container which was filled with 3% sodium-chloride solution. The quantity of solution
absorption was determined after 24 hours of wetting. After that the cubes were aternatingly
frozen and thawed in 3% sodium-chloride solution. The temperature in the freezer was
regulated so that (0 £2)"C in the cubes centre was reached after 2 hours, starting from
20"C. After keeping the temperature at (0 £ 2) °C for another 2 hours, the specimenswere
cooled down to (-15 * 2) °C within the following 12 hours. Immediately after the total cooling
interva of 16 hours the storing of the containers was continued at (+20 + 2) °C for 8 hours
(1 cycle= 24 hours). Theweight loss of the cubeswas registered after 10, 25, 50, 75 and 100
freeze-thaw cycles.

RESULTSAND DISCUSSION

Reaction of silicafume at early ages

The development of minerd phases was investigated by TG-studies on hardened cement
paste at early ages. Figs. 3 and 4 compare the Ca(OH), and CSH water contents of mixeswith
and without slicafbme at agesof 12, 24 and 48 hours. It can be seenfor both the CEM | and
CEM III/A mixes that the Ca(OH), contents of the specimens containing silica fome are
ggnificantly lower than those of the reference mixes without slicafbme at al the investigated
times. The reverse applies with regard to the so-called "CSH water" content. Conclusions
regarding the pozzolanic reaction can be drawn from the consumption of Ca(OH), and the
bound CSH water. It can be noticed that the mixes with silicafbme contain only very minimal
guantities of Ca(OH), after 12 hours, while the reference mixes without silica fbme aready
reveal a high level of Ca(OH), content. It would appear judtified to assumethat the quantity of
Ca(OH), corresponding to the difference involved here has dready been consumed as a result
of avery early reaction of the slicafume.
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FIG.-3 Influenceof slicafumeon Ca(OH), and CSH-water contentsfor mixes with CEM |
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FIG.-4 Influenceof slicafume on Ca(OH), and CSH-water contentsfor CEM III/A mixes

Fig. 5 showsthe differencesin the Ca(OH), content and in the CSH water content between
the specimenswith and without slicafume. If the difference between the Ca(OH), content of
the mixes containing slica fume and the mixes without dlica fume is interpreted as the
Ca(OH), consumed by a pozzolanic reaction, in the case of the Portland cement this resultsin
the paradox that the "Ca(OH), consumption” is higher after 12 hours than after 24 hours. This
can only be the case if the consumption of Ca(OH), in the period between 12 and 24 hoursis
overcompensated by the new formation of Ca(OH), (possibly accelerated cement hydration by
the effect of glicafume as a nuclegtion substrate).

The course of development of the differences between the CSH contents of the mixes with
and without silicafume, whichisaso presentedinFig. 5, supportsthe theory that a pozzolanic
reaction already takes place at this stage. In dl cases, the CSH water content of the mixes
containing slicafumeis greater than that of the mixeswithout glicafume.
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FIG.-5 Influence of dlicafume on Ca(OH), and CSH-water contents (differences between
the mixeswith and without slicafume)

The blends containing silicafume reved a higher surplus CSH water content after 12 hours
than after 24 hours. This can only mean that primarily water-rich hydrate phases are formed,
which release part of their water content again within several hours. Such dehydrationisto be
found with water-richsllicagds. It is possible that this dehydration may aso take place with
water-rich CSH gels. Since this dehydration may be accompanied by volume changes in the
aready hardened cement paste structure, tensile stresses exceeding the tendle strength are
implied resulting in the development of findly divided microcracks.

Specific examinations of the reaction productsof slicafumein the early phase showed that
CSH phases do not develop directly even when sufficient Ca(OH), is available. Instead, a gel
with hi gh water content and low lime content is first of dl formed [8]. This gel formation
beginsin the very first minutes after mixing. In turn, the ge then reactsto form CSH phases.
This reaction takes place predominantly with Ca(OH),, but it may also occur with CSH phases
containing higher levels of limefrom the cement hydration process [9].

At the age of 24 and 48 hours the results can be interpreted more clearly, after initidly
formed water-rich gel phases have reeased part of their water. A substantial quantity of
Ca(OH),, of approximately the same magnitude in both cases, had already been consumed in
both types of cement. This is accompanied by a higher CSH water content in the mixes
containing silica fume, which supports the assumption that pozzolanic reactions are aready
taking place here.

| nfluenceof microcracks on concr ete properties

Structureof the microcracks

When comparing the thin sections of the concretes made up from ordinary Portland cement
(mix 1) and blast furnace dag cement (mix 2) in combination with the same amount of slica
fume systematic differences become evident. Both mixes 1 and 2 principaly show the same
kind of microcrack formation. The cracks typicdly form an interlaced net, running along the
trangition zone at the aggregate surface and from one aggregate grain to another, often
meeting in the middle between two grains. An obvious distinction of the two mixes manifesting
by visua investigation through a microscope concerns the , meshsize” of the microcrack net
and the width of the cracks. In the CEM | concrete (mix 1) the meshsize is larger and the
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cracks are smaler compared to the CEM III/A concrete. Therefore, it isto be expected, that
the CEM III/A concrete (mix 2) should be more sengtive to the intrusion of fluid media by
capillary suction. One reason for the unfavourable development of the microcrack system in
the CEM III/A concrete may be its high dlica fume content of 25 wt.% relative to the total
binder content (cement + fly ash + slicafume). It seems plausible that the CEM | concrete
develops a less severe microcrack system due to its smdler slica fume content (15 wt.%
relativeto thetotal binder content).

Further concrete specimenswith CEM | containing less sllica fume (8 wt.% related to the
total binder content, mixes 3, 4, 5 and 6) were investigated. As expected the extension of the
microcrack system was less severe than in the mixes rich in dlica fume. At first, the
investigation of the thin section of mx 3 showed, that the local distribution of the microcracks
was rather inhomogeneous. For evauation, the thin section was divided in square fields of the
size of 5mm. The evauation was carried out scanning fied by fidd, counting the number of
microcracksvisblein each fied at a fixed magnification (50x). The result is shown in Fig. 6,
where fields which contain nothing other than a big aggregate and therefore could not be
evaluated are visualized as blank squares. Fidds containing several microcracks usualy
represent an area with an interconnected mesh of microcracks. As demonstrated in Fig. 6, the
microcracks accumulate in certain areas, while other areas are virtualy free of cracks.
Furthermore, Fig. 6 shows that there is no tendency of the microcracksto accumulate in the
outer zone close to the concrete surface. This again supports the assumption that the
development of the crack system is not introduced by the drying process but is definetely
effected by autogenous shrinkage.

Such zones with accumulated and well interconnected microcrack systems will inevitably
affect durability properties of the concrete, because they promote capillary suction.
Theoretically different measuresmight be suitableto reducethis negative influence.

SURFACE

mO>TIC W

No microcrack
snglemicrocrack
several microcracks
' ! aggregate

FIG.-6 Loca distribution of microcracks investigated by fluorescent
microscopy of athin section of concretemix 3
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Asthe interna shrinkage itsalf seemsto be immanent the only way to minimize harmis to
make sure that the microcracks develop as harmlessly as possble. A favourable ateration
would be achieved with shorter, finer and more homogeneoudy distributed cracks. Alterations
in such a manner would diminish the detrimenta increase of permeability. Different measures,
taking thisaim into account, were applied. Theeffect of two diierent fibre (variable: fibre size)
additionsand of an air entrainment agent wastested.

Al three measuresresult in a more favourablegeometry of the microcrack system. Both the
fibres (independent of their Sze) and the air voids force the materid to develop smaler and
very homogeneoudy distributed cracks.

Shrinkage

The occurrenceof high shrinkage strainsat early ages (between 6 and 24 h) was reported by
Wiegrink et a. [10]. When demoulding high strength concrete specimens (w/b = 0,29 - 0,40)
with and without slica fume after 24 hours and continoudy drying the specimens at
20°C/50% R.H. no difference in dirinkege vaues between the mixes was observed.
Demoulding the same concretes after 6 hours an increase in strains was measured with
increasing Slicafume content. The shrinkage values at 90 days were more than 30 % higher
for the mix with 15 % slicafumethan for the corresponding reference mix without silicafume.
The resultsfrom shrinkage measurements under sealed conditions (autogenous shrinkage) for
the high strength concrete(mix No. 3) in Fig. 7 (Ieft) supportsthe findingsfrom Wiegrink that
volume changes without evaporation processes especidly at early ages must play an
extraordinary role.

For the high strength concrete (mix. No. 3), an autogenous shrinkage value of 0,03 mm/m
between 6 (demoulding) and 17 hourswas measured correspondingto 12 % of the strain at an
age of 120 days whereas a tendency toward sweling at this time for a norma strength
concrete(nx 7) without silica fume was found (Fig. 7, left). The cause of these volume
changes may be related to the phase transitions described above. Asis apparent from Fig. 7
(right), the proportion of autogenousshrinkagein relationto the total free shrinkage (drying +
autogenousshrinkage) measured on specimenscured at 20 °C/65 % R.H. after 7 daysof water
storage varies between 35 % at 20 days and 70 % at 160 days after mixing. Thus, it is
supposed that further phase transition reactions may occur even at later ages explaining the
relatively high total shrinkage vauesfor the high strength concrete (mix 3) to be found in the
range of commonly used normd strength concrete.
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FIG.-7 Autogenous (left and right) and total (right) shrinkage of mix 3 (CEM | 32.5R;
w/(cts+) = 0.38; c/s/f=67/8/25 %) and mix 7 (CEM | 32.5 R, w/c = 0.60)
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Water penetration via dectrolytic resstances

The degree of water saturation in the concrete cover as well as the water absorption
behaviour of concreteis decisve with respect e.g. to the resistance against frost attack. By the
means of measuring the depth- and time-dependence of electrolytic resistance it becomes
possible to qualitatively describe the dengfication of the pore structure due to hydration
products from the cement hydration and the pozzolanic reaction of slicafume and fly ash as
well as changes of the water content in the concrete cover due to drying or wetting processes.
Resistances will increase with increasing drying of concrete as well as due to the cement
hydration or pozzolanic reaction of slicafume and fly ash,. The opposite is the case when
concreteis exposed to water. Fig. 8 (a-c) shows the time- and depth-dependent development
of electrolytic resistances for the mixes 7, 1 and 2. The concrete specimens were kept at
20°C/80 % R.H. up to an age of 100 days. In the following 120 days, water at 20 °C was
applied to the concrete surfaces, followed by a further drying period at 20 °C/80 % R.H.
Starting from the normal strength concrete (mix 7) with w/c = 0.60 (Fig. 8a, |€ft), it isapparent
that a strong depth dependence of resistancesdue to drying processes exists, whereasfor both
high strength concretes (mixes 1 and 2) soldy dightly increasing resistance values with
decreasing concrete depth could be observed within the first 100 days of drying at 20 °C/80 %
R.H. (Figs. 8b and 8c). Thus, in the case of the mixes 1 and 2, the drying velocity isvery dow
due to the low free water content and the reduced permesbility (dense pore structure = very
high absolute resistance values). Neverthdess, the interconnected microcrack system in the
pore structure of these concretes may act as a transportation path for the evaporation of free
water moleculesallowing a minor differentiation of resistances.

The right hand plotsin Fig. 8 show the rdative resistance vaues for the water exposure
period between 100 and 220 days. Thelast resistant vaue of the drying period R4 wastaken as
the reference value. After different times of water-application (1, 3, 12, 34 and 42 days) the
depth-dependent resistance vaues (Ryy) were taken from the resistance measurement and
related to Ry. Hence, the penetration front of water into the concretes can be localized as well
as structural changesin the concrete cover, e.g. dueto ongoing of cement hydration.

After a hydration time of 100 days the water application of the concretes started.
Consequently, a pronounced drop of the resistances occurs (Fig. 8a-c, left). The penetration
behaviour of water into the concrete can clearly be extracted from the depth-dependent relative
resistancevalues (Fig. 8, right). For the mix 7, the water-penetrationfront achieved a depth of
20-25 mm &fter 12 days of water-application. With increasng exposure time, the relative
resistancesfal to values between 30 and 40 % between 20 and 40 mm, indicating a relatively
high degree of water saturation within this concrete layer. The penetration behaviour for the
high strength concretes (mixes 1 and 2) shows some interesting effects. Due to the fine
network of microcracks, high capillary forcesare induced resulting in penetration depths of 20
mm after 1 day of wetting for both mixes Despite of the rapid penetration velocity the
resistancevaluesfor the high strength concretesremain at a higher leve in the deeper concrete
layers as compared to the norma strength concrete (mix 7). The penetration front stopsat a
depth of 20 mm for mix 1 and at 30 mm for mix 2, respectively, whereas penetration depths
beyond the measuring range (41 mm) for the norma strength concrete (mix 7) are observable.

The resistance vaues for the high strength concrete with CEM | (mix 1) were shifting
towardshigher valuesin dl depthswith increasingtime. Thisis a clear indication of the sealing
of the microcracks due to the restart of the cement hydration and the pozzolanic reaction of
the slicafumeor fly ash under the action of water.

Sincethe crack widthsin this concreteare smaler compared to the CEM III/A concrete (see
evaluation of thin sections) and the reaction velocity of the additionsis usudly faster in CEM |
mixes, a rapid refilling of microcrackswith reaction products may be the casefor the CEM |
concrete. Thus, only aless pronounced resistanceshift inthe CEM III/A concreteis observable
from 12 to 34 days.
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Electrolytic resistance in Ohm Relative electrolytic resistance Ry/Rq4in %
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FIG.-8a Time- and depth-dependent dectrolytic resistancesfor mix 7; CEM I; w/c = 0.60
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FIG.-8b Time- and depth-dependent development of dectrolytic resistances for mix 1;
CEM I 32.5R; w/(c+st+f) = 0.23; c/s/f = 45/15/40 %
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Freeze-thaw resistanceunder action of deieing salts

One of the most detrimenta effects on concrete is caused by frost attack under action of
deicing sdts. Fig. 9 plots the scaling of mix 3after up to 100 freeze-thaw cycles. Without
addition of fibresor air entrainment agent relaively large weight losses due to the frost attack
are measured for this concrete. Generdly, ascaling of about 5 wt.% a 100 freeze-thaw cycles
for the cube-test is recommended for concretes with high freeze-thaw resistance under action
of deicing sats[I1].

Scaling in wt.%

20 .
—0—Mix 3
—m—Mix 4 (AEA)
16 41 —a—Mix 5 (PAN1) //"

—e—Mix 6 (PAN2)
) / /
8 / /
4

0 ' Y
0

5) 58 75
Number d freeze-thaw cycles

FIG.-9 Freeze-thaw resistance of mixes 3, 4,
5 6 under action of deicing sts
CEM132.5R, w/(cts+) = 0,38,
c/s/f=67/8/25%

These concretes usudly contain air entranment agents. From the test results of water
penetration behaviour (s. Fig. 8), it is evident that high strength conctretes with microcracks
are supposed to be more sengtiveto frost attack than normd strength concretes. However, the
filling of microcrackswith water occurs within one day or less dueto the high capillary forces.
In the areas adjacent to the microcracks no avalible pore space compensating the expanson
pressure exists due to the high gd-porosity (water-filled pores) in low w/b-concretes with slica
fume. A tendency of microcrack seding due to the pozzoloanic reaction of dlicafume or fly
ash can be deduced from the disproportionay increment of scaling with increasing number of
freeze-thaw cycdesfor mix 3 without modification.

By adding fibres (PAN1, PAN2, s. Table 2) or ar entrainment agents (AEA, s. Table 2) to
the concrete, the scaling can be reduced into the range of commonly used norma strength
concretes with air eintrainment agents (mixes4, 5, 6). The addition of microfibres (findy
dispersed) leads to more homogeneoudy distributed microcrackswith smdler crack-widths in
the concrete structure(s. thin sections).

CONCLUSIONS
On the basis of the discussed minera phase evolution in cement paste with high slicafume

contents at early ages and the microcrack development in the corresponding concretes, it is
possibleto draw thefollowing conclusions:
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It can be deduced from minerd phase investigationsthat pozzolanic reactions with slica
fbme occur at an early age. Pozzolanic reactionsare not the only reactionswhich take place,
however: Water-rich gel phases develop very quickly within the first 12 hours. These gel
phases release a large proportion of their water once again relatively quickly. This could
serve as a plausble explanation for the early shrinkage and the frequent ultrafine
microcracking systems which are to be found in concretes containing a high level of slica
fbme. It is supposed that further phase trangition reactions at later ages causes a further
increase in autogenous shrinkage vaues (= shrinkage under sealed conditions). A
proportionof up to 70 % of thetotal shrinkage values could be attributedto the autogenous
shrinkageat 160 days.

The microcracksin the structure of concreteswith slicafbme and low w/b may be more or
less homogeneoudy distributed. With an increasing slica fbme content the microcrack
systemis shifted from coincidentaly distributed sngle cracksto a homogeneous network of
cracks. Nevertheless, within a system of findy divided interconnected microcracks, strong
capillary forces act, acceleratingthe water penetration. The quantity of water absorbed in a
high strength concrete is usudly smdl, but penetration depths of up to 30 mm may be
measured.

If water or solutions of deicing salts penetrate theses concretes and freeze, high tensle
stresseswill arise in the structure due to a lack of expanson space in the adjacent areas of
the microcracks. Thisis a possible explanation for relatively high weight losses determined
in freeze-thaw tests under the action of deicing salts. The addition of air entrainment agents
or microfibresincrease the freeze-thaw resistance of these concretes. In the case of fibres
this may be attributed to more homogeneoudy distributed microcrackswith smaler crack-
widths.

By the means of time- and depth-dependent measurement of eectrolytic resistancesit was
shown that a rapid water absorption occured in the high strength concretes with an
interconnected network of microcracks, but it was also evident that the water penetration
front stopped at a maximum depth of 30 mm, whereas ongoing water absorbtion was
measured for a normal strength concrete with increasing time. This effect together with a
pronounced increase of resistance values despite of avallable water indicated a sedling
(autogenous heding) of microcracks due to the ongoing of cement hydration and
pozzolanic reaction of the additions after water application is possible. This was more
pronounced for a high strength concrete with CEM | compared to a high strength concrete
with CEM IIV/A.

Extended studies should be initiated on further parametersinfluencing the development of

microcracks in low w/b-concretes. Systematic studies should be made on how the type of
cement and, especialy, the level of dlica fbme addition may enhance the development of
microcracks. In theseinvestigationsthe level of slicafbme addition was beyond the permitted
vaues (s/c 0,10 in German approvals for dlica fome as concrete addition according to
German standard DIN 1045).
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ABSTRACT

Three material technological methods to increasethe drying rate of concrete have been studied.
The drying of normd strength concretes (NSC) has been compared with high strength concretes
(HSC) and with concretes (AEC) produced with a normal dosage of air-entraining admixture (4-
5% air content) and also with concretes (EAEC) in which excessive air contents have been
introduced (8-10% air content). The air-entrained concretes and high strength concretesdry faster
compared with normal strength non-air-entrained concretes. Normal air-entrainment of 4% in a
30 MPa concrete caused a faster drying rate that could be measured in a 50 MPa non-air-
entrained concrete. Similarly, 30 MPa concrete having a 8% air-entrainmentdriesfaster than a50
MPa concrete having an air content of 4%. The drying mechanismsand their relative proportions
have also been discussed in aconcise manner.

The difference in the drying of non-coated specimens in different environmentsis very small
when a concrete with alow water binder ratio but high air-content (8-10%) (EAEC) and ordinary
high-strength concrete (HSC) are compared with each other. The evaporation of the EAEC-
concreteis a bit faster than that of the HSC-concretesdueto its larger capillary porosity volume,
but the effect of self-desiccation of EAEC is on the other hand smaller because of its higher
water-binder ratio. Tests have also shown that the drying of coated concrete dlabs in which
EAEC- concrete has been used differs from that of HSC-concrete. Concrete dabs produced from
EAEC continue to dry even after the coating, whilst the drying of HSC slows down or even
stops. The studied floor covering types were a plastic covering and mosaic parquet.

INTRODUCTION

The enhanced drying rate of young concrete is advantageous especialy during building works at
winter timein Nordic countries. According to previous investigations® the best economic profit
can be achieved by a 30 % increase in the contemporary building speed resulting in a slight
increase in the cost of concrete frame but giving savings in the overal building costs. T e
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increased drying rate of concrete proved to be in the critical construction path and it was essential
ininstaling the floor coveringsin an adequately early phase. Present codes require the internal
relative humidity of concrete to be less than 80-90% depending on the covering type before the
floor covering installment.

In this paper, three methods of increasing the drying rate of concrete will be studied. High
strength concretes and concretes produced with normal (4-5%) or high air content (8-10%) are
compared with normal strength site concretes. The findingsand test results will be dealt with in
three parts. The results of the drying rate tests of plain, non-coated concretes will be presented
separate from the effects of different drying temperatures. Finaly, the effects of three different
floor coveringtypeson the drying rate of slabswill be studied.

DRYING OF UNCOATED CONCRETE CYLINDERS
Sample prepar ation, test methodsand materials

The weight loss and relative humidity was determined from concrete cylinders having the
diameter of 152 mm and height of 250 mm which smulated a slab of 250 mm thickness drying
in both directions. The PV C-tubes used as moulds were left at their place for the entire test
procedure, ensuring that the specimens would dry one-dimensionaly through their non-coated
end surfaces. From each test concrete three batches were cast. The batches were identical, except
for the curing conditions. Six cylinders were cast from each batch. The weight |oss was measured
from five cylinders. Two of thesefive cylinderswere additionaly used for measuringthe relative
humidity. The relative humidity was measured from small plastic tubes (O= 15 mm and 1= 100
mm) cast into the cylinders. The tubes were embedded 80 mm and located 60 mm from bottom
and top surface of the cylinder i.e. 24% of the dab thickness. The bottom part of the tube
contained small holes to improve the moisture transport. One cylinder was used for the
manufacturing of specimens for the determination of chemicaly bound water and for the
capillary water suction test. Drying of the concretes started at the age of two days.

The weight loss of the specimens was followed and the relative humidity of the pore structure
was measured for 6 months. The relative humidity was measured using six relative humidity
probes. The measuring time was 8..16 hours. The sensorswere calibrated before and after every
measurement, and the calibration time was 8 hours. The calibration was done with saturated salt
solution of lithium chloride (LiCl) and potassum sulphonate (K,SO,), corresponding to a
relative humidity of 11.3% and 97.6%, respectively, at a temperature of 21 "C. No calibration
was madein between 11.3 and 97.6% relative humidity.

In this research project the measurement of the relative humidity was made with help of PVC-
tubes cast into the concrete. This way the problems with drilling temperature and dust was
avoided. The measurementscan be started immediately after that the temperaturein the concrete
has stabilized. Between two measurements a rubber stopper was put in the tube to avoid drying.
The relative humidity was measured by placing the humidity sensor in the tube and sealing the
space between the sensor and the tube. When the sensor reached equilibrium the relative
humidity was noted. The time required for equilibrium was assumed to be 8 hours. The
measuring time for practical reasons varied between 8 and 16 hours. The drawback of this
method is that the cast in tube inevitably changes the moisture flow within the specimen. The
area around the tube dries therefore to some extent more than undisturbed concrete. This is
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emphasized when humidity changes are followed for a longer period. The accuracy of the
measurements of the internal relative humidity was estimated to vary from =1 to +2%.

The porosity distribution for pore radii 3.7-30000 nm was calculated from mercury intrusion
porosimetry test results obtained from concrete cylinders 25 mm in diameter and 20-25 mm in
height, drilled from larger test cylinders. The drilled specimens were dried in vacuum at 20° C
for six weeks prior to the testing. The surface tension of mercury was assumed to be 480 N/m
and the contact angle between concrete and mercury used in the calculationswas 141.3". When
determining the pore radii the pores were assumed cylindrical. Concrete porosity was
transformedto binder porosity by volumetric calculationsand by determiningthe amount of non-
evaporablewater by ignition method.

The cement type used in this research project was CEM II 42.5R and it was produced by
Finnsementti Oy. Condensed silica fume in the form of powder was used in the production of
high performance concretes and it was of Norwegian origin also delivered by Finnsementti Oy.
Pulverizedfly ash of class F was used in the production of concrete in the strength class of 30-35
MPa mainly asanfiller.

A modified naphthal ene sulphonatewas used as a water reducing agent. The effects of three air-
entraining agents were studied. The chemical compositions of the air-entraining agents were a
vinsol resin, a polyglycol ether sulphonate, and a synthetic tenside. The aggregates used in the
test concretes had a mineral composition of mostly granite and their shape was rounded. In the
production of onetest concretealso quartz fillerswere used.

The mix designs of these test concretes are presented in TABLES 1-3. The maximum aggregate
sze in al concrete mixes was 32 mm. The workability requirements were set as 1 sVB
immediately after mixing and less than 5 sVB two hours after mixing. The air content was
obtained by pressure method from fresh concrete.

TABLE-1
Mix Design of the Comparison Concretes(NSC).
Test |Cement| Water | Fly ash [Slicafume| Aggregate | Air Super- w/
concrete |content | amount | amount | amount amount | content | plasticizer | (c+sf)
(kg/m3)| (kg/m3) | (ko/m3) | (kg/m3) | (kg/m3) | (©6) | (%6 of cem)

Cla 220 165 95 - 1915 0.3 - 0.75

Clb 220 165 95 - 1911 0.5 - 0.75

Clc 220 165 95 - 1915 0.3 - 0.75

C2a 240 170 95 - 1883 0.4 - 0.71

C2b 240 170 95 - 1885 0.3 - 0.71

C2c¢ 240 170 95 - 1883 0.4 - 0.71

C3a 240 170 95 - 1881 0.5 - 0.71

C4ade 271 165 - - 1974 0.8 - 0.61

C5Pa 389 171 - - 1832 1.2 2.0 0.44

C6Pad,e | 241 156 - - 2025 0.4 1.8 0.65

C7Hade|] 351 206 - - 1800 0.7 - 0.59
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TABLE-2
Mix Design of Normdly Air-entrained Concretes(AEC).

Cement| Water | Fly ash| Silica |Aggregate| Air Super- Air-
Test |content|amount|amount| fume | amount [content|plasticizer |entraining| w/
concrete |(kg/m3)|(kg/m3)|(kg/m3)|amount| (kg/m3) | (%) | amount | agent [(c+sf)
(kg/m3) (% of (% of
cem.) cem.)
Ala 358 153 - - 1793 5.8 - 0.171 | 0.43
A2a 247 175 98 - 1726 5.3 - 0.181 | 0.71
A2b 245 174 97 - 1714 6.0 - 0.18! | 0.71
A3ade| 339 174 - - 1744 6.3 - 0.071 | 0.51
A4Pa | 446 188 - 19.8 1602 5.0 2.5 0.081 | 0.40
A4Pb | 447 189 - 19.9 1608 4.6 2.5 0.081 | 0.40
Ad4Pc | 447 189 - 19.9 1608 4.6 2.5 0.081 | 0.40
ASPa | 449 170 - 19.9 1658 4.2 3.6 0.08! | 0.36
A5Pb | 450 170 - 20 1662 4.0 2.35 0.081 | 0.36
A6P a,de| 448 169 - 19.9 1657 4.4 3.3 0.081 | 0.36
A7PMa| 169 129 - 16.9 20482 3.6 4.5 0.15! | 0.69
ATPMb | 167 128 - 16.7 20302 4.5 4.5 0.15! | 0.70
A7PMc| 170 130 - 17 20542 3.3 4.5 0.151 | 0.70
1'Vinsol resin 2 Includesquartzfillers
TABLE-3
Mix Design of the Air-entrained ConcretesHaving 8-10% Air Content (EAEC).
Cement | Water | Silica | Aggregate| Air Super- Air-
Test | content | amount | fume amount | content | plasticizer | entraining w/
concret | (kg/m3) | (kg/m3) | amount | (kg/m3) | (%) amount agent (c+sf)
e (kg/m3) (% of cem.) | (% of cem.)
AAla | 388 169 - 1658 8.4 - 0.191 0.44
AAlb | 388 169 - 1657 8.5 - 0.191 0.44
AAlc | 389 170 - 1662 8.2 - 0.191 0.44
AA2a | 386 168 - 1648 9.0 - 0.192 0.44
AA2b | 388 169 - 1658 8.4 - 0.192 0.44
AA2c¢c | 379 165 - 1616 11.0 - 0.192 0.44
AA3a | 402 175 - 1716 5.0 - 0.223 0.44
AA3b | 399 174 - 1702 5.8 - 0.223 0.44
AA3c | 392 171 - 1673 7.5 - 0.223 0.44
AA4Pa| 297 139 - 1796 9.0 1.3 0.18! 0.47
AA4Pb| 299 140 - 1809 8.3 1.3 0.18! 0.47
AA4Pc| 299 139 - 1805 8.5 1.3 0.18!1 0.46
AASPa| 454 156 20.2 1605 7.2 3.6 0.191 0.33
1 Vinsol resin 2 Polyglycol ether sulfonate 3 Synthetic tenside
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Tes reaults

TABLE-4 shows the main test results. Figures 1-6 show a comparison between the relative
humidity results in the pore structure of the different test concretes with the capillary porosity
values and evaporated water amount.
TABLE-4
Main Test Resultsof the Test Concretes.

RH (%)|RH (%)| Evapor. | Evapor. | Capillary Meso | Throat | Compr.
Test 28d | 168d | water water porosity | porosity | radius | strength

concrete (dm*/m*) | (dm*/m®) | (mm? /em®) | (mm*/cm®) | (nm) 28d
28d 168 d 28d 28d 28d
Cla 913 | 82.1 8.78 13.67 197 87 85 37.1
C2a 92.8 | 84.6 8.85 13.18 241 62 85 42.7
Cla 91.0 | 834 7.97 12.52 221 74 87 39.2
C4a 925 | 87.0 - - 320 151 115 39.4
C5P a 854 | 82.0 4.34 8.42 235 107 69 55.9
C6P a 93.0 | 87.1 - - 288 85 100 39.3
C7Ha 91.6 | 87.9 - - 293 77 110 36.4
Ala 868 | 774 3.78 8.29 156 210 51 37.7
A2a 92.3 | 80.6 10.99 17.24 186 120 70 25
A4P a 88.2 | 81.5 4.59 7.72 150 146 38 56.8
A5P a 86.2 | 80.6 3.45 6.44 102 116 37 51.5
A6Pa* 86.2 | 77.9 - - 176 175 42 51.7
A7PMa | 90.5 [ 81.5 9.48 14.55 223 110 35 42.9
AAla 86.0 | 79.2 4.89 9.7 168 254 67 35.8
|AA2a 852 | 79.8 5.29 9.96 157 216 54 31.8
AA3a 844 | 79.9 4.96 9.48 187 144 67 40.3
AA4Pa | 86.1 77.7 5.07 10.27 157 265 49 35.7
AA5Pa | 834 | 755 2.54 5.47 93 181 47 55.2

Discussion of thetest results

As can be seen from the drying results presented in Figures 1 and 2 air-entrained concretes dry
faster compared with non-air-entrained comparison concretesthe strength held constant. Normal
air-entrainment of 4% in a 30 MPa test concrete causes a faster drying rate than in a non-air-
entrained 50 MPa concrete. Similarly, 30 MPa concrete having a 8% air-entrainment dries faster
than a 50 MPa concrete having a 4% air-entrainment even though this comment can be near the
precision of the relative humidity measurement deviationof £1...+£2%.

There are two main mechanismsthat smultaneously govern the drying phenomenon of concrete.
If the surrounding environment is dryer than the relative humidity in the largest concrete pores
water evaporates from the pore structure. Except for the first few weeks, the moisture
trangportation mechanismis regulated by the area of the threshold throats between the capillary
and meso pores presented in FIG.-7 and of course by the relative humidity of the surrounding
environment.
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HG.-1

Relative Humidity in Concrete Pore StructureV ersus Drying age of Three Test Concretes. K35
Denotesfor a Concrete Having a Compressive Strength of 35 MPa Measured by 100-mm Cubes.
WRA Denotesfor Water Reducing Agent.
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HG.-2

Relative Humidity in Concrete Pore StructureVersus Drying Age of Three Test Concretes. K35
Denotesfor Concrete Having a Compressive Strength of 35 MPa Measured by 100-mm Cubes.
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FIG.-3
The Capillary Porosity Vaues of the Test Concretes Versus Relative Humidity in Concrete Pore
Structure at the Age of 28 Days.
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FIG.-4
The Capillary Porosity Valuesof the Test Concretes Versus Relative Humidity in Concrete Pore
Structureat the Ageof 168 Days.
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FIG.-5
Evaporated Water Amount Vaues of the Test ConcretesVersus Capillary Porosity Vauesat the

Age of 168 Days.
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FIG.-6
Threshold Throat Areas Between Capillary and Meso Poresin the Pore Size Distributionsof the
Test ConcretesVersus Relative Humidity in Concrete Pore Structure. The Arrows Show the Shift
of the Test Results During the Aging of the Test Specimen.
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The other important drying force is the self-desiccation of the pore structure caused by the
subsequent hydration of yet unhydrated binder particles. This drying process is dominating when
the cement amount in the concrete is large and water-binder ratio small as is the case in high
strength concretes.

Figures 3 and 4 show the relationship between capillary porosity and relative humidity in the
pore system of the test concretes. Capillary porosity is directly related to the water-binder ratio
and thus the relative humidity in concrete pore structure diminishes with decreasing capillary
porosity due to self-desiccation. This can be also seen in the test results presented in FIG.-5in
whichthe evaporated water amount decreases with the diminishingcapillary porosity.

FIG.-7
Schematic Presentation of the Threshold Throat Radius Between Capillary and Meso Pores. The
Pore Size Distributionis Obtained from a Mercury Intrusion Porosimetry Test.
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In FIG.-6 the relative humidity resultsof the test concretes are presented as a function of the area
of the threshold throats. It can be noticed that the area of the threshold throatsis rather small for
al ar-entrained concretes which are gathered inside two dlipsoids in the figure. The longer
drying age causes merely a shift towards smaller relative humidity values. The mgjor portion of
drying in these air-entrained concretes is caused by self-desiccationdue to the increased binder
amount in these concretes which is needed to compensate for the wesakening caused by the
increased air amount.

The drying of the non-air-entrained concretes is logica in view of FIG.-6. After one months
drying the relative humidity in these concretes is very similar irrespective of binder amount or
threshold throat area with the exception of one high strength concrete. After six months the
regression line of the non-air-entrained concretes is rather paradoxical. Those concretes that
possess smallest threshold throat areas have dried most. The reason for thisis again the superjor

217



drying capability of self-desiccation compared with the drying by evaporation. The smallest
threshold throat areas are in the same concretes that have the smallest capillary porosity values
and hence the smallest water-binder ratios. The drying times of the test concretesto 90 and 85%
relative humidity values in the concrete pore structure are summarized in TABLE-5. The drying
time values are presented in two different environmental conditions. Good drying environmentis
considered such where temperatureis 20° C and relative humidity is 45% while in a moderate
drying environment thesevaluesare 10° C and 75%, respectively.

TABLE-5
The Drying Timesof Test Concretesto 90 and 85% Relative Humidity in Concrete Pore
Structure. WRA denotes for Water Reducing Agent.

Compressive Dryingtime (d)
strength/ Air- Good drying environment Moderate drying environment
admixture entrainment +20° C/RH 45% +10° C/RH 70%
(MPa) (%) <RH 90% <RH 85% <RH 90% <RH 85%

30 and 35 - 40 130 140 >180
50+WRA - <14 35

20 4 40 85

30 8 <14 35 25 >180
30+WRA 8 <14 30 50 >180

40 4 <14 55 50 >180
50+WRA 4 <14 45 <14 >110
50+WRA 8 <14 20

THE EFFECTSOF TEMPERATURE ON THE DRYING OF CONCRETE
Samplepreparation

Three different kinds of concretes were studied. Mix proportions and properties of these test
concretes are shown in TABLE-6. A modified naphthalene sulphonate was used as a water
reducing agent. A polyglycol ether sulphonatewas chosen as an air entraining agent. The casting
was doneinto plastic cylindershaving a height of 250 mm and a diameter of 250 mm. The curing
was carried out so that the cylinders were kept under a plastic sheet for five daysin the casting
room. Then the bottom surfaces of the cylinders were removed in order to let the specimensdry
by two surfaces.

M easuring methodsand curing conditions

All the humidity measurements were carried out with Humitter 50 Y humidity and temperature
transmitters. One transmitter was installed into a drill hole in the surface of each cylinder at the
age of five daysand the cylinderswere moved to respective curing conditionswhich were +5° C
(RH 70%), +12° C (RH 70%) and +20° C (RH 45%). New transmitterswere installed into drill
holes after 14 respectively 28 days of curing. All the transmitterswere left in the drill holes and
calibrated after the test sequence was finished. The accuracy of the measurementswas+1...+£2%.
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TABLE-6
Mix Proportionsand Propertiesof the Test Concretes.

Concrete NSC30 | EAEC30 | HSC70
Rapid Portland cement content (kg/m?) 200 440 475
Silica fume content (kg/m?) - - 28.5
Water content (kg/m?) 178 174 176
Aggregate content (kg/m?) 1969 1605 1677
Superplasticizer dosage (%) - 0.5 1.5
Air-entraining agent dosage (%) - 0.2 -

Water-binder ratio (w/(c+sf)) 0.89 0.39 0.35
Consistency (sVb) 1.8 1.0 1.2

Air content (%) 0.9 9.5 1.6
Compressive strength 28d, (MPa) 29.6 32.3 70.6

Test resultsand discussion

The test results are shown in FIG.-8. The effect of the curing temperature on the drying of
concrete diminisheswith the decrease of the water-binder ratio in the test concretes. This means
that when concrete dries mainly due to self-desiccationdrying is not affected by far as much by
temperature as when it dries mainly because of evaporation. Tests with supplementary curing
conditionsi.e. +5° C (RH 45%), +12° C (RH 45%) and +20° C (RH 70%) are being carried out
for these same concretesduring thisspring.

THE EFFECTSOF DIFFERENT FLOOR COVERING MATERIALSON THE DRYING
OF CONCRETESLABS

Samplepreparation

Three different concrete types were studied. Mix proportions and properties of these test
concretes are presented in TABLE-7. A modified naphthaene sulphonate was used as a water
reducing agent and the air reducing admixture was again a polyglycol ether sulphonate. The
casting was done into slabs that were 300 by 600 mm wide and 100 or 200 mm thick. The 100
mm thick slabs dried only through the upper surface, while the 200 mm slabs dried through two
surfaces. Curing was carried out so that the slabs were first kept under a plastic sheet for seven
daysin the casting room. Then they were moved to aclimate room (20° C, RH 45%). The dabs
were sealed so that drying occurred only through the top surface (or both top and bottom surfaces
depending on the dab). The covering was done when the relative humidity of the concrete was
90-95% at adistance of 40% of the height of the concrete dab measured from its top surface onto
which the covering materials were attached. The surface of the dab was ground before the
covering materia was placed and the edges were sealed with silicone 24 hours after the covering
works. The parquetswere lacquered 5 days|ater.
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M easuring methods

All the humidity measurements were carried out either with a Humitter 50 Y or Humichip
humidity and temperature transmitters. The measurements were done both from drill holes and
some transmitters were also embedded into the concrete. The measurements were done at three
different heights (20, 40, and 80 mm) when 100 mm thick slabs were used and four different
heights (40, 80, 120 and 160 mm) when 200 mm thick slabs were used. The humidity in the drill
holes was aways left to level out for a week before the readings. The readings were checked at
the end of the test sequence from new drill holes. The accuracy of the measurementswas similar
asinthe previouspartsof thisarticle.

TABLE-7
Mix Proportionsand Propertiesof the Test Concretes.®
Concrete NSC30 | EAEC30 | HSC70
Rapid Portland cement content (kg/m?) 240 390 475
Silica fume content (kg/m?®) - - 28,5
Water content (kg/m>) 180 156 170
Aggregate content (kg/m?*) 1900 1638 1677
Superplasticizer dosage (%) - 0.5 1.5
Air-entraining agent dosage (%) - 0.2 -
Water-binder ratio 0.75 0.36 0.34
Consistency (sVb) 1.5 1.2 <1
Air content (%) 2 11 1.5
Compressivestrength28d, (MPa) 37 38 74

Resultsand discussion

Theresultsare shown in Figures9-14.

Concrete slabs made of normal strength concrete were covered when the relative humidity in the
concrete pore system at 20% of the total thickness measured from the top of the slab was about
A% (Fig.-9 and 10). It can be seen that the relative humidity at the 20% thickness had increased
after 20 daysof curing. Thiscan been caused by the redistributionof the humidity in the concrete
after the covering works had been done or even the water in the glue can have affected the
results. The humidity level had, however, decreased after three and half months curing time. It
can aso be seen that the humidity level measured at the 20% thickness was remarkably higher
when a dense plastic cover was used than when mosaic parquet was applied. The differencein
the relative humidity at 40% of the total thicknessof the slab measured from the top of the slab
was on the other hand very small.

The dabs made of high strength concrete had dried to a relative humidity level of 90% in less
than 2 weeks at 20% of the total thickness measured from the top of the slab. Two months after
the covering works the humidity level had decreased at each measuring point (Fig.-I | and 12). It
can aso be seen that the humidity level close to the surface was remarkably lower for the slab
covered with mosaic parquet than for the one covered with plastic. The uncovered dab had the
lowest humidity level after 88 daysof curing.
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FIG.-8
Humidity Evolutionin the Pore Structure of the Test ConcretesNSC30, EAEC30, and HSC70.?
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FIG.-9
Humidity Distributionof Uncovered and Covered (Plastic or Mosaic Parquet) Concrete Slabs,
(Concrete Strength ClassNSC30, Slab Thickness 200 mm)?
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FIG.-10
Humidity Distribution of Uncovered and Covered (Plastic or Mosaic Parquet) Concrete Slabs,
(Concrete Strength ClassNSC30, Slab Thickness 100 mm)?
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FIG.-11
Humidity Distributionof Uncovered and Covered (Plastic or Maosaic Parquet) Concrete Slabs,
(Concrete Strength ClassHSC70, Siab Thickness 200 mm)®
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FIG.-12
Humidity Distribution of Uncovered and Covered (Plastic or Mosaic Parquet) Concrete Slabs,
(Concrete Strength ClassHSC70, Slab Thickness100 mm)?®
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FIG.-13
Humidity Distributionof Uncovered and Covered (Plastic or Mosaic Parquet) Concrete Slabs,
(Concrete Strength ClassEAEC30, Sab Thickness 200 mm)?
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FIG.-14
Humidity Distribution of Uncovered and Covered (Plastic or Mosaic Parquet) Concrete Slabs,
(Concrete Strength Class EAEC30, Slab Thickness 100 mm)?
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The slabs made of extra air-entrained concrete had reached a humidity level of about 90 % at
20% of the total thickness measured from the top of the slab when the covering works was
carried out. It can be seen (Figures 13 and 14) that the relative humidity level after a little more
than 3 monthsof curing was several percentage unitslower than at the time of the covering work.
The difference between the dab covered with plastic and the ab covered with mosaic parquet
was again remarkableat 20% of the total thickness of the slab measured from the top surface.
When one compares the drying of the EAEC30 concrete with the drying of HSC70 concrete it
can be seen that the EAEC30 concrete had dried remarkably more after the covering works had
been performed.

CONCLUSIONS

1) Air-entrained concretes dry faster compared with non-air-entrained comparison concretes the
strength held constant. Normal air-entrainment of 4% in a 30 MPa test concrete causes a faster
drying rate than in a non-air-entrained 50 MPa concrete. Similarly, a 30 MPa concrete having a
8% air-entrainmentdriesfaster than a 50 MPa concrete having a 4% air-entrainment.

2) In low strength concretes in which the binder amount is small the drying of concrete is
governed by the relative humidity of the surrounding environment and the threshold area of the
throats between capillary and meso pores. In concretes where the water binder ratio is less than
0.5 concretesdry dueto self-desi ccationcaused by subsequent binder hydration.

3) Capillary porogity is directly related to the water-binder ratio and thus the relative humidity in
concrete pore structure diminisheswith decreasing capillary porosity due to self-desiccation.

4) Concrete having a low water-binder ratio and high air content reaches lower humidity values
than ordinary high strength concrete after the placing of floor coverings.

5) Concrete dab covered with a wooden parquet reaches a lower relative humidity level
compared with a plastic covering material. The difference in the relative humidity levels are
highest near the covered surface.
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EFFECT OF SELF-DESICCATIONON THE
INTERNAL FROST RESISTANCE OF CONCRETE

GORAN FAGERLUND
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Box 118, S-22100 Lund
Sweden

ABSTRACT

Frost damage occurs when the water content inside the concrete exceeds a certain criti-
cal level, which is different for different concretes. One can distinguish between two
different problems: (i) freezing of the green concreteduring thefirst hoursof itslife; (ii)
freezing of the hardened concrete. Both problemsare treated in the paper.

Frost damage of the green concrete can only be prevented if the self-desiccation dries
the concreteto alevel where the 9% volume expansion when water is transformed into
ice can be taken care of. It is theoretically shown that this correspondsto acritical (or
required) degree of hydration that is a function of the waterlcement ratio. Two expres-
sionsfor the required degreeof hydration are given. Oneis derived on basis of measure-
ments of a relation between frost damage and the "' chemical shrinkage™ of chemically
bound water. The other i sbased on measurements of the freezablewater combined with
an assumption concerning the critical water content. Thetwo expressionspredict similar
values of the required degree of hydration. From this, the rec}ui red pre-curing time can
be calculated. Calculated and experimental values correspond tairly well.

Frost damage to the hardened concrete can be prevented if the self-desiccation lowers
theinternal RH to alevel where no pore water isfreezable. A relation between the free-
zing point and RH is given. It isshown by comparisons with experiments that the real
self-desiccationin high performance concrete stored in water can reach these low RH-
levels. By prolonged water storage, the self-desiccated pores might become water-filled.
Test results from a large study indicate that a few years of water storage might be
enough to fill the self-desiccated pores to a level where frost damage is possible.
Therefore, air-entrainmentis probably required aso in concrete with low waterlcement
ratio. So-called salt-frost scaling testsindicate that non-air-entrainedhigh performance
concrete with silica fume might be vulnerable to frost attack if the freezelthaw test is
run for many cycles. This does not seem to happen in OPC-concrete with the same
water/binder ratio. The reason behind this behaviour is not known. Possibly it i s caused
by a gradual water filling of self-desiccated pores that occurs more rapidly in concrete
with silicafume. This hypothesis, however, has not been proved.
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1. INTRODUCTION

There are two types of frost damage: (i) internal damage occurring when the interior of
the concrete is more than critically saturated; (ii) external damage, or surface scaling,
probably occurring when the surface part of concrete is more than critically saturated.
Surface scaling is normally coupled to the use of deicing salts, primarily NaCl, and is,
therefore, often called salt-frost scaling. This paper deals only with internal frost attack,
simply because the mechanisms behind salt scaling are not very well-known. Besides,
since salt scalln? only affects the outmost millimetres of the concrete, it is not very
plausible that self-desiccationhas any long-term effect in a very moist environment.

2. FREEZING OF THE GREEN CONCRETE

2.1 Introduction
The green concrete, by whichis meant concrete during the time from casting until it is
set, or until afew hours after this, has a very low tensile strength. Therefore, it cannot
resist the stresses occurring when the pore water freezesin completely saturated pores.
It cannot even resist the hydraulic pressure occurring when excess water is expelled
from the ﬁore where water is freezing to air-pores or compaction pores. The spacing
between these pores is perhaps0.5 mm for air-entrained concrete and more than 1. mm
for non-air-entrained concrete. These are too high values to secure frost resistance of a
reen concrete. Therefore, ordinary air-entrainment will not protect a green concrete
rom frost damage. The so-called critical spacing factor of green concrete is probably
much less than 0.1 mm. This means that the 9% volume expansion has to be taken care
of locally at thesite of freezing. In principle, thereshould be one air-spacein immediate
contact with each porein which water freezes. The only way to arrangethisisto make
useof the self-desiccation when sealed concrete hydrates. In this pgoer, acriterion will
be developed for the required degree of hydration for protection of green concrete to
early freezing.

2.2 Semi-empirical relation _ _ _

Jung [1] studied the relation between freezing expansion of self-dessicatedconcrete and
the degree of hydration, indirectly determined by the water uptake due to the " chemical
contraction™ when mixing water was bound chemically. The latter experiments were
made by means of a pycnometer in which the reduction of the water level in acapillary
tube could be monitored. Jung's resultsareshownin Fig 1.
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Fig 1. Experimental relation between the frost expansion of the green concrete and the
chemical shrinkage; [1].
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The bigger the contraction, the smaller thefrost damage. It seemsasif no frost damage
occursif thefollowingcriterionisfulfilled:

AW pic = 0.03-w Jc m

where Aw,, is the volume reduction of chemically bound water [litre], ¢ isthe cement
content [kg], and w/c isthe water cement ratio. Aw,/c iscalculated by:

Awyfc = (1-vp)-o-w,Ofc Q)

wherev, isthe specific volumeof chemically bound water [litre/kg], ais the degreeof
hydration and wp,° i's the amount of chemically bound water at complete hydration. For

normal OPC thefollowing valuesare valid: v,=0.75, w,°~0.25. Thus, the criterionfor
frost resistance of the green concreteis.

o 2 0.03/{(1-0.75-0.25} (3a)
Q:
az 0.48-w0/c (3b)

2.3Theoreical relation _
Frost damage will not occur when the effective degree of saturation of the capillary
poresfulfilsthefollowing relation; see Fig 2:

Sc.£= Wel(Weta )= Wel(wp+0.09-wp) < 0.917 @

whereS . ¢ isthe “effective” degree of saturation of the capillaries, wy isthe freeezable
water in the capillaries [litrellitre], and a. is the air-filled volume in the capillaries

[litre/litre]. The normal air-pores and compaction pores are not considered since they
could not - assaid in paragraph 2.2 - serve asrecipientsfor expelled water. Criterion (4)
impliesthat there must be an air-filled spacein the capillariesthat is at least 9% of the
volume of the freezable water. Self-desiccationis the only method by which such air-
filled spacescan be created. Theamount of air-spacescreated by self-desiccationis:

ag = (1-vp)-owp,© )]
Therefore, the criterionfor frost resistanceis

0.09-w¢ I (1-vy,) 0wy, O%c (6)
Therequired degree of hydrationis:

0 20.09-wg/{ (1-v))-(w,0/c)) (7)
Or, with the valuesfor v, and wp,° inserted:

o 21.44-wglc @®
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The problem isto estimate theamount of freezablewater of the green concrete.

Air-filled part of l \ — Self-desiccated space, 20.09 wi
- r

capillary pore :

Freezablewater, wf
Capillary pore

Non-freezablewater, wrf
Gel pore

Fig 2. Schematic picture of aself-desiccated pore system at the required degree of
hydration

(a) The maximum possible amount of freezable water

Thefreezablewater is:
W/C=Wwo/C - wyelc ©)
wherew,, isthe evaporablewater and w ¢ isthe non-freezablewater.

According to measurements by Powersand Brownyard [2] the amount of non-freezable
water for completely dried, and then resaturated cement paste, isat -12°C:

Wy = 1.04-wy/c (10)
wherew, isthe nonevaporablewater.

Theevaporablewater of self-desiccated concreteis.

Wo/C = wg/c-wyfc (11)
Then, the maximum amount of freezablewater is:
wf’max/c=w0/c-wn/c-1.04-wn/c=w0/c-2.04-wn/c=w 0/c-2.04-0c-wn°/(: (12)
Inserting the value0.25for WnO gives:

W max =W o/c-0.51-0; (13)
Insertingthisin eq (8) gives:

o =1.44(w/c-0.51-o)) (14)

230



Q:
o >0.83-wy/c (15)

Thisvalueis much higher than that derived from Jung's experiments, eq (3b). Therea-
sonisthat the amount of freezablewater isexaggerated. In thereal case, the green con-
crete has no chanceto dry. Therefore, the amount of freezable water is much lower.

(b) The most probable amount offreezable water

Vuorinen made some determinationsof the freezablewater for virgin concrete that was
never dried but completely saturated; [3]. His resultscan beexpressed:

welc = 0.65- (W max/c)? (16)

where w g a5 COrresponds to the total porosity (air-poresand compaction poresexclu-
ded) [litres/litre]. We max is:

We max/C=Wo/C-Vy Wple=w/ -vy-oew Oe=w/c-0.75-01-0.25= w/c -0.19-a (17)
Then, thefreezablewater is:
wg = 0.65(w,/c-0.19-0)2 (18)

In reality, the amount of evaporable water is smaller than w 4y due to self-desicca-
tion. The reduction correspondsto:

Awfc = (1-v ) asw ,Ofc = (1-0.75)-0.-0.25 = 0.0625- ot 19
Then, thefreeezablewater is:

wg=0.65(wy/c-0.19- oc)2—0.0625- o (20)
Insertionineq (8) gives:

o =1.44{0,65(w /c-0.19-01)%-0.0625- 01 @1)
An approximate solution to thisequationis:

0 > 0.64-(w/c)1-8 22)

The differences between the theoretical eq (22) and the semiempirical eq (3) are compa
rably small, which is shown by the following examples:
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wfC Required o

eq(3b) eq(22)
0.40 0.19 0.12
0.50 0.24 0.18
0.60 0.29 0.26
0.70 0.34 0.34
0.80 0.38 0.43
0.90 0.43 0.53

Eq (22) is based on a rather limited experimental background. Probably, a more certain
relation might be derived if thefreezable water of the green concrete was better known.
Itistherefore recommended to useeq(3b).

It can be mentioned that the semi-empirical eq (3b) should be arrived at by the theory
just presented if the freezablewater was:

wlc = 0.33-(w/c) (23)
Thisequationis obtained by making eq (3) equal to eq (8):

o = 0.48-(w/c) = 1.44-(wg/c) (24)

2.4. Therequred precuringtime

It takes some timeto reach the required degreeof hydration. Thistime can be calcul ated
when the hydration-timecurveisknown. A suitableexpressionis.

Ino. = A-(Int)B (25)

where A and B are constants that are different for different cements. For Swedish OPC
A=-10 and B—-2 when the time tisin hours and the hydration temperatureis +20°C.

This means that the following pre-curing times at +20°C are needed when the criterion
eq (22) isused.

wae required &  required time(hours)
0.40 0.12 9
0.50 0.18 11
0.60 0.26 16
0.70 0.34 21
0.80 0.43 31
0.90 0.53 53

The calculated pre-curing times correspond fairly well with the upper values deter-
mined experimentally[4] ; see Fig 3.
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Fig 3: Experimentally determined required pre-curing times asfunction of the
waterlcement ratio; [41.

3. FREEZING OF THE HARDENED CONCRETE

3.1 Normal concrete

In normal concrete (water/binder-ratios above 0.40), the capillary pore system will
always be completely saturated at very moist outdoor conditions. In very moist condi-
tions, the air-poresystem will also be partly filled with water. Self-desiccationplaysno
role in these types of concrete. Even if self-desiccation should occur, the desiccated
poreswould rapidly be re-saturated after ashort period of exposureto water.

In order to make the concrete frost-resistant it is necessary to provideit with an air-
entrained pore system of such qualities that the spacing factor will not be transgressed
during natural conditions. A method to cal cul ate the required air-pore volume, consider-
Ing the water absorptionin thefiner air-pores,isgivenin [51.

3.2High performanceconcrete

In high performance concrete (water/binder ratio well below 0.40), considerable self-
desiccation will occur. The reduction in RH will depend on the shape of the desorption
Isotherm; the more horizontal theisotherm, the bigger the reduction in RH. Examplesof
the equilibrium RH of concrete stored in sealed condition are shown in Fig 4 and for
concretestored in water in Fig 5; [6]. Thelower the water/binder ratio, thelower the re-
sidual RH. The effect i s bigger for concrete with silica fume. For waterlcement ratios
above 0.40 the effect of salf-desiccationismargina.

Thereis atheoretical relation between the freezing point of capillary condensed water
and the RH at which capillary condensation occurs at a given temperature. For +20°C
thefollowingrelationisvalid (it is based on the assumption that theice is under ordina-
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ry atmospheric pressure whilst the water is exposed to an under-pressuredetermined by
the Kelvineguation:

In® = {AH/(R-293)}- In(T/T,) (26)

where @ isthe relative humidity, AH isthe molar heat of fusion [AH=M(334-+2- 6)-103
J/kmol where 6 isthe temperaturein °C], T [°K] isthefreezing point and T, [°K] isthe
freezing pointof bulk water (273.15 °K). Examplesare:

RH [%] Freezing point [°C]

100 10
98 2
95 6
92 -10
88 -15
85 -20
79 -30
74 -40

Therefore, if theinternal RH can be lowered to 85% there will be no freezable water in
the concrete at -20°C. Fig 5 showsthat it is reasonableto believe that this reduction in
RH will occur in water-stored concrete with low water/binder ratio. 85% RH might be
reached in water-stored concrete after 3 months when the water/binder ratio i s below
0.25 for pure OPC and below 0.33 for OPC+10% silicafume.

90 .
0,48
10% Si

80

0,58: water/binder

" 0% Si: 0% silica fume 0,20

10% Si
70 { ] 1 1 { {1 4t 411
2,5 5 10 20 30 40 60 80100 150
Time, days

Fig 4: RH in sealed concrete; [6]
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Fig 5: RH measured 5 cm from thesurfaceof concreteimmersedin water; [6].

3.2Longtermeffects

It wasshown in Fig 5 that aconcretecan maintainits self-desiccatedstate for along pe-
riod (months). Similar observationshave been made on real concretestored in seawater
for along time (decades); [7]. One cannot rule out, however, that water could enter the
self-desiccated pores if the concrete had the possibility to absorb water during a very
long period. Such a water absorption could perhaps be stimulated by repeated freezing
and thawing cycles. Water might also enter some "' defect pores” in the concrete, such as
cracks, interface zones, some air-poresetc. Then some freezable water will appear in
the concrete. A certain amount of freezable water is required if the concrete is to be
frost-damaged. If all water isfrozen in situ, without moisture transfer to other places
during the freeezing process, a very small amount of water can severely harm the conc-

rete. In[8] it isshown that afreezable water content aslow as 15 to 20 litresm3in the

cement paste phase might be sufficiently high (correspond to about 5 | itresm3 in the

concrete). Therefore, one cannot rule out the posiibility that a self-desiccated concrete

¥vith no air entrainment placed in a very moist environment gradually becomes less
rost-resistant.

3.3 Sdf-degccation and frost-ressancetesting

Sdf desiccation isimportant for frost testing. If the test is started within a few weeks
after casting, asis usually the case, the concrete might be self-desiccated to such a high
degree that it will not be frost-damaged. On the other hand, if the same concrete Is
stored for along time in water before the test i s started, it might contain so much free-
zable water that it becomesfrost-damaged.

The same thing might happen if a moist freezelthaw test i's prolonged by applying more
freeze/thaw cycles than normal. Due to the repeated freezing and thawing, water ab-
sorption might become accelerated. Therefore, it might be that concrete that was judged
frost-resistant after the normal number of freezelthaw cycles is judged non-resistant
when the number of cycles is high. This type of behaviour has been observed by
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Petersson [9] for concrete containingsilicafume; seeFig 6. Thetestisasalt scaling test
which is perhaps not quite relevant for the reasoning. The scaling is so big, however,
that theinterior part of theconcreteis also damaged. The concreteswith silica fume suf-
fer accelerated destruction after about 25 freeze/thaw cycles, while the OPC-concretes
have retarded destruction on a very low level (it must be observed that a scaling of 100

g/mz, valid for the OPC-concretes, corresponds to a scaling depth of only 0.05 mm.
Therefore, the difference between the concretes with silicafume and the OPC-concretes
ISvery great). Itis not clear what the reason is behind the observed behaviour. 1t might
be due to a water absorption that turns a self-desiccated and therefore frost-resi stant
concrete into a saturated and therefore frost-sensitive concrete. It is quite clear that a
non-air-entrained concrete with awater/binder ratio of 0.35 containingsilicafumeisnot
automatically frost resistant.

In thesame report [9] it was also shown that a concrete with a waterhinder ratio aslow

as0.25, and with 5% silicafume, had ascaling of 5.5 kg/m2 after 56 cycles, which cor-
respondsto a scaling depth of almost 3 mm.

At our laboratory we are now performing a test in which 26 different air-entrained and
non-air-entrained concretes with water/binder ratio from 0.40 to 0.27 and with 0%, 5%
and 10% silicafume are exposed to single freeze/thaw cycles or 10 repeated cycles,
after water storage up to 3 years. Some of the specimens have been exposed to an
cial ageing consisting of 3 repeated cyclesof drying at +40°C and resaturationin
The freeze/thaw test is based on measurementsof the length changes during fr

[11].

Resultsfor non-air-entrained concrete with watericement ratio 0.30 and no silic
areshown in Fig 7 and 8. The test performed after 3 months of water storage -
indicatesno frost dilation, neither at freezing temperatures, nor after complete th
Thetest performed after 11/2 yearsof water storage- Fig 8 - indicatesadilation of

10 pm corresponding to a strain of 0.04%. or about 30% of thetensile strain

The specimens will be stored for another 112 yearsin water before they are figgeze-
tested again.
10000 ? / 4 -
' : —&— OPC 1wo/c040
t —o0— OPC 2 wolc 035
1000 ; / —a— OPC245% S wolc 035
! -8 - OPC2+5% S wolc 0.40
o : / ' 'S = silica fume
£ 100
o0 .. A o
§ M: !
10 -
1 rah

0 25 50 75 100 125
Nunber of freeze/thaw cycles

Fig 6. Salt-frostscaling of concreteswith pure OPC and with OPC+5% silicafume; [9].
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<30 25 -20 | 0 S5 0 S 10 15 20 25
Temperature, °C

Measurementsof the length change of concrete (w ,/c=0,30, no air-entrainment,

no silicafume) during a freeze/thaw cycleto -28°C. Continuous water storage 3
months before the test; [10] (Note: The hysteresis between the freezing curve
and the melting curveis due to a very rapid temperature cycle. Thereis no dila-
tion during the freezing phase and no permanent dilation.)

Length change, tm

-120 ¢

Temperature, °C

Measurementsof the length change of concrete (w,/c=0,30, no air-entrainment,

no silicafume) during a freeze/thaw cycle to -28°C. Continuous water storage
1172 years before the test; [1 1] (Note: Thereisasmall dilation during the freez-
ing phase, and asmall permanent expansion after melting.)
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SURFACE CRACKING OF HIGH STRENGTH CONCRETE - REDUCTION BY
OPTIMIZATION OF CURING REGIMES

U. GUSE, H.K. HILSDORF
Institut fiir Massivbau und Baustofftechnologie
University of Karlsruhe
Germany

ABSTRACT

In an experimental investigation the extent of cracking was determined for High Strength
Concretes cast with different waterlcement ratios with and without silicafume. The crack length
per unit area increased with decreasing waterlcement ratio and was most pronounced at the
surface. Such cracks may be harmful for the durability of a structure since they significantly
increase the permeability of a concrete. The extent of cracking may be reduced by means of a
specid curing method which allows the addition of water to the concrete surfaces while the
concrete is still in the mould.

THE PROBLEM

High Strength Concrete (HSC) with water/cement ratios < 0.4 is also considered a highly
durable materia and, therefore, often is aso referred to as High Performance Concrete (HPC).
Nevertheless, HSC is brittle and rather vulnerable to cracking, particularly at an early stage of
hydration. This has been shown in various experimenta investigations including studies on
unrestrained and restrained shrinkageof HSC [ 1, 2, 3, 4]. The authors generally attribute early
cracking to self-desiccation and subsequent autogeneous shrinkage of HSC. 1t is also pointed out
that for the prediction of shrinkage of HSC distinction has to be made between autogeneous
shrinkage and drying shrinkage [5].

Preliminary studies at our laboratory have shown, that early cracking of HSC significantly
increases the surface permesbility of HSC and leads to substantially increased depths of carbona-
tion in the vicinity of surface cracks. Therefore, an investigation was carried out to study the
extent of surface cracking in HSC, and to optimize curing regimes such that early cracking is
reduced [6].
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ANALYS SOF SURFACE CRACKING

Already after demoulding at an age of 24 hours cracks with aspacing of approx. 5 to 10 mm
on the surface of the HSC specimens became visible after spraying the surfaces with water and

subsequent drying.

The extent of microcracking was determined experimentaly for the concretes listed in
TABLE-1. Different types of specimenswere demoulded after one day and then stored at 20 °C
and 65 % r.h. either unprotected or wrapped in wet burlap and vapourproof sheetsfor a period
o 6 days, respectively, resulting in atotal curing period of 1 or 7 days.

TABLE-1
Mix proportionsof the concretes

D | 5 Aggregates | Flow*) | Compressive
No.| weeor | cEMT42.5R | S )| Compress)
w/(c+snH® % by c- streng
(kg/m>) mass (kg/m®) (cm) (N/mn)
1 0.5 350 - 1880 45 63
2 0.3 500 - 5 1760 55 92
3 0.3 450 10 5 1760 55 112
4 0.25 500 10 6 1730 42 115
b cement, Blaine: 3630 cm?/g 2 dlicafume (dry weight of the slurry)
%) superplasticizer (45 % dry weight) “ as measured on the flow table acc. to ISO 4103

% cubes a= 150 mm, age 56 days (7 days  © taking into account the water in the superplastici-
moist, subsequently 20 "C, 65 % r.h.)  zer and in the silicafume slurry

For the microscopicanalysis, samples have been taken from concrete cubes, side length 100
mm, after 2 years of storageat 20 °C and 65 % r.h. directly from a concrete surface, which was
in contact with the formwork, and from a section perpendicular to the concrete surface (periphe-
ral zone, distancefrom thesurface: 1 ... 20 mm). Prior to the microscopic eval uation the samples
were ground and polished.

It has been found that the HSC samples showed a typical crack pattern. The cracks, with
widths up to 25 pm, followed the aggregate-matrixinterfaces, indicating that these cracks have
been formed a a very early stage of hydrationi.e. a a concrete age not exceeding 1 day. A
another observation was, that cracks run through the matrix at locations where the distance
between two aggregate particles was small.

The results of the crack analysis are summarized in FIG.-1. This figure shows, the crack
length per unit area, the density of cracks (mm/cm?), for concrete surfaces and for sections
perpendicular to the concrete surfaces, respectively. From this it follows, that the extent of
cracking of the concretes with w/c < 0.5 is substantially higher than that of conventional
concrete. In particular, a reduction of w/(c*sf) from 0.30 to 0.25 led to a marked increase of
cracking. Also an increase of the duration of curing from 1 to 7 days resulted in a substantial
increase of the extent of cracking particularly at the concrete surfaces. It islikely, that thisis due
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to theincreased restraint of drying shrinkageof the outer layersof the concrete cubes by the core
o the specimens which has attained a higher stiffness due to the longer duration of curing prior
to the commencement of drying. No significant difference in density of cracks seems to exist
between concretes with or without silicafume for a given w/c or w/(cTsh).

Inal casesthe total crack length per unit area (dengity of cracks) in the peripheral zone of
the section perpendicular to a concrete surface was less than the corresponding values of the
concrete surfaces. From this it follows, that the extent of cracking decreased with increasing
distance from the concrete surface.

Density of cracks  {mm/cm?)
50

{ Concrete surface | 7

40

" 71,
s .
10 A W%

0 vza. . 77
1 7 1 7 1 7
Curing [d]
w/c=0.5 w/c=0.3 w/(c+sf)=0.3 =0.25

Density of cracks (mm/cm?)
20

[ I
| Peripheral zone, depth: 1.... 20 mm |

10

rw

: el A
1 7 1 7 1 7 1
Curing [d]
w/c=0.5 w/c=0.3 | w/(c+sf)=0.3 =0.25
FIG.-1

Results of crack analysis
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EXPERIMENTSTO REDUCE SURFACE CRACKING

Based on the results given in the preceding section, curing paramaters have been varied with
the objective to reduce the extent of surface cracking. For these experimentsthe concrete with the
highest crack length per unit area has been choseni.e. concrete No. 4 acc. to TABLE-1 with
w/(c+sf) = 0.25.

The experiments were based on the observation, that a significant part of the cracks had
developed during the early stage of hydration, i.e. during the initial 24 hours after casting, and
that these initia cracks were caused by self-dessicationand autogeneous shrinkage as will be
dealt with in more detail in the section "discussion” of this paper. Therefore, it should be
possible to reduce such cracks by providing additiona water to the concrete as soon as possible.
For this two approaches appeared to be feasible:

- demoulding as soon as possible after initial set and immediate water curing of the concrete
surfaces;
continuous water curing of al concrete surfaces soon after casting while the concreteis still in
the mould.

In preliminary experimentsit became apparent that demoulding HSC specimens 8 hours after
casting and subsequent curing with wet burlap and vapour-proof sheets resulted in a reduction of
the surface permeability, indicating that such an approach can be effectivein reducing surface
cracking. However, there are obvious practical limitations to such methods under site conditions.

Therefore, the second aternative given above has been studied in more detail. The necessary
equipment and materials are commercially available and had already been tested under site
conditions though with another objective:

Plastic fleeces which can absorb a considerableamount of water are attached to the surfaces
o the formwork facing the concrete. After placing a fresh concrete with a waterlcement ratio in
the norma range of 0.5 to 0.6 into the form work the fleece absorbs a significant amount of
water from the fresh concrete. The corresponding reduction of the water/cement ratio of the
surface layers leads to a Sgnifcant improvement of the resistanceof the concrete to carbonation,
abrasion, freezing and thawing and deicing salts [8, 9].

The objective of our investigationwas to reverse the action of such fleecesin so far as they
may provide additional water for early curing of the concrete rather than to reduce its water
content in the fresh state. The set-up of this specia curing method is shown in FIG.-2.

The fleece used in the experimentsis a porous polypropylene (PP) sheet which intially is
hydrophobic. Since this particular property could have been disadvantageous for the intended
application of the fleece, some o the fleeces were made hydrophylic by treating them with an
anionic tenside.

Also a combination with another fleece consisting of a polyester-wood fibre composite has

been included in the study since this combination increased the water storage capacity. The
various parameters studied are summarized in TABLE-2.
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FIG.-2
Set-up to cure HSC by means of awater saturated fleece

TABLE-2
Parameter combinationsinvestigated for the curing of HSC

No. Description

- untreated steel mould, no addition of water

- fleece on sted mould, no addition of water

- fleece on stedl mould, addition of water after casting

- hydrophylicfleece on steel mould, no addition of water

- hydrophylicfleece on steel mould, water saturated prior to casting, addition
of water after casting

6 ~ hydrophylicfleece T polyester-wood fibre composite on steel mould, water
saturated prior to casting, addition of water after casting

Gl IWIN]|PF

In the study concrete cubes, a = 200 mm, have been cast into steel moulds whose inner
surfaces were lined with a fleece. For comparison also specimens without a fleece were manufac-
tured. After casting, all specimens were covered with vapourproof polyethylene sheets. Water
was added to the top of the specimens 1 hour after casting as shown in FIG.-2. It became
apparent, that the hydrophylic fleece transported water much more rapidly than the untreated
fleece. The specimens were demoulded 24 hours or 3 days after casting, respectively.

Immediately after demoulding the pemeability of concrete surfaces was determined acc. to
[10]. The values obtained serve as a preliminary indicator of the extent of surface cracking.
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After performing the surface permeability measurements the specimens were stored in a
constant environment of 20 "C, 65 % r.h. up to an age of 56 days. At this time the surface
permesbility was measured again at locations differing from those where the measurements had
been taken after demoulding. The measurements at an age of 56 days were taken without
preconditioning the specimens by drying them with hot air as specified in [10]. The results
achieved are summarized in FIG.-3.

From thisit follows, that at the end of curing al specimens which had been cast in moulds
containing a fleece (No. 2 - 6 acc. to TABLE-2) had a surface permeability which was signifi-
cantly less than that of specimens cast in moulds without a fleece. At this stage there is no
significant difference in the surface permeability of specimens cured for 1 day or for 3 days,
respectively.

[72]
i 3 z 727
| Measurement at the end of curing |
; 7

77 Curing: 1d EE&g Curing: 3d 1

Surface permeability index (-10™° m?/s)
25

P4

Variant No.

w/(c+sf)=0.25 w/c=0.5

Surface permeability index (-10'° m3/s)
250

% { Measurement on the 56th day - storage at 20 °C, 65 % r.h. |
200 ——
L Curing: 1d B8 Curing: 3d |
150 7
100
50
o

Variant No.

w/(c+sf)=0.25 w/c=0.5

FIG.-3
Surface permeability of specimens cast in moulds lined with (No. 2 - 6) or without a fleece at
theend of curing and after storage at 20 "C, 65 % r.h. up to the 56th day
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Also at an age of 56 days the surface permesbility of the specimenscast in moulds lined with
afleece was less than that of the reference specimens (No. 1). Inall casescuring for 3 days led
to afurther reduction of the surface permeability. The lowest surface permeability was found in
specimens which had been cured with the addition of water through the fleecein the mould for
aperiod of 3 days (No. 3 and 5 acc. to TABLE-2).

FI G.-3ds0 gives the surface permeability of a conventional concrete with w/c = 0.5, kept
in asted mould with a fleece for 3 days, however, without the addition of water. The surface
permeability of this concrete differslittle from that of the HSC with w/(c+sf) = 0.25 and treated
with the fleece. A microscopic examination showed, that the HSC cast in moulds with a fleece
still showed surface cracks, however, theextent of cracking was significantly reduced compared
to the surface cracks observed in the specimens manufactured without a fleece (TABLE-3). The
vaues of the dengity of cracks in TABLE-3 are higher than the values given in FIG.-1. This
effect may be traced back to the higher specific surface area of the silica fume which was
employed in these experiments (24 m?/g). The silica fume used in the earlier experiments
(TABLE-1, FIG.-1) had a specific surface area of 14 m?/g.

TABLE-3
Dengty of cracks in the surface of concreteswith w/(c+sf) = 0.25 cast in moulds lined with
(No. 2 -5) or without afleece

Variant No. Duration of curing Dengty of cracks Relativevalue
(acc. to TABLE-2) (d) (mm/cm?)
1 1 107.7 1
3 89.2 0.83
2 1 56.6 0.53
3 66.9 0.62
3 1 48.1 0.45
3 69.9 0.65
4 3 69.3 0.64
5 3 75.7 0.70

The pore sizedistributionof matrix samples taken from the surface near regions of HSC cast
with and without fleece (No. 1, 3 and 6 acc. to TABLE-2, with 3 days of curing) has been
determined by meansof mercury intrusion porosimetry. The results are shown in FIG.-4. From
thisit follows, that the total pore volume intruded is higher in the case of applying a fleece with
increased water storage capacity (No. 6) than that of the concrete treated with an ordinary fleece
(No. 3) and that of the concrete cast in steel moulds without a fleece. From this it may be
concluded that the extra supply of water to the concrete surface immediately after casting with the
help of a special composite led to an increase of the water/cement ratio of the surface near
regions of the HSC which may have partially offset the positiveeffect of the supply of water at
alater stage. Therefore, the optimum concrete age a which the supply of additiona water should
commence, has to be determined in more detailed studies.
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FIG.-4
Pore structure of the surface near regions

DISCUSSION

1. Effect of waterlcement ratio and autogeneous shrinkage on the extent of surface
cracking

As pointed out in the problem statement of this paper, there is consensus among concrete
researchersthat early cracking in HSC is caused primarily by autogeneous shrinkage whichin
turn is due to self-desiccationof the concrete.

The effect of w/c on the process of self-desiccationand the corresponding volume changes
can be demondtrated at least as a general trend on the basis of relations between capillary
porosity, content of empty capillary pores due to self-desiccationand wic as well as degree of
hydration asgivene.g. in[11] and [12]. These relations are based on the findings of Powersand
Brownyard [13]. In FIG.-5 the decrease of capillary porosity with increasing degree of hydration

v,/ V., n-0a8Wdl asthefraction of capillary pores which became empty due to self-desiccation
Vovempry / V,, are given as a function of the degree of hydration, m, for cement pastes with a
waterlcement ratio of 0.25 and of 0.50, respectively. From this it follows, that the self-desiccar
tion of pastes with w/c = 0.25 develops much more rapidly than that of pastes with w/c = 0.50.
It should be kept in mind, however, that complete self-desiccationis not possible, because
internal drying is accompanied by a reduction of the interna rel. humidity. As soon as the
internal rel. humidity falls below approx. 80 %, hydration stops thus preventing further self-
desiccation.

For the purpose of comparison let us consider the intersect of the relationsfor self-desicca
tion and for the reduction of capillary pore volumegivenin FIG.-5.
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FIG.-5
Sdlf-desiccation of capillary pores and reductionof capillary pore volume with increasing
degree of hydrationin cement pastes, w/c = 0.25 and 0.50, stored under sedled conditions

At this point the capillary porosity decreased to one third of itsinitial value, and one third
of the capillary pores became empty due to self-desiccation. For a paste with w/c = 0.25 this
intersect occurs for m = 0.46. For a paste made of aregular portland cement (CEM 1) such a
degree of hydration is likely to be reached dready 24 hours after casting [14] and [15]. In
contrast, in a paste with w/c = 0.50 the relationsintersect at m = 0.93. For such a paste at least
28 days of storage under sealed conditions are necessary to reach such a degree of hydration
[16]. This comparison underlines the significance of self-desiccationon the shrinkage behavior
of low waterlcement ratio concretes and serves as a possble explanation for the effect of the
waterlcement ratio on the cracking behavior of HSC.

In capillary pores which are not completely filled with water, capillary stresses develop acc.
to well known relationsgivene. g. in[7] between capillary stresses and pore diameter. Basad on
these relations it may be shown that as w/c-ratio decreases the capillary pore radius decreases and
the capillary stressesincrease resulting in an increasing volume change of concrete [6]. Therefore
the largest stresses should develop at our investigations in the concrete with silica fume and
w/(c+sf) = 0.25(TABLE-1). Acc. to FIG.-1this concreteindeed showed the largest density of
cracks both in the concrete surfaces and in the peripheral zone.

2. Discussion of experimental results
From the analysis of the crack patternsit follows that the extent of microcracking prior to
the application of external stresses in HSC is 2 to 3 times larger than that in conventional

concrete. Map cracking at the concrete surfaces which becomes visible under the microscope and
which increases with decreasing waterlcement ratio is typical for this phenomenon. Such cracks
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areinitiated dready at an early stage of hydration by self-desiccationand corresponding capillary
stresses as has been discussed in the preceding section. Subsequent drying and the resulting
drying shrinkage leads to a substantia growth of the cracks which had been initiated by self-
desiccation in the surface near regions of the concrete. This follows from FI G.-1 which shows
that the dengity of cracks in the concrete surfacesis 3 to 5 times the density of cracks in the
peripheral zone of a section perpendicular to the concrete surface.

The use of awater absorbing fleece on the surfaceadf the form work as a mean to add water
to the concreteaready during the early stages of hydration appears to be an effective method to
improve the properties of the surface near regions of HC if surface permesbility and the density
o cracks are taken as criteria. Continuous addition of water up to a concrete age of 3 days was
particularly effective. However, the optimum concrete age at which the addition of water to the
fleece should commence, still has to be investigated. From FIG.-4 it follows that too early
addition of water may increasethe water/cement ratio of the concrete whereas some self-desicca-
tion may have occured already if the addition of water is initiated too late. An increase of the
water storage capacity of the fleece did not result in a further improvement of the surface
propertiesof the HSC. However, from FIG.-3 it follows that even without the addition of water
the use of afleeceled to a reduction of the surface permeability of the HSC.

Furthermore, the fleece left a particular texture in the concrete surface which is free of

larger pores. This texture of the fleece may have contributed to the increased resistance of the
concrete surface to cracking.

CONCLUSONS

In HSC sdf-dessication and subsequent drying shrinkage leads to the development of micro-
cracks particularly in the surface near regions. As long as only the mechanical propertiesare of
sgnificancefor a particular application of HSC, such microcracksare only of minor importance
though they may lead to some reduction of the tensile strength of HSC.

However, the cracks have to be considered harmful, if the concrete has to satisfy certain
durability requirementssuch as a high resistanceto the penetration of liquidsor gases, since the
cracks will significantly increase the permesbility of HSC particularly of the surface near
regions.

Under such conditionsthe extent of cracking can be reduced and the permeability properties
of the HSC may be improved by providing early water curing of the still immature concrete by
means of a water absorbing fleece attached to the surface of the formwork facing the concrete.
The sequence of an optimum curing regime should be investigated further.

248



REFERENCES

[1]

[2]
3]
[4]
(5]

(6]

[7]

[8]

9]

(10]

(1]
[12]

[13]

[14]
[15]

[16]

Justness, H.; Reyniers, B.; Van Loo, D.; Sdlevold, E.J.: An Evaluation of Methods for
Measuring Chemical Shrinkageof Cementitious Pastes. Nordic Concrete Research, No.
1, 1994, pp. 45-61

Paillere, A.M.; Buil, M.; Serrano, J.J.: Effect of Fiber Addition on Autogenous Shrinka-
ge of SllicaFume Concrete. ACl MaterialsJournal, No. 2, 1989, pp. 139-144

Bloom, R.; Bentur, A.: Restrained Shrinkageof High Strength Concrete. Proceedings
I nternational Conference High Strength Concrete 1993, Lillehammer 1993, pp. 139-144
Summer, Th.; Schrage, |.: Hochfester Beton - Schwinden Kriechen und Reifineigung.
DAfStb-Forschungskolloquium, TU Miinchen, 1993, pp. 147-150

Dilger W.H.; Wang C.: Shrinkage and creep of high performanceconcrete (HPC). Adam
Neville Symposium on Concrete Technology (eds. V.M.Malhotra), Las Vegas 1995, pp.
59-84

Guse, U.; Hilsdorf, H.K.: Surface Cracking of High Strength Concrete. 4. Weimar
Workshop on High Performance Concrete: Material Properties and Design (eds.
F.H.Wittmann, P.Schwesinger), AEDIFICATIO, Freiburg 1995, pp. 69-89

Grimsehl: Lehrbuch der Physik, Bd. | ., BB B.G. Teubner, 1989

Beddoe, R.E.; Springenschmid, R.: EinfluB von Schalungseinlagen auf die Dauerhaftig-
keit von Beton. Concrete Precasting Plant and Technology, No. 2, 1995, pp. 80-88
Marosszeky, M.; Chew, M.; Arioka, M.; Peck, Ph.: Textile Form Method to Improve
Concrete Durability. Concrete International, No. 11, 1993, pp. 37-42

Schonlin, K.: Permeabilitat als Kennwert der Dauerhaftigkeitvon Beton. Heft Nr. 8 der
Schriftenreihe des Ingtituts fiir Massivbau und Baustofftechnologie der Universitat
Karlsruhe, 1989

Hilsdorf H.K.: The Water Content of Hardened Concrete. Nuclear Radiation Shielding
Studies, Report No. 4. University of Illinois, Urbanalll., 1967

Hansen T.C.: Physical structure of hardened cement paste. A classica approach. Matéri-
aux et Constructions, N° 114, 1986, pp. 423-436

Powers, T.C.,Brownyard, T.L.: Studiesof the Physica Properties of Hardened Portland
Cement Paste. Research and Development L aboratoriesof the Portland Cement Associa
tion, Research Department Bulletin, No. 22, Skokie I1l., 1947

Yogendran, V.; Langan, B.W.; Ward, M.A.: Hydration of Cement and Silica Fume
Paste. CCR, No. 5, 1991, pp. 691-707

Zhang, M .H.; Gjorv, O.E.: Effect of SilicaFume on Cement Hydrationin Low Porosity
Cement Pastes. CCR, No. 5, 19 91, pp. 800-808

Hilsdorf H.K.: Skriptum zur V orlesung Baustofftechnologie. Sommersemester. Univer-
sitdt Karlsruhe, Ingtitut fiir Massvbau und Baustofftechnologie, 1995

249



SHRINKAGE OF HOLLOW CORE SLAB CONCRETE

KLAUSJUVAS, ERIK NORDENSWAN
Partek Concrete Development Ltd.
FIN-21600 Pargas, Finland

ABSTRACT

The shrinkage of no-dump hollow-coredab concretewas studied at early agein aperiod of Sx
to twelve months. It was noticed that increased water/cement ratio and dry curing conditionshavea
dear increadng effect on the shrinkage. The use of sllicafume and wet curing have a decreasing effect
on the ghrinkage. Thetherma expansionand the effect of the prestressing forces can adso be noticed in
theresults. Thegenerd leve of the shrinkageof no-dump concretewasrather low, 0,3 to 0,5 %,,, iInSX
months.

INTRODUCTION

Thetarget of thisinvestigation wasto study the amount and effectingfactorsof shrinkageof no-
dump concrete used in hollow-coredabs. A hollow-coredab isa prestressed concrete dement, mostly
used as a flooring structure. The main purpose of the hollowsis to reduce the own weight of the
element.

The extrusontechnic isa norma production method of hollow-coredabs. In this method the water
content of the concreteisvery low and isoften caled no-dump concrete. Theadvantagesof no-dump
concreteare:

- good cohesionimmediately after casting

- high early and ultimate strength

- good durability

TEST METHODS

Theshrinkage was measured both at fresh stage and during the hardening time. The shrinkage of
fresh concrete and the shrinkage during the first two days was measured by usng an extensometer
device combined to acomputer datalogger. The specimenswere cylinders (0100*100 mm) made with
the IntensveCompaction Tester (IC-tester). The | C-tester isa gpecial device developed for testing no-
dump concrete.
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Asthe cylindershave a high fi-esh strength, it was possble to start the measurement immediately
after casting. The cylinderswere placed in plastic bags and two extensometer bridges (50 mm) were
attachedonthe cylindersaxidly on both sdesand pressed againgt the concretewith dack steel springs.
Theextensometer had aknife-type edge which guaranteed accurate positioning on the concrete surface.
The pressure was adjusted so that the plastic bag was not perforated with the knife.

The water cured sample was prepared in the same way but the plastic bag was filled with a suitable
amount of water. One samplewas tested without cover in 40% rel ative humidity.

The shrinkage of hardened concrete was measured directly from a hollow-core dab with a
mechanical measuring device. Thedabswere cast at the Partek Precast Hyryli factory in Finland.

Thebasic mix design of the concrete was.
- 300 kg/m? rapid hardening Portland cement
- 1980 kg/m? granitetype sand and gravel
- waterlcernentratio of 0,38

Thevariablesin testswere:
- waterlcementratio: 0.30 ...0.40
- different sectionsin hollow core dab: top and bottom surfaces
- useof glicafume 0...8%
- useof superplasticizer: 0...1,5 %

- curing conditions: relative humidity4Q...100% and temperature 20...50°C

RESULTSAND CONCLUSIONS
The resultsare presented in the following Appendixes:

1. Effect of w/c-ratio, superplagticizer and silica. Curing of specimenin20° C and 40%
RH.

2. Effect of measured section and curing conditionsof the hollow-coredab usng the
basic mix design.

3. Effect of curing conditionson early shrinkage using the basic mix design.

FIG.-1in App. I showsthat the chance of waterlcement ratio hasaclear effect but by adding a
plagticizer the effect is weaker.
FIG.-2 shows that the use of slica fume has a clear reducing and retarding effect. The generd
shrinkageleve after six monthsis between 0,3 to 0,5 %, that israther smal compared to many other
more flowable concretes used at the precast industry or ready mixed and cast-in-situand presented in
theliterature(l), (2).

FIG.-3in App. 2. Theresult presented showsthat thereisa clear differenceif the shrinkagehas
been measured in the bottom or upper surface of the hollow-coredab. Thereisaso a differenceif the
shrinkage has been measured lengthwiseor crosswise. The shrinkageinthe bottomis bigger than at the
top. The reason is the prestressingforce causing additional creep. Also the higher waterlcernent ratio
at thelower section of the hollow-coredab has some effect. The prestressing force is probably a so the
reason why the lengthwiseshrinkagein the top surface is smaler than the crosswise shrinkage.
FG.-4 shows that both the temperature and humidity have a clear effect. In low temperatures the
evaporationis dower which can be noticed in smaler shrinkage. In outdoor curing in wet conditions
the dab swells and the shrinkage startsonly after the dab is moved to dry indoor conditions.

251



Figures 5 and 6 in App. 3 show the early shrinkage, the temperature rise and the effects of
different curing conditions. It can clearly be seen that the part of the shrinkage occuring during thefirst
3 hoursisvery remarkable. After that period the shrinkageis retarding.

The thermal expansion due to the release of the heat of reaction and the heating from room
temperature to 50°C is dso effecting the results. The shrinkage without cover is threeto four times
larger than with cover during the observed period. The influence of an devated temperature was
smdler than expected, but this measurement had more disturbancesthan the others.
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APP. 1.
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FIG.-2 The effect of superplasticizer and silica fume on the shrinkage of no-slump concrete
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APP. 2
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